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1. Introduction

Biodiesel is usually produced by transesterification of vegetable oils or animal fats with
chemical catalysts, especially in the presence of strong acidic or basic solutions, such as
hydrochloric acid, sulphuric acid, sodium hydroxide, sodium methoxide and potassium
hydroxide. Homogeneous alkali catalysts can convert triglycerides to their corresponding
fatty acid methyl esters (FAMEs) with high yield, less time and low cost. However,
separating the catalyst from the product mixture for recycling is technically difficult. After
reaction, the catalyst should be neutralized or removed with a large amount of hot water,
which will produce a large amount of industrial wastewater.

Typical plant oils, such as soybean oil, rapeseed oil and palm oil, are the main edible oils.
They are not suitable as raw materials, particularly in developing countries due to limited
supply and high cost. Therefore, low-cost lipids, such as non-edible oils (e.g., Jatropha oil),
animal fats and waste oils, are used as ideal feedstocks. Such oils usually contain some
water and free fatty acids (FFAs) that will form soap when homogeneous base catalysts are
used. On the other hand, homogenous acid catalysts are corrosive to equipment. Solid
heterogeneous catalysts are used to overcome these problems, because they are non-
corrosive, non-toxic, and easily-separated for recycling. Reusability of heterogeneous
catalysts makes continuous fixed-bed operation possible. Such continuous process can
minimize product separation and purification costs, make it economically viable to compete
with commercial petroleum-based diesel fuel. This chapter describes solid heterogeneous
catalysts for biodiesel production and their typical catalytic mechanism.

2. Heterogeneous solid catalysts

In laboratory-scale experiment, heterogeneous processes could be run in a continuous mode
with a packed-bed continuous flow reactor. Heterogeneous catalysts were easily separated
from the products, water-washing process and neutralization steps were avoided.
Contaminated water from this process was greatly reduced, and the sewage treatment fees
were also minimized. New types of heterogeneous catalysts have mushroomed and
developed in recent years.

2.1 Heterogeneous acid catalysts
Acid catalysts can simultaneously catalyze both esterification and transesterification,
showing a much higher tolerance to FFAs and water than basic homogeneous catalysts (e.g.,
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NaOH and KOH). Homogeneous acid-catalyzed reaction is about 4000 times slower than
the homogeneous base-catalyzed reaction (Lotero et al., 2005). Heterogeneous acid catalysts
performed less activety, but they are favorable for low-qualified oil feedstocks with high
FFAs. Now, synthetic solid acids have already amounted to hundreds of species, most of
them can be used in esterification and transesterification reactions. Solid acids keep stable
activity in conversion of low-qualified oils or fats to biodiesel. Currently developed solid
acid catalysts are introduced in the following sections: cation exchange resin (i.e. Amberlyst-
15 and NR50), mineral salts (i.e. ferric sulfate, zirconium sulfate, alum phosphate and
zirconium tungsten), supported solid acid and heteropolyacid catalysts.

2.1.1 lon-exchange resins

Ion-exchange resins are widely used in important industrial processes for both separation
and reaction applications. They are less expensive than lipase and supercritical methanol.
Ion exchange resins also help to separate biodiesel and glycerol. Shibasaki-Kitakawa et al.
(2007) found catalytic activity of anion-exchange resins correlated positively with cross-
linking degree and particle size. The activity of acid ion-exchange resins for the esterification
reaction is influenced by the accessibility of reactants to the matrix anchored sulfuric acid
groups located at the surface or inside the resins. Mass-transfer restriction is another factor
affecting catalytic activity. Internal diffusion was found to cause mass-transfer restriction
and is rate-limiting for regular resins. Most of the active sites are embedded in the gel
matrix, so the resins with macro-pores have high catalytic activity. Furthermore, the
catalytic activity decreased when the cross-linking degree of polymeric matrix increased.
Reusability is an important evaluation index for industrial applications of resins. Mechanical
strength and thermo-stability are important for the large-scale applications of resins in
biodiesel production. Ion exchange resins usually don’t change catalytic property for long
time operation at low temperature (< 100 °C).

