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 5 

Abstract 6 

Palm kernel oil (PKO) has an appropriate oil content which can be utilized for biodiesel 7 

production. Sparse studies have been performed on its ability as well as the produced 8 

biodiesel properties and performance in the diesel engine. Further, no study has been 9 

performed on the conversion of PKO via microwave irradiation and comparing the PKO 10 

biodiesel abilities combusted in diesel engines with those prepared by conventional methods. 11 

For this purpose, PKO was directly extracted from date palm fruits (Phoenix dactylifera) with 12 

microwave and conventional heating systems utilized for conversion of PKO to biodiesel. In 13 

addition to optimization of microwave-assisted transesterification reaction conditions, 14 

variations of temperature during each run were carefully monitored. The results revealed that 15 

palm kernel has 10 wt.% of oil containing high unsaturated fatty acids and free fatty acid 16 

(FFA). The transesterification reaction was sharply accelerated by microwave power such 17 

that the reaction time diminished from 90 min for conventional method to 2.5 min. The 18 

results of temperature monitoring confirmed great elevation in the reaction temperature (over 19 

boiling point of methanol) with the rise of microwave power and methanol/oil ratio. 20 

Moreover, reduction of temperature occurred with more loading of catalyst due to greater 21 

formation of soap. Both high and low temperatures showed negative effects on the yield of 22 

transesterification reaction. The performance and emissions gas evaluation of the engine 23 

fueled by PKO biodiesel produced by microwave and conventional heating system indicated 24 
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that the fuel produced by microwave irradiation can sharply reduce the CO and HC and 25 

insignificantly increase NOx in exhaust emission as compared to fuel produced by the 26 

conventional method. Also, higher amounts of microwave-assisted produced PKO biodiesel 27 

can be blended with net diesel fuel to use in diesel engines. The results suggested that 28 

microwave irradiation can considerably influence the phytochemical properties of biodiesel 29 

and improve its combustion profile in the diesel engine and exhaust gas emissions. 30 

 31 

Keywords: Palm kernel oil (PKO); Microwave irradiation; Biodiesel; Engine performance, 32 

Exhaust emissions. 33 

 34 

1. Introduction 35 

The world production of dates has increased considerably over the last 30 years. 36 

Nowadays, palm fruits are widely cultivated around the world especially in Middle East 37 

which produces around 91% of the world’s dates (Ali et al. 2015). Increasing in the palm 38 

production has caused the palm oil to claim the first rank in the amount of oil produced in the 39 

world (Rupilius and Ahmad 2007). Palm kernel, as an important by-product from the process 40 

of palm oil production, can be a suitable source for biodiesel production given its appropriate 41 

oil content (Jamil et al. 2017). The researchers have reported that the palm kernel has 5-12% 42 

oil depending on its type and cultivating conditions. Palm kernel oil (PKO) presents different 43 

compositions with most of them possessing high unsaturated carbon bonds, although the 44 

saturated short-chain fatty acids have also been detected (Lin et al. 2008, Bello et al. 2015). 45 

Biodiesel contains fatty acid alkyl (methyl) ester (FAME) which is usually produced by 46 

transesterification of triglycerides with methanol in the presence of a catalyst. This fuel is 47 

non-toxic, biodegradable, sulfur and aromatics free compound which is of high interest due to 48 
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environmental problems caused by consumption of petroleum fuels such as air pollution, 49 

global warming, and climate change (Chuah et al. 2017, Mahmudul et al. 2017).  50 

The researchers have been trying to find new sources as feedstock for biodiesel production 51 

to reduce the biodiesel production cost (Phoon et al. 2017, Ong et al. 2019, Xie et al. 2019). 52 

In this case, palm oil has been extensively evaluated in the transesterification reaction and 53 

tested in the diesel engine (Abdul Kapor et al. 2017, Fazal et al. 2018, Bautista et al. 2019). 54 

However, fewer studies have been performed on the biodiesel production from PKO and its 55 

ability in the diesel engine. Aladetuyi et al. (2014) studied the reaction conditions of biodiesel 56 

production from PKO and obtained 90% yield at the conditions of 100 °C, 2 h reaction time, 57 

1 wt.% of catalyst (KOH) and oil-methanol ratio of 5:1 (w/v). Bello et al. (2015) reported that 58 

PKO biodiesel produced at the conditions of 60 °C, catalyst-to-oil ratio of 0.24:1 (w/v), and 59 

oil-methanol molar ratio of 10:1 contained 78% saturated fatty acid groups. Ojolo et al. 60 

(2012) presented PKO transesterified at 55 °C, 5:1 (w/w) ratio of methanol-to-oil, 0.5 wt.% 61 

of catalyst (NaOH) and obtained a yield of 92%. In addition, PKO biodiesel production using 62 

heterogeneous catalysts such as Al2O3-supporetd alkali earth metal oxides 63 

(Benjapornkulaphong et al. 2009), Ca and Zn mixed oxide (Ngamcharussrivichai et al. 2008), 64 

sulfated zirconia and stannic oxide (Jitputti et al. 2006), and modified dolomites 65 

(Ngamcharussrivichai et al. 2007) was also evaluated. However, higher reaction temperatures 66 

(over 100 °C), time (around 3 h), alcohol/oil molar ratio (around 15), and catalyst amount (≈ 67 

10 wt.%) are required to achieve proper conversion of PKO to biodiesel, heterogeneously. 68 

New technologies such as supercritical fluid (García-Martínez et al. 2017), microwave 69 

irradiation (Nayebzadeh et al. 2017) and ultrasonic wave (Hoseini et al. 2017) are utilized for 70 

biodiesel production, with microwave irradiation offering more desirable properties. 71 

