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1. Introduction 

With the increasingly serious in the energy shortage and environmental problems, bio-
diesel has been widely studied as a kind of non toxic fuel for renewable and easily bio-
degradable. Among all kinds of biodiesels, fatty acid ester, obtained from the esterifica-
tion of oleic acid with alcohol, has received greater attention using as biofuel in recent 
years [1] [2]. This kind of biodiesel has the advantages of ready raw materials, simple 
production process and high calorific value [3]-[5]. In industry, liquid sulfuric acid was 
used as catalyst to produce fatty acid ester [6]. However, the traditional catalysts have 
shortcomings including serious corrosion of equipment, complicated separation pro-
cedures, serious environmental problems and byproducts because of strong oxidizing 
property. These greatly restricted the wide application of fatty acid ester. Therefore, 
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choosing the reasonable catalyst is the key to promote the wide application of fatty acid 
ester. To meet the requirements of low carbon environmental protection and sustaina-
ble development, the catalyst should have the characteristics of high efficiency, reco-
verable and low corrosion. Therefore, solid acid is an important research direction used 
instead of the liquid acid to overcome the defects above mentioned [7] [8].  

For large molecular reaction is catalyzed by traditional microporous molecular sieves 
such as Y, Beta and ZSM-5, the large molecular reactant is not easy to enter the inner 
surface, while most reacts on the outer surfaces, so the activity and selectivity are af-
fected [9]. Mesoporous molecular sieves such as MCM-41 possess a hexagonal ar-
rangement of uniformly sized unidimensional mesoporous and both ends opened, 1.5 - 
10 nm pore size distribution and large surface area so that it shows obvious superiority 
for reactions of large substrates [10]. Although MCM-41 has many merits, its weak 
acidity together with poor hydrothermal stability and other defects limits its application 
greatly [11]. To overcome the limitations of microporous and mesoporous molecular 
sieve, in recent years, the structure of microporous molecular sieve was introduced into 
the mesoporous molecular sieve. The mosoporous material was transformed into a 
crystalline structure. At the same time, the metal ions producing acid center was intro-
duced into the skeleton. The high acidity and high hydrothermal stability of mesopor-
ous material have been prepared [12]-[17]. The framework is highly crystalline and ex-
hibits a remarkably catalytic activity and stability with environment friendly for many 
reactions [18]-[24]. 

In present paper, we reported the preparation and characterization of the molecular 
sieves β/Al-MCM-41, and the application in the esterification of oleic acid with short 
chain alcohols. The activity, acidity and stability of the catalyst were investigated as 
well. A kinetic model for the esterification was established and the reaction kinetics was 
studied. To the best of our knowledge, this is the first report on the use of β/Al- 
MCM-41 molecular sieves as catalysts for the preparation of biodiesel.  

2. Experimental 
2.1. Regent and Equipment 

All materials, including oleic acid, methanol, ethanol, isopropyl alcohol, isobutyl alco-
hol, sulfuric acid, tetraethyl ammonium hydroxide, sodium aluminate, hexadecyltri-
methyl ammonium bromide (CTAMBr) and sodium hydroxide were purchased from 
Aldrich, and all materials were used directly after drying without further purification. 

X-ray powder diffraction patterns of the samples were obtained on a XD-610 instru-
ment using monochromatic Cu Kα radiation. It was operated at 30 kV and 20 mA with 
a step width of 0.02˚, diffraction region of 2θ = 1˚ - 10˚ and a scan speed of 2˚/min. All 
Py-FTIR spectra were recorded with a Nicolet NEXUS470 FTIR spectrometer in the 
range of 4000 - 500 cm−1. The samples were pretreated for 2 h at 400˚C and less than 
10−3 Pa then reduced to room temperature. Pyridine was adsorbed onto the samples for 
1 h and desorbed for 1 h under 2 Pa. The NH3-TPD was performed by a DLUT-1 au-
tomatic temperature programmed desorption apparatus. The sample is treated at 500˚C 
in nitrogen flow for 120 min. Then the temperature is reduced to 120˚C and keeps the 
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sample in a flow of NH3 for 60 min. The amount of desorbed NH3 is determined after 
heating the sample up to 600˚C (heating rate of 10˚C min−1).  

The aim products were analyzed by TRACE-GC-MS chromatographer with an FID 
and a DB-17MS phenyl methyl siloxanes capillary column (30 m × 0.25 mm). The 
temperature of injector and transference line were maintained constant at 270˚C. The 
temperature of the furnace was maintained at 180˚C for 30 min. The carrier gas was he-
lium. The injection volume was 0.1 μL. 

2.2. Catalyst Preparation 

β/Al-MCM-41 was synthesized by stepwise crystallization method. First zeolite precur-
sors solution with zeolite beta primary structure units were prepared according to a 
certain molar ratio of Al2O3:60 SiO2:2.5 Na2O:22 TEAOH:800 H2O, then transferred the 
mixture into an autoclave aging for 4 h at 140˚C to get a clear solution. The obtained zeo-
lite precursors solution was added to CTAMBr solution according to a molar ratio of 1:5 
Si:CTAMBr, mixed and agitated slowly for 30 min, regulated at pH = 8 - 9 using 5 mol/L 
sulfuric acid, stirred at 260 rpm for 1 h under the condition of normal temperature after 
adding alcohol, then the mixed solution was crystallized at 110˚C for 24 h, vacuum fil-
trated, washed, dried and calcined for 8 h at 550˚C to prepare β/Al-MCM-41. 

