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1. Introduction

Biodiesel is a renewable and carbon-neutral fuel made by the 
transesterification of mostly vegetable oil and animal fat using 
methanol [1, 2]. A catalyst is essentially required for trans-
esterification to accelerate the chemical reaction, and chemical 
catalysts such as acidic and alkaline compounds, and biological 
catalysts such as enzymes and whole cells have been extensively 
used [3, 4]. Among these catalysts, chemical catalysts such as 
sodium hydroxide (NaOH) and sulfuric acid (H2SO4) have been 
extensively used in the industry as well as lab-scale studies because 
they can produce biodiesel at high reaction rates and their prices 
are relatively cheap [1]. Although biological catalysts have the 
advantage of achieving high biodiesel conversion under a mild 
reaction temperature, they are costly and can be easily deactivated 
with methanol [5]. Moreover, they require a substantially longer 
reaction time than chemical catalysts [3, 5].

Despite their extensive use, chemical catalysts cannot be reused 
because they are dispersed homogenously in the reaction medium 
and become non-separable. Accordingly, the processes using these 

chemical catalysts require them to be introduced repeatedly at every 
batch of operation; they require large amounts of water for the neutrali-
zation and washing of biodiesel, which inevitably causes the dis-
charge of a large amount of wastewater [6, 7]. In addition, the crude 
glycerol, a major by-product that can be converted to valuable chem-
icals, is of low quality and value or requires costly purification 
by distillation. [8]. Contrary to homogenous chemical catalysts, heter-
ogeneous solid catalysts have a significant advantage of enabling 
the possible reuse and easy separation from the reaction mixture, 
which would substantially decrease catalyst requirement and waste-
water discharge [6, 7]. In addition, high purity biodiesel and glycerol 
could be easily separated from the reaction mixture [8].

A large amount of fly ash, one of the residues generated during 
coal combustion, is discharged from thermal power plants. 
Approximately 8 million tons of fly ash is produced annually 
in Korea, and approximately 70% of it is recycled for use as 
an additive to cement and construction materials; most of the 
remains are land-filled [9]. Researchers have used fly ash as the 
adsorbent for phosphate [10, 11], dye [12, 13], and heavy metal 
ions [14-16]. Another method of recycling fly ash is as a catalyst 
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for chemical reactions, because it contains various kinds of metal 
ions that possibly act as catalysts for chemical reactions [17, 
18]. Many researchers have attempted the preparation of zeolite 
from coal fly ash for biodiesel production but the process of manu-
facturing zeolite is quite complex [19, 20]. Few researchers have 
previously focused on the optimization of reaction conditions 
for biodiesel production using the catalysts derived from fly ash. 
Therefore, a simple preparation method for the solid catalyst is 
required, and the optimization of the reaction conditions for bio-
diesel production using the solid catalyst should be investigated.

In this study, raw fly ash (RFA), a waste from thermal power 
plants, was recycled to prepare solid catalysts for biodiesel 
production. Unlike conventional complicated methods, a simple 
process for preparation of the solid catalyst using RFA was pro-
posed, and optimal reaction conditions for biodiesel production 
using this solid catalyst were determined. Finally, the feasibility 
of reuse of the solid catalyst, one of the main advantages of the 
solid catalyst, was discussed by demonstrating a repeated-batch 
mode operation for biodiesel production.

2. Materials and Methods

2.1. Materials

RFA was donated by a thermal power plant located in the city of 
Gangneung. A scanning electron microscope (SEM) image of RFA 
was taken by a FE-SEM (S-4700, Hitachi, Japan). The size distribution 
of RFA was determined using a particle size analyzer (MasterSizer 
2000, Malvern, UK). Soybean oil was purchased from a domestic 
supplier (CJ, Korea). Methanol (Daejung, Japan), sodium hydroxide 
(Showa, Japan), and sulfuric acid (Showa, Japan) were of the analytical 
grade. The standard materials for GC analysis (methyl palmitate, 
methyl oleate, methyl linoleate, methyl stearate, and methyl heptade-
canoate) were purchased from Sigma-Aldrich, USA.

