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Abstract 8 

 9 

In these studies, the microwave-assisted transesterification of non-edible Papaya oil was 10 

investigated under the fixed microwave power of 700 W and constant magnetic stirring. 11 

Optimization of the yield of Papaya oil methyl ester was investigated using response surface 12 

methodology. Within the range of the selected operating conditions, the optimized values of 13 

temperature, catalyst amount, time, and methanol to oil molar ratio were found to be 62.33 °C, 14 

0.95 wt %, 3.30 minutes, and 9.50:1 respectively. Current studies revealed that the methanol to 15 

oil molar ratio and temperature have significant effects on microwave-assisted 16 

transesterification of Papaya oil. The high values of  R2 97.72 and R2adj 95.60 indicate that the 17 

fitted model shows a good agreement with the predicted and actual FAME yield. Based on the 18 

optimum condition, the predicted biodiesel yield was 99.9% and the actual experimental value 19 

was 99.3%. Papaya oil methyl ester (POME) exhibits property close to ASTM standards. In 20 

conclusion, these studies revealed that biodiesel obtained from Papaya seed oil feedstock has a 21 

potential to use as an alternative of diesel. 22 
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1. Introduction 30 

 31 

Conventional energy sources like coal and petroleum crude are polluting and depleting rapidly due to 32 

high energy demand. The rapid rise in population, as well as industrial and technological developments 33 

trigger energy crisis[1]. Moreover, increasing awareness towards environmental concerns, stringent 34 

emission norms, and fluctuating prices of the crude oil encourage society to use renewable energy 35 

sources[2]. The International energy agency reported biofuel as the highly sustainable energy among 36 

wind, solar and hydro energy sources[3,4]. Biodiesel, commonly known as the ester of fatty acid 37 

synthesized by esterification of free fatty acid(FFA) and trans-esterification of triacylglycerides with 38 

reacting species like alcohols[5]. The inter-esterification of oil with short-chain esters, acetates[6–8] and 39 

alkyl carbonates[9,10] have also been reported. Biodiesel has gained more importance over the past two 40 

decades due to its renewability, biodegradability, and non-toxic nature[11]. It has high calorific value, 41 

cetane number, flash point, low sulfur and aromatics contents compared to diesel. Moreover, it can 42 

directly run the diesel engine without compromising the engine performance[12–14]. Vegetable oilseeds 43 

including soybean, canola, palm kernel, sunflower, and coconut were explored as feedstock for biodiesel 44 

production but constrained by food security and serious ecological imbalance due to the destruction of 45 

forest for large-scale plantation of edible crops [14–16]. As a result, various non-edible oil bearing seeds 46 

such as C. pentandra[17], Neem[18], Mahua [19], Karanja [18], Jathropha[20] were explored for 47 

biodiesel production. Availability and the cost of feedstock strongly influenced the over all cost of 48 

biodiesel. India is one of the largest Papaya producing country followed by Brazil, Indonesia, the 49 

Dominican Republic, Nigeria, and Mexico. Production of Papaya was 56,39,300 tons per annum with 50 

harvested area of 42.28 T/ha in India which contributed to 35% of the world’s Papaya 51 

production[21,22]. Out of 1kg Papaya, 300 g of waste is produced including 160 g of seeds. The oil 52 

content of Papaya seed varied from 15.3 to 30%. Hence, worldwide Papaya oil production is 53 

approximate 3,20,470 Tons/annum[23].In the literature, transesterification of edible and non-edible oils 54 

were explored using homogeneous and heterogeneous catalysts involving conventional heating[3,14,24–55 
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29], enzyme catalytic[30], supercritical [31–35], ultrasound [36–39] and microwave heating[40–44].Out 56 

of these, microwave supported trans-esterification reaction is rapid and less energy intensive.. Therefore, 57 

microwave-assisted transesterification of Papaya seed oil has explored in these studies. There are 58 

numerous parameters those affects the yield of biodiesel under microwave-assisted trans-esterification of 59 

vegetable oils. Under fixed microwave power and agitation speed, these are alcohol to oil molar ratio, 60 

catalyst concentration, reaction temperature, and reaction time. Influence of individual parameter and 61 

their interactions can’t be generalized and it is a key challenge in the optimization of process parameters 62 

to achieve maximum biodiesel yield. It requires a large number of experiments, therefore, statistical 63 

techniques such as response surface methodology was applied for microwave-assisted optimization of 64 

biodiesel from Papaya oil. So far, two-step production of Carica Papaya oil methyl ester has been 65 

reported in the literature. The process parameters were: 2 wt% H2SO4, 9:1 molar ratio, 100°C 66 

temperature and  2h reaction time[45]. However, to the best of our knowledge, optimization of 67 

microwave-assisted transesterification of Papaya seed oil to produce biodiesel, using response surface 68 

methodology has not yet described in the literature. In these studies, optimizations of trans-esterification 69 

process parameters’ are carried out using response surface methodology in combination with the central 70 

composite design. 71 

 72 

Abbreviation 
 
PO        Papaya Oil 
POME  Papaya Oil Methyl Ester 
FFA      Free Fatty Acid 
RSM     Response Surface Methodology 
CCD     Central Composite Design 
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2. Materials and methods 73 

