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Abstract Three mesoporous silica materials with various
channel sizes and structures were employed to prepare
immobilized lipase catalysts for the transesterification of un-
refined wasted cooking oil (UWCO) to biodiesel at room
temperature. The channel size of support material was found
to be the key point to obtain high initial specific activity and
high sustainability of activity of the immobilized lipase cata-
lysts. A SBA-15 material with appropriate channel size
(14.0 nm) demonstrates the best capacity of lipase. The
immobilized catalyst with the SBA-15 material shows much
higher activity and sustainability of activity than the
immobilized catalysts with a MCM-41 material (channel size
1.8 nm) and a mesostructured cellular foam (MCF) material
(channel size 28.0 nm) as support materials in the transforma-
tion of UWCO to biodiesel. After 60 h of reaction at 28 °C,
a fatty acid methyl ester (FAME) yield up to 80.1 and
71.8 % of initial specific activity can be achieved using
SBA-15-immobilized lipase.
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Introduction

Biodiesel is one of the alternative fuels to conventional diesel
fuel. The most common way to produce biodiesel is the
transesterification of biomass oils such as those obtained from
palm oil, soybean oil, sunflower, castor oil, and also animal oils
and the oils from microbes and microalgae [1–3]. However, a
major challenge to biodiesel production from these feedstock
materials is the high cost, which can be 75 % above in the
biodiesel industry, of raw materials [4]. As a promising alter-
native raw material for the production of biodiesel, wasted
cooking oil (WCO) is much cheaper than the aforementioned
raw materials, and consequently, the total manufacturing cost
of biodiesel can be significantly reduced [5–8].

In addition, the quantity ofWCO generated per year by any
country is huge and the disposal of WCO is always problem-
atic [4]. In China, the annual production of WCO was 3.98
million tons in 2012 and will reach 5.77 million tons in 2020
[9]. The use of WCO to produce biodiesel can help to solve
the problem of wasted oil disposal with high efficiency and
economical prospect. The USA has implemented some new
policies to encourage the use of WCO for biodiesel produc-
tion, with tax abatement up to $306/t for using WCO as
feedstock as compared to only $153/t for using soybean oil.

The transesterification ofWCO to produce biodiesel can be
alkali-catalyzed, acid-catalyzed or enzyme-catalyzed. Each
process has its own advantages and disadvantages depending
on the undesirable compounds like water and free fatty acid
(FFA) in WCO. The alkali-catalyzed and acid-catalyzed pro-
cesses have received much attention but have to face many
problems like pretreatment of raw materials, recovery of glyc-
erol, removal of catalysts, and the energy-intensive nature of
the process [10, 11]. Enzyme-catalyzed processes have
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demonstrated some advantages over traditional acid-catalyzed
or alkali-catalyzed processes, such as no generation of
byproducts, easy product recovery, mild reaction condition,
and especial insensitivity to residual water and FFA [12, 13].

The immobilization of lipase shows a substantial effect on
its catalytic activity and leads to much higher thermal stability
and extended life than free lipase, especially when the feed-
stock has high contents of water and FFA [14–16]. In bioca-
talysis, the use of ordered mesoporous materials as the support
materials of immobilized lipase catalysts is a young and
growing but still challenging field with still high demand of
new and improved catalysts [17]. Mesoporous silicates have
narrow channel size in the range of 20–500 Å and high
specific surface area and pore volume, which can benefit the
adsorbing or entrapping of large molecules within their nano-
pores [18]. Diaz and Balkus first immobilized enzymes onto
mesoporousMCM-41 [19]. Since then, many factors of meso-
porous materials, including the relative size of mesopore and
enzyme, surface area, channel size distribution, pore volume
and particle size, have been found to show a strong influence
on the enzyme loading and on their catalytic activity [20]. Big
channel size and short channel length were found to show
advantages in the immobilization of enzyme because they can
benefit the entrapping of enzyme inside the nano-pores and
remarkably reduce the diffusion limitation, especially when
the feedstock is a high-impurity material like WCO [21–23].
Part of the immobilization of enzyme still remains an art while
it is slowly turning into a well-understood science [24].The
systematic study on the effect of different channel sizes and
structures of mesoporous silicates on the catalytic behavior of
immobilized lipase catalysts is still necessary.