2.2. Preparation of Solid Catalyst

To remove impurities and increase the surface area and pore volume, 
RFA was pretreated with an acidic solution [21, 22]. Based on our 
literature survey [22] and preliminary experiments, we used a mix-
ture of 3 M HCl and 4 M H2SO4 in the same volumetric ratio. 
RFA was mixed with the acid solution in a mass ratio of 1:2, and 
incubated at 60°C for 1.5 h at 300 rpm (SI-600R, Jeio Tech, Korea). 
After the incubation, the acid-treated fly ash (ATFA) was washed 
with distilled water twice, and dried in an oven at 105°C for 24 
h. To increase the alkaline or alkaline earth metal oxide content 
in the solid catalyst, ATFA was mixed with NaOH, potassium hydrox-
ide (KOH) or calcium hydroxide (Ca(OH)2) in various mass ratios 
depending on the experimental design. The mixture was placed 
in an electric furnace (Lenton, UK) at 700°C for 1 h for calcination. 
The solid catalysts prepared by mixing ATFA with NaOH, KOH, 
and Ca(OH)2 were designated the SC-Na, SC-K, and SC-Ca, 
respectively. The resultant solid catalyst was ground in a mortar 
and pestle if necessary, and was used for biodiesel production. 
The compositions of RFA, ATFA, and solid catalysts were analyzed 
using X-ray fluorescence (ZSX100e, Rigaku, Japan). The procedure 
for the preparation of the solid catalyst is presented in Fig. 1.

Fig. 1. Procedure for the preparation of solid catalysts.

2.3. Analysis

The free fatty acid (FFA) content of soybean oil was determined 
according to the AOCS Official Method Ca5a-40 [23, 24]. After 
0.7 g of sample was introduced into a 150-mL flask, 10 mL of 
95% ethanol and 3 drops of 1% phenolphthalein solution (1 g 
of phenolphthalein in 100 mL of ethanol) were added into the 
flask, and then titrated using 0.13 N sodium hydroxide solution. 
The FFA content was calculated as the percentage of oleic acid, 
as instructed in the AOAC Official Method, using Eq. (1) [23, 24].

( )
(%) 28.2

( )

alkaline volume mL alkali normalityFFAs as oleic acid
mass of sample g


 

(1)

Biodiesel conversion was determined using a GC (7820A, 
Agilent, USA) apparatus equipped with a FID detector and HP-5 
column (30 m × 0.32 mm × 0.25 μm film thickness) [1, 2]. Each 
biodiesel component was identified using GC-Mass (6890 
GC/5973i MSD, Agilent, USA) [1, 2]. The GC chromatogram of 
biodiesel produced from soybean oil exhibited five distinct peaks 
including the internal standard peak as shown in Fig. 2. We made 
calibration curves for each FAMEs individually and used them 
for the quantification of biodiesel. The calibration curves for the 
each compound were regularly checked and minutely adjusted 
to ensure the accuracy of biodiesel conversion.

Fig. 2. GC chromatogram of biodiesel produced from soybean oil using 
solid catalyst in this study.
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2.4. Biodiesel Production 

One gram of fresh soybean oil was placed in a 30-mL vial containing 
methanol and solid catalyst, whose amounts varied according 
to the experimental design. Biodiesel production was carried out 
in a shaking water bath (BS-21, Jeio Tech, Korea). The initial 
reaction conditions were: 3 w% of solid catalyst relative to soybean 
oil, 10 mL-methanol/g-oil, 60°C, 8 h, and 300 rpm. These conditions 
were roughly the averages of values obtained in our previous 
studies, which were as follows: 1.5 mL-methanol/g-lipid, 45°C, 
9 h, and 200 rpm for the alkaline catalyst [2], and 20 mL-meth-
anol/g-lipid, 70°C, 8 h, and 300 rpm for the acidic catalyst [1]. 
The amount of solid catalyst (3 w%) used was based on previous 
studies that used the zeolite catalyst [20, 25].