 74 

Refined Papaya oil (PO) was purchased from M/s Katyani Exports Pvt Ltd, New Delhi. The All 75 

chemicals such as NaOH, KOH, methanol, and ethanol were analytical reagent grade. Table 1 presents 76 

physicochemical properties and fatty acid composition derived from GC-MS (supplementary S1) of 77 

Papaya oil. The observed FFA content of PO was 1.6%. It was less than 2%,  therefore, pre-treatment or 78 

esterification with acid catalyst could be avoided, and homogenous alkali catalyst NaOH used directly 79 

for the transesterification reaction. The mean molecular weight of Papaya oil based on fatty acid 80 

composition was calculated by Eq (1),  81 

3*(Average MW of FFA) + MW of glycerol – 3* MW of water     (1) 82 

=3*(276) + 92 – 3*54 83 

=866 g/mol  84 

The molecular weight of oil calculated from saponification and acid value of oil using formula  85 

MW =168300/(SV- AV) was  found to be 871 g/mol.  86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

 103 

 104 
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Table 1 105 

Physicochemical properties and characteristic of Papaya oil  106 

Properties(unit) Papaya oil 
Specific gravity(gcc-1) 0.907 
Viscosity at 40 °C (cSt) mm2s-1 29.30 
Saponification number  (mg g-1) 194 
Iodine number 76 
Free fatty acids% 1.60 
Acid number (mg KOH g−1) 0.80 
Fatty acid composition (wt%) 
Myristic acid C14:1 0.21 
Palmitic acid C16:0 9.33 
Palmitoleic acid C16:1 0.73 
Oleic acid c18:1 80.57 
Linoleic acid C18:2 0.71 
Arachidic acid C20:0  1.17 
Eicosenoic acid C20:1  1.46 
Behenic acid C22:0 1.96 
Lignoceric acid C24:0  0.99 
Saturated fatty acid 13.66 
Monounsaturated fatty acid 82.69 
Polyunsaturated fatty acid 0.71 
Degree of unsaturation 84.11 
Mean molecular weight(gmol-1) 866-871 

Table 1:  Physicochemical properties and fatty acid composition of Papaya oil 107 

3. Experimental design 108 

3.1 Experimental set up 109 

 110 

The batch experiments were carried out in a 100 mL single neck reaction flask (reactor) containing 111 

Papaya oil, methanol, and sodium hydroxide catalyst. As presented in Figure 1, commercial Raga’s 112 

microwave reactor was used for experimentation. It has an internal volume of 31 litre, operating at 2450 113 

GHz with a maximum power output of 700 W. The temperature of the reactor was measured with an 114 

infrared temperature sensor. The glass reactor connected to a reflux condenser. Due to rapid heating by 115 

microwave, methanol get vaproized hence, chilled water was supplied for condensation to ensure the 116 

retention of methanol into the reactor.  The reaction mixture was subjected to irradiation under 700 W 117 

microwave power output and constant magnetic stirring for all the experiments.   118 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 
 

Figure 1 
Microwave reactor for transesterification 
reaction 

 
Figure 1: Microwave-assisted transesterification of Papaya oil using methanol and alkali catalyst 119 

 120 

3.2 Microwave-assisted transesterification 121 

 122 

Microwaves (MW) are non-ionizing electromagnetic waves having a wavelength between 1 mm and 1 123 

m depending on the frequencies varying from 0.3 and 300 GHz [46]. The heat generation observed 124 

during reaction mainly due to high-frequency rotation of alcohol under rapidly changing electric and 125 

magnetic field commonly known as dipole rotation. Also, ions present in the solution oscillate, slow 126 

down and change its direction under applied varying electric field generates heat by conduction. These 127 

two phenomena termed as dielectric heating[47]. Methanol is a polar molecule with a high dielectric 128 

constant is preferred for microwave assisted trans-esterification reaction.  Microwave-assisted 129 

transesterification of Papaya oil was carried out with a varying quantity of methanol, catalyst 130 

concentration, temperature, and time. At the end of the reaction, samples were cooled and kept in 131 

separating funnel. Biodiesel phase separated at the top due to its low density than heavier glycerol phase. 132 

