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HIGHLIGHTS 39 

� Transesterification of soybean oil was performed by using simultaneous microwave and 40 

ultrasound.  41 

� Effects of microwave and ultrasonic power, methanol-to-oil molar ratio, and catalyst amount 42 

on transesterification were investigated.  43 

� The highest transesterification yield was 98.0% when the dosage of methanol, soybean oil 44 

and KOH were 15.4 g, 34.7 g (with methanol-to-oil molar ratio of 12:1) and 1 g, respectively, 45 

and the microwave power, ultrasonic power, ultrasonic mode, reaction temperature and 46 

reaction time were 700 W, 800 W, 1:0, 65˚C and 6 min, respectively. 47 

� It was demonstrated that microwave-induced activation of reactants was the main reason for 48 

the acceleration of transesterification. 49 

Abstract 50 

Microwave and ultrasound have been demonstrated to be outstanding process intensification 51 

techniques for transesterification of oil. According to their mechanisms, simultaneous effects can  52 

surely bring about better enhancement than sole microwave or ultrasound. Therefore, this study 53 
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aimed to investigate the important factors and their suitable levels in the KOH-catalyzed 54 

transesterification of soybean oil with methanol by using synergistic assistance of 55 

microwave-ultrasound (CAMU). The feasibility of application of CAMU in transesterification of 56 

oil was demonstrated. When the dosage of methanol, soybean oil and KOH were 15.4 g, 34.7 g 57 

(with methanol-to-oil molar ratio of 12:1) and 1 g, respectively, and the microwave power, 58 

ultrasonic power, ultrasonic mode, reaction temperature and reaction time were 700 W, 800 W, 1:0, 59 

65˚C and 6 min, respectively, the transesterification reached 98.0% of yield, being the highest 60 

yield among all the results obtained; while by using 600 W of microwave plus stirring instead of 61 

CAMU, only 57.4% of yield could be obtained. Compared with other reaction techniques, the 62 

transesterification by applying novel CAMU was found to have remarkable advantages. 63 

Furthermore, by monitoring the variation of real-time temperature and microwave power during 64 

transesterification reactions with different microwave operation time and by taking comparison of 65 

the corresponding yield, it was demonstrated that the main reason for the acceleration of 66 

microwave-assisted transesterification was the polarization and further activation of reactants 67 

caused by microwave irradiation, but not the factor of fast heating.    68 
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1. Introduction 76 

Biodiesel mainly consists of fatty acid methyl esters (FAMEs) obtained through 77 

transesterification of oil or esterification of fatty acids. Yield of FAMEs always has vital  78 

importance on the profit of biodiesel industries, since unreacted oil will inevitably exist in the 79 

same phase with FAMEs during and after transesterification, and it is nearly impossible to apply 80 

inexpensive techniques to separate oil or FAMEs from their mixture. After many years of  81 

process development, biodiesel preparation methods have been not limited in conventional heating 82 

plus stirring. Various process intensification techniques, such as microwave and ultrasonic 83 

irradiation, have already been applied experimentally in this field and have been demonstrated to 84 

be capable of improving biodiesel yield efficiently.  85 

Ultrasound can positively influence cavitation in liquids, generally improving emulsification 86 

in terms of smaller droplet size of the dispersed phase after disruption. When the intensity (i.e., 87 

ultrasonic power/irradiation area) is increased, the acoustic amplitude increases and a more violent 88 

collapse of the cavitation bubble will occur. The harsher the collapse of the cavitation bubble, the 89 

higher the jet velocity and micro-mixing at the phase boundary between oil and methanol 90 

phases.[1] Ultrasonic irradiation has been applied in the transesterification of various feedstocks 91 

such as soybean oil [2], beef tallow [3], waste cooking oil [4], jatropha oil [5], and crude palm oil 92 

[6], with satisfactory efficiency.  93 

The assistance of microwave is also beneficial for transesterification of oil, and the 94 

enhancement in efficiency is usually much stronger than ultrasound to some extent. Patil et al. [7] 95 



  

found that the energy required for microwave irradiation method is 23 times lower than that 96 

required for a conventional method, which suggested that appropriate power dissipation control 97 

would result in effective use of microwave energy and reduce energy requirements. It should be 98 

noticed that short-chain alcohols have strong polarity, and thus are active microwave absorption 99 

media. Therefore, microwave irradiation has extra advantages for biodiesel production when 100 

methanol or ethanol is chosen as alcoholysis reagent.    101 

    Several researchers have already compared the efficiency of transesterification under 102 

microwave or ultrasonic irradiation separately. Koberg et al. investigated SrO catalyzed in situ 103 

transesterification under microwave and ultrasonic irradiation, respectively, using microalgae 104 

(Nannochloropsis) [8], castor seeds and jatropha seeds [9] as feedstocks. Both research revealed 105 

that compared to the other reaction patterns, microwave-assisted in situ transesterification could 106 

reach the highest conversion in 5 min. Soni et al. [10] investigated ionic liquid [MMBIM]HSO4 107 

catalyzed transesterification of castor oil, jatropha oil, neem oil, soybean oil, cottonseed oil and 108 

mustard oil under microwave and ultrasound, respectively, which turned out that the reaction time 109 

needed for a microwave-assisted transesterification was much less than an ultrasound-assisted 110 

reaction by using the same oil.  111 

However, microwave itself can not offer the driving force of mass transfer. Thus, the successive 112 

applications of the microwave and ultrasound can improve reaction efficiency better. Hsiao et al. 113 