After the reaction was completed, 2 mL of distilled water was 
added to the vial and it was shaken vigorously. The mixture 
was centrifuged at 4,000 rpm for 30 min (Gyro 1236MG, Gyrozen, 
Korea) for phase separation. The upper layer was separated and 
dried in a fume hood for 24 h to obtain biodiesel. The biodiesel 
was analyzed by GC-MS to determine its composition and by 
GC to determine biodiesel conversion [1, 2].

2.5. Reuse of the Solid Catalyst for Biodiesel Production

The solid catalyst was reused in a repeated-batch mode operation. 
After biodiesel was produced in a batch operation under the opti-

mal conditions determined in this study, the bottle was kept 
for 1 h to allow the solid catalyst to settle down. After the entire 
reaction mixture was separated using a syringe (Kovax-Syringe, 
Korea Vaccine, Korea), 1 g of fresh soybean oil and methanol, 
whose amount was determined in this study, was added to the 
bottle containing solid catalyst used in the first round of operation. 
This procedure was repeatedly performed to produce biodiesel.

3. Results and Discussion

3.1. Characterization of Raw Fly Ash

The RFA obtained from a thermal power plant was spherical in 
shape, as shown in Fig. 3(a). Its average diameter was 20 µm 
(Fig. 3(b)). The composition of RFA was also determined as shown 
in Table 1, which indicates that its most abundant compounds 
were SiO2 (50.5%), Al2O3 (26.5%), and Fe2O3 (9.2%), together ac-
counting for 86.2% of RFA. The total composition of alkali and 
alkaline earth metal oxides (AAEMOs), extensively used as catalysts 
for biodiesel production [2, 26], was only 8.3%, which included 
1.1% of Na2O, 1.6% of K2O, and 5.6% of CaO. The SiO2 content 
in RFA in this study was much lower than that in other studies, 
in which it was 59.8% [20], 60.5% [6], and 68.8% [19]; the AAEMO 
content was less than 5% in all these studies.

a

  

b

Fig. 3. The characteristics of raw fly ash. (a) SEM image, (b) size distribution.

Table 1. Change in Composition of Coal Fly Ash after Acid Treatment and Solid Catalyst Development 

Component Raw fly ash Fly ash after acid-treatment
Solid catalysta

SC-Na SC-K SC-Ca

SiO2 50.5 60.8 28.4 29.3 28.9

Al2O3 26.5 22.2 3.6 4.5 3.1

Fe2O3 9.2 6.2 1.4 1.2 1.1

CaO 5.6 2.0 1.3 1.1 61.7

MgO 2.2 0.7 0.4 0.5 0.2

TiO2 1.6 2.0 1.4 0.8 1.3

K2O 1.6 1.7 0.4 58.7 0.7

Na2O 1.1 0.7 60.2 0.3 0.2

Others 1.8 3.7 2.9 3.6 2.8
a The composition was determined at the mass mixing ratio of metal hydroxide to acid-treated fly ash, 3:1.
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Fig. 4. Effect of catalyst type on biodiesel conversion. (Reaction conditions: 
3% (w/w) solid catalyst, 10 mL-methanol/g-oil, 60°C, 8 h, and 
300 rpm)

To investigate the possibility of using RFA as the catalyst for 
biodiesel production, biodiesel was produced from soybean oil 
using RFA. As shown in Fig. 4, only 1.2% of biodiesel conversion 
occurred. Because the FFA content in soybean oil used in this 
study was determined to be only 0.15%, the alkaline character 
of RFA may not be the cause of the low biodiesel conversion 
[27, 28]. Rather, the low proportion of AAEMOs (0.25% relative 
to soybean oil), 3 w% of solid catalyst along with 8.3% of AAEMOs, 
could be the reason for the low biodiesel conversion. Therefore, 
RFA in its original form could not be used as a solid catalyst 
for biodiesel production.