The top layer of biodiesel was removed, heated above 65°C to remove traces of alcohol and washed with 133 

distilled water to remove traces of NaOH. Samples were dried and passed through anhydrous Na2SO4 to 134 
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remove traces of water. The purity of biodiesel was checked using the method described in 3:27 test[48]. 135 

The yield of biodiesel was determined using Eq (2). 136 

Yield of biodiesel= (A/B) *100    (2) 137 

Where,  138 

A: Amount of biodiesel produced, g 139 

B: Theoretical maximum amount of biodiesel produced, g.  140 

3.3 Statistical analysis 141 

 142 

The response surface methodology (RSM) in conjunction with central composite design (CCD) was 143 

used to design the experiments, model and to optimize POME yield as the response for microwave-144 

assisted base-catalyzed transesterification process. The CCD was a suitable design for sequential 145 

experiments to obtain appropriate information for testing lack of fit without a large number of design 146 

points[49]. In this study, four independent variables temperature °C (X1), catalyst amount (X2), time 147 

(X3), and the molar ratio of methanol to oil (X4) coded into three levels. The axial points distance from 148 

the center coded as −2 (−α) and +2 (+α) and presented in Table 2. 149 

Table 2   
Variables presented in coded form 

Variables Symbol Level  
  α= -2 -1     0      1    α = 2  
Temperature, °C X1 50 55 60 65 70 
Catalyst wt% X2 0.5 0.75 1 1.25 1.5 
Time, minute X3 0.5 3 5.5 8 10.5 
Molar ratio X4 3:1 6:1 9:1 12:1 15:1 
Transformation of variable levels from coded (X) to uncoded was 
obtained as: X1= 5X+60 ,X2= 0.25X +1, X3= 2.5X+5.5 , X4 = 3X+9  

Table 2 : RSM experimental design for four variables at three levels showing coded and uncoded values 150 

The Minitab 16 software was used for regression, graphical analysis, statistical analysis, and 151 

optimization of POME yield. It required 30 experiments according to 2k+2k+ 6, where k is the number 152 

of independent variables[50]. It included sixteen factorial, eight axial, and six replicates points at the 153 
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centre. The centre points repeated 4–6 times to determine the experimental error (pure error) and the 154 

reproducibility of the data. The complete CCD design matrix including real and coded independent 155 

variable is presented in Table 3. Experimental POME yield correlated with independent variables by 156 

second-order polynomial Eq (3). 157 

� = 	�0 +	∑ ��	� + ∑∑ �
�	
	� + ∑ ���	�2�
�
�
����

�
�
�
� + 	ɛ       (3) 158 

Where, 159 

Y: The response, POME yield  160 

Xi, Xj: Independent variable 161 

β0: intercept 162 

βi: The first order coefficient of the model 163 

βjj: The quadratic coefficient of j factor 164 

βij: The linear coefficients of the model for the interaction between i and j factors 165 

k: The number of factors studied and optimized in the experiment 166 

ɛ: The experimental error attributed to Y. 167 

The regression coefficient of determination or relative standard error (RSEE) observed between the 168 

experimental and predicted results indicated the criteria for reliability evaluation of the model. The 169 

RSEE calculated by the Eq. 4. The average RSEE less than 10% was preferable[51]. 170 

 171 

����	% = ∑ |���������|
����

�
�
�
� ∗ ���

�      (4) 172 

Where, 173 

Y,exp: The values obtained from experiments  174 

Ypre: The  values obtained from the model 175 

N: Number of experimental results 176 
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Coefficients of determination, R2 determine the quality of fit for the model and the analysis of variance 177 

(ANOVA) was checked by Fisher’s  test (F-test).  178 

Table 3  
RSM-CCD design to measure response of POME 
Sr. 
No 

Point 
Type 

Temperature, 
°C 

 (X1) 

Catalyst wt% 
(X2) 

Time, 
minute 
(X3) 

Molar ratio 
(X4) 

POME 
yield 
(Y) 

Yield 
(Y’) 

predic
ted  

RSEE 
% 

  U.C C U.C. C. U.C
. 