[11] investigated the enhancement in NaOH catalyzed transesterification of soybean oil by means 114 

of ultrasound-assisted premixing followed by microwave-assisted reaction. Gole and Gogate [12] 115 

investigated KOH catalyzed transesterification of Nagchampa oil by applying different 116 

intensification approaches. Before transesterification, a H2SO4 catalyzed esterification was 117 

conducted to reduce the acid value of oil. For both esterification and transesterification, four 118 

approaches were applied, i.e., sequential microwave and ultrasound, sole microwave, sole 119 

ultrasound and conventional heating. The results indicated that the esterification and 120 

transesterification reactions by using sequential approach could be reduced to 15 min and 6 min, 121 

respectively. Moreover, Gogate’s group has thoroughly summarized intensification approaches 122 

applied in the production of chemicals as well as biodiesel synthesized from sustainable oil 123 

including waste cooking oil [13-15]. 124 

According to the above mentioned concepts and literature reports, it can be readily 125 

summarized that both microwave and ultrasound have been demonstrated to be excellent process 126 

intensification techniques for transesterification reactions, although the mechanisms of the 127 

enhancement in reaction efficiency by microwave and ultrasound are completely different. If 128 

microwave and ultrasound can simultaneously affect reactions, there can surely exist better 129 

enhancement than sole microwave and sole ultrasound, i.e., reaction time can be shorten or yield 130 

can be higher or both. Former researchers have focused on the advantages of simultaneous effect 131 

of microwave and ultrasound on the extraction of natural products [16-23], and the preparation of 132 

materials [24-33], in which the combined microwave-ultrasound was proved to be advantageous. 133 

However, the application of combined microwave-ultrasound in transesterification of oil was quite 134 

rare. Hence, this study aims to investigate the important factors and their suitable levels in the 135 

KOH catalyzed transesterification by applying the CAMU. Soybean oil is chosen as the material 136 

oil due to its low content of moisture and free fatty acids, and simple fatty acid composition, 137 

which are beneficial for investigation without interference factors. Microwave power, ultrasonic 138 

power, ultrasonic mode, methanol-to-oil molar ratio and catalyst amount will be explored. It will 139 



  

also be a main purpose that the ultimate reason for the improvement in FAME yield brought by 140 

microwave assistance should be clarified. 141 

2. Materials and methods 142 

2.1  Materials 143 

Jinlongyu refined first-grade soybean oil was purchased from a local supermarket (Century 144 

Mart) in Hangzhou. The acid value and saponification value of this type of soybean oil were 145 

previously determined as 0.7 mgKOH·g-1 and 194.95 mgKOH·g-1, hence the average molecular 146 

weight of this soybean oil was calculated to be 866.41 g·mol-1. The soybean oil was heated under 147 

120˚C for 2 h before use, so as to purge the trace amount of water in it. Methanol (synthetic grade) 148 

was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Before 149 

transesterification, methanol was dried using 3 Å molecular sieve (dosage: 10 wt.%) overnight, 150 

while the 3 Å molecular sieve was calcined in muffle previously. 3 Å molecular sieve and methyl 151 

laurate (purity of 98%) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd 152 

(Shanghai, China). KOH, acetic acid and n-hexane were all of AR grade and were purchased from 153 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 154 

2.2  CAMU apparatus 155 

The microwave-ultrasonic reactor, Xianghu Instrument Combined Microwave-Ultrasound 156 

with Computer Controlled System for Synthesis and Solvent Extraction (model: XH-300A) with 157 

the dimensions of 450 cm × 670 cm × 650 cm, was purchased from Beijing Xianghu Science and 158 

Technology Development Co., Ltd.(Beijing, China). In this reactor, there was a specific cladding 159 

material on the surface of the ultrasonic horn to prevent the formation of electric arc. The 160 

ultrasonic horn can produce ultrasound with a frequency of 25 kHz. 161 

 162 

Fig. 1.  163 

 164 

As was shown in Fig. 1, in the reactor, there was not only a ultrasonic horn, but also a 165 

magnetic stirrer. There was also an interface for a mechanical stirring paddle, which was not 166 

shown. However, those two stirring units were all below the vapor tube, but not below the 167 

ultrasonic horn. This determined that the ultrasonic unit and the stirring units could only be 168 

utilized separately, i.e., reactions could be performed by using either the CAMU or the 169 

combination of microwave and stirring. However, there could not be the simultaneous assistance 170 

of microwave, ultrasound and stirring. Besides, only customized three-neck flasks could be used 171 

in the reactor.  172 

The reactor was able to provide pulsed ultrasound. There were three kinds of ultrasonic 173 

modes which were presented as 1:0, 1:2 and 2:1 (1:0 means continuous ultrasonic irradiation; 1:2 174 

means 1 second’s irradiation followed by 2 seconds’ close; likely, 2:1 means 2 seconds’ irradiation 175 

followed by 1 second’s close).   176 

2.3  Transesterification   177 

Certain amount of methanol and KOH were mixed in a customized three-neck flask. The 178 



  

flask was preheated and the mixture was stirred to enhance KOH dissolution. Then, soybean oil 179 

was added. The reaction temperature and reaction time were set to 65˚C and 6 min, respectively. 180 

Afterwards, the microwave and ultrasound were initiated to start a reaction. The dosage of 181 

soybean oil was constantly 0.04 mol. The variation range of methanol addition was 0.12 - 0.72 182 

mol, whereas the KOH amount was in the range of 1 - 6 wt.%. The other parameters, i.e., 183 

microwave power and ultrasonic power were set according to experimental requirement, with the 184 

range of 200 - 1000 W and 600 - 1200 W, respectively. Also, the effect of three ultrasonic modes 185 

were investigated.  186 

  187 

2.4  Quantitative analysis of FAMEs 188 

After each reaction, 20 mL of acetic acid was added to neutralize the alkali and thus to 189 

terminate the transesterification, as well as to enhance phase separation. Therefore, if 190 

saponification and emulsification had happened seriously, more acetic acid would be added. Then, 191 

the mixture was sequentially washed by water with approximately 5 times of the volume of it, 192 

diluted to 50 mL by n-hexane, diluted in gradient and mixed with the n-hexane solution of internal 193 

standard (methyl laurate), and diluted by n-hexane again. Then, the sample was used for GC 194 

analysis. 195 

    The analysis of FAMEs was conducted in Agilent 7890A gas chromatography, equipped with 196 

a HP-5 capillary column, a flame ionization detector (FID) and an autosampler. The injection 197 

volume was 1 µL. The injector temperature was set to 250˚C. Nitrogen was used as carrier gas, 198 

with a flow rate of 1 mL/min. The split ratio was set to 5:1. The column oven temperature 199 

progress followed the instructions in Table 1.  200 

 201 

Table 1  202 

 203 

The calculation principle of FAME yield was based on the following equation: 204 

100×
×

=
(g)W

(mL)V(g/mL)C
(%)Yield

oil

FAME                       (1) 205 

Where, CFAME represents the concentration of total FAMEs in the first-time diluted FAME-hexane 206 

mixture, V represents the volume of the first-time diluted FAME-hexane mixture, Woil represents 207 

the weight of soybean oil. 208 

    Here, according to the experimental procedures, there should be V=50 mL, and Woil=34.7 g.  209 

