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ABSTRACT 

The two-step catalyzing process for biodiesel production from waste vegetable oil was assisted by both co-solvent and 
microwave irradiation. Central composite design (CCD) was employed to optimize the reaction conditions. Optimal 
reaction conditions of the first step were alcohol to oil molar ratio of 9:1, catalyst (H2SO4) amount 1 wt%, reaction 
temperature 333 K, and reaction time 7.5 minutes; while for the second step, optimal reaction conditions were alcohol 
to oil molar ratio 12:1, catalyst (NaOH) amount 1 wt%, reaction temperature 333 K, and reaction time 2.0 minutes. The 
total reaction time was 9.5 min and the conversion rate of fatty acid methyl esters (FAMEs) achieved was 97.4%. The 
total reaction time was shorter than previous studies. Therefore, the co-solvent and microwave assisted two-step cata- 
lyzing process has a potential application in producing biodiesel from waste vegetable oil. 
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1. Introduction 

Vegetable oil has been considered for a long time as an 
alternative energy source to produce biodiesel. The con- 
version of vegetable oils into biodiesel is a potential so- 
lution to the increasing demand for energy and environ- 
mental concerns [1]. But, using refine vegetable oil to 
produce biodiesel will reduce the edible oil. Thus, the use 
of waste vegetable oil instead of refined vegetable oil to 
produce biodiesel is an effective way to reduce the raw 
material cost and reduce food shortages. Additionally, 
using waste vegetable oil could also help solve the prob- 
lem of waste oil disposal [2,3]. So far, only a minor pro- 
portion of the waste vegetable oil has been collected, 
hence the waste vegetable oil is still causing ecological 
and economic problems. Therefore, if the waste vegeta- 
ble oil is used to produce biodiesel, waste vegetable oil 
treatment may be reduced and the pollution problems 
caused by this waste vegetable oil may be solved. 

Waste vegetable oil usually contains more than 0.5% 
of free fatty acids (FFAs) which make saponification 
reaction occur when combined with alkali catalysts and 
therefore reduces the biodiesel production rate. In order 

to solve this problem, acid catalysts can be used. How- 
ever, transesterification reaction using acidic catalysts 
requires a longer reaction time. 

In manufacture of biodiesel, two kinds of catalysts 
which can be used include acidic and alkaline catalysts. 
Alkaline catalysts, such as sodium hydroxide, potassium 
hydroxide or alkaline oxides, usually take place faster 
than the acidic catalysts do, and they are also more 
widely used in business [4]. However, the nature of 
waste vegetable oil is so different from that of the refined 
vegetable oil, usually in the process of boiling at high 
temperatures such as viscosity, density and saponifica- 
tion value. Hydrolysis of triglycerides rapidly increases 
the content of FFAs more in waste vegetable oil than in 
the refined vegetable oil [5]. Alkaline catalysts are usu- 
ally chosen to shorten the reaction time and gain high 
conversion rate when the FFA content is less than 0.5% 
and vice versa, when the FFA content is higher than 
0.5%, acidic catalysts are better selection since they can 
overcome the saponification problem which is made by 
the alkaline catalysts [6,7]. 

In the treatment process of oils which have high con- 
tent of FFAs (such as waste vegetable oil, animal fats), 
acidic catalysts show a very good role [8]. However, acid *Corresponding author. 
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catalysis is about 4000 times slower than alkali catalysis, 
so it will take more time when using the acid catalyzed 
reaction. 

A two-step catalytic reaction was introduced by Ghadge 
et al. [9], in which biodiesel was produced from an oil 
containing 19% of FFAs. The biodiesel conversion rate 
reach to 98% which was high enough to meet the speci-
fied value of the European Union standards. 

Microwave has been used as an effective method to 
accelerate the transesterification process to produce bio- 
diesel by adding heat to the reaction. When the reaction 
is under the effect of microwave, high yield can be ob- 
tained faster and the reaction time is significantly short- 
ened [10,11]. 

In order to improve the transesterification efficiency, it 
is very important to find a way to mix well the liquid 
reactants, especially oil and alcohol, which have very 
much different polarity and density. Co-solvents, for ex- 
ample simple ethers, such as tetrahydrofuran (THF), di-
ethyl ether, diisopropyl ether, methyl tertiary butyl ether, 
could be used as a remedy to make the reaction system 
homogeneous. In this way, they could effectively im-
prove the response rate as they could reduce the surface 
tension between alcohol and oil [12]. 

The main aim of this study was to obtain the optimal 
reaction conditions (alcohol/oil molar ratio; amount of 
catalyst used; and reaction time) for biodiesel production 
from waste vegetable oil by a two-step catalyzing process 
assisted by co-solvent (THF) and microwave irradiation. 