C. U.C C.    

1 Axial 60 0 0.5 -2 5.5 0 9 0 71.00 70.62    0.54 
2 Fact 65 1 1.25 1 8 1 12 1 67.00 70.15 4.71 
3 Fact 55 -1 0.75 -1 8 1 6 -1 58.00 61.05 5.25 
4 Centre 60 0 1 0 5.5 0 9 0 98.80 96.46 2.36 
5 Centre 60 0 1 0 5.5 0 9 0 93.00 96.46 3.72 
6 Fact 65 1 0.75 -1 3 -1 6 -1 63.00 64.44 2.29 
7 Centre 60 0 1 0 5.5 0 9 0 93.20 96.46 3.50 
8 Fact 55 -1 0.75 -1 8 1 12 1 78.22 79.38 1.48 
9 Fact 55 -1 1.25 1 8 1 6 -1 62.00 60.77 1.97 
10 Axial 50 -2 1 0 5.5 0 9 0 52.00 53.39 2.69 
11 Fact 55 -1 1.25 1 3 -1 6 -1 61.00 64.37 5.53 
12 Fact 65 1 1.25 1 3 -1 12 1 86.00 82.60 3.94 
13 Fact 55 -1 1.25 1 8 1 12 1 57.00 55.21 3.13 
14 Fact 55 -1 1.25 1 3 -1 12 1 61.00 57.75 5.32 
15 Axial 60 0 1 0 0.5 -2 9 0 89.20 92.89 4.14 
16 Axial 60 0 1.5 2 5.5 0 9 0 55.00 56.48 2.69 
17 Fact 65 1 0.75 -1 8 1 6 -1 59.00 61.49 4.22 
18 Fact 65 1 1.25 1 8 1 6 -1 60.00 60.96 1.61 
19 Fact 55 -1 0.75 -1 3 -1 6 -1 58.00 54.08 6.74 
20 Axial 60 0 1 0 5.5 0 15 2 67.00 70.78 5.64 
21 Centre 60 0 1 0 5.5 0 9 0 96.00 96.46 0.48 
22 Centre 60 0 1 0 5.5 0 9 0 99.00 96.46 2.55 
23 Fact 55 -1 0.75 -1 3 -1 12 1 72.67 71.36 1.80 
24 Fact 65 1 0.75 -1 8 1 12 1 98.30 94.58 3.78 
25 Axial 70 2 1 0 5.5 0 9 0 79.00 78.70 0.38 
26 Axial 60 0 1 0 5.5 0 3 -2 47.00 44.31 5.70 
27 Fact 65 1 0.75 -1 3 -1 12 1 96.00 96.46 0.48 
28 Axial 60 0 1 0 10.5 2 9 0 90.00 87.40 2.88 
29 Centre 60 0 1 0 5.5 0 9 0 98.80 96.46 2.36 
30 Fact 65 1 1.25 1 3 -1 6 -1 76.4a 0 74.48 2.51 
          Avg. RSEE    3.14% 

U.C. Uncoded value, C. Coded value 
Table 3: Experimental and predicted POME yield using RSM central composite design 179 
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4. Result and discussion 180 

 181 

4.1. Development of Regression model 182 

 183 

Linear, linear and square, two-factor interaction, and quadratic polynomial model equations were used to 184 

fit the response of the experiment. The quadratic model selected as the best model due to its highest order 185 

polynomial with high F value, lower P-value, and high R2 as shown in Table 4.  186 

 
Table 4 
The sequential model sum of squares  
Source Sum of 

squares 
DF Mean 

Square 
F 
value 

Prob>F R2 

Linear 2355.66 4 588.92 2.47 0.071 28.34 
Linear+ Square 7124.57 8 890.57 15.73 0.000 85.70 
Linear+ Interaction 3355.45 10 333.55 1.29 0.305 40.36 
Interaction 999.31 6 166.63 13.21 0.731 ------ 
Quadratic 8124.36 14 580.31 46 0.000 97.72 

Table 4: Evaluation of models for best fit with experimental yield 187 

Response yield, Y analyzed by response surface design using quadratic equation is expressed by Eq. (5) 188 

Y = 96.446 + 6.3253*X1 -3.5330*X2 -1.3728*X3 + 6.6164*X4  -7.6042*X1
2 - 8.2292*X2

2 -1.5792*X3
2 -189 

9.7292*X4
2 - 0.0629* X1*X 2 - 2.4783* X1*X3+ 3.6879* X1*X4 - 2.6408*X2*X3 - 5.9746* X4*X 2 + 190 

0.2658* X3*X 4          (5) 191 

The terms with positive sign indicate the synergistic effect that increases POME yield, whereas a negative 192 

sign indicate hostile effect. Table 5 presents the result of a statistical analysis of variance (ANOVA). It 193 

determined the significance fitness of the quadratic model as well as the effect of individual terms and 194 

their interaction on the POME yield. The probability of error or p-value measured the significance of each 195 

regression coefficient. The quadratic model with F value 46 and p-value <0.0001 for the experimental 196 

data indicates that it is significant at 95% confidence level. The molar ratio(X4), temperature(X1), catalyst 197 

loading(X2), and time(X3) have a significant influence on POME yield due to their low P-values. The 198 

molar ratio with F value, 83.23 contributes 44.58% to the response. Other terms with reducing F-values 199 
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are temperature (76.11), catalyst amount (23.75), and time (3.59) contributing 40.7%, 12.72%, and 2% 200 

respectively. A low value of the coefficient of the variation (CV, 4.71%), indicates a high degree of 201 

precision and a good deal of reliability with the experimental values. Adjusted-R2 with 0.9560 reveals 202 