Microwave energy makes a uniform heating profile at a molecular level in the materials 72 

whose thermal effects include a combination of heating rate, hot spots, and selective 73 
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absorption of radiation by polar substances (Hashemzehi et al. 2016). Due to the accelerated 74 

reaction rate, milder reaction conditions, higher chemical yield, lower energy usage, and 75 

different reaction selectivity, microwave irradiation is widely used in today’s industries 76 

(Quirino et al. 2016). PKO biodiesel was tested in a diesel engine and offered a lower power, 77 

torque, and specific fuel consumption compared to diesel fuel (Lin et al. 2008, Bello et al. 78 

2015). It can be related to high kinetic viscosity and low heating value of PKO which has a 79 

negative effect on the engine performance. On the other hand, B20 (20 vol.% biodiesel-80 80 

vol.% net diesel) improved its properties (Igbokwe et al. 2015, Igbokwe and Nwafor 2016, 81 

Shote et al. 2019). 82 

However, to the best of our knowledge no study has been done on the conversion of PKO 83 

to biodiesel under microwave irradiation assessing the reaction conditions and variations of 84 

temperature during the reaction. In addition, the effect of microwave irradiation on the 85 

properties and performance of produced biodiesel in the diesel engine has not been evaluated 86 

either. 87 

Therefore, in this study, microwave-assisted biodiesel production from PKO using NaOH 88 

as homogeneous catalyst was assessed in detail. For this purpose, after extraction of PKO by 89 

solvent extraction method via soxhlet apparatus, it was transesterified using microwave 90 

irradiation and conventional method. The reaction conditions under microwave heating such 91 

as microwave power, reaction time, methanol-to-oil molar ratio, and catalyst concentration 92 

were optimized. In addition, the changes in the reaction temperature during each run were 93 

monitored. Finally, the physicochemical properties of the PKO biodiesel produced via the 94 

two heating systems (microwave and conventional) along with their performance and exhaust 95 

gas emissions in the diesel engine were evaluated. 96 

 97 

2. Materials and methods 98 
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The operation processes for production of biodiesel via two heating systems and testing 99 

them in the diesel engine is completely summarized in figure S1. 100 

 101 

2.1. Palm kernel oil extraction 102 

Date palm fruits (Phoenix dactylifera) were purchased from a local store. Then, their 103 

kernel was separated from the pulp and washed completely with hot distillated water to 104 

eliminate the remaining pulp. After drying the kernels in the oven for overnight, they were 105 

crushed to the particle with a diameter lower than 1 mm. Then, the solvent method via the 106 

Soxhlet apparatus was utilized for oil extraction where hexane was used as solvent with a 4 107 

mL/1 g kernel ratio (Ali et al. 2015). After 8 h, the solvent was separated from the oil through 108 

evaporation of mixture at 45 °C and 450 mm Hg. Finally, the yield and composition of PKO 109 

were obtained respectively in terms of the proportion of PKO weight to kernels’ weight and 110 

gas chromatography (GC) as well as other physical properties of PKO such as density 111 

(ASTM D1298), viscosity (ASTM D445), acid value, and molecular weight.  112 

 113 

2.2. Biodiesel production process 114 

2.2.1. Esterification reaction 115 

The extracted PKO includes high FFA contents which must be firstly esterified to reduce 116 

the FFA content due to sensitivity of alkali homogeneous catalyst to the amount of FFA 117 

causing soap formation (Hashemzehi et al. 2016). Therefore, a two-stage process involving 118 

esterification by acid catalyst and the transesterification by alkali catalyst is used for biodiesel 119 

production from PKO (Zullaikah et al. 2005). The esterification reaction was performed 120 

under the conditions of 60 °C, 6 methanol/PKO molar ratio, 1 wt.% of catalyst (H2SO4), and 121 

60 min reaction time (Aranda et al. 2008, Hayyan et al. 2010). After the reaction, the product 122 

mixture was poured in the separation funnel to separate the oil and ester layer (bottom layer) 123 
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from the by-product layer (water and catalyst) using gravity (see Figure S2). Finally, the acid 124 

value was measured to obtain the FFA content of esterified PKO, which met the standard 125 

range. 126 

 127 

2.2.2. Transesterification reaction 128 

After reduction of the FFA content, the transesterification reaction was performed by two 129 

heating systems (conventional and microwave), as shown in Figure S3. The conventional 130 

biodiesel production from PKO was carried out in a two-neck glass reactor coupled with a 131 

condenser to condense the methanol from vapor to liquid phase and a thermocouple to sense 132 

the reaction temperature. The reactor was poured with 1000 g PKO, 280 cc methanol (6 133 

molar ratio of methanol/PKO) and 10 g NaOH as catalyst (1 wt.%). The reaction was 134 

performed at 60 °C for 90 min (Alamu et al. 2007, Lubes and Zakaria 2009). Since no study 135 

had been carried out on the microwave-assisted biodiesel production from PKO, the reaction 136 

conditions were evaluated and optimized. The microwave-assisted transesterification reaction 137 

was performed in a 100 mL two-neck glass reactor poured with 20 g of PKO and desirable 138 

amounts of methanol and catalyst. Then, the reactor was placed in a modified domestic 139 

microwave oven (Daewoo, Model No. KOC9N2TB, 900 watts, 2.45 GHz) with a hole of 20 140 

mm at its top to connect the glass reactor to a condenser for refluxing the methanol. The 141 

transesterification reaction conditions of microwave power (90 180, 270 and 360 W), reaction 142 

time (1, 1.5, 2, 2.5 and 3 min), methanol/PKO molar ratio (3, 6, 9 and 12), and catalyst 143 

concentration (0.5, 0.75, 1, 1.25 and 1.5 wt.%) were evaluated further.  144 

After each reaction, the product mixture was poured in a decanter to separate the biodiesel 145 

(top layer) from glycerol as a by-product (see Figure S2). After elimination of methanol from 146 

the biodiesel layer through evaporation, the yield of reaction and FAME content of produced 147 

PKO biodiesel were measured by the following Eqs.: 148 
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 149 

Yield (%) = (Weight of produced PKO biodiesel/Weight of PKO) × 100  Eq.1 150 

 151 

FAME	content	�% =
����	��	���	����	×	������	��	��������	 ���!��!