3.2. Preparation of Solid Catalyst

After the treatment of RFA with acid, its composition was notice-
ably changed, as shown in Table 1. SiO2 increased significantly 
by 20.4% (from 50.5% to 60.8%) while Al2O3 and Fe2O3 were 
decreased by 16.2% (from 26.5% to 22.2%) and 32.7% (from 9.2% 
to 6.2%), respectively. In particular, the AAEMO content was 
decreased by approximately 50%, from 8.3% to 4.4%. Biodiesel 
was produced using this ATFA, and biodiesel conversion was 
as low as 0.9%, as shown in Fig. 4. These results may imply 
again that biodiesel conversion appeared to be related to the 
AAEMO content. To verify this assumption, ATFA was mixed 
with one of the three metal hydroxides, NaOH, KOH or Ca(OH)2, 
in a mixing ratio of 1:2, to increase the proportion of one of 
the AAEMOs, and the solid catalyst was prepared according to 
the procedure shown in Fig. 1. As indicated in Table 1, the content 
of Na2O, K2O, and CaO were significantly increased, while that 
of SiO2 was significantly decreased to approximately 29%. For 
example, when NaOH was mixed with ATFA, the SiO2 content 
was decreased from 60.8% to 28.4%, while Na2O content increased 
from 1.1% to 60.2%. Biodiesel was produced using these solid 
catalysts, which were compared with a control solid catalyst (SC-C) 
prepared using the same procedure without mixing any metal 
hydroxide. While biodiesel conversion was 2.3% for the SC-C, 

Table 2. Effect of the Mass Mixing Ratio of Metal Hydroxide to Acid 
Treated-Fly Ash on Biodiesel Conversion

Mass mixing ratio 
(metal hydroxide:fly ash )

Biodiesel conversion (%)

SC-Na SC-K SC-Ca

1:1 73.2 62.1 68.2

2:1 85.6 75.3 76.8

3:1 92.8 88.7 85.1

4:1 93.4 89.2 85.7

5:1 93.7 90.5 83.4

the solid catalysts exhibiting high Na2O (SC-Na), K2O (SC-K), 
and CaO (SC-Ca) content showed biodiesel conversions of 85.6%, 
75.3%, and 76.8%, respectively, as shown in Fig. 4. Therefore, 
it can be inferred that the solid catalysts prepared in this study 
could be used for biodiesel production.

Various solid catalysts were prepared using different mixing 
ratios of metal hydroxide to ATFA, and evaluated as solid catalysts 
for biodiesel production. As shown in Table 2, as the ratio in-
creased, biodiesel conversion generally increased until the mixing 
ratio was 3. When the mixing ratio was further increased to 4, 
biodiesel conversion was barely increased from the value observed 
with the mixing ratio 3, irrespective of the kind of metal hydroxide 
used. Accordingly, the optimal mixing ratio for metal hydroxide 
to ATFA was found to be 3 in this study. Among the solid catalysts, 
the performance of SC-Na was better than that of SC-K and SC-Ca 
at all the mixing ratios. Therefore, we used SC-Na, prepared in 
the mixing ratio of 3:1, in the subsequent experiments.

3.3. Optimum Conditions for Biodiesel Production

Catalyst concentration, methanol loading, temperature, and re-
action time are the main parameters for biodiesel production [1, 
2]. Agitation is another parameter to be considered for heteroge-
neous catalysts. The agitation speed should be high enough to 
enable the solid catalyst to float; otherwise, the solid catalyst 
precipitates in the reaction mixture. The effects of the catalyst 
concentration (0.1-5%), methanol loading (1-15 mL-meth-
anol/g-oil), reaction time (1-10 h), reaction temperature (30-60°C), 
and agitation speed (50-600 rpm) on biodiesel conversion were 
investigated, and optimal conditions were determined using the 
one factor at a time approach. The initial reaction was carried 
out with 10 mL-methanol/g-oil, at 60°C, 8 h, and 300 rpm.