95.60% of variability with the predicted versus actual values for POME yield was explained by the 203 

model. R2 with 0.9772 indicates close agreement between the predicted and experimental values. The 204 

lower difference between R2 and Adjusted-R2 implies that all significant terms are involved in the model. 205 

The lack of fit test having p-value 0.257 greater than 0.01 suggested that lack of fit is not significant.. The 206 

model satisfactorily fitted to the experimental data and accounted all the contribution in the regression 207 

response relationship[49].   208 

 209 

Table 5 
Test of significance for every regression coefficients and ANOVA(POME synthesis) 
 
Source 
 

Coefficient Coefficient 
p-value 

 
SS 

 
DF 

 
MS 

 
F-

value 

 
P-Value 

 
Model   8124.36  14 580.31 46.00 <0.0001  
 β0 (96.4667) 0.000      
Temperaure,X1 β1(6.3253) 0.000 960.22  1 960.22  76.11  <0.0001 
Catalyst %,X2 β2(-3.5330) 0.000 299.58  1 299.58  23.75  <0.0001 
Time,X3 β3(-1.3728) 0.078 154.77  1 154.77 3.59 0.0078 
Molar Ratio,X4 β4(6.6164) 0.000 1050.63 1 1050.63 83.23 <0.0001 
X1

2 β11(-7.6042) 0.000 850.22  1 1586.04 125.72 <0.0001 
X2

2 β22(-8.2292) 0.000 1321.34  1 1857.47 147.23 <0.0001 
X3

2 β33(-1.5792) 0.034 1.00 1 68.41 5.42 0.034 
X4

4 β44(-9.7292) 0.000 2596.34 1 2596.34 205.80 <0.0001 
X1X2 β12(-0.0629) 0.944 0.06 1 0.06 0.01 0.944 
X1X3 β13(-2.4783) 0.014 98.27 1 98.27 7.79 0.014  
X1X4 β14(3.6879) 0.001 217.61 1 217.61 17.25 <0.0001 
X2X3 β23(-2.6408) 0.009 111.58 1 111.58 8.84 0.009 
X2X4 β24(-5.9746) 0.000 571.13 1 571.13 45.27 <0.0001 
X3X4 β34(0.2658) 0.769 1.13 1 1.13 0.09 0.796 
Residual   189.24 15 189.24 12.62  
Lack of fit    149.02  10 149.02 14.90 0.257 
Pure-error   40.21 5 40.21 8.04  
Std. Dev.   3.552  R2 97.72  
Mean   74.7  Adj –R2 95.60  
C.V.   4.71  Predicted-R2 88.98  

Table 5: ANOVA and test of significance of every variable using ANOVA for microwave-assisted POME synthesis 210 
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Figure 2a presents the actual POME yield Vs. predicted POME yield. For good agreement with actual 211 

value, the predicated POME yield must lie close to the Y=X line. The model estimated response close to 212 

the experimental data for the system in the range studied. Figure 2b presents a normal probability plot of 213 

the residuals. The errors distribute normally across a straight line and insignificant. The structureless plot 214 

of residuals versus predicted response in Figure 2c suggests the minimum value of residual for predicted 215 

data.  Most of the standard residuals should lie in the interval of ±5.00. Any observation outside this 216 

interval renders an operational error in the experimental data or a potential error in the model[32]. 217 

Histogram plot of the frequency of residual against residual in Figure 2d lies close to zero residual value 218 

indicated the minimum deviation of response with experimental data. 219 

Figure 2a Figure 2b 
Predicted Vs. actual POME yield Normal probability plot of residual 

 
 

  

Figure 2c Figure 2d 
Residual Vs. predicted response plot Histogram plot of frequency Vs. residual 

  

Figure 2: Residual, histogram and predicted Vs. actual yield plots for POME synthesis 220 

 221 
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4.2. Parameter study 222 

4.2.1 Single parameter study   223 

 224 

Figure 3 demonstrates the effect of individual variables on POME yield. The effect of the individual 225 

parameter on POME yield was determined by keeping other variables constant at hold value (0,0,0) in 226 

coded form. With increasing the temperature(X1) from 50°C to 62°C, the reaction yield increases. It is 227 

due to increase in reaction rate, reduction in oil viscosity, and improved solubility of oil with alcohol 228 

phase. However further increase in temperature from 62°C to 70°C resultes in a reduction of yield due to 229 

vaporization of methanol (Boiling point 64.5°C) and unfavourable saponification reaction over 230 

transesterification[49].  231 

 232 

Figure 3 
Effect of Individual variables on POME yield 

 