2. Methods 

2.1. Materials 

Sulfuric acid (H2SO4) 99% and alcohol 99.8% were pur- 
chased from Shimakyu Co. Ltd. (Japan). Sodium hy- 
droxide (NaOH) 98% was purchased from Mallinckrodt 
Co. Ltd. (USA). Methyl laurate and acetic acid were pur- 
chased from Fluka Co. Ltd. (USA). The waste vegetable 
oil samples were provided from local restaurants. Re- 
sidual food in the waste vegetable oil used in this study 
was removed by filtering. 

2.2. Equipment  

The used microwave equipment was Milestone Ethos 
900, which could offer microwave power from 0 - 900 W. 
The used chromatography equipment to analyze bio- 
diesel samples was the Shimadzu GC-MS Model QP- 
2010 and DB-225 ms capillary column (0.25 mm × 30 m) 
J&W Scientific. Every 0.5 gram sample consisted of an 
internal standard of 0.05 gram methyl laurate and 10 ml 
of hexane, which were well mixed together. Then only 1 
μl of the sample was injected into the GC system. GC 
conditions were: injection port temperature 553 K, nitro- 

gen flow rate of 45 ml/min, air flow rate of 450 ml/min, 
split ratio 1:20, detector temperature 573 K. The system 
was programmed to maintain 483 K for 4 minutes, and 
then increase the temperature at the rate of 4 K/min until 
513 K before maintaining this high temperature within 8 
minutes. 

At the end of this step, biodiesel floated up and was 
collected and washed with deionized water and finally 
tested by gas chromatography (GC) analysis for the con- 
version rate. 

2.3. Experimental Procedure 

A co-solvent (THF) and microwave assisted two-step 
catalyzing process was adopted for producing the bio- 
diesel from waste vegetable oil. At first, sulfuric acid was 
used as a catalyst for the esterification process, and then 
hydroxide was used to catalyze the transesterification pro- 
cess. In addition, reaction temperature was only 2 K 
above the boiling point of alcohol, thus alcohol could be 
collected completely to be reused by distillation at the 
end of the reaction. 

In the first step, the waste vegetable oil was mixed 
with alcohol and the alcohol to oil ratio set at 3:1 - 15:1 
(3:1, 6:1, 9:1, 12:1, and 15:1), with additional catalyst 
which was at 0.5 - 1.5 wt% (0.5, 0.75, 1.0, 1.25, and 1.5). 
The whole mixture was then added by a co-solvent to 
form a homogeneous phase before being put into the 
Teflon bottle of a microwave system. The microwave 
system supported heat to the reaction at the power set at 
300 W to maintain the reaction temperature at 323 - 343 
K during the whole reaction time (12.5 minutes). When 
the reaction ended, after being washed several times with 
deionized water, the collected product was then used for 
the second step. 

In the second step, the reaction conditions were alco- 
hol to oil ratio 12:1, catalyst amount 1%, reaction tem- 
perature 333 K and reaction time from 0.5 to 2.5 minutes. 

2.4. Analytical Methods 

In chemistry, acid value is the mass of potassium hy- 
droxide (KOH) in milligrams that is required to neutral- 
ize one gram of chemical substance. The acid value 
(KOH mg/g) and aponification value (KOH mg/g) were 
determined by a standard titrimetry method (AOCS: 
American Oil Chemists’ Society). The molecular weight 
of the waste vegetable oil was calculated from its acid 
value and aponification value. The experimental results 
in terms of the acid value, aponification value and mo- 
lecular weight were 4.36, 287.36 and 588.67, respec- 
tively. 

The conversion rate of crude biodiesel was calculated 
according to the area of FAME as expressed in the fol- 
lowing equation [13]:     

Copyright © 2013 SciRes.                                                                                 JSBS 



C.-C. LIN, M.-C. HSIAO 

Copyright © 2013 SciRes.                                                                                 JSBS 

3

  

  area of FAME/area of reference weight of refe
Conversion rate %

weight of crude biodiesel

 rence
100

 
  
 

              (1) 

 
3. Results and Discussion reaction in the first step should be 7.5 minutes. 

3.1. First Step 
3.1.2. Effect of Alcohol/Oil Molar Ratio  
We increased the alcohol/oil molar ratio from 3:1 to 15:1. 
As seen in Table 1, the acid value was started lower than 
2.0 KOH mg/g at alcohol/oil molar ratio 9:1. Therefore, 
the optimal alcohol/oil molar ratio was 9:1. 

In the first step, effects of co-solvent (THF), reaction 
temperature, value of alcohol to oil ratio and amount of 
catalyst on the performance of the process were consid- 
ered. The main purpose of the first step was to reduce the 
acid value lower than 2.0 KOH mg/g. 