����	��	��������	 ���!��!	×	������	��	"��!�� ��	 �#$��
× 100         Eq.2 152 

 153 

Where, FAME content was calculated by GC (Perkin Elmer Claus 580) equipped with a 154 

Flame Ionization Detector (FID) and capillary column Select Biodiesel CP9080 (30 m × 0.32 155 

mm × 0.25 µm) and methyl nonadecanoate (C19:0) as the internal standard. 156 

 157 

2.3. Fuel characterization 158 

The density (Hydrometer, accuracy: ±2 Kg/m3), kinematic viscosity at 40 °C (Red wood 159 

viscometer, accuracy: ±0.02 mm2/s), flash point (Penksy martins apparatus, accuracy: ±2 °C), 160 

cloud point and pour point (11010-2, Stanhope SETA, accuracy: ±0.5 °C), acid value, iodine 161 

value, and Linoleic acid ME content of the PKO biodiesel produced via conventional and 162 

microwave heating systems were determined. Further, the chemical components of PKO 163 

biodiesel containing fatty acids, free glycerin and total glycerine were also measured by a gas 164 

chromatograph (GC) according to recommended ASTM standard method. 165 

 166 

2.4. Testing the engine performance and exhaust emissions  167 

To evaluate the performance of the produced fuels and assess the effect of microwave 168 

irradiation on the combustion behavior of PKO biodiesel, the fuels were tested in the diesel 169 

engine. A single-cylinder engine equipped with an eddy current dynamometer (WE400) was 170 

used whose specifications are listed in Table S1. Moreover, an AVL gas analyzer (DIGAS 171 

1000) was used to measure CO2, CO, HC, and NOx emissions with its specifications 172 

summarized in Table S2. Various blends of PKO biodiesel-net diesel fuel (BX where X refers 173 
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to volume percentage of biodiesel (x=0, 10, 20 and 40)) were prepared. Then, the engine 174 

performance and exhaust gas emissions of the diesel engine fueled by blend fuels were 175 

measured. The performance and exhaust gas emissions were evaluated at engine speeds of 176 

1800, 2150, and 2500 rpm at full load. The schematic diagram of the engine experiment is 177 

depicted in Figure 1. 178 

 179 

Figure 1. Schematic diagram of engine experiment 180 

 181 

3. Results and discussion 182 

3.1. Evaluation of palm kernel oil properties 183 

According to ratio of the weight of the obtained PKO to weight of palm kernels, the palm 184 

kernels of Zahidi type had around 10 wt.% oil which can be an appropriate feedstock for 185 

biodiesel process. The density of PKO at 25 °C was obtained as 916 kg/m3. The PKO 186 

revealed a high kinematic viscosity (28 mm2/s) causing problem in its flow and spraying in 187 

the engine chamber. Therefore, it should been converted to ester (biodiesel) for reducing its 188 

viscosity to be used in the engine. Meanwhile, 4.25 wt.% of FFA content (acid value of 8.5 189 

mg KOH/g) of PKO exceeds the limitation for utilization in alkali homogeneous 190 
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transesterification reaction. Therefore, the esterification reaction with an acid catalyst 191 

(H2SO4) must have been done to reduce its FFA content. The FFA compositions of PKO are 192 

listed in Table 1.  193 

 194 

Table 1. FFA compositions of PKO and produced PKO biodiesel by conventional and 195 

microwave methods 196 

FFA compositions Unit PKO 
PKO biodiesel 

Conv.b Mic.c 

Lauric acid (C12:0)a wt.% 21.08 14.8 15.6 

Mysteric Acid (C14:0)a wt.% 13.85 9.9 10.4 

Palmitic acid (C16:0)a wt.% 12.38 10.8 11.2 

Palmitoleic acid (C16:1)a wt.% - 1.0 1.1 

Stearic acid (C18:0)a wt.% 2.73 3.1 3.2 

Oleic acid (C18:1)a wt.% 43.23 45.6 46.5 

Linoleic acid (C18:2)a wt.% 5.94 11.4 8.8 

Other component wt.% 0.79 3.2 4.3 

a Carbon atoms number: double bond number 197 
b Conv.: Conventional heating system 198 
c Mic.: Microwave heating system 199 

 200 

PKO has high unsaturated fatty acid components (58.7 wt.%) with a high unsaturation 201 

degree. It contains lauric acid (21.08%), mysteric Acid (13.85%), palmitic acid (12.38%), 202 

stearic acid (2.73%), oleic acid (43.23%), and linoleic acid (5.94%). According to the PKO 203 

structure, the molecular weight was obtained as 784 g/gmole which was used for measuring 204 

the methanol amount for each reaction. 205 

 206 

3.2. Optimizing the microwave-assisted transesterification reaction parameters 207 

3.2.1. Effect of microwave power 208 
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Assessment of the microwave power is very important to obtain the highest yield and the 209 

lowest energy consumption. The effect of microwave power is depicted in Figure 2 (a). The 210 

yield and FAME content of PKO biodiesel increase by increasing the microwave power from 211 