 Figure 3: Effect of individual variable on POME yield keeping other variables at hold values of zeros in coded form 233 

  234 
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 The catalyst improves the formation of methoxy radicals from methanol. The methoxy radicals combined 235 

with triglyceride to initiate the formation of biodiesel and glycerol. Hence, the yield increases from 70 % 236 

to 96.92% with increasing the catalyst concentration(X2) from 0.5wt% to 0.95 wt%. The addition of 237 

catalyst amount beyond 0.95 wt% reduces the POME yield from 96.92% to 56.25%. It is due to undesired 238 

soap formation reaction and increased in solution viscosity[49].  Soap formation reduces surface tension 239 

between biodiesel and glycerol phase, resulting in difficulty in separation and reduction in POME yield.  240 

Microwave-assisted transesterification yielded 96% POME within 1 minute. It is due to the high dielectric 241 

tangent of methanol as well as the complete solubility of NaOH catalyst in reaction mixture[52]. With the 242 

increase in a molar ratio from 3:1 to 10:1, reaction yield increases from 43 % to 97.62 %(127% increase). 243 

Hence, the higher molar ratio is preferred to increase the forward reaction rate.  However, the POME 244 

yield decrease from 97.62% to 70% with a further increase in a molar ratio from 10:1 to 15:1, The 245 

decreasing trend observed mainly due to relative dilution of the catalyst, increasing the solubility of 246 

POME in glycerol phase and the reverse reaction rate[53].   247 

4.2.2 Interaction of two parameter study   248 

 249 

The surface and contour plot used to establish the interactions between the parameters and their effect on 250 

POME yield. As the model has four variables, these plots were formed, each with two targeted variables, 251 

while the other two variables held constant at zeros in their coded values. The interaction of 252 

temperature(X1) and catalyst concentration(X2) on POME yield are presented in Figure 4a(3D surface 253 

plot) and Figure 4b(contour plot). Time and molar ratio kept at hold value of 5.5 minutes and 9:1 254 

respectively. For all range of catalyst concentration under study, the increasing in temperature from 50 °C 255 

to 62 °C favours yield due to absorption of microwave energy by reaction mixture. However, the yield 256 

reduces when the temperature increases further from 62 °C to 70 °C. The main reason behind this is 257 

evaporation of methanol from the oil phase at a temperature above its boiling point[54]. Similarly, for a 258 

given temperature, increasing in catalyst amount from 0.5 wt% to 1 wt%, substantially improved the 259 

POME yield. However, it decreases at higher catalyst amount due to gel formation and increasing in 260 
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viscosity of the reaction mixture[55]. The yield enhances with an increasing in catalyst concentration and 261 

temperature but declines at excess level. The combined effect of high temperature and catalyst 262 

concentration lead to undesired saponification as well as a reduction in the relative amount of methanol in 263 

the reaction mixture. The circular nature of contour reveals lower interaction of catalyst amount and 264 

reaction temperature on POME yield[56].  265 

Figure 4a Figure 4b 
Surface plot: Yield Vs.temperature and catalyst 
amount  

Contour plot: Yield Vs. catalyst amount and 
temperature  

  
Figure 4: Contour and surface plot of interaction of temperature and catalyst amount on POME yield 266 

  267 

Figure 5a and 5b present the surface and contour plot for the interaction effect between reaction time 268 

(X3) and temperature (X1) toward POME yield. The molar ratio and catalyst amount were kept constant at 269 

9:1 and 1wt% respectively. The yield increases with rising the temperature from a 50 °C to 60 °C for 270 

given reaction time. It  is explained by the fact that the rise in temperature increases the possibility of 271 

microwave interaction as well as the generation of heat due to rapid dipole rotation[57].  At 50°C, 272 

extending the reaction time from 0.5 to 10.5 minutes improve the POME yield from 53% to 58%. On the 273 

other hand, at 70°C, it reduces from 90% to 66%. Hence, biodiesel yield is improved by a combination of 274 

short time with high temperature as well as high time with low temperature. The biodiesel content raise to 275 
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greater than 98% in the range of 60 to 65 °C and 1 to 5 minutes time interval. The time interval required 276 

for biodiesel conversion is low due to the initial stage of microwave radiation promoted thermal 277 

accumulation of reaction mixture[58].  278 

 279 

Figure 5: Contour and surface plot showing interaction of temperature and time on POME yield 280 