In this study, we report our first attempt at the transforma-
tion of unrefined wasted cooking oil (UWCO) to biodiesel
catalyzed by the immobilized lipase catalysts on three differ-
ent mesoporous silica materials, a spherical MCM-41 materi-
al, a mesostructured cellular foam (MCF) material, and a non-
traditional SBA-15 material. UWCO, as a high-impurity feed-
stock, was obtained from a restaurant without any advanced
pretreatment except the filtration to remove indissoluble im-
purities and then put into reactions at room temperature. The
effects of channel size and structure on the lipase capacities of
support materials and the catalytic performance in the
transesterification of UWCO to biodiesel catalyzed by these
immobilized lipase catalysts were studied.

Materials and Methods

Preparation of Mesoporous Silica Materials

To prepare the SBA-15 support material with non-traditional
large channel size and short nano-channels, 5 g of EO20–
PO70–EO20 (Pluronic P123; Aldrich) was added into 175 ml

of aqueous HCl solution (1.2 M). When a clear solution was
obtained after 30 min of stirring, n-decane (Aladdin
Chemistry Co. Ltd.) was added to obtain a mixture with an
n-decane/P123 molar ratio of 250. The mixture was then
stirred overnight. The clear separation of a water-rich layer
and a decane-rich layer was achieved within 1 day. The upper
decane-rich layer was carefully removed, and then 0.1 g of
NH4F (Aladdin Chemistry Co. Ltd.) was added into the water-
rich layer [25, 26]. The water-rich layer was then stirred at
40 °C for 15 min, followed by the addition of tetraethyl
orthosilicate (TEOS; Aladdin Chemistry Co. Ltd.), keeping a
TEOS/P123 molar ratio of 50. This mixture was refluxed at
40 °C for 24 h and then hydrothermally treated in an autoclave
at 100 °C for 60 h. The mixture was then filtered to collect the
white solid product, which was washed with copious amounts
of water and dried at 60 °C in vacuum. Finally, the white
powder was calcined at 600 °C for 4 h in a muffle furnace with
the supply of air to obtain SBA-15 support material.

To prepare the MCF support material, 16.67 g of P123 was
added into 400 ml of an aqueous HCl solution (1.67 M) under
stirring at room temperature [27]. When a clear solution was
obtained, 0.1875 g of NH4F and 12.5 g of trimethyl benzene
(Aladdin Chemistry Co. Ltd.) were successively added in. The
mixture was stirred at 35 °C for 3 h. Then, 35.53 g of TEOS
was added into the mixture. This mixture was refluxed at
35 °C for 20 h and then hydrothermally treated in an autoclave
at 100 °C for 48 h. The mixture was then filtered to collect the
white solid product, which was washed with copious amounts
of water and dried at room temperature. Finally, the white
powder was calcined at 540 °C for 4 h in a muffle furnace with
the supply of air to obtain MCF support material.

To prepare the spherical MCM-41 support material, 30.0 g
of cetyltrimethylammonium bromide (Aladdin Chemistry Co.
Ltd.) was dissolved in 600 g of deionized water, followed by
the addition of 15.8 g of aqueous ammonia (Aladdin
Chemistry Co. Ltd.) and 60.0 g of absolute ethanol (Aladdin
Chemistry Co. Ltd.). The solution was then stirred for 15 min
at 25 °C. Then, 56.4 g of TEOS was added into the solution at
one time. The resulting mixture was stirred at 25 °C for 2 h
and then filtrated to obtain white precipitate. This white pre-
cipitate was washed with a mixture of H2O and ethanol and
then dried at room temperature for 72 h to obtain white power.
This white power was calcined at 550 °C for 4 h in a muffle
furnace with the supply of air to obtain MCM-41 support
material.