Caetano et al. (2009) studied esterification of palmitic acid with methanol using poly(vinyl
alcohol) cross-linked with sulfosuccinic acid (SSA) resin at 60°C, about 90% conversion rate
was achieved after 2 h. Only about 5% sulfosuccinc acid was leached after 7 recycles.
Activity of NKC-9 resin even slightly increased at the first 10 runs, due to breakdown of
resin particles under mechanical agitation (Feng et al., 2010). Continuous production of
biodiesel in a fixed-bed reactor packed with resins was successively operated (Shibasaki-
Kitakawa et al., 2007; Liu et al., 2009; Feng et al., 2011). After 500 h, conversion yield of FFAs
still kept over 98%. Amberlyst-15 performed high activity at 100 °C in the fixed-bed, and a
97.5% FAMEs yield was achieved (Son et al. 2011). Combination of fixed-bed reactor with
supercritical CO, may develop a continuous process that is preferred for massive biodiesel
production. Catalyst deactivation is caused by salt contaminants and water-swelling.
Catalytic active sites on acidic resins can exchange with salt ions contained in oil. Traces of
Na, K, Mg and Ca lead to a continuous activity loss (Russbueldt and Hoelderich, 2009).
Deactivated catalyst can be recovered to its original activity by acid washing. It was found
that temperature has negligible effect on water-swelling, but the water absorbed on the resin
surface can be extracted by excessive methanol (Tesser et al., 2010)..

2.1.2 Zeolites

Zeolites are crystalline alumino-silicates with a three-dimensional porous structure. They
can be synthesized with different crystal structures, definitive pore sizes, framework Si/ Al
ratios and adjustable acid centers to have some important catalytic properties. Aluminum
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atoms and ions in skeletons and porosity supply the acidic sites. Zeolites have extremely
high internal surface area (600 m2/s) and high thermal-stability (1000 °C), as the most
popular solid catalysts. Acidic-shape selectivity is a significant feature of zeolite, derived
from the influence of pore size and shape on a reaction. Zeolites were used in biodiesel
production as a heterogeneous catalyst. Pérez-Pariente et al. (2003) studied the selective
synthesis of fatty monoglycerides with Zeolites. Compared with reaction parameters,
catalyst properties have more effects on monoglyceride yield.

Zeolite B is a high silica zeolite with both Lewis-acid sites and Brensted-acid sites,
containing an intersecting three-dimensional structure of 12-membered ring channels (Shu
et al., 2007). Lewis-acid sites are mainly present in the micro-porous walls. On the contrast,
Brensted-acid sites are present on the internal and external surface. Zeolite B does not
exhibit high activity in transesterificaiton, but it can be used for selective removal of FFAs in
waste oil (Chung et al., 2008).

HY zeolite has a large number of weak acid sites. When one Si** is substituted by an Al3+,
the zeolite framework generates one Bronsted acid site. On the other hand, one Na* cation
neutralizes one acid site. Furthermore, hydroxyl groups formed by ion exchange of HY
zeolite with ions, such as Ca2*, Mg2* and La3*, can strengthen the acidic sites. Acidity of
zeolite can also be adjusted by introducing protons with dilute hydrochloric acid.
Sasidharan and Kumar (2004) found that large-pore zeolites such as Y, mordenite, and
showed higher activity (biodiesel yield 92%) than the medium-pore ZSM-5 and aluminum
containing mesoporous MCM-41 (biodiesel yield < 30%). The high pore volume of large-
pore zeolites favored reaction by rendering the active sites more accessible to the bulky
triglyceride molecules. However, HB-Zeolite catalyzed transesterification of crude Pongamia
pinnata oil gave low yield of 59% at a long reaction time (24 h) (Karmee and Chadha, 2005).
Internal diffusion resistances are considered to limit reaction rate significantly. Thus, large-
pore zeolites are active for the reaction with satisfactory reaction rate.