Figure 6a and 6b exhibit the interaction of temperature(X1) and the molar ratio(X4) on POME yield. Similar 281 

nature of interaction plot was reported in the literature[59]. The poor yield obtained at the lower 282 

temperature and molar ratio of methanol to oil. At higher temperature, the yield significantly improved. 283 

Surprisingly yield reduced at elevated temperature (70°C), the probable reason was vaporization of 284 

methanol from the reaction flask. For all range of temperature under study, the rise in a molar ratio from 285 

3:1 to 9:1 favored the forward reaction rate resulted in improvement in yield. At, the excess molar ratio of 286 

15:1, the yield decreased mainly due to relative dilution of catalyst amount and lower microwave heat 287 

available for oil[60]. The observed yield was 99% at 10:1 methanol to oil molar ratio and 62°C 288 

temperature.   289 

Figure 5a Figure 5b 
Surface plot:  Yield Vs.temperature and time  Contour plot: Yield Vs. temperature and time 
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 290 

  291 

Figure 6a Figure 6b 
Surface plot: Yield Vs. molar ratio and temperature  Contour plot: Yield Vs. molar ratio and temperature  

 

 
Figure 6: Contour and surface plot of interaction of molar ratio and temperature on POME yield 292 

The simultaneous effect of the reaction time (X3) and catalyst amount(X2) on yield are presented in the 3D 293 

surface plot(Figure 7a), and contour plot(Figure 7b). At low catalyst loading,  increasing the time from 0.5 294 

to 10.5 minutes helps to improve the interaction of triglycerides with methanol and speed up the methyl 295 

ester formation. Thus for low catalyst amount, rise in time enhances the yield. However, it is not true with 296 

high catalytic loading as the excess catalyst initiate an undesired soap formation of fatty acid and 297 

entrainment of biodiesel[61]. The substantial improvement in yield up to 96%  obtained at  1±0.1% catalyst 298 

concentration and 4±1 minute time interval. 299 

 300 

 301 

 302 
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Figure 7: Contour and surface plot of interaction of time and catalyst amount on  POME yield 303 

Figure 8a and 8b demonstrate a 3D surface and contour plot of the interaction of catalyst amount(X2) and 304 

molar ratio(X4) on POME yield.  The poor yield obtained at the lower molar ratio and catalyst amount. It 305 

occurs due to consumption of methanol during the reaction, less catalyst amount and the possibility of a 306 

reversible reaction. The combined effect of high catalyst loading and the excess molar ratio lowers 307 

microwave heat available to triglyceride, increases the solubility of glycerol in biodiesel as well as 308 

increases possible side reaction. It resultes in a reduction of  POME yield.   At a lower molar ratio, the 309 

yield is increased from 20 % to up to 50%, when catalyst concentration increaing from 0.5 wt % to 1 310 

wt%. Further increase in catalyst amount to 1.5 wt% reduces the yield up to 30%. It is occurred due to 311 

increase in solution viscosity and undesired saponification of free fatty acid.  Similarly, at low catalyst 312 

concentration, increasing the molar ratio from 3:1 to 12:1 enlarges POME yield from 20 % to 78%. 313 

However, at an excess molar ratio of methanol to oil, relative dilution of catalyst adversely affects 314 

biodiesel yield. The similar pattern has been reported by Ngadi et al[62]. Based on the surface and 315 

contour plot, the combined effect of the molar ratio and catalyst amount leads to the increment in POME 316 

yield up to an optimum point.  317 

Figure 7a Figure 7b 
Surface plot: Yield Vs. catalyst amount and time Contour plot: Yield Vs.catalyst amount and time 
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 318 

Figure 8a Figure 8b 
Surface plot: Yield Vs. catalyst amount and the 
molar ratio  

Contour plot: Yield Vs. catalyst amount and the 
molar ratio 

 

 

Figure 8: Contour and surface plot of interaction of molar ratio and catalyst amount on  POME yield 319 

  320 

Figure 9a and 9b present the simultaneous interaction of the molar ratio and reaction time on POME 321 

yield. poor yield is observed at a 3:1 molar ratio and short reaction time. However, yield increases up to 322 

97% at the moderate time and molar ratio. Further increment in molar ratio beyond 9:1 reduces POME 323 

yield. It is due to increase in solubility of methanol in both phases and difficulty in separation. The 324 

optimal molar ratio plays a vital role in improvement of the POME yield because a lower molar ratio 325 

causes an incomplete reaction and the higher ratio decrease the yield. Similarly, for the rise in time above 326 

optimum for all range of the molar ratio resulted in a decrease in the yield mainly due to possibilities of 327 

backward reaction. It is in agreement with the results reported in the literature[61,63] 328 