Characterizations of Materials

N2 adsorption–desorption analysis was done at 77 K on a
TriStar 3000 instrument. The specific areas of all materials
were calculated by Barrett–Joyner–Halenda (BJH) method,
and the channel sizes were calculated according to the desorp-
tion branches of N2 adsorption–desorption isotherms. The
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small-angle X-ray diffraction (SXRD) patterns were recorded
on a Bruker D8 advance X-ray diffractometer with Cu-Kα
radiation. Scanning electron microscope (SEM) and high-
resolution scanning electron microscope (HRSEM) tests were
carried out on a FEI XL30 instrument. Transmission electron
microscope (TEM) images were obtained on a FEI Tecnai 20
Twin instrument. Fourier transform infrared spectroscopy
(FTIR) spectra and ultraviolet–visible diffuse reflectance
spectroscopy (UV–Vis DRS) spectra were recorded on a
Shimadzu IRPrestige-21 instrument and a Shimadzu UV-
2550 instrument, respectively.

Preparation of Immobilized Lipase Catalysts

The immobilized lipase catalysts were prepared by an incip-
ient wetness impregnation method. Lipase LVK-S200 (used
as received from LEVEKING Co. Ltd., Shenzheng, China)
was firstly dissolved in a phosphate buffer (pH 5.0). The
support materials were then impregnated with this lipase
solution for 10 h under mild stirring (50 rpm) and separated
through centrifugation after washing twice with phosphate
buffer. The solid products were then dried at room temperature
in a desiccator for 30 h. After this step in desiccator, the solid
products were washed with copious amounts of phosphate
buffer to remove the lipase which can be lost by leaching and
thus maximally reduce the lipase leaching during
transesterification reaction tests. The washed products were
dried at room temperature again to achieve the immobilized
catalysts and labeled as LVK/SBA-15, LVK/MCF, and LVK/
MCM-41, respectively. The initial specific activity of these
immobilized lipase catalysts was analyzed by the fatty acid
releasing rate of pure olive oil (POO; analytical standard,
Supelco). Then, 0.02 g of immobilized catalyst was mixed
with 2.0 ml of phosphate buffer (with 10 vol% of POO). The
reactant mixture was stirred at 35 °C for 1 h followed by the
addition of 4.0 ml of the mixture of ethanol and acetone
(ethanol/acetone ratio of 1:1) to terminate the reaction. Four
milliliters of 0.02 M NaOH was then added into the mixture.
The titration by 0.02MHCLwas then employed to determine
the initial specific activity of the catalyst. The unit in the initial
specific activity was defined as follows: 1 unit means
1.0 μmol of fatty acid generated/1 min.

Reaction Tests

The WCO used in this study was obtained from a local
restaurant, JiaFu Hot Pot. The received WCO was simply
filtrated to remove indissoluble impurities to obtain UWCO,
which was used as the feedstock for the transesterification
reaction. The acid value of filtrated UWCO was
15.8 mg KOH g−1, which was determined by the titration of
0.1 M KOH. In the transesterification reaction tests, UWCO
(or POO) and methanol were mixed with a weight ratio of 6:1

(the molecular ratio of methanol to oil was 1:1). The reaction
was initiated at room temperature (the temperature in the
laboratory was detected by a wet-bulb thermometer and
remained at 28 °C with little fluctuation during the reaction
tests) under stirring with the addition of immobilized catalyst
(0.2 wt% of oil). The total fatty acid methyl ester (FAME) in
the reactionmediumwas detected by a SHIMADZUGC 2010
GC equipped with a FID and a Rtx®-Wax capillary column
(30 m, 0.53 mm ID, 0.5 μm). For each injection, a 50:1 split
ratio was taken. For each analysis, the GC oven was kept at
200 °C for 4 min and then ramped up to 220 °C within 2 min
and then kept at 220 °C for 50 min.