The concentration of FAME in the FAME-hexane mixture was calculated according to the peak 210 

area ratio of total FAME products to internal standard, and all the dilution folds. The appearance 211 

time of all FAMEs including internal standard were predetermined by a gas chromatography-mass 212 

spectrometer by applying the same flow rate and temperature progress. 213 

3. Results and discussion 214 

3.1  Influence of microwave power and ultrasonic modes 215 

As one can see from Fig. 2 in a overall view, under most values of microwave power, 216 



  

ultrasonic mode 1:0 could improve yield better than mode 2:1 and 1:2, while mode 2:1 was 217 

relatively better than mode 1:2 for the enhancement of yield, in spite of some individual cases. For 218 

instance, under 900 W and 1000 W of microwave power, the yield values under ultrasonic mode 219 

1:0 were less than the ones under mode 2:1 in sequence. Under 500-700 W of microwave power, 220 

the yield values under ultrasonic mode 1:2 were higher than the ones under mode 2:1 successively.   221 

 222 

Fig. 2. 223 

 224 

The yield values under ultrasonic mode 1:0 were generally on the high side, without big 225 

fluctuation. At the beginning, as the microwave power increased, the yield improved slowly. The 226 

highest yield (98.0%) was obtained under 700 W of microwave power. After that, the yield turned 227 

to decline. Most of the yield values under ultrasonic mode 2:1 were at medium level. The yield 228 

gradually improved as the microwave power increased. Under 900 W of microwave power, the 229 

yield reached its highest value (90.4%), and then declined slightly. The yield under ultrasonic 230 

mode 1:2 was very low at the beginning. Afterwards, it improved with the increasing microwave 231 

power, and finally stabilized at a medium level, in which the highest yield (87.1%) was obtained 232 

under 700 W of microwave power.  233 

In general, microwave power should be adequate to cause reactions. However, too strong 234 

microwave may cause damage to organic molecules such as triglycerides, which will cleave to be  235 

free fatty acids (FFAs) [34]. Thus here the higher microwave power led to the decline of yield. On 236 

the other hand, to observe the value domain of all the curves and take comprehensive comparison 237 

of the highest value in each curve would make it easy to discover that ultrasonic mode 1:0 was 238 

most beneficial to produce FAMEs, while mode 2:1 took the second place and mode 1:2 possessed 239 

the worst effect on producing FAMEs. In fact, the biggest difference among the three modes was 240 

the total time of actual ultrasonic irradiation, not including the dwell time. Therefore, it can be 241 

concluded that the difference in the enhancement of yield under various ultrasonic modes 242 

originated from the the difference in the actual ultrasonic irradiation time. Transesterification of 243 

oil with methanol is a typical two-phase reaction, thus the degree of transesterification highly 244 

depends on the efficiency of mass transfer. In the transesterification by applying the CAMU, the 245 

mass transfer was entirely determined by the effect of actual ultrasonic irradiation. Here, only 246 

under mode 1:0 could ultrasound have a continuous effect. The actual operation time of ultrasonic 247 

irradiation of mode 1:2 and 2:1 are only equal to 1/3 and 2/3 of the one of mode 1:0, respectively, 248 

which means their total ultrasonic irradiation is less than mode 1:0. Therefore, upon most 249 

occasions, mode 1:0 resulted in better yield than the other two modes.   250 

Yuan et al. [35] synthesized biodiesel from castor oil by using a microwave reactor working 251 

at 200 W. Patil et al. [7] performed transesterification of Camelina sativa oil with 800 W of 252 

microwave. Ozturk et al. [36] used 400 W of microwave to assist transesterification of Zea mays L. 253 

oil. Duz et al. [37] performed transesterification of safflower seed oil assisted by 300 W of 254 

microwave. All the reports mentioned above used fixed microwave power. Chen et al. [34] 255 

investigated the effect of different microwave power on biodiesel yield from waste cooking oil, 256 

and the optimized microwave power was 750 W. Compared with former researchers' works, 700 257 

W of microwave power applied in this study was at a suitable level. 258 

 259 



  

3.2  Influence of ultrasonic power and modes 260 

It can be obviously seen from Fig. 3 that under ultrasonic mode 1:0, the FAME yield 261 

increased and declined successively with the ultrasonic power increased. When ultrasonic power 262 

was 800 W, the highest yield was obtained. The yield gained when 900 W of ultrasonic power and 263 

2:1 of ultrasonic mode were applied was the second highest and it was quite close to the former 264 

one. Similar to mode 1:0, under mode 1:2 and 2:1, the variation tendency of FAME yield was also 265 

increasing and declining successively.  266 

The only difference was that the size rank of yield corresponding to three modes changed 267 

with different ultrasonic power. For instance, when ultrasonic power was low (between 600-800 268 

W), the yield rank of three modes were (1:0)＞(1:2)＞(2:1). However, when ultrasonic power was 269 

as high as 1100 W, the rank completely reversed. This indicated that mode 1:0 has advantages in 270 

producing FAMEs when low ultrasonic power was in use, while under high ultrasonic power, 271 

mode 2:1 took the advantage, letting mode 1:0 fall behind. The primary cause of the occurred 272 

phenomenon depended on the microcosmic mechanism of the ultrasound-assisted reaction, i.e., 273 

ultrasound can lead to the cavity formation in liquid with the aid of the ultrasound cavitation effect, 274 

letting the vast cavities explode fast so that the mass transfer is enhanced. However, at higher 275 

power levels, there is usually cushioning effect which results in decreased transfer of energy into 276 

the system and hence lower cavitational activity.[1]   277 

 278 

Fig. 3. 279 

  280 

In the work of Worapun et al. [6], ultrasonic irradiation was applied to assist biodiesel 281 

production from crude palm oil at a fixed power of 400 W. Manh et al. [38] synthesized biodiesel 282 

from Tung oil with ultrasound operated at 270 W. Gude and Grant [39] performed 283 

transesterification of waste cooking oil with 500 W of ultrasound. All these reports used fixed 284 

ultrasonic power. Hong et al. [40] synthesized biodiesel from canola oil and compared the yield 285 

under different ultrasonic power. The results indicated that the optimum ultrasonic power was 500 286 