Most of zeolites exhibit not only acidic property, but they also provide high activity and
selectivity in various acid catalysts as carrier. Bifunctional catalyst can usually be prepared
by combining active catalytic sites on an acid zeolite. Shu et al. (2007) introduced La ion into
zeolite p with La(NOs); as the ion exchange precursor. La/zeolite [ resulted in higher
conversion with higher stability than zeolite  because it has more external Brensted acid
sites available for the reactants. Triglyceride conversion yield of 48.9 wt% was obtained at 60
oC for reaction time of 4 h.

2.1.3 Heteropoly acids (HPAs)

A heteropoly acid is a class of acid made up of a particular combination of hydrogen and
oxygen with certain metals (i.e., tungsten, molybdenum and vanadium) and non-metals
(i.e., silicon, phosphorus). Heteropoly acid is frequently used as a re-usable acid catalyst in
chemical reactions, but their long term stability and performances are not yet fully
characterized. With inherent advantages of strong Brensted acidity, stability and high
proton mobility, HPAs are favorable as environmentally benign and economical solid
catalysts. Owing to their unique physicochemical properties, HPAs are profitably used in
homogeneous, biphasic and heterogeneous systems. There are many types of
heteropolyacids, and the Keggin (H,XM;12040) and Dawson (HnX2Mi1sOg2) structures are two
of the better known groups (Kozhevnikov, 1998). HPAs (e.g., HsPW12Oy) are soluble in
water and possess acidic strength as strong as sulfuric acid. HPAs solubility can be changed
via alkali-exchange, and modified HPAs exhibiting significantly higher activity.
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HPAs are excellent and environmentally benign acid catalyst for the production of biodiesel,
which are tolerant to contaminations contained in oil resources such as FFAs and water. The
Keggin HPA (i.e., HsPW1204) is soluble in methanol, and the use of Keggin heteropolyacids
for triglyceride (trans)esterification has been reported. Alsalme et al. (2008) studied the
intrinsic catalytic activity of Keggin HPAs, indicating activity of HPAs is significantly higher
than that of the conventional acid catalysts in (trans)esterificaiton. Their acid strength in the
descending order is as follows: H3PW12O4 > CspsHosPW12O4 > HiSiW1:04 >
15%H3PW12040/Nb205, 15%H3PW12040/ZI‘02, 15%H3PW12040/T102 > HZSO4 > HY, H-Beta
> Amberlyst-15. HPA is able to efficiently promote the esterification with a similar
performance to sulfuric acid. However, the recovery and reutilization of HPAs is difficult.
The main disadvantage of HPAs is their solubility in water and polar solvents. This problem
can be overcome by converting it into its salt (e.g., ammonium salt) with decreases of acidity
and catalytic activity. It is reported that partial exchange of ammonium salt in 12-
tungstophosphoric acid with offers more acidic strength to the catalyst than the fully
exchanged ammonium salt (Giri et al., 2005). Exchange of protons in HPA can help promote
its activity in transesterification of triglycerides. The protons replacement has similar effects
on activity as cations concentration increase. CsyH3PW1,04 (x = 0.9-3), one kind of
insoluble Keggin HPAs, offers excellent performance in (trans)esterification (Narasimharao
et al., 2007). The catalytic activity of Cs-salts decreases as the content of Cs in HPW grows,
due to the decrease of pH and the increase of conductivity of colloidal solutions in direct
relation with the acidity of surface layers of primary particles. Furthermore, low-Cs loading
on HPAs shows some dissolution of an active acid component after reflux in hot methanol,
while high-Cs loading on HPAs is stable in hot methanol.