3.1.3. Effect of Catalyst (H2SO4) Amount 
3.1.1. Effect of Co-Solvent (THF) We increased the catalyst amount from 0.5 to 1.5. As 

seen in Table 2, the acid value was started lower than 2.0 
at catalyst amount 1.0. Therefore, the optimal catalyst 
amount was 1.0. 

Under the same experimental conditions, which were: 
alcohol to oil molar ratio of 9:1, amount of sulfuric acid 
(H2SO4) 1 wt%, reaction temperature 333 K. Figure 1 
and Figure 2 showed the effects of the THF on the acid 
value and the conversion rate. It can be seen that when 
THF was not added, the acid value (Figure 1) was main- 
tained at high level (about at 4.2 KOH mg/g) and the 
conversion rate (Figure 2) was maintained at 0% within 
the whole reaction time (12.5 minutes). Meanwhile, with 
the THF was added, the acid value was reduced very fast 
and the conversion rate of biodiesel increased gradually 
with time although at very low value (<4%). 

3.1.4. Effect of Reaction Temperature 
The effect of the reaction temperature on the acid value 
is shown in Table 3. When the temperature increased 
 

This was because acidic catalyst was used, with which 
required reaction time should be much longer than 30 
minutes [14]. This also revealed that much more time 
and energy would be spent if one followed this reaction 
condition setup. For this reason, a two-step reaction 
should be used to shorten the reaction time and to effec- 
tively improve the conversion rate [15]. 

Figure 1 also shows the acid value was lower than 2.0 
when reaction time at 7.5 minutes. Therefore, the optimal 
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Figure 1. Effect of the THF on the acid value in the first 
step. (a) Without added THF; (b) Added THF. 
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Figure 2. Effect of the THF on the conversion rate in the 
first step. (a) Without added THF; (b) Added THF. 
 
Table 1. Effects of alcohol/oil molar ratio on the acid value 
in the first step. 

Alcohol/oil molar ratio Acid value (KOH mg/g) 

3:1 3.1 

6:1 2.3 

9:1 1.5 

12:1 1.3 

15:1 1.2 

Note: Reaction conditions: sulfuric acid amount 1 wt%, reaction time 7.5 
min, reaction temperature 333 K. The original acid value of waste vegetable 
oil is 4.4 KOH mg/g. 
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Table 2. Effects of catalyst amount on the acid value in the 
first step. 

Catalyst amount Acid value (KOH mg/g) 

0.50 2.4 

0.75 2.0 

1.00 1.5 

1.25 1.4 

1.50 1.1 

Note: Reaction conditions: alcohol/oil molar ratio 9:1, reaction time 7.5 min, 
reaction temperature 333 K. The original acid value of waste vegetable oil is 
4.4 KOH mg/g. 

 
Table 3. Effects of reaction temperature on the acid value in 
the first step. 

Reaction temperature Acid value (KOH mg/g) 

323 K 2.2 

328 K 1.9 

333 K 1.5 

338 K 1.9 

343 K 2.2 

Note: Reaction conditions: alcohol/oil molar ratio 9:1, sulfuric acid amount 
1.0 wt%, reaction time 7.5 min. The initial acid value of the waste vegetable 
oil is 4.4 KOH mg/g. 

 
from 323 to 333 K, the solubility of alcohol in the oil 
increased, the homogeneous degree of the reaction sys- 
tem increased allowing free fatty acid to mix better with 
methanol and the mass transfer resistance of the two- 
phase reactants reduced. However, when the temperature 
exceeded 333 K, the acid value was increased. This was 
mainly due to the boiling temperature 337.5 K of alcohol. 
When the reaction temperature was near this point, e.g. 
338 K, alcohol started evaporating from the reactant 
mixture resulting in high acid value. The acid value re- 
duced even more when the reaction temperature in- 
creased to 343 K because at this time the temperature 
was higher than the boiling point of both THF and alco- 
hol, thus both THF and alcohol quickly evaporated from 
the mixture leading to not only reduction of reactant (al- 
cohol) but also reduction mixing level between the two 
phases. 

As a result, the homogeneous phase system of reac- 
tants became a two-phase system. Therefore, the most 
suitable reaction temperature must be 333 K. 

3.2. Second Step 

In the second step, central composite design (CCD) was 
used, which is generally the best design for optimization 
[16]. The uncoded levels of independent variables and 
experimental results are summarized in Table 4. 

Table 4. CCD uncoded levels of independent variables and 
experimental results. 