3.3.1. Effect of catalyst concentration on biodiesel production
Most of the studies using heterogeneous catalysts required a larger 
amount of catalyst to be used than that for homogenous chemical 
catalysts. In our previous study, 0.5% NaOH or 0.2% H2SO4 was 
found to be the optimal catalyst concentration for biodiesel pro-
duction using lipids from waste coffee grounds and sewage sludge, 
respectively [1, 2]. Researchers used 3 w% or more catalyst relative 
to oils for the zeolite catalyst [6, 20, 29]. In this section, we 
added different amounts of SC-Na for biodiesel production, and 
the results were presented in Fig. 5. When the amount of SC-Na 
relative to soybean oil was 0.1 w%, biodiesel conversion was 
only 13.7%. When the amount of SC-Na was increased to 0.5 
w% and 1.0 w%, biodiesel conversion also increased to 35.6% 
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Fig. 5. Effect of solid catalyst loading on biodiesel conversion. (Reaction 
conditions: 10 mL-methanol/g-oil, 60°C, 8 h, and 300 rpm)

and 68.5%, respectively. The biodiesel conversion increased until 
2.0 w% of SC-Na (92.8%) but no more increase in biodiesel con-
version was observed at 3.0 w% of SC-Na. Therefore, we inferred 
that the optimum solid catalyst concentration was 2.0 w% relative 
to oil content.

3.3.2. Effect of methanol loading on biodiesel production
The stoichiometric equation of transesterification requires 3 molar 
ratio of methanol to soybean oil (MRMS). However, an excess 
amount of methanol has been used to enhance the miscibility 
of the reactants, shift the equilibrium towards a high biodiesel 
conversion, and allow its phase separation from the glycerol 
formed [7, 30]. For the sake of convenience, methanol loading 
was defined as the methanol volume per mass of oil instead of 
MRMS [1-5]. As presented in Fig. 6, biodiesel conversion was 
significantly influenced by methanol loading, and was only 35.3% 
at the lowest methanol loading of 1 mL-methanol/g-oil. The bio-
diesel conversion increased as the amount of methanol increased, 

Fig. 6. Effect of methanol loading on biodiesel conversion. (Reaction 
conditions: 2 w% solid catalyst, 60°C, 8 h, and 300 rpm)

and the maximum biodiesel conversion was 97.2% with 5 
mL-methanol/g-oil. When the methanol loading was further in-
creased, the biodiesel conversion became rather decreased, i.e., 
biodiesel conversions were 92.8% and 86.2% with the use of 
10 mL-methanol/g-oil and 15 mL-methanol/g-oil, respectively. 
This decrease may be due to the dilution of the solid catalyst, 
which had been also observed when the homogenous or ionic 
liquid catalysts were used [1, 31]. Therefore, a methanol loading 
of 5 mL-methanol/g-soybean oil was determined to be the optimal 
value.

3.3.3. Effect of reaction time, temperature, and agitation speed 
on biodiesel production

Because the product of the temperature and reaction time may 
imply the amount of energy that was input into the reaction, 
we investigated the combined effect of temperature and reaction 
time on biodiesel conversion. Through this approach, we could 
explore the possibility of lowering energy input without it affecting 
biodiesel conversion. Catalyst concentration, methanol loading, 
and agitation speed were 2 w%, 5 mL-methanol/g-oil, and 300 
rpm, respectively. As seen in Fig. 7, biodiesel conversion was 
rapidly increased at 60°C; it was 72.4% after 1 h and 95.0% after 
3 h. At 50°C, although the increase in the rate of conversion 
was lower than that at 60°C, biodiesel conversion was 94.6% 
at 3 h, and reached its maximum value (97.8%) in 4 h, which 
was very similar to the value observed at 60°C. At 40°C, the 
biodiesel conversion was 85.3% after 4 h, and the increase in 
biodiesel conversion was sluggish thereafter. At 30°C, biodiesel 
conversion continuously increased with time, but stayed con-
stant at around 80% after 8 h. Based on these results, we de-
termined that the optimum temperature and reaction time to 
be 50°C and 4 h, respectively. The energy input (50°C and 4 
h) observed in this study is comparable to the following energy 
inputs in previous studies using soybean oil and solid catalyst 
from coal fly ash: 65°C and 8 h to achieve 81.2% of biodiesel 
conversion [32] and 65°C and 2 h to achieve 95.5% of biodiesel 
conversion [33].