Results and Discussion

Characterizations of Supporting Materials

Figure 1 gives the N2 adsorption–desorption isotherms of the
MCM-41, SBA-15, and MCF support materials. All three
support materials exhibit representative type IV isotherms,
with typical hysteresis loops of ordered mesoporous materials
and narrow size distributions centered at 1.8, 14.0, and
28.2 nm, respectively [28–31]. The textural properties of these
three support materials are listed in Table 1. Notably, the
channel size of the current SBA-15 material is much larger
than that of conventional SBA-15 material. The MCM-41
material shows the biggest specific area but the smallest
channel size and pore volume among these three support
materials. On the contrary, the MCF material exhibits the
smallest specific area but the biggest channel size and pore
volume. The SBA-15 material presents medium specific area,
channel size, and pore volume.

In the SXRD pattern of the SBA-15 material presented in
Fig. 2, four Bragg peaks can be identified between 0.5° and
2.0°, which can be attributed to the (100), (110), (200), and
(210) reflections, respectively. The SXRD pattern of the
MCM-41 material presents three different Bragg peaks be-
tween 2.0° and 6.0°. These peaks are indexed as the (100),
(110), and (200) reflections, respectively [29, 31]. The d
values calculated by the 2θ values of these Bragg reflections
confirm the occurrence of a two-dimensional hexagonal sym-
metry (p6mm), which is similar to that of MCM-41 and SBA-
15 families. Two diffraction peaks at 0.67° and 1.35° can be
observed in the SXRD pattern of the MCF material, suggest-
ing a different periodic structure from that of theMCM-41 and
SBA-15 materials.

Figure 3 presents the SEM images of these three support
materials. We can see that the MCM-41 material exhibits
perfectly spherical morphology and most MCM-41 particles
are 300–400 nm in diameter. The MCF material shows a
typical mesostructure cellar foam structure, which is the same
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as that reported by Zhao et al. [32]. In the SEM image of the
SBA-15 material, we can see that this SBA-15 material pre-
sents a unique alternating and bumpy morphology, which is
implied by the alternating white and black zones. The
HRSEM image in Fig. 3d exhibits that these particles of the
SBA-15 material is composed of nano-channels, which are
parallelly arranged along the direction being vertical to the
long axis of each particle. According to the SXRD pattern of
this SBA-15 material, we can know that these nano-channels
are hexagonally ordered. The hexagonal symmetry of these
nano-channels in the SBA-15 material can also be verified by
the TEM images shown in Fig. 4c, d. According to Fig. 4d, we
can see that the channel size of this SBA-15material is around
14 nm, which is in agreement with that calculated by N2

adsorption–desorption isotherms (Table 1) and much bigger
than that of traditional SBA-15 material [27]. Figure 4c sug-
gests that, due to the particle size of this SBA-15 material, its
channel length is around 400 nm and several times shorter
than that of traditional SBA-15 material [32].

As shown in Fig. 4a, the MCM-41 spheres demonstrate
perfectly orbicular shape and a spherically symmetric chan-
nel distribution [33, 29]. The morphology and particle size
of the current MCM-41 material make its channel length
300–400 nm, which is much shorter than that of a conven-
tional MCM-41 material [28]. Such short channel length can
benefit achieving high loading capacity [18, 20]. Figure 4b

shows that the MCF material is composed of uniformly
sized, large spherical cells with the size around 30 nm,
being in agreement with that calculated by N2 adsorption–
desorption isotherms (Table 1). These spherical cells are
interconnected by uniform windows to create a 3-D channel
system, which is good for achieving high loading capacity
and reducing pore blocking.

Figure 5 shows the FTIR and UV–Vis DRS spectra of the
support materials, lipase LVK-S200 and immobilized lipase
catalysts. As shown in Fig. 5a, the spectra of all three support
materials show typical characteristics of the IR spectrum of a
silica material. Each support material gives a broad band
around 1,635 cm−1 due to the O–H bending vibrations of
adsorbed water. This broad band around 1,635 cm−1 can also
be identified in the spectra of LVK-S200 and three
immobilized catalysts. In the spectra of three immobilized
catalysts, the IR bonds at 2,932 cm−1 and the bands in the
range of 1,368–1,462 cm−1 related to the lipase LVK-S200
can be identified, confirming the successful immobilization of
the lipase on the support materials. The UV–Vis DRS spectra
shown in Fig. 5b suggest the same as FTIR spectra do. No
band can be observed in the spectra of the support materials,
which are composed of silica. In the spectra of three
immobilized catalysts, the bands at 234, 286, and 320 nm
can be observed due to the immobilization of LVK-S200 on
the support materials.