90 W to 270 W due to elevation of the reaction rate. However, the reaction conversion 212 

diminished when the microwave power was set at 360 W. It can be related to considerable 213 

rise of the reaction temperature medium causing elimination of methanol from liquid to vapor 214 

phase. This phenomenon can be proven by detecting the changes in the reaction temperature 215 

with elevation of microwave power, as shown in Figure 2 (b). An inverse relationship has 216 

been observed between the reaction rate enhancement and the boiling point of the solvent in a 217 

series of esterification reactions (Jacob et al. 1995).  218 

As seen in the Figure 2 (b), the time of reaching the desirable reaction temperature (around 219 

50 °C) shortened sharply from 80 to 30 sec with the rise of the microwave power from 90 W 220 

to 270 W. However, when the microwave power was adjusted on 360 W, the reaction 221 

temperature passed the boiling point of methanol (64.7 °C) after 30 sec leading to 222 

evaporation of methanol and reduction of its amount in the reaction medium (liquid phase) 223 

(Hojjat et al. 2016). Therefore, microwave power of 270 W was selected as optimum for 224 

further studies. 225 

  226 

Figure 2. Effect of microwave power on (a) conversion of PKO to biodiesel and (b) temperature 227 

of transesterification reaction  228 
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 229 

3.2.2. Effect of reaction time  230 

The effect of reaction time on transesterification of PKO was examined at 270 W, 6 molar 231 

ratios of methanol/PKO, and 1 wt.% of catalyst with the results illustrated in Figure 3 (a). 232 

The conversion rate significantly increased as the time of reaction lengthened from 1 to 2.5 233 

min, as sufficient time was provided for the interaction between the catalyst and reactants. 234 

Further, Figure 3 (b) displays the temperature of microwave-assisted transesterification 235 

reaction during 5 min. The reaction temperature reached 60 °C after 40 sec. Therefore, more 236 

than 40 sec was required for the reaction of the reactants. After 150 sec, the levels of 237 

conversion decreased slightly due to saponification side reaction (Hojjat et al. 2016). It must 238 

be mentioned that the microwave irradiation increased all reactions including saponification 239 

reaction. However, since the transesterification is faster than the saponification reaction, 240 

methyl esters losses with saponification were negligible at the first moments of reaction. 241 

However, at longer reaction times, saponification effect has to be taken into account (Casas et 242 

al. 2010). Therefore, the equilibrium conversion was almost 97.6% (96.3. % of FAME 243 

content) for 150 seconds of reaction time. 244 

 245 

  246 

Figure 3. Effect of reaction time on (a) conversion of PKO to biodiesel under microwave 247 

irradiation and (b) temperature of transesterification reaction  248 
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 249 

3.2.3. Effect of methanol content  250 

In addition to the positive effect of methanol on moving the transesterification reaction 251 

forward, methanol can also absorb the microwave irradiation to accelerate the reaction 252 

(Hashemzehi et al. 2016). Microwave-assisted transesterification reaction was examined at 253 

various methanol/oil molar ratios (3, 6, 9, and 12) with the results presented in Figure 4 (a). 254 

Expectedly, the conversion increased significantly by raising the the methanol amount. 255 

Greater adsorption of microwave irradiation using the reaction medium can be observed 256 

against the variations of reaction temperature as plotted in Figure 4 (b). It is clearly observed 257 

that when the methanol ratio increased from 3 to 6, the final temperature of reaction rose 258 

considerably from 53 °C to 66 °C; so did the reaction yield (FAME content) from 68.3% 259 

(59.6%) to 97.6% (93.3%). The reaction conversion diminished slightly by using  methanol-260 

to-oil molar ratio of 9,which can be related to insufficient rise of the reaction temperature, 261 

which reduces the methanol amount in the liquid medium (Hashemzehi et al. 2016). In 262 

addition, due to the high solubility of the by-product (glycerol) and FAME in excessive 263 

methanol, the separation becomes difficult and consequently the yield declines (Nayebzadeh 264 

et al. 2017). 265 

  266 

Figure 4. Effect of molar ratio of methanol/oil on (a) conversion of PKO to biodiesel under 267 

microwave irradiation and (b) temperature of transesterification reaction  268 
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 269 

3.2.4. Effect of catalyst concentration  270 

A homogeneous catalyst in the transesterification reaction can have positive and negative 271 

effects. The catalyst speeds up a chemical reaction by lowering the amount of activation 272 

energy required for the reaction to take place. On the other hand, the base catalyst (NaOH) 273 

can react with FFA to form soap which has a negative influence on the yield of 274 

transesterification reaction. Therefore, the amount of catalyst must be evaluated with its 275 

results displayed in Figure 5 (a). The yield increased substantially from 73.2% to 97.6% with 276 

elevation of the catalyst loading from 0.5 to 1 wt.%. However, the conversion decreased 277 

drastically when higher amounts of the catalyst were introduced into the reaction. Formation 278 

of soap affects the viscosity of the reactants whereby the mass transfer occurs with difficulty 279 

(Patil et al. 2009).  280 

The yield reduction can be also proven by monitoring the changes in transesterification 281 

reaction temperature as indicated in Figure 5 (b). It is observed that the rate of temperature 282 

elevation declines sharply with loading the catalyst to beyond 1 wt.%. Encinar et al. (2012) 283 

reported that dielectric constants of the product mixture (methyl ester and glycerol) are 284 

greater than those in the reactant (triglycerides and methanol). Soap adsorbs microwave 285 

irradiation by starting the saponification reaction, and inhibits the adsorption of microwave 286 

irradiation by the reactant or product to elevate the reaction temperature sufficiently. 287 

Therefore, the temperature did not grow enough and inappropriate yield was obtained. 288 