W. 287 

 288 

3.3  Influence of microwave and ultrasonic power   289 

Since microwave and ultrasonic power had strong interaction on transesterification, there was 290 

necessity to investigate their influnce by double-factor experiments. Fig. 4 represents the dual 291 

effects of microwave and ultrasonic power on the transesterification of soybean oil. In general, in 292 

terms of a fixed ultrasonic power, FAME yield increased with increasing microwave power, and 293 

decreased afterwards, which meant microwave power had its optimal value. However, there were 294 

some isolated cases such as when ultrasonic power was high (1000 W), the yield values were all 295 

low and showed irregular variation tendency, no matter which value the microwave power took.  296 

 297 

Fig. 4. 298 

 299 

As was discussed before, exorbitant ultrasonic power would be unfavorable for 300 

transesterification. Also, the microwave power used for transesterification also had an optimal 301 



  

value. Thus here the highest yield value in each curve related to the medium microwave and 302 

ultrasonic power. Under 800 W of ultrasonic power, the yield values were higher than the others 303 

under each microwave power. Specifically, when the microwave power was 700 W, the yield 304 

reached its highest value of 98.0%. 305 

Liu et al. [19] applied microwave-ultrasonic synergistic in-situ extraction-derivatization for 306 

the rapid analysis of fatty acid profiles in raw nuts and seeds. The optimal microwave and 307 

ultrasonic power were found to be 550 W and 360 W, respectively. Ardebili et al. [41] performed 308 

biodiesel synthesis from crude palm oil under simultaneous ultrasound-microwave irradiation. 309 

Through their whole work, microwave and ultrasonic power were fixed at 900 W and 100 W, 310 

respectively. Compared with their results, the optimal microwave and ultrasonic power (700 W 311 

and 800 W, respectively) in the present study seemed to be relatively high. Perhaps there existed 312 

much energy wastage due to its interaction with the aged inner wall as well as the upper cavity of 313 

the reactor. 314 

 315 

3.4  Influence of methanol and catalyst amount 316 

It can be clearly observed in Fig. 5 that under low KOH concentration such as 1%-2% wt.% 317 

(based on the weight of soybean oil), FAME yield was generally very low and represent irregular 318 

variation with respect to different methanol-to-oil molar ratios. As KOH amount increased, the 319 

variation tendency of yield turned to sequential increasing and declining with the molar ratio 320 

increased. When 12:1 of molar ratio, 3 wt.% of KOH amount were applied, FAME yield reached 321 

its highest value. Besides, it should be noticed that there existed some interaction between molar 322 

ratio and catalyst amount on the yield, i.e., the optimum molar ratio would alter when KOH 323 

amount was modified, thus the later one was also a critical factor in transesterification with the 324 

same importance as molar ratio had. KOH amount also had its optimal value and needed to be 325 

optimized for a specified reaction. 326 

 327 

Fig. 5. 328 

 329 

    Among the various methods available for producing biodiesel, the alkali-catalyzed 330 

transesterification of vegetable oil and animal fat is currently the most commonly adopted method 331 

[37]. No matter in view of experimental studies or industrial researches, alkali catalysts are most 332 

frequently used for the transesterification of oil. Like most catalysts in their relevant reactions, the 333 

dosage of alkali catalyst has its optimal level in transesterification. Generally, when catalyst 334 

amount is insufficient, maximum yield cannot be reached. However, excessive catalyst amount 335 

can also result in saponification reaction [42]. Vegetable oils may contain small amounts of water 336 

and FFAs. The alkali catalyst can react with the FFAs to form soap. In the present study, too high 337 

concentration of KOH had more possibilities to cause saponification. This tendency is in 338 

agreement with the reports of other authors that the reduction of the yield of the biodiesel 339 

production with high catalyst concentration is due to the addition of excessive alkali catalyst 340 

causing more triglycerides to react with the alkali catalyst forming more soap.[11][42,43] The 341 

soap molecules are oriented perpendicular on the interfacial region between the two immiscible 342 

phases (water and ester phases) because of its structure (one hydrophilic end and a long 343 

hydrophobic chain).[1] Thus, the soap-forming reaction (saponification) is undesired in the 344 



  

biodiesel production since the soap lowers the yield of the biodiesel and makes the separation of 345 

the esters from the glycerol difficult.[43] 346 

The refined soybean oil used in the present study originally has low water and FFA content. 347 

Considering that heating pretreatment had been applied for water removal before reactions, the 348 

residual water should have neglectable influence. Thus, it could be found out that adding relatively 349 

higher KOH amount did not cause severe saponification in this work. However, as the KOH 350 

amount increased too high, there would eventually be decrease in yield along with undesired 351 

soap-forming reactions. 352 

 As for the effect of methanol addition, it was of equal importance. Transesterification 353 

consists of a sequence of three consecutive reversible reactions where triglyceride is successively 354 

converted to diglyceride, monoglyceride, and to fatty acid alkyl esters and glycerin.[42] In the 355 

base catalyzed transesterification of oil, methanol is usually used as the alcoholysis reagent 356 

because of its several advantages. The ionized intermediate of methanol is the direct factor which 357 

triggers  transesterification. On the other hand, methanol is a small weight compound with strong 358 

polarity, thus it is easy to absorb microwave energy to form its ionized intermediate. Therefore, 359 

methanol is a good microwave radiation absorption material as well as a most frequently used 360 

alcoholysis reagent. In other words, the property of methanol as the trigger of transesterification 361 

can be reflected quite distinctly in a microwave-assisted reaction. Methanol can also destroy the 362 

two-tier structure of the interface of methanol and oil [35][44], improving the solubility of oil and 363 

thus enhancing the transesterification. The transesterification reaction requires three moles of 364 

methanol per mole of triglyceride to yield three moles of fatty acid methyl ester and one mole of 365 

glycerol. Therefore, the theoretically minimum required molar ratio of methanol to oil should be 366 