Immobilization of HPAs on carrier is also an efficiency method to obtain insoluble catalyst.
Such supported solid acids performed high thermal-stability even under reaction conditions
of 200 oC. Caetano et al. (2008) used tungstophosphoric acid, molibdophosphoric acid and
tungstosilicic acid immobilized by sol-gel technique on silica to catalyze esterificaiton of
palmitic acid with methanol. The higher heteropolyacids load on silica, the lower the
catalytic activity is observed. Tungstophosphoric acid-silica (with 4.2 wt.%) showed the
highest catalytic activity, 100% palmitic acid conversion was achieved after 30 h reaction
time with methanol. Zieba et al. (2010) tested catalytic performance of Amberlyst-15,
Nafion-SAC-13, polyaniline-sulfate, silver and cesium salts of HPAs in transesterifiaction of
triglycerides with methanol. CsoHPW12O4 was the most active catalyst due to its highest
strength of acid sites, but the great affinity toward glycerol led to its deactivation during
recycling process.

2.1.4 Supported acid catalysts

Supports can provide higher surface area through the existence of pores where acidic sites
can be anchored. Supports should be modified during preparation of catalysts to anchor
catalytic species and obtain reusability. Furthermore, some amorphous carriers also showed
good activity for (trans)esterification. Metal oxides are widely used as catalyst supports
because of their thermal and mechanical stability, high specific surface area, and large pore
size and pore volume. Because solid acids function the same as H* in sulfuric acid for
(trans)esterification, sulphonated metal oxides, such as SO42-/ ALO3, SO42-/ TiO2, SO4%/ ZrOs,
SO4%/SnO; and SO42/V>0s5 (Garcia et al., 2008) can supply more acid species. Such solid
acids are usually prepared by impregnating the hydroxides from ammonia precipitation of
corresponding metal salt solutions with aqueous sulfuric acids followed by calcination. In
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addition to acid amount and acid strength adjustment, the catalysts are satisfactorily active
in a heterogeneous liquid-solid system and are recoverable and reusable.

A cheap and high efficiency solid acid catalyst (SAC) derived from sulfonation of
carbonized D-glucose or sucrose was reported, and used in transesterification of vegetable
oil with alcohol (Shu et al., 2009; Toda et al., 2005; Zong et al., 2007). The catalyst was
prepared from carbohydrates by carbonizing at 400 °C under N. atmosphere and then
sulphonating at 150 °C. The solid acid catalyst can also be prepared by direct sulphonation
of lignin consisting of polyethers and C-C linked phenylpropanes as shown in Fig. 1. The
carbon carriers are amorphous, polycyclic aromatic carbon sheets containing SOsH groups
as active sites (Shu et al., 2009; Toda et al., 2005). The polycyclic carbon sheets can absorb
long-chain hydrocarbon for reactants in solution to access SOsH groups. Hydrolysis of
cellulose to saccharides using such amorphous carbon bearing SO3H, COOH, and OH
function was studied (Suganuma et al., 2008). Phenolic OH groups bonded to the grapheme
sheets can absorb -1,4 glycosidic bonds and provide good access of reactants in solution to
the SO3H groups in the carbon material.

~ Amorphous carbon

Glucose

nat“l()“

[ e

g sulphonated amorphous carbon
Lignin
Fig. 1. Preparation process of sulphonated amorphous carbon from glucose and lignin.

Zong et al. (2007) utilized SAC as a solid acid catalyst for transesterification of waste oil
(27.8% FFAs) with methanol. The reaction was carried out at 80 °C for 15 h, a high yield of
above 90% obtained as compared with below 80% yield when sulfated ZrO,, Amberlyst-15
and niobic acid were used. SAC was also used for other types of organics reactions, such as
oxidations of organic compounds (e.g., sulfides, tertiary amines, aldehydes) with hydrogen
peroxide (Shokrolahi et al., 2008). Specific surface area, pore size, pore volume and active
site concentration on the surface of catalyst are effective factors on catalytic activity. Stability
of the active sites is important for their industrial applications.