Accordingly, 1.0 wt.% of catalyst was set as the optimum catalyst amount which is consistent 289 

with earlier findings (Liao and Chung 2013, Nayebzadeh et al. 2013). 290 
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  291 

Figure 5. Effect of catalyst concentration on (a) conversion of PKO to biodiesel under 292 

microwave irradiation and (b) temperature of transesterification reaction 293 

 294 

3.3. Biodiesel fuel characteristics and properties 295 

The characterization of fatty acid compositions of the PKO biodiesel produced via 296 

conventional and microwave heating systems performed by GC is demonstrated in Table 1. 297 

The yield and FAME content of PKO biodiesel produced by conventional method were 298 

obtained as 96.4% and 96.3%, respectively. The biodiesel produced by conventional method 299 

contained 38.6% saturated fatty acids and 58% unsaturated components. On the other hand, 300 

the PKO biodiesel produced by microwave method had 40.4% saturated fatty acids and 301 

56.4% unsaturated components with a 65.2% degree of unsaturation. Note that the duration of 302 

conventional transesterification reaction was 90 min, while the transesterification was 303 

completed after 2.5 min under microwave irradiation. The biodiesel produced by microwave 304 

irradiation showed lower unsaturation degree that has positive influence on the stability of 305 

biodiesel. It can be seen from the content of Linoleic acid ME of biodiesel produced by the 306 

both methods. Probably, microwave irradiation can accelerate the reaction between saturated 307 

components with alcohol instead of unsaturated components. It well known that microwave 308 

irradiation can significantly effect on the polar components such as methanol in 309 

transesterification reaction. On the other hands, nonpolar lipids are more saturated than polar 310 

73.2

91.3
97.6

88.9
78.9

64.9

84.2

96.3

81.1
73.6

0

20

40

60

80

100

0.5 0.75 1 1.25 1.5

C
on

ve
rs

io
n 

(w
t.

%
)

Catalyst concentration (wt.%)

Yield FAME content270 watt
6 molar ratio of methanol
2.5 min

(a)

10

30

50

70

0 30 60 90 120 150

T
em

pe
ra

tu
re

 (
o C

)

time (sec)

0.5 wt.% 0.75 wt.%

1 wt.% 1.25 wt.%

1.5 wt.%

(b)



15 
 

lipids (Nomanbhay and Ong 2017). Therefore, moving a component with the magnetic 311 

medium along with fix position a nonpolar component causes to more interaction between 312 

them. It can be consequently concluded that, for increasing the reaction between FFAs and 313 

methanol, the oils containing more saturated FFAs are more suitable. 314 

Oleic acid is the most abundant methyl ester of PKO biodiesel. Further, PKO biodiesel 315 

contains around 36% short-chain fatty acids which have a positive effect on its viscosity, 316 

cloud point, and pour point. 317 

The physical properties of PKO biodiesel produced by conventional and microwave 318 

methods are listed in Table 2. The kinematic viscosity of PKO was reduced from 28 mm2/s to 319 

4.03 mm2/s by transesterification via microwave irradiation which meets the biodiesel 320 

standard. However, the kinematic viscosity was reduced to 4.85 mm2/s for PKO biodiesel 321 

produced by the conventional method. This parameter is important during injection of fuel in 322 

the diesel engine chamber where lower values are more desirable. Moreover, the density of 323 

both PKO biodiesels (microwave and conventional) decreased and obtained as 874 kg/m3 and 324 

878 kg/m3, respectively. 325 

The flash point (closed cup) of PKO biodiesel produced by the conventional (107 °C) and 326 

microwave transesterification reactions (119 °C) matched the ASTM D6751 (min 93 °C) and 327 

EN14214 (min 101 °C) standards of biodiesel. Cetane number and calorific value of both fuel 328 

are in the limitation range in which the fuel produced by microwave present higher amount. It 329 

can be referred to its lower unsaturation degree and higher amount of FAME component with 330 

longer carbon chain. Moreover, the linoleic acid methyl ester content of microwave and 331 

conventional PKO biodiesel was 8.8 wt.% and 11.4 wt.%. which are lower than the amount 332 

suggested by EN14214 standard (max 12 wt.%). Both biodiesel present low amount of free 333 

and total glycerine in their mixture that met the limitation of ASTM and EN standard. 334 

 335 
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Table 2. Properties of PKO biodiesel produced by conventional and microwave methods 336 

Property Method Unit 
limit 

PKO 
biodiesel 

ASTM 
D6751 

EN 14214 Conv. Mic. 

Density at 15 °C ASTM D1298 kg/m3 - 860-900 878 874 

Kinematic viscosity at 40 °C ASTM D445 mm2/s 1.9-6 3.5-5 4.85 4.03 

Flash point-closed cup ASTM D93 °C 93 101 107 119 

Cetane number a - - 48-65 > 51 57.1 57.8 

Calorific value b - 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 

Iodine value EN 14111 gI2/100g - 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 
a Cetane number calculated by the formula suggested by Gopinath et al. (2009) according to 337 

biodiesel composition 338 
b Calorific value calculated by the formula suggested by Demirbas (2008) 339 

 340 

3.4. Effect of biodiesel production method on the engine performance 341 

The blend fuels were labeled as BX-Y concerning the volume of biodiesel in the fuel and 342 

the production method, where X is related to volume percentage of biodiesel (0, 10, 20 and 343 

40) and Y is associated to the production method (conventional (Conv.) and microwave 344 

(Mic.)). 345 

 346 

3.4.1. Engine torque and power 347 

The power and torque of engine fueled by blends of PKO biodiesel produced by the two 348 

heating methods with net diesel engine are displayed in Figure 6 and Figure 7, respectively. 349 