1:3.[45] However, considering that the transesterification reaction is a chemical equilibrium,[1] 367 

for the purpose of moving the equilibrium to the right using methanol-to-oil ratios over the 368 

stoichiometric, methanol is usually used in excess and an operating ratio as high as 1:70 (oil to 369 

methanol ratio) has been reported.[39] 370 

    Nevertheless, with an increase in the molar ratio, the concentration of methanol in the 371 

reaction mixture increases, which mainly affects the cavitational intensity.[1] Besides, Excess 372 

methanol will increase the solubility of by-product (glycerol), which might initiate the reverse 373 

reaction to reduce the conversion rate.[11,12] Hence,the optimum choice of molar ratio is 374 

necessary for maximum yield of product and considering the energy requirement of separation of 375 

excess methanol.[12] 376 

It should be specifically pointed out that the optimal molar ratios reported in the other 377 

authors’ works concerning ultrasound-assisted transesterification included 6:1 [38], 9:1 [1][39], 378 

and 10:1 [45], whereas the present study has a optimal molar ratio of 12:1, which is higher than 379 

many others’. The ultimate reason should be relevant with the structure of the apparatus applied, 380 

in which there is a long glass gas-guide tube used for the connection of the reflux condensing tube 381 

with the flask. When a reaction is conducted, large quantity of methanol is heated to vaporize,  382 

moving along the gas-guide tube before arriving at the condensing tube. After former methanol 383 

vapor is condensed, there will be other methanol vapor supplement in the tube. This phenomena 384 

recycles so that there will always be some methanol vapor in the tube. Considering the volume of 385 

the gas-guide tube, it equals to say that part of methanol was taken out, not participating in 386 

transesterification. In other words, to reach the theoretically suitable molar ratio, it is necessary to 387 

increase methanol addition, thus the optimal molar ratio discovered here is higher than the others’. 388 



  

Furthermore, the method of microwave irradiation plus stirring was also investigated for a 389 

comparative view. Stirring was applied instead of ultrasonic irradiation. The microwave power 390 

was set to 600 W, the reaction temperature was 65˚C, and the amount of methanol, soybean oil and 391 

KOH added were 15.4 g, 34.7 g and 1.0 g, respectively. The results showed that the yield obtained 392 

after 6 min was 57.4%. When the reaction time was prolonged to 10 min, the yield increased to 393 

78.6%. While for the CAMU method by using 700 W of microwave, 800 W of continuous 394 

ultrasound as well as the same temperature, reaction time and raw materials amount, 98.0% of 395 

yield was achieved, as was mentioned before. It indicated that the CAMU possessed distinct 396 

advantages to sole microwave irradiation.  397 

    Worapun et al. [6] optimized the main parameters of ultrasound-assisted transesterification of 398 

crude palm oil. The crude palm oil was pretreated to reduce its acid value before 399 

transesterification. Based on a second-order model, the optimum conditions for KOH catalyzed 400 

transesterification were methanol-to-oil molar ratio of 6.44 : 1, catalyst concentration of 1.25 wt%, 401 

reaction temperature 38.44˚C and irradiation time 25.96 min.Under these conditions, the 402 

experimental conversion was 98.02 ± 0.6%. Onanuga and Coker [46] examined the biodiesel 403 

produced through ultrasound-assisted transesterification of palm kernel oil with methanol using 404 

granulated sodium hydroxide as catalyst. The results showed that 875 g of palm kernel oil with 405 

175 g of methanol using 13 g of sodium hydroxide for 1 h through transesterification process 406 

produced 96.23% of biodiesel and 16.89% of glycerol. Takase et al.[42] investigated 407 

ultrasound-assisted transesterification of Silybum marianum oil with methanol and ethanol in the 408 

presence of KOH. The results indicated that in most instances ultrasonication resulted in similar 409 

ester yields as conventional stirring. But slightly higher yields with reduced time were obtained 410 

for ultrasonication. The optimum conditions for ultrasound-assisted transesterification of oil with 411 

methanol was methanol-to-oil molar ratio of 8:1, catalyst amount of 1.5% w/w, reaction 412 

temperature of 60˚C, and reaction time of 20 min. For ethanol, the same conditions apply, except 413 

increase in time and temperature to 30 min and 80˚C respectively. The maximum yields with these 414 

conditions were 95.75% for methanol and 92.32% for ethanol. Compared to the reports mentioned 415 

above, the highest yield gained in the present study (98.0%) was at the same level, but the reaction 416 

time applied was only 6 min, much shorter than the former reports.  417 

    Duz et al. [37] prepared biodiesel through transesterification of the crude Carthamus 418 

tinctorius L. oil under microwave irradiation, with methanol-to-oil molar ratio of 10:1 in the 419 

presence of 1 wt.% NaOH as the catalyst. The conversion was over 98.4% after 6 min under 60˚C 420 

of reaction temperature. It could be easily observed that the methanol-to-oil molar ratio, catalyst 421 

amount and reaction temperature used here were all lower while the reaction could achieve a 422 

conversion rate as high as the present study, thus it seemed the present study did not show any 423 

superiority here. Nevertheless, microwave and ultrasound affect reagents with high efficiency. 424 

Specifically, the energy needed for mass transfer by means of ultrasound is distinctly lower than 425 

mechanical stirring. Thus, although the product yield and reaction time needed were not 426 

remarkable, the CAMU applied still had advantages in energy conservation. 427 

In the work of Hsiao et al. [11], the NaOH catalyzed transesterification of soybean oil could 428 

reach its highest conversion of 97.7% when the conditions applied were: 1 min of ultrasonic 429 

pretreatment, 2 min of microwave irradiation, 6:1 of methanol/oil molar ratio, 1.0 wt% of catalyst 430 

amount, and 60˚C of reaction temperature. Certainly the reaction time needed was much less than 431 

the present study, however, the two-step reaction pattern might cause inconvenience and 432 