2.2 Heterogeneous base catalysts
The transesterification of vegetable oils or animal fats to biodiesel by chemical catalysts,
especially in the presence of a strong basic solution, such as sodium hydroxide and
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potassium hydroxide, has been widely used in industrial production of biodiesel. Such basic
solutions can transform triglycerides to their corresponding FAMEs with higher yield at
lower temperature and shorter time than those by acid catalysts. However, separating the
catalysts from products is technically difficult. Moreover, natural vegetable oils and animal
fats usually contain small amounts of FFAs and water, which can have significant negative
effects on the transesterification of glycerides with alcohols, and also hinder the separation
of FAMESs and glycerol due to saponification of FFAs. Compared with basic solutions, solid
base catalyst is preferred due to easy separation.

Heterogeneous base catalysis has a shorter history than that of heterogeneous acid catalysis.
Solid bases refer mainly to solids with Brensted basic and Lewis basic activity centers, that
can supply electrons (or accept protons) for (or from) reactants. Heterogeneous base-
catalyzed transesterification for biodiesel synthesis has been studied intensively over the last
decade. Low-qualified oil or fat with FFAs and water can be used. However, the catalytic
efficiency of conventional heterogeneous base catalysts is relative low and needs to be
improved. Various types of catalytic materials have been studied to improve the
transesterification of glycerides. Heterogeneous base catalysts, such as hydrotalcites, metal
oxides, metallic salt, supported base catalyst and zeolites are introduced herein details.

2.2.1 Hydrotalcites

Hydrotalcites (HTs) are a class of anionic and basic clays known as layered double
hydroxides (LDHs) with the formula MgsAly(OH)16CO34H>O. HTs consist of positively
charged brucite-like layers and interstitial layers formed by COs2 anions, and water
molecules compensate the positive charge resulting from the substitution. LDHs have
strong alkali sites and high stability with good adjustability of composition and structure.
However, low surface area affected its catalytic activity. Mg/ Al mole ratio and calcination
temperature are the determining factors for the base-catalyzed activities. HTs with a 3:1
molar ratio of Mg to Al have the highest basicity and activity (Xie et al., 2006).
Decomposition of HTs after calcination yields a high surface area Mg-Al mixed oxide, which
presumably exposes strong Lewis basic sites. During calcination process, the interlayer
water is lost first, followed by dehydroxylation and decomposition of interlayer carbonate to
CO,, which generate a porous structure and specific surface area ranging from 150 to 300
m2/g (Lee et al.,, 2009). Furthermore, Mg?* can be replaced by Zn2?*, Fe3*, Co2*, Ni?*, and AI3*
by Cr8+, Ga®*, Fe3*. HTs substituted with copper have a relatively uniform porous structure
with decreased specific surface area. For iron substituted HTs, microporosity features
developed, pore size decreased and specific surface area increased. The initial study by
Cantrell et al. (2005) on biodiesel synthesis with HTs indicated magnesium content has
obvious effects on catalytic activity. Increase of both magnesium content and electron-
density enhances alkaline of HTs and finally increases biodiesel yield.

As classical solid base materials, calcined HTs were widely used as catalyst in the
production of biodiesel (Brito et al., 2009; Deng et al., 2010). The basicity and surface area
of HTs can be tuned by modifying chemical composition and preparation procedure. A
co-precipitation method usually used to synthesize HTs with Mg/ Al molar ratio of 3/1
using urea as precipitating agent. In previous work (Xie et al., 2006), transesterification
process was carried out with reflux of methanol, methanol/soybean-oil molar ratio of
15/1, reaction time of 9 h and catalyst amount of 7.5%, and oil conversion rate was only
67%. In the work of Brito et al. (2009), waste oil as feedstock, biodiesel production was
performed at temperatures ranging from 80 to 160 °C, methanol/oil molar ratio from 12/1
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to 48/1 and catalyst concentration from 3 to 12%, respectively, and 90% biodiesel yield
was achieved.