The power is defined as the rate at which work is done by the engine (Zareh et al. 2017). It 350 
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was previously reported that a lower heating value and higher viscosity of biodiesel 351 

compared to net diesel fuel are attributed to diminished engine power. On the other hand, 352 

high oxygen content and flammability of biodiesel have a positive influence on the engine 353 

power (Miri et al. 2017). The results suggest that the power declines when biodiesel is added 354 

to net diesel fuel. However, B40 presents higher brake power compared to other blend fuels 355 

at the engine speed of 1800 rpm and 2150 rpm which is related to high oxygen content and 356 

flammability of biodiesel.  357 

Some researchers believe that higher viscosity of biodiesel enhances fuel spray penetration 358 

whereas others reported that the higher viscosity decreases combustion efficiency due to bad 359 

fuel injection atomization (Damanik et al. 2018). Moreover, it is known that high lubricity of 360 

biodiesel might result in the reduced friction loss and thus improve the brake effective power. 361 

Therefore, it can be concluded that higher viscosity probably has positive effect such that the 362 

fuel produced by conventional method provides higher engine power. Increasing the power 363 

by more loading of biodiesel in the blend fuel can confirm the positive effect of viscosity 364 

such that the difference between the produced power by net diesel and B40.Mic. is not 365 

meaningful.  366 

However, at higher engine speeds, although blend fuels presented a higher power 367 

compared to net diesel fuel, B10 fuels exhibited the maximum power. It is well known that 368 

higher amounts of fuel are required at high engine speeds, while blend fuels have a higher 369 

density and viscosity, affecting the fuel injection system. Therefore, B40 fuel leads to more 370 

injection problem where the power declines at higher engine speeds (Hoseini et al. 2017). 371 

Although a higher power was obtained at the maximum engine speeds such that the 372 

maximum power of 4.54 kW and 4.45 kW was obtained for B10-Conv. and B10.Mic. 373 

respectively, B40 can be a suitable choice for low engine speeds. 374 

 375 
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  376 

Figure 6. Effect of heating system used for biodiesel production process on the power of engine 377 

fueled by various diesel-biodiesel blends worked at different engine speeds 378 

 379 

Since the produced power is directly proportional to the torque, the same trend as of power 380 

was observed for torque as well. The torque will decrease with elevation of engine speed and 381 

adding the biodiesel to fuel because of reducing the force on the piston and crankshaft and 382 

low heating value of the biodiesel, respectively (Noorollahi et al. 2018). Although low 383 

heating value of biodiesel negatively affects the engine ignition and reduces engine torque, 384 

biodiesel improves the lubricity of diesel fuel thereby reducing the friction loss and thus 385 

improving the effective torque (as can be seen for B40.Conv. at 1800 rpm). This grows for 386 

the fuels at the maximum engine speed (2500 rpm) in which higher torque is obtained 387 

because of higher injection of fuel to chamber, and increasing the lubricity and oxygen 388 

content of medium (Zaharin et al. 2017). 389 

The difference in the torque provided by biodiesel produced by different method may be 390 

referred to higher viscosity of those produced by conventional method that leads to more 391 

injection of fuel in the engine camber, especially at higher engine speed (Zaharin et al. 2017). 392 
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 393 

  394 

Figure 7. Effect of heating system used for biodiesel production process on the torque of engine 395 

fueled by various diesel-biodiesel blends worked at different engine speeds 396 

 397 

3.4.2. Brake-Specific fuel consumption 398 

The influence of blending the diesel fuel with PKO biodiesel, biodiesel production 399 

method, and engine speed on the Brake-specific fuel consumption (BSFC) is illustrated in 400 

Figure 8. The volume of injected fuel, fuel density, viscosity, and heating value of fuel affect 401 

the BSFC of diesel engine defined as the mass fuel flow rate to the brake power ratio 402 

(Ozsezen et al. 2009). BSCF increases by adding PKO biodiesel at low engine speeds due to 403 

lower heating and calorific values of blends fuel compared with net diesel fuel that causes to 404 

more amount of blends are required to produce the same amount of engine power output by 405 

the engine (Zaharin et al. 2017, Rajak and Verma 2018). In addition, the proper atomization 406 

of the fuel is probably prevented by the high viscosity of the blends, which in turn affects the 407 

combustion process (Soukht Saraee et al. 2017) However, the BSFC declines with further 408 

loading of biodiesel in the diesel fuel due to elevation of the oxygen content of the medium 409 
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and better combustion of the fuel (Lin and Lin 2006). This behavior can be proved with the 410 

rise of the brake power at high engine speeds. Across the entire engine speeds, B40 fuel 411 

presented the lowest SCF for the both produced biodiesel due to its lower viscosity, probably. 412 

 413 

 414 

Figure 8. Effect of heating system used for biodiesel production process on BSFC of engine 415 

fueled by various diesel-biodiesel blends worked at different engine speeds 416 

 417 

3.5. Emission analysis 418 

3.5.1. CO2 emissions 419 

CO2 emissions in the exhaust gas of the diesel engine fueled by different blend fuels and 420 

operating at various engine speeds are presented in Figure 9. It is expected for biodiesel-421 

diesel fuel to release higher amounts of CO2 due to the higher oxygen content of biodiesel 422 

compared to diesel fuel (Yusaf et al. 2011, Bayındır et al. 2017). However, it was observed 423 

that by increasing the ratio of PKO biodiesel produced by conventional method to the net 424 

diesel fuel, the amount of CO2 in the emission gas rose, while this behavior was not observed 425 

for that produced by microwave irradiation.  426 
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This can be attributed to two reasons. Microwave-assisted produced PKO biodiesel has a 427 

lower viscosity and density which inhibits the high amount of fuel injection in the chamber, 428 

where lower amounts of CO2 were released as compared to use of conventional produced 429 