  

inefficiency, especially in industrial application. Even though the optimum reaction time 433 

discovered by the present study (6 min) was twice longer than this reference, the pattern was 434 

one-pot reaction, i.e., one flask was enough for the whole reaction to take place. Thus, for huger 435 

scale of transesterification, the reaction pattern applied by the present study might be more 436 

suitable.  437 

Microwave is a typical radiative heating source, which provides energy to molecules and 438 

leads to intensive rotation and stretching of them to result in activation. Consequently, compared 439 

with conventional heating, which merely increases the temperature of a system by means of heat 440 

conduction and thus boosts the collision probability of molecules to activate them, microwave 441 

heating has enormous advantages in improving reaction efficiency. Ultrasound is also a kind of 442 

radiation. It can lead to the cavity formation in liquid with the aid of ultrasound cavitation effect, 443 

soon before the vast cavities explode fast and the mass transfer is enhanced. Ultrasound can 444 

positively influence cavitation in liquids, in general, improving emulsification in terms of smaller 445 

droplet size of the dispersed phase after disruption. When the intensity (i.e., ultrasonic 446 

power/irradiation area) is increased, the acoustic amplitude increases and a more violent collapse 447 

of the cavitation bubble will occur. The harsher the collapse of the cavitation bubble, the higher 448 

the jet velocity and micro-mixing at the phase boundary between the oil and methanol phases. [1] 449 

Compared with the mass transfer by stirring, it is more powerful and more efficient, because there 450 

can not be any dead angles in liquid when radiation is transferring. In addition, different from 451 

stirring, ultrasonic irradiation will not cause much energy loss due to shear force, since ultrasound 452 

is immaterial. Therefore, it is not difficult to understand the reason why among the results of the 453 

present study, the FAME yield values obtained by applying either the CAMU or microwave plus 454 

stirring were all significantly higher than the ones under conventional heating plus stirring, while 455 

among the CAMU and microwave plus stirring, the former one is much more beneficial to 456 

improve FAME yield, being the most efficient reaction pattern among all the ones investigated in 457 

this study. These phenomena all originated from the inherent high energy efficiency of microwave 458 

and ultrasound themselves. When such two efficient intensification techniques are combined, 459 

reactions are deservedly enhanced better to reach more satisfactory results. 460 

Ardebili et al. [41] investigated the effect of simultaneous ultrasound-microwave irradiation 461 

on palm oil transesterification. Response surface methodology (RSM) was used to analyze the 462 

influence of reaction conditions. Optimized parameters for 97.53% of conversion were 1.09% of 463 

catalyst concentration and 7:3.1 of methanol-to-oil molar ratio at 58.4˚C. Simultaneous 464 

ultrasound-microwave irradiation dramatically accelerated transesterification. Pure biodiesel was 465 

obtained after 2.2 min while the conventional method required about 1 h. The total energy 466 

consumption under simultaneous ultrasound/microwave irradiation was much lower than 467 

conventional method (0.36 MJ/l vs. 1.92 MJ/l (heating+stirring 400 W for 40 min). However, the 468 

investigation of the suitable level of microwave and ultrasonic power were not considered in 469 

comparison with the present study. 470 

    471 

3.6  Influence of microwave operation time 472 

It was well known that microwave assistance could accelerate organic reactions in which 473 

there existed ionic intermediates. Obviously, microwave can facilitate polarization of compounds 474 

and activate them. On the other hand, the speed of temperature rise under microwave irradiation 475 



  

was also much faster than conventional heating. Hence, there might be a question about the reason 476 

for the acceleration of reaction under microwave irradiation. Was it originated from the fast 477 

temperature rise, or based on the quick activation of reactants induced by microwave?  478 

    It could be observed on the operational screen of the microwave reactor used in this study, in 479 

the later period of a reaction, microwave power was usually adjusted and reduced automatically as 480 

the temperature of reaction mixture reached the set value. Since the remaining time afterwards 481 

was quite short, there was very little loss of heat from reaction mixture. Therefore, the microwave 482 

power used for heating and maintaining the temperature was stabilized at a low level. Thus, one 483 

might want to discover that whether this period of weak microwave irradiation was indispensable. 484 

    With these doubts, a set of experiments were designed and conducted, in which the constant 485 

conditions included 600 W of microwave power, 800 W of ultrasonic power, 65˚C of reaction 486 

temperature, 6 min of total reaction time. The only variable was actual operation time of 487 

microwave irradiation. Particularly, the ultrasonic power was always open during the 6 min of 488 

reaction, while the microwave power would be only open for a specific period of time (1 min for 489 

instance) according to the experimental design, and would be shut automatically. For the purpose 490 

of analyzing the relationship between the variation of temperature and microwave real-time power, 491 

the monitoring element in the reactor was utilized to record their values as functions of time, 492 

which were further plotted as were shown in Fig. 6.    493 

 494 

Fig. 6. 495 

 496 

    Fig. 6a-f correspond to the relationship graphs among temperature, real-time microwave 497 

power and time on condition that the microwave open time was 1 min, 2 min, 3 min, 4 min, 5 min 498 

and 6 min, respectively. It can be easily found out that on condition that microwave open time was 499 

1 min and 2 min, the temperature declined by a large margin to 49.1˚C and 57.6˚C, respectively, as 500 

the reaction approached the end. Along with the prolonged microwave open time, similar trend 501 

was retarded. The temperature was quite close to the designated 65˚C at the ends of the reactions 502 

applying 4 min and 5 min of microwave open time, thus it could be deemed that the little decrease 503 

in temperature after shutting off microwave had ignorable influence on reactions. On the other 504 

hand, Fig. 6g showed that the FAME yield had a positive correlation with the microwave open 505 

time. There was a jump in yield between 1 min and 2 min of microwave open time. Since then, as 506 

the independent variable increased, the yield was improved slowly and smoothly. When the 507 

microwave open time was prolonged to 6 min, the highest yield was obtained. The FAME yield 508 

corresponding to 1-6 min of microwave open time were 23.6%, 58.0%, 71.1%, 78.4%, 89.2%, and 509 