2.3. Esterification of Oleic Acid 

The catalyst was added into a mixture of oleic acid with either methanol, ethanol, iso-
propanol or isobutanol, and the reaction was carried out under autogenous pressure 
and intensive electronic stirring in an autoclave at the reaction temperature for 2 - 10 h. 
The results were calculated according to neutralization titration. The reaction has been 
repeated for three times and the results are of excellent stability. The esterification 
rate/% = (1-acid value of esterified product/acid value of reactant) × 100%. 

Reaction equation: 
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3. Results and Discussion 
3.1. Choice of Catalysts 

The activities of different catalysts were investigated on the esterification of oleic acid. 
The detailed results are shown in Table 1. From No. 1 - 2, acidic catalysts are suitable 
for the esterification of oleic acid with methanol, the yield of methyl oleate was in-
creased significantly. The catalytic effect was unsatisfactory catalyzed by pure β and 
pure Al-MCM-41 (No. 3 - 5). While sulfuric acid (H2SO4), as the higher catalytic activ-
ity catalyst for the esterification of oleic acid, has many disadvantages, such as too large 
amount of catalyst usage, serious corrosion of equipments, complicated separation pro- 
cedures, environmental problems, and by-products. It can be seen that β/Al-MCM-41 
exhibited excellent catalytic activity, the conversion of oleic acid can reach about 70%, 
which obviously superior to Al-MCM-41. Use β/Al-MCM-41 to catalyze the esterifica-
tion of oleic acid with ethanol, isopropanol and isobutanol, the yields of ester were 
higher (No. 6 - 11). The high catalytic activity and stability in the esterification of the 
catalyst was discussed. 

The NH3-TPD profiles of β/Al-MCM-41 and Al-MCM-41 is shown in Figure 1. It 
can be seen that the both samples have a very strong peak at low temperature about 
100˚C - 200˚C and a middle strong peak at high temperature about 700˚C - 800˚C, be-
longing to poor acid and strong acid, respectively. By quantitative analysis, the amount 
of the poor acid and strong acid for β/Al-MCM-41 are obviously more than Al-MCM-41. 
This is maybe the key reason why β/Al-MCM-41 is of high catalytic performance. 
 
Table 1. Effect of different catalysts on reaction resultsa. 

No. Catalyst Alcohol 
Acid value of  

reactant/mg·g-1 

Acid value  
of esterified  

product/mg∙g−1 

Esterification  
rate/% 

1 --- CH3OH 84.2 ± 0.6 69.8 ± 0.3 17.1 ± 0.3 

2 H2SO4 (98 wt%) CH3OH 84.3 ± 0.4 14.3 ± 0.6 83.0 ± 0.5 

3 β CH3OH 84.5 ± 0.5 45.9 ± 0.6 45.7 ± 0.4 

4 Al-MCM-41 CH3OH 84.3 ± 0.4 49.9 ± 0.5 40.8 ± 0.6 

5 β/Al-MCM-41 CH3OH 84.2 ± 0.5 21.2 ± 0.4 74.8 ± 0.5 

6 H2SO4 (98 wt%) CH3CH2OH 84.6 ± 0.3 29.5 ± 0.4 65.1 ± 0.6 

7 β/Al-MCM-41 CH3CH2OH 84.5 ± 0.2 36.7 ± 0.4 56.6 ± 0.4 

8 H2SO4 (98 wt%) (CH3)2CHOH 84.2 ± 0.4 32.9 ± 0.6 60.9 ± 0.4 

9 β/Al-MCM-41 (CH3)2CHOH 84.3 ± 0.4 40.7 ± 0.4 51.7 ± 0.3 

10 H2SO4 (98 wt%) (CH3)2CHCH2OH 84.3 ± 0.5 40.5 ± 0.5 52.0 ± 0.4 

11 β/Al-MCM-41 (CH3)2CHCH2OH 84.5 ± 0.3 47.7 ± 0.4 43.6 ± 0.3 

aReaction conditions: n(methanol):n(oleic acid) = 10:1, amounts of catalyst as 5% of the total mass of reactants, reac-
tion temperature 120˚C, reaction time 8 h. 
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Figure 1. NH3-TPD of β/Al-MCM-41 and Al-MCM-41. (a) β/Al-MCM-41, (b) Al-MCM-41. 

 
The Py-FTIR spectrum of β/Al-MCM-41 and Al-MCM-41 is shown in Figure 2. The 

presence of the band at 1596 cm−1 was associated with Bronsted acid sites, and the band 
at 1446 cm−1 was characteristic Lewis acid sites [23]. It was shown that Bronsted acid 
and Lewis acid sites co-exists on the surface of the β/Al-MCM-41 and Al-MCM-41. By 
comparison, the peak intensity of β/Al-MCM-41 is stronger than Al-MCM-41. The rel-
ative intensity of Brönsted acid/Lewis acid (B/L) over β/Al-MCM-41 and Al-MCM-41 
was list, respectively. The results show that Brönsted acid and Lewis acid sites are basi-
cally equivalent and the co-action play the key effect on catalytic activity. 