PKO biodiesel. On the other hand, the higher flash point of PKO biodiesel produced by 430 

microwave irradiation probably accelerates other side reactions of carbon combustion leading 431 

to less CO2 formation. Assessment of the other emissions in exhaust gas can determine the 432 

main reason for this behavior. On the other hands, it was pointed in the case of biodiesel 433 

emissions that the higher carbon dioxide emission should cause less concern because of 434 

Nature’s recovery by raising biodiesel crops (Rajaeifar et al. 2014, Nguyen et al. 2017). The 435 

life cycle of CO2 emissions of biodiesel revealed that biodiesel will cause 50–80% reduction 436 

in CO2 emissions compared to petroleum diesel (Qi et al. 2010, Jørgensen et al. 2012, Esteves 437 

et al. 2017). 438 

 439 

  440 

Figure 9. Effect of heating system used for biodiesel production process on CO2 emission of 441 

engine fueled by various diesel-biodiesel blends at different engine speeds 442 
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3.5.2. CO emissions 444 

The amount of CO released by different fuels at various engine speeds is depicted in 445 

Figure 10. When incomplete combustion or progression from CO to CO2 occurs in the engine 446 

chamber, higher amounts of CO form in the exhaust gas emission. The results suggest that 447 

CO emission declines using blend fuels. This can be related to higher oxygen contents of fuel 448 

because of more complete combustion of fuel, which is consistent with the results of CO2 449 

content in the exhaust emission (Song and Zhang 2008, Gharehghani et al. 2019). Therefore, 450 

a significant reduction in the CO content with enlargement of the biodiesel volume in blends 451 

is acceptable with B20-Mic. and B40.Mic. presenting the lowest CO emissions at all engine 452 

speeds. Moreover, B40-Conv. also exhibited better fuel combustion in the engine chamber 453 

where the lowest CO was detected. The reduction in the CO content in the exhaust by raising 454 

the engine speed is a result of the better air–fuel mixing process and/or the increased fuel/air 455 

equivalence ratio (Pinto et al. 2005).  456 

The PKO biodiesel produced by microwave irradiation showed more sufficient 457 

combustion compared to that prepared by the conventional method where very low CO 458 

emission was detected in the exhaust gas. It was mentioned that CO emissions reduced much 459 

higher with the increasing of chain length (Knothe et al. 2006). The biodiesel produced by 460 

microwave presented higher amount of all of FFA components, except of Linoleic acid ME, 461 

that effect on the well combustion of fuel in the engine chamber.  462 

 463 
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 464 

Figure 10. Effect of heating system used for biodiesel production process on CO emission of 465 

engine fueled by various diesel-biodiesel blends at different engine speeds 466 

 467 

3.5.3. HC emissions 468 

Figure 7 displays the effect of increasing the biodiesel to net diesel fuel ratio on the HC 469 

emission of the engine diesel working at various engine speeds and full load. It was described 470 

that the combustion of fuels in the engine chamber improves by blending the diesel fuel with 471 

biodiesel. Therefore, it is expected that the amount of unreacted hydrocarbon (HC) decreases. 472 

Furthermore, shortening the burning delay using biodiesel blends results in diminished HC 473 

emissions due to its higher cetane number (Yusaf et al. 2011, Soukht Saraee et al. 2017).  474 

Note that PKO biodiesel produced by microwave irradiation exhibits a better behavior in 475 

the combustion of hydrocarbons into the engine chamber, which can be related to its lower 476 

density as well as viscosity and higher cetane number (Kumar et al. 2009, Sharma et al. 477 

2019). Moreover, increase in chain length and saturation level of biodiesel leads to a higher 478 

reduction in HC emission (Knothe et al. 2006). The biodiesel produced by microwave 479 
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irradiation exhibit higher amount of ester with longer chain length and lower unsaturation 480 

degree that improves its combustion in the engine chamber. 481 

Due to the high viscosity of PKO biodiesel produced by conventional method, high 482 

amounts of fuel were injected into the chamber causing incomplete fuel combustion. 483 

Therefore, higher CO and HC levels were released which is in good agreement with CO2 484 

results. Therefore, microwave-assisted produced PKO biodiesel is the best fuel for blending 485 

with biodiesel for more complete combustion of carbon groups in the engine chamber, with 486 

B40 presenting a great ability for mixing with net diesel fuel. 487 

 488 

  489 

Figure 11. Effect of heating system used for biodiesel production process on HC emission of 490 

engine fueled by various diesel-biodiesel blends at different engine speeds 491 

 492 

3.5.4. NOx emissions 493 

Figure 12 reveals the variations of NOx emission with engine speed by running diesel 494 

engine with different fuel blends. Higher NOx emissions occur in the exhaust using blend 495 

fuels due to the higher flash point and oxygen content of biodiesel, resulting in augmented 496 
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gas temperature in the engine chamber and accelerated interaction between oxygen and 497 

nitrogen (Xue et al. 2011). Faster premixed combustion by addition of the biodiesel to diesel 498 

fuel leads to elevated combustion temperature to over 1800 K causing NOx formation 499 