96.9%, respectively.  510 

    According to these results, it was not difficult to make a deduction that microwave irradiation 511 

was indispensable for the acceleration of transesterification and the improvement of yield. If one 512 

can say that the low yield in Fig. 6a, b was resulted from the large decrease in temperature which 513 

reduced the reactivity of reactants, then the importance of microwave irradiation was belittled. 514 

However, such a point of view can be easily overthrown as long as comparisons were taken 515 

among the later four graphs, in which the important effect of microwave represented rather 516 

notably in the differences among Fig. 6d-f. Fig. 6e corresponded to 5 min of microwave open time, 517 

which was only 1 min less than Fig. 6f. During the last 1 min in the reaction of Fig. 6e, the 518 

decrease in temperature was very little so that it was 62.7˚C when the reaction ended. But the 519 



  

consequent yield was 7.7% less than the reaction of Fig. 6f. Fig. 6d corresponded to 4 min of 520 

microwave open time, which resulted in the ending temperature of 61.6˚C, which was also close to 521 

the designated 65˚C. But its yield was 18.5% less than the reaction of Fig. 6f. Slight decrease in 522 

temperature in a short period of time was incapable to cause so large difference in yield, therefore, 523 

the variation in temperature was not the main reason for the insufficient yield, but the microwave 524 

irradiation was. When the microwave open time was set to 6 min, although the microwave 525 

irradiation was open, the real-time microwave power would be automatically adjusted (i.e., it 526 

would decline when the temperature approached 65˚C, and would be amplified again when the 527 

temperature decreased), which led to that the microwave real-time was very low (around 100 W) 528 

in the remaining time. Nevertheless, only such low power in such short time was enough to cause 529 

differences in yield as large as 7.7%-18.5%. Hence, the acceleration phenomenon in 530 

microwave-assisted reactions should be attributed to the effect of microwave irradiation on 531 

reactants, but not the fast rise in temperature by the assistance of microwave irradiation.  532 

Microwave provides energy molecules and leads to intensive rotation and stretching of 533 

molecules, and thus activates them. As for transesterification of oil with methanol, the great 534 

efficiency is attributed to the direct adsorption of the radiation by the —OH group of methanol. 535 

The —OH group is directly excited by the microwave radiation, causing the local temperature 536 

around the —OH group to be much higher than that of its environment, far exceeding the 537 

activation energy needed for transesterification [47]. The activation of reactants by means of 538 

microwave-induced polarization, and the resultant enhancement in production efficiency were far 539 

from being overtaken by conventional heating and stirring, otherwise the time needed for 540 

completing transesterification under conventional methods can not be several times longer than 541 

microwave-assisted methods. It can be deduced that the microwave-induced polarization is the 542 

main reason for the acceleration phenomenon in the microwave-assisted transesterification of oil, 543 

while the fast rise in temperature caused by microwave irradiation is just an another outcome, but 544 

not the reason, although it is of seeming importance.  545 

Intensification approaches such as microwave and ultrasonic irradiation are definitely the 546 

modern techniques that have promising potential in applications in the production of fine 547 

chemicals in industrial scale. Although experiments in this field were mainly laboratory-scale, 548 

however, research on design and validation of large-scale sonochemical reactors has also been 549 

undertaken, as was reported by Gogate’s group [48,49]. It can be sure that large-scale production 550 

of chemicals by using ultrasonic irradiation will come about in the future, especially for biodiesel. 551 

4. Conclusions 552 

In this study, transesterification of soybean oil by using the CAMU was reported. Important 553 

parameters such as microwave and ultrasonic power, methanol-to-oil molar ratio, and catalyst 554 

amount on transesterification were investigated. The CAMU showed distinct advantages to 555 

traditional transesterification techniques. The results indicated that there existed interactions 556 

among their influences to FAME yield, especially for microwave and ultrasonic power. Under 557 

moderate ultrasonic power, ultrasonic mode 1:0 was superior to the other two modes. 800 W of 558 

ultrasonic power, 600-700 W of microwave power, 12:1 of methanol-to-oil molar ratio, 3 wt.% of 559 

KOH amount were suitable levels of the main parameters. The highest FAME yield of 98.0% was 560 

obtained when the conditions applied were 800 W of ultrasonic power, 700 W of microwave 561 



  

power, 65˚C of reaction temperature, 6 min of reaction time, and 1:0 of ultrasonic mode. 562 

Besides, by using the monitoring subassembly in the reactor, the variation of temperature and 563 

real-time microwave power during transesterification reactions were also explored. It was 564 

demonstrated that the main reason for the acceleration of microwave assisted transesterification 565 

was the polarization and further activation of reactants caused by microwave irradiation. 566 

In brief, this study has successfully demonstrated the feasibility of the transesterification of 567 

soybean oil with methanol by applying the CAMU. The novel CAMU has remarkable advantages 568 

in the efficiency of transesterification. This study not only discovered the suitable levels of the 569 

important factors involved in transesterification, but also attempted setting up a new experimental 570 

pattern, in which the temperature and real-time microwave power were monitored simultaneously 571 

and used for analyzing their relationship as well as microcosmic processes. Such kind of 572 

experiments are serviceable for actual production research in this field, because currently most of 573 

the microwave reactors in industrial scale have no automatic temperature-monitoring and 574 

power-adjusting functions. Therefore, to explore real-time variation of temperature and 575 

microwave power under different parameter settings are beneficial for offering references to the 576 

setting up of microwave reactors in industrial production. Since the strong interaction between 577 

microwave and ultrasound in the transesterification has been demonstrated, thus the optimal 578 

conditions determined by single- or double-factor experiments do not equal global optimal 579 

conditions. Future works should focus on the yield variation under different microwave power and 580 

various microwave operation time from the angle of energy conservation. Also, multi-factor 581 

experiments or combinational optimization should be emphasized, since the FAME yield by 582 

applying the CAMU still has potential to be promoted further.  583 
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 750 