Table 1 Textural properties of
the support materials Support materials Channel size

(nm)
Specific area
(m2 g−1)

Pore volume
(cm3 g−1)

MCM-41 1.8 1,007 0.81

SBA-15 14.0 750 1.39

MCF 28.2 680 2.46
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Fig. 1 N2 adsorption–desorption isotherms of the MCM-41, SBA-15, and MCF support materials. The insets are the channel size distribution
calculation by the adsorption branches of the adsorption–desorption isotherms
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Catalytic Performance of Immobilized Lipase Catalysts

Figure 6 presents the initial specific activity for these
immobilized lipase catalysts in the transesterification reactions
of POO. The initial specific activity of support lipase catalysts
greatly increases while the support material changed from
MCM-41 to SBA-15, with a remarkable increase in channel
size and channel volume but decrease in specific area.
Considering the marked change in the specific area of these

three different support materials, the initial specific activity
was normalized based on the specific area of each support
material. The normalized specific activity also greatly in-
creases while the support material changes from MCM-41 to
SBA-15 and then decreases with the change from SBA-15 to
MCF. This suggests that big channel size and big channel
volume of support material can benefit achieving a high spe-
cific activity of immobilized lipase catalysts, but a big specific
area cannot. The higher specific activity obtained on LVK/

Fig. 2 SXRD patterns of the MCM-41, SBA-15, and MCF support materials

a b

c d

Fig. 3 SEM images of a MCM-
41, b MCF, and c SBA-15
materials; dHRSEM image of the
SBA-15 material
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SBA-15 catalyst than LVK/MCM-41 catalyst takes advantage
of the non-traditionally big channel size and short channel
length of this SBA-15 material in two ways. Firstly, the big
channel size and short channel length can exhibit a higher
loading capacity owing to reduced pore blocking [34, 20].
Secondly, the big channel size and short channel length can
greatly reduce the motion restriction in the transesterification
processes [15, 35].

The higher initial specific activity of LVK/SBA-15 than
that of LVK/MCM-41 is in agreement with the bigger channel
size and shorter channel length of SBA-15 compared to
MCM-41. However, in the current work, we found that a
further increase in the channel size of MCF does not result
in higher initial specific activity but in much lower initial
specific activity than SBA-15, although MCF exhibits much
bigger channel size and much shorter channel length than

a b

c d

a b

c d

Fig. 4 TEM images of a MCM-
41, b MCF, and c, d SBA-15
materials

Fig. 5 a FTIR and b UV–Vis
DRS spectra of all support
materials, immobilized lipase
catalysts, and lipase LVK-S200
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SBA-15. The normalized specific activity notably decreases
with the change of support material from SBA-15 to MCF.
This suggests that an optimized channel size should be chosen
for the satisfactory adsorption of lipase on mesoporous silica
materials, and the SBA-15 material used in current work
provides the channel size and pore volume that are far more
suitable than those of the other two support materials. The
channel size of MCF is big enough for the satisfactory ad-
sorption of lipase inside its nano-channels but also too big to
maintain well the adsorbed lipase.