Run RT CA AR Conversion (%)

1 338 1.5 15 93.6 

2 333 0.16 12 65.7 

3 333 1.0 6.95 87.4 

4 333 1.84 12 83.1 

5 333 1.0 12 97.4 

6 333 1.0 18.05 97.1 

7 328 1.5 15 90.1 

8 338 0.5 9 79.8 

9 338 0.5 15 87.3 

10 333 1.0 12 97.4 

11 324.59 1.0 12 87.6 

12 328 0.5 15 95.9 

13 338 1.5 9 84.6 

14 333 1.0 12 97.4 

15 341.41 1.0 12 83.4 

16 328 1.5 9 85.7 

17 328 0.5 9 81.1 

18 333 1.0 12 97.4 

19 333 1.0 12 97.4 

20 333 1.0 12 97.4 

 
The three variables selected were reaction temperature 

(RT), catalyst amount (CA), and alcohol/oil molar ratio 
(AR), and their respective levels were as follows: reac- 
tion temperature (324.59 K - 341.41 K), catalyst (NaOH) 
amount (0.16 wt% - 1.84 wt%), and alcohol/oil molar 
ratio (6.95:1 - 18.05:1). 

All 20 of the designed experiment combinations were 
conducted, which included eight factorial points, six ax- 
ial points, and six central points to provide information 
regarding the interior of the experiment region, allowing 
for the evaluation of the curvature [16,17]. 

All experiment combinations were also carried out in 
triplicate. The mean conversion rate ranged from 65.7% 
to 97.4 %, depending on the experimental conditions. 

3.2.1. Effect of Reaction Time  
Under the same experimental conditions, which were: 
alcohol/oil molar ratio 12:1, catalyst (NaOH) amount 1.0 
wt%, reaction temperature 333 K. Figure 3 shows effects 
of the reaction time for the conversion rate in the second 
step. 

In order to ameliorate the mixing level between alco- 
hol and oil, alkali catalysts were added to the reacting 
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Figure 3. Effects of the reaction time on the conversion rate 
in the second step. 
 
mixture. Results showed that after 1.5 minutes, the bio- 
diesel conversion rate was more than 90%. The conver- 
sion rate reached to a noticeable value of 97.4% when the 
reaction time was 2.0 minutes. According to the norma- 
tive standards of biodiesel, the required conversion rate 
must be 96.4%. Therefore, the best reaction time of the 
second step should be 2.0 minutes. 

In this work, microwave assists the two-step catalyz- 
ing process of biodiesel production and the total reaction 
time required was 9.5 min. The total reaction time were 
less than previous studies [9,15,18,19] which also trans- 
esterification of high FFA content oils with alcohol to 
biodiesel catalyzed by H2SO4 and NaOH. 

3.2.2. Biodiesel Quality 
For biodiesel to be used as a motor fuel or blended with 
petroleum diesel, it must conform to standard specifica- 
tions. According to the standard of EN-14214, the con- 
version rate of methyl esters should be 96.4%. 

Table 5 shows the gas chromatogram of the biodiesel 
produced from the waste vegetable oil. The main fatty 
acid ester constituents included methyl myristate, methyl 
palmitate, methyl palmitoleate, methyl stearate, methyl 
oleate, methyl linoleate, and methyl linolenate. In general, 
saturated fatty acids, e.g. myristic acid (C14) palmitic 
acid (C16) and stearic acid (C18), have a higher cetane 
number compared with unsaturated fatty acids which are 
less susceptible to oxidation. 

As a result, the biodiesel produced from the waste 
vegetable oil, which contains more unsaturated fatty ac- 
ids, e.g. oleate acid and linoleate acid, is good in colder 
environment liquidity, but more easily oxidized [20]. 

4. Conclusions 

A two-step catalytic reaction with the assistance of 

Table 5. Gas chromatogram of biodiesel from waste vegeta- 
ble oil in the second step. 

Composition wt% 

Methyl myristate 1.16 

Methyl palmitate 27.08 

Methyl palmitoleate 3.09 

Methyl stearate 5.42 

Methyl oleate 37.91 

Methyl linoleate 21.66 

Methyl linolenate 1.08 

Impurities 2.60 

 
co-solvent and microwave to produce of biodiesel from 
waste vegetable oil was considered in this study. The ad- 
dition of the co-solvent (THF) effectively increased the 
efficiency of the reaction. In order to enhance the con- 
version rate and shorten the reaction time, a two-step 
catalyzing process was introduced. 

The main purpose of the first step was to reduce the 
acid value to lower than 2.0 KOH mg/g with the follow- 
ing conditions maintained for 7.5 minutes: alcohol to oil 
molar ratio 9:1, acidic catalyst amount 1 wt%, and reac- 
tion temperature 333 K. 

In the second step, the biodiesel conversion rate could 
reach 97.4% with the following conditions maintained 
for 2.0 minutes: alcohol to oil molar ratio 12:1, alkaline 
catalyst amount 1 wt%, and reaction temperature 333 K. 

The total reaction time was less than previous studies 
which also transesterification of high FFA content oils 
using a two-step catalyzing process. 
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