Figure and table captions 751 

Fig. 1.  The structure of the synergistic microwave-ultrasonic reactor used in the present study. 752 

This diagram represents the operative state of transesterification of oil by applying the CAMU. 753 

The interface of the mechanical stirring paddle, the ultraviolet lamp are not drawn since they are 754 

not in use. 755 

Fig. 2.  The effect of microwave power on the transesterification of soybean oil by applying the 756 

CAMU. The other conditions included: ultrasonic power = 800 W, T = 65˚C, t = 6 min. The 757 

amount of methanol, soybean oil and KOH added was 15.4 g, 34.7 g and 1.0 g, respectively. 758 

Fig. 3.  The effect of ultrasonic power on the transesterification of soybean oil by applying the 759 

CAMU under different ultrasonic modes. The other conditions: microwave power = 600 W, T = 760 

65˚C, t = 6 min. The amount of methanol, soybean oil and KOH added was 15.4 g, 34.7 g and 1.0 761 

g, respectively. 762 

Fig. 4.  The dual effects of microwave and ultrasonic power on the transesterification of soybean 763 

oil. US = ultrasound. The other conditions: ultrasonic mode = 1:0, T = 65˚C, t = 6 min. The 764 

amount of methanol, soybean oil and KOH was 15.4 g, 34.7 g and 1.0 g, respectively. 765 

Fig. 5.  The dual effects of catalyst amount and methanol-to-oil molar ratio on the 766 

transesterification of soybean oil. The other conditions: microwave power = 600 W, ultrasonic 767 

power = 800 W, ultrasonic mode = 1:0, T = 65˚C, t = 6 min. The amount of soybean oil added was  768 

34.7 g. 769 

Fig. 6.  Variation in temperature, real-time microwave power and FAME yield with different 770 

microwave operation time. The other conditions: ultrasonic power = 800 W, ultrasonic mode = 1:0, 771 

T = 65˚C, t = 6 min. Microwave power was set to 600 W with different operation time set to: (a) 1 772 

min, (b) 2 min, (c) 3 min, (d) 4 min, (e) 5 min, and (f) 6 min. The amount of methanol, soybean oil 773 

and KOH added was 15.4 g, 34.7 g and 1.0 g, respectively. During microwave operation time, 774 

microwave automatically irradiated as long as temperature was below 65˚C, while after its 775 

operation time, microwave was permanently shut off. 776 

Table 1  Column oven temperature progress of gas chromatography used for the quantitative 777 

analysis of FAMEs. 778 
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Fig. 1. The structure of the synergistic microwave-ultrasonic reactor used in the present study. 783 

This diagram represents the operative state of transesterification of oil by applying the CAMU. 784 

The interface of the mechanical stirring paddle, the ultraviolet lamp are not drawn since they are 785 

not in use.  786 
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Fig. 2. The effect of microwave power on the transesterification of soybean oil by applying the 789 

CAMU. The other conditions included: ultrasonic power = 800 W, T = 65˚C, t = 6 min. The 790 

amount of methanol, soybean oil and KOH added was 15.4 g, 34.7 g and 1.0 g, respectively. 791 
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Fig.3. The effect of ultrasonic power on the transesterification of soybean oil by applying the 794 

CAMU under different ultrasonic modes. The other conditions: microwave power = 600 W, T = 795 

65˚C, t = 6 min. The amount of methanol, soybean oil and KOH added was 15.4 g, 34.7 g and 1.0 796 

g, respectively. 797 
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Fig.4. The dual effects of microwave and ultrasonic power on the transesterification of soybean oil. 800 

US = ultrasound. The other conditions: ultrasonic mode = 1:0, T = 65˚C, t = 6 min. The amount of 801 

methanol, soybean oil and KOH was 15.4 g, 34.7 g and 1.0 g, respectively. 802 
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Fig.5. The dual effects of catalyst amount and methanol-to-oil molar ratio on the 805 

transesterification of soybean oil. The other conditions: microwave power = 600 W, ultrasonic 806 

power = 800 W, ultrasonic mode = 1:0, T = 65˚C, t = 6 min. The amount of soybean oil added was  807 

34.7 g.  808 
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Fig.6. Variation in temperature, real-time microwave power and FAME yield with different 819 

microwave operation time. The other conditions: ultrasonic power = 800 W, ultrasonic mode = 1:0, 820 

T = 65˚C, t = 6 min. Microwave power was set to 600 W with different operation time set to: (a) 1 821 

min, (b) 2 min, (c) 3 min, (d) 4 min, (e) 5 min, and (f) 6 min. The amount of methanol, soybean oil 822 

and KOH added was 15.4 g, 34.7 g and 1.0 g, respectively. During microwave operation time, 823 

microwave automatically irradiated as long as temperature was below 65˚C, while after its 824 

operation time, microwave was permanently shut off. 825 
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Table 1   830 

Column oven temperature progress of gas chromatography used for the quantitative analysis of 831 

FAMEs. 832 

Stage 
Temperature rate 

(˚C/min) 

Ending temperature 

(˚C) 

Holding time 

(min) 

Total time 

(min) 

Initial 0 40 1 1 

1 20 160 1 8 

2 5 165 0 9 

3 3 198 1 21 

4 0.5 200 1 26 

5 5 250 0 36 
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HIGHLIGHTS 837 

� Transesterification of soybean oil was performed by using simultaneous microwave and 838 

ultrasound.  839 

� Effects of microwave and ultrasonic power, methanol-to-oil molar ratio, and catalyst amount 840 

on transesterification were investigated.  841 

� The highest transesterification yield was 98.0% when the dosage of methanol, soybean oil 842 

and KOH were 15.4 g, 34.7 g (with methanol-to-oil molar ratio of 12:1) and 1 g, respectively, 843 

and the microwave power, ultrasonic power, ultrasonic mode, reaction temperature and 844 

reaction time were 700 W, 800 W, 1:0, 65˚C and 6 min, respectively. 845 

� It was demonstrated that microwave-induced activation of reactants was the main reason for 846 

the acceleration of transesterification. 847 
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