 329 

 330 
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 331 

Figure 9: Contour and surface plot of interaction of time and molar ratio on POME yield 332 

 333 

4.3 Optimization and validation 334 

Optimization of the Process variable to maximize POME yield was performed using response surface 335 

optimizer with the variable range under study. The maximum POME yield of 99.99% obtained under with 336 

desirability of component 1(supplementary S2). The optimized values of temperature, catalyst, methanol 337 

to oil molar ratio, and time were found to be 62.33°C, 0.95 wt%, 3.3 minute, and 9.5:01. These optimum 338 

process parameters  validated by triplication of experiments, at the optimal conditions (supplementary 339 

S3). Thin layer chromatography (TLC) test was performed using silica gel fluorescent indicator F254. 340 

The solvent hexane, diethyl ether, and acetic acid with volume ratio 80:20:1 was used for TLC. The spot 341 

observed at retention factor (Rf) 0.67, 0.43 and 0.33 correspond to the position of methyl esters, Di-342 

glyceride, and mono-glyceride respectively (supplementary S4). No spot for triglyceride with Rf=0.56 in 343 

the final product indicating close to complete conversion of Papaya oil into its methyl esters. Further the 344 

optimized POME was analyzed using 1H NMR (supplementary S5). The absence of the peaks for 345 

Figure 9a Figure 9b 
Surface plot: Yield Vs. time and molar ratio  Contour plot:  Yield  Vs.  time and molar ratio 
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triglyceride protons at δ = 4.2–4.3 ppm and the presence of methyl resonance at δ=3.66 ppm confirmed 346 

the higher conversion of oil into biodiesel. The yield of biodiesel was calculated by Eq. (6)   347 

 348 

Yield = 100 ∗ & '∗()*
+∗(,-.'	/                    (6) 349 

     =100*(2*0.965)/3*(0.6466) 350 

     =99.4%  351 

AME : Integration value of the protons of the methyl esters (the strong singlet peak) 352 

Aα-CH2 :Integration value of the methylene protons. 353 

The experimentally observed mean yield of FAME (99.30 %) is in close agreement with the expected 354 

maximum yield(99.9%)  suggested by the model equation. 355 

 Physicochemical properties of Microwave-assisted POME such as specific gravity, flash point, viscosity, 356 

cloud point, free fatty acid content, heating value, and cetane no were determined and summarized in 357 

Table 6. These physicochemical properties of produced biodiesel are in close agreement with the ASTM 358 

D6751. 359 

Table 6 360 

Physicochemical properties and characteristic of (POME) Papaya oil methyl ester 361 

Properties(unit) Papaya oil methyl 
ester 

ASTM D 
6751-12 

Specific gravity(gcc-1) 0.88 0.86-0.9 
Flash point(°C) 135 >130 
Viscosity at 40 °C (cSt) mm2s-1 3.68 1.9-6 
Molecular weight, g/mol  276 ---- 
Cloud point (°C) -0.1 5 
Free fatty acids% <0.40 <1.60 
Acid number (mg KOH g−1) <0.20 <0.80 
Heating value (calorific value) (MJ kg−1)   38.50 ----- 
Cetane no. 57.53 47 
Table 6: Physicochemical properties and characteristics of microwave-assisted POME 362 

 363 

 364 

 365 
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5. Conclusions 366 

Experimental investigation of microwave-assisted transesterification of Papaya oil was investigated using 367 

response surface methodology employing central composite design. The polynomial equation with R2 = 368 

0.9772 suggested that the RSM could predict the experimental results with high accuracy. The finding 369 

revealed that molar ration, temperature, and catalyst amount has a major influence on POME yield. The 370 

experimental finding suggested that microwave enhanced the conversion of oil into biodiesel. Close to 371 

99% of yield obtained within a time interval of three minutes. Optimization of these process parameters, 372 

suggested 9.5:1 methanol to oil molar ratio, 0.95 wt%  NaOH catalyst amount, 3.3 minutes time of 373 

reaction and 62.23°C   temperature. The corresponding yield of 99.9% was in close agreement with 374 

experimental yield 99.3% at optimum condition.  The key properties of POME were found to meet the 375 

biodiesel standards. 376 

 377 

 378 

 379 
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Highlights 

 

• Unexplored and nonedible Papaya seed oil investigated for biodiesel synthesis. 

• Microwave-assisted transesterification of Papaya oil into its methyl ester was 

explored. 

•  Optimization of four process variables was studied by using response surface 

methodology.  

• Close to 99% yield of biodiesel obtained at 62.33 °C, 0.95 wt% alkali catalysts, 3.30 

minutes, and 9.50:1 methanol to oil molar ratio. 

 