(Zaharin et al. 2017, Sharma et al. 2019). B20-Mic. and B10-Conv. showed the lowest NOx 500 

content in the exhaust, though B40-Mic. presented a similar NOx amount in the exhaust gases 501 

at high engine speeds. 502 

Further, the NOx emission diminished continuously with elevation of the engine speed. It 503 

can be related to the shorter residence time available for NOx formation, which may be 504 

owing to the rise in both the volumetric efficiency and flow velocity of the reactant mixture at 505 

higher engine speeds (Lin and Lin 2006). The minimum increase in the NOx content was 506 

observed for B20-Mic. at the engine speed of 1800 rpm which is consistent with the results of 507 

other studies (Lin et al. 2008, Hoseini et al. 2017). Finally, B40-Mic. and B20-Mic. provided 508 

almost similar NOx emissions at the other engine speeds. 509 

It was mentioned that a less increase in NOx emission can be observed by using the 510 

biodiesel containing the more saturated carbon bonds (Lin et al. 2009, Sharma et al. 2019). It 511 

can prove the similarity of NOx emission when blend of diesel-biodiesel produced by 512 

microwave irradiation was utilized. In the other words, NOx emissions increase by raising the 513 

degree of unsaturation of biodiesel (increase the unsaturated components) (Lin and Lin 514 

2006). Moreover, advance in combustion for biodiesel due to shortens ignition delay, and 515 

advance of start of injection of biodiesel due to the higher density and viscosity are the 516 

reasons for higher NOx of fuel blended with biodiesel produced by conventional method. 517 
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 518 

Figure 12. Effect of heating system used for biodiesel production process on NOx emission of 519 

engine fueled by various diesel-biodiesel blends at different engine speeds 520 

 521 

3.5.5.  Comparison the emissions of B40 522 

After chosen B40 as a suitable proposition for blending the biodiesel with diesel fuel, the 523 

CO2, CO, HC and NOx emission contents were summarized in Figure 13. It clearly observes 524 

that the fuel produced by microwave irradiation exhibits better emissions profile in all of 525 

engine speeds. Lower increasing in the amount of NOx and CO2 along with higher reduction 526 

of CO and HC prove that microwave irradiation changes the properties of produced biodiesel 527 

by effecting on the kind of FFA components. Probably under microwave medium, the 528 

nonpolar components (saturated FFA) easily react with polar component (methanol as 529 

alcohol) to form ester. It causes to saturation components form more than unsaturation 530 

components that lead to reduction the unsaturation degree and better combustion of fuel in 531 

the engine chamber, as mentioned above. Therefore, the microwave irradiation can concern 532 

as an effective method for fabrication of a same biodiesel fuel with low unsaturated 533 
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components that significantly decreases the emissions released from those produced by 534 

conventional method. 535 

 536 

 537 

Figure 13. Comparison the emissions of B40 fuels produced by conventional and microwave 538 

heating systems fueled in diesel engine at different engine speeds 539 

 540 

4. Conclusion 541 

Palm kernel oil (PKO) contains appropriate amounts of oil making it a suitable source for 542 

biodiesel production. Accordingly, its performance in the diesel engine was firstly compared 543 

when microwave and conventional heating systems were utilized for converting PKO to 544 

biodiesel. The palm seed (Zahidi type) contained 10 wt.% oil in which a high FFA content 545 

was observed. After reducing the FFA content of PKO via esterification reaction, the PKO 546 

was transesterified via conventional and microwave irradiation heating systems with 547 

methanol and NaOH as a catalyst. A biodiesel yield of 96.4% was obtained at the conditions 548 

of 60 °C, methanol/PKO molar ratio of 6, 1 wt.% catalyst, and 90 min of the reaction time for 549 
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conventional method. On the other hand, microwave irradiation reduced the reaction time to 550 

2.5 min and enhanced the yield to 97.6%. In addition to shortening the reaction time, the 551 

separation step was also curtailed from 4 h to 4 min using microwave irradiation. Both PKO 552 

biodiesels produced by conventional and microwave method met the ASTM D6751 and 553 

EN14214 standard specifications. The temperature monitoring of microwave-assisted 554 

transesterification reaction showed that the reaction temperature must be lower than the 555 

boiling point of the utilized alcohol to achieve the maximum conversion. Assessment of the 556 

performance and exhaust gas emissions of a single-cylinder engine fueled by blends of PKO 557 

biodiesel-diesel suggested that PKO biodiesel produced by the conventional method 558 

presented a higher brake power and torque and lower BSFC compared to that prepared by the 559 

microwave method. All fuels revealed a higher power and torque at the engine speed of 2500 560 

rpm as compared to engine speeds of 1800 rpm and 2150 rpm.  561 

Overall, B40 (both PKO biodiesels produced by different heating systems) can be a choice 562 

for improvement the problems of net diesel fuel by blending with biodiesel in which the 563 

biodiesel has higher proportion compared to commercial blend fuel (B20). The exhaust gas 564 

emissions analysis suggested that PKO biodiesel exhibited reduction in CO and HC 565 

emissions in exhaust due to elevation of oxygen content of the fuel leading to better 566 

combustion. On the other hands, increase of CO2 and NOx contents was observed by using 567 

biodiesel. Unlike the results of engine performance, PKO biodiesel produced by microwave 568 

irradiation showed better results in releasing the emissions which can be related to its lower 569 

density and viscosity. These properties mitigate the problem of fuel injection in the engine 570 

chamber. B40 also presented appropriate properties in the analysis of the emissions. The 571 

results confirmed that PKO biodiesel has very suitable properties which can be blended with 572 

net diesel fuel at a higher volume ratio (B40). Moreover, microwave irradiation, by 573 

shortening the transesterification time, improving the properties of produced biodiesel, and 574 
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significantly reducing the exhaust gas emissions, can be regarded as an alternative method for 575 

industrial biodiesel production to reduce greenhouse gas problems. 576 

It must be mentioned that the FFAs compositions of PKO is strongly depends on the 577 

climate as well as engine performance that would be some limitations. Moreover, this study 578 

must be developed on assessment the engine load, broder engine speed, different engine type 579 

(containing more cylinder) that will be presented in our future work. 580 
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