Fig. 7. Effect of reaction temperature and time on biodiesel conversion. 
(Reaction conditions: 2 w% solid catalyst, 5 mL-methanol/g-oil, 
and 300 rpm. ●: 60℃, ■: 50℃, ▲: 40℃, ▼: 30℃)
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Finally, we investigated the effect of agitation speed on biodiesel 
conversion. We set the following reaction conditions: 2% catalyst 
concentration, 5 mL-methanol/g-oil, 50°C, and 3 h. The agitation 
speed varied between 50-800 rpm. Although the effect of agitation 
speed on biodiesel conversion was significant, more than 96% 
of biodiesel conversion was obtained as long as the agitation 
speed was over 200 rpm, as can be seen in Fig. 8. Therefore, 
the optimal conditions for biodiesel production using heteroge-
neous solid catalyst (Na-SC) were finally determined to be 2% 
catalyst concentration, 5 mL-methanol/g-oil, 50°C, 4 h, and 200 
rpm.

One of the main advantages of solid catalysts is that it can 
be used repeatedly, because of which we can save on the catalyst, 
readily separate highly pure biodiesel and glycerol, and decrease 
wastewater discharge significantly. We produced biodiesel using 
SC-Na in the manner of repeated batch operation as described 

Fig. 8. Effect of agitation speed on biodiesel conversion. (Reaction con-
ditions: 2 w% solid catalyst, 5 mL-methanol/g-oil, 50°C, and 4 h)

Fig. 9. Reuse of solid catalyst for biodiesel production. (Reaction con-
ditions: 2 w% solid catalyst, 5 mL-methanol/g-oil, 50°C, 4 h, 
and 200 rpm)

in the Materials and Methods section. As shown in Fig. 9, biodiesel 
conversion was stably over 96% until the 3rd round (97.8% for 
the first round and 96.1% for the third round), which showed 
that it was feasible to further reuse the solid catalyst for biodiesel 
production.

4. Conclusions

RFA is recycled to prepare solid catalysts which have many advan-
tages over conventional chemical catalysts such as H2SO4 and 
NaOH. The total composition of the alkali and alkaline earth 
metal oxides (AAEMOs; Na2O, K2O, and CaO) in RFA were only 
8.3%, which led to as low as 1.2% of biodiesel conversion. After 
acid treatment of RFA, it was mixed with NaOH, KOH or Ca(OH)2 
to enhance AAEMOs. SC-Na that was prepared by mixing 
acid-treated fly ash (ATFA) with NaOH showed better performance 
than SC-Ca and SC-K catalysts. The optimum mass ratio of ATFA 
with NaOH was 1:3, at which the proportion of Na2O increased 
to 60.2% in SC-Na, and 97.8% of biodiesel conversion was achieved 
at the optimum reaction conditions (2 w% solid catalyst, 5 
mL-methanol/g-oil, 50°C, and 4 h). Until the third round of batch 
reactions, more than 96% of biodiesel conversion had been stably 
achieved.

This study showed that a solid catalyst for biodiesel production 
was successfully manufactured using RFA from a thermal power 
plant. The application of the solid catalyst to feedstock with high 
FFA content such as sewage sludge and microalga also need to 
be investigated, which will be explored in future studies.
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