3.2. Catalysis Stability 

The catalytic stability of β/Al-MCM-41 in the esterification of oleic acid was researched, 
and the results were shown in Figure 3. The catalysts were obtained by vacuum filtra-
tion and reused directly after drying without further purification. Relative to the initial 
conversion, when reuse in the fifth time, the conversion of oleic acid was above 60% 
still. 

The reused β/Al-MCM-41 after 5 times was characterized by XRD and NH3-TPD. 
Figure 4 shows the XRD patterns of fresh and reused β/Al-MCM-41. Note that there 
are spectrum peaks at approximately 2θ = 2˚ and 4˚, which is characteristic for the 
hexagonally symmetric MCM-41 mesoporous structure [10]. The peaks of the fresh and 
reused samples are almost in the same position, which indicates that the catalyst struc-
ture was essentially unchanged; the better mesoporous structure still exists. 

By comparing the NH3-TPD from Figure 5, the fresh and reused samples have the 
same profile. By quantitative analysis, the amount of the poor and strong acid were also 
slightly decreased, maybe this is the reason for the slightly decrease of catalytic activity. 
The reused catalyst was regenerated by calcinations and then used to catalyze the esteri-
fication. The conversion of oleic acid was 70%, which showed that the synthesized cat-
alyst possesses good regeneration performance. 
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Figure 2. Py-FTIR of β/Al-MCM-41 and Al-MCM-41. (a) β/Al-MCM-41, (b) Al-MCM-41. 

 

 
Figure 3. Results on reuse of the catalyst. 

 

 
Figure 4. XRD patterns of fresh and reused β/Al-MCM-41. (a) fresh β/Al-MCM-41, (b) reused 
β/Al-MCM-41. 
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Figure 5. NH3-TPD of fresh and reused β/Al-MCM-41. 

3.3. Reaction Kinetics of Esterification 

In studies of esterification kinetics of oleic acid with methanol, methanol was excessive, 
the reaction rate can be expressed by Equation (1) [25]. 

1
d
d

nA
A

c k c
t

− =                               (1) 

where cA represents the concentration of oleic acid at time t, k1 represents the rate con-
stant of the reaction. 

( )0 1A Ac c X= −                             (2) 

where cA0 is the initial concentration of oleic acid, X is the conversion of oleic acid. So 
Equation (1) could be written as follows: 

( )1 0
dln ln ln 1
d

A
A

c k n c X
t

 − = + −     
                   (3) 

The effect of reaction temperature on conversion of oleic acid in the presence of 
β/Al-MCM-41was showed in Figure 6.  

Experimental data were processed by means of computer software Origin 8.0. First  

calculated instantaneous reaction rate corresponding to different concentration d
d

Ac
t

− , 

then calculated dln
d

Ac
t

 − 
 

 and lncA. Drawn the relationship between dln
d

Ac
t

 − 
 

 and  

lncA according to the Equation (3), the slope of the line is the reaction order n and in-
tercept is the reaction rate constant by linear regression.  

The linear regression results of the data are showed in Table 2. All of the linear cor-
relative coefficients were higher than 0.99. According this method, the reaction rate  
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Figure 6. Effect of reaction temperature on reaction rate in the presence of β/Al-MCM-41. 

 
Table 2. Kinetic parameters of esterification at different temperature. 

Temperature/˚C k1 n 

130 0.275 1.77 

120 0.226 1.751 

110 0.150 2.01 

100 0.0837 2.35 

Average value  1.97 

 
constant increased with the temperature arising. The average reaction order n was 1.97. 

According to Arrhenius Equation, 

1 0 exp aEk k
RT

 = − 
 

                           (4) 

Using the rate constants above, the activation energy (Ea) could be obtained by Equa-
tion (5). 

1 0ln ln aEk k
RT

= −                            (5) 

where k0 is pre-exponential factor, R is the gas constant and T is the temperature in 
Kelvin. The activation energy for this reaction calculated from the slope of Arrhenius 
plot shown in Figure 7 was 50.01 kJ/mol. 

4. Conclusions 

The molecular sieve β/Al-MCM-41 was synthesized successfully using β as silica-  
alumina source. The synthesized β/Al-MCM-41 was firstly used as catalyst in the esteri-
fication of oleic acid with short chain alcohols. The results indicated that β/Al-MCM-41 
exhibited excellent catalytic activity and stability. 
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Figure 7. Arrhenius plot of reaction rate constant of esteri-
fication. 

 
The kinetics of the reaction was also investigated. The results showed that the aver-

age reaction order n of the esterification of oleic acid with methanol was 1.97. The reac-
tion rate is accelerated with the temperature arising. The relationship accorded with the 
Arrhenius Equation and the activation energy was 50.01 kJ/mol. 
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