Figure 7 shows the catalytic behaviors of immobilized
lipase catalysts in the transesterification processes of UWCO
and POO at room temperature. LVK/SBA-15 catalyst exhibits
remarkably higher initial specific activity than LVK/MCM-41
and LVK/MCF catalysts, while either POO or UWCO was
used as the feedstock of reaction. In a 60-h-long reaction, the
yield of FAME to oil up to 80.1 % can be achieved with the
use of LVK/SBA-15 catalyst and UWCO as the raw material.
The main components in the reaction medium include palmi-
tate methyl, palmitoletic methyl, stearic methyl, oleic methyl,
linoleic methyl, and linolenic methyl. Being similar to the
initial specific activity for the immobilized lipase catalysts in
the transesterification reactions of POO, SBA-15 and MCF
result in higher initial specific activity than MCM-41 in the
transesterification reactions of UWCO due to their bigger
channel size and pore volume than those of MCM-41.
Furthermore, LVK/SBA-15 still demonstrates the highest ini-
tial specific activity among these immobilized lipase catalysts
in the transesterification reactions of UWCO.

In most cases, the processes for biodiesel production re-
quire the use of virgin oils with high quality and purity [36].
The UWCO we tested was simply filtrated to remove indis-
soluble impurities and then put into transesterification pro-
cesses. In Fig. 7, it can be observed that the specific activity of
LVK/MCM-41 catalyst decreases sharply to a very low level

(14.2 % of starting value) in the transesterification processes
of UWCO due to the motion restriction arising from possible
block by UWCO in its small nano-channels. The non-
traditional SBA-15 material used in this work has large chan-
nel size and short length nano-channels and thus exhibits little
suppressant effect on the activity of immobilized LVK-S200
species. In the transesterification processes of UWCO, the
LVK/SBA-15 catalyst is very effective at the start of reaction
and shows considerable initial activity in comparison with its
activity in the transesterification processes of POO. The com-
parative study on the specific activities of LVK/SBA-15 cat-
alyst for UWCO and POO indicates that the specific activity
for UWCO decreases more than that for POO. However,
within 60 h, the specific activity of LVK/SBA-15 still remains
at a remarkable level (71.8 % of starting value) in the UWCO
reaction system.

In the transesterification processes of UWCO catalyzed by
LVK/MCF catalyst, its specific activity even remained at a
higher level (78.2 % of starting value) than that of LVK/SBA-
15 catalyst due to the novel 3-D pore system of MCF. The
biggest channel size and novel 3-D pore system of MCF give
the LVK/MCF catalyst the best capability to maintain high
specific activity among these immobilized lipase catalysts in
the transesterification processes of UWCO. However, in the
transesterification processes of POO, the remaining level
(88.9 % of starting value) of initial specific activity of LVK/
SBA-15 catalyst is very close to that (87.4 % of starting value)
of the LVK/MCF catalyst. Notably, in the transesterification
processes of POO, the specific activity of LVK/MCM-41

Fig. 6 Initial specific activity of different immobilized lipase catalysts in
the transesterification processes of POO

Fig. 7 Catalytic behaviors of immobilized lipase catalysts in the
transesterification processes of UWCO and POO. The inset demonstrates
the remained activity of the immobilized lipase catalysts after a 60-h-long
reaction
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catalyst can remain at a high level (76.6 % of starting value)
after 60 h. This reflects that big channel size is the key point to
keep high specific activity in the transesterification processes
of UWCO, because it contains the insoluble matter which can
result in blocking of nano-channels of support materials. In the
transesterification processes of POO, channel size does not
show such distinctive effects on the remaining specific
activity.

Conclusion

In summary, three different mesoporous silica materials with
various channel sizes and channel structures were prepared
and employed to prepare immobilized lipase catalysts for the
catalytic transesterification processes of UWCO to biodiesel
at room temperature. It is found that an optimized channel size
of support material is the key point to achieve high initial
specific activities of immobilized lipase catalysts and maintain
the high specific activity in the transesterification processes of
UWCO. A SBA-15 material, which contains nano-channels
14 nm in pore size and 400 nm in channel length, demon-
strates the best capacity of lipase LVK S200. The LVK/SBA-
15 catalyst shows much better catalytic behavior than the
LVK/MCF and LVK/MCM-41 catalysts. After a 60-h-long
reaction, the yield of FAME to oil up to 80.1 % as well as a
specific activity up to 71.8 % of the starting value can be
achieved using the LVK/SBA-15 catalyst.
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