It is known that HTs present lamellar structure thus not pose accessibility restrictions of
vegetable oil molecules to catalyst sites. Improvement of specific surface area becomes
necessary to obtain high catalytic activity. Deng et al. (2011) synthesized a series of
nanosized HTs by a modified co-precipitation method. SEM images of HTs and calcined
HTs were given in Fig. 2. Variables of temperature, solution pH and ageing time have a
strong influence on the final basicity of the mixed oxides. Mg-Al ratio in the precursor HT
depends on the basic properties of these sites. In the transesterification experiment using
Mg-Al HT catalysts, 95% biodiesel yield was achieved from Jatropha oil in 1.5 h. Pre-mixture
of HTs with methanol is essential to optimize catalyst activity to avoid lagging in reaction
activity due to mass diffusion. Xi et al. (2008) tested influence of water on the activity and
stability of activated Mg-Al HTs. In the presence of certain amount of interlayer water,
Bronsted base sites were active. However, high degree of hydration caused rapid
deactivation of the catalyst. Mg-Al HT shows relatively robust activity in the presence of
water or FFAs tolerate, which is an attractive feature for biodiesel production.

Fig. 2. SEM images of (A) hydrotalcite and (B) calcined hydrotalcite at 500 °C for 6 h.

2.2.2 Metal oxides

Metal oxides are composed of cations possessing Lewis acid and anions with Brensted base.
Metal oxides used in transesterification are classified as single metal oxides (e.g., MgO, CaO
and SrO) and mixed metal oxides [A-B-O type metal oxides, where A is an alkaline-earth
metal (Ca, Ba, Mg), alkaline metal (Li), or rare earth metal (La) and B is a transition metal
(Ti, Mn, Fe, Zr, Ce)] (Kawashima et al., 2008; Liu et al., 2007; Liu et al., 2008; Montero et al.,
2009). Early studies on heterogeneously catalyzed transesterification were focused on the
catalysis by single metal oxides. The basicity of oxides (especially, basic sites) directly
depends on reaction rate. A comparison of several metal oxides (MgO, CeO,, LaO3 and
Zn0O) indicated that the most basic one is LayOs followed by MgO, CeO, and ZnO
(Bancquart et al., 2001).

The order of activity among alkaline earth oxide catalysts is BaO > SrO > CaO > MgO.
CaO is the most frequently applied metal oxide catalyst for biodiesel preparation, due to
its cheap price, relatively high basic strength and less environmental impacts. Reddy et al.
(2006) used CaO as solid base catalyst in the transesterification of soybean oil, only 2%
biodiesel yield achieved. However, the intrinsic basicity of nano-CaO is much higher, 99%
biodiesel yield was obtained with nano-CaO. In addition to specific surface area, other
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variables such as temperature and molar ratio of methanol to oil also influenced the
catalytic activity. A measured amount of water in oil is wonderful for promotion of
catalytic activity. Study showed 95% biodiesel yield was obtained using CaO as catalyst in
present of about 2 wt% water (Xi et al., 2008). SrO has basic sites stronger than Ho = 26. It
can catalyze many chemical reactions, such as oxidative coupling of methane, selective
oxidation of propane, nitro-Aldol reactions and mixed Tishchenko reactions. Liu et al
(2007) reported SrO performed high catalytic activity to convert soybean oil to biodiesel
with a yield over 95% at temperature below 70 °C for 30 min. MgO has weak basic
strength and low solubility in methanol. It is usually produced by direct heating of
magnesium carbonate or magnesium hydroxide. There is a striking linear correspondence
between the catalytic activity and surface basicity of MgO. High reaction temperature
(e.g., 523 °C) and high pressure (e.g., 24 MPa) are usually needed for achieving a high
biodiesel yield (Wang and Yang, 2007).

To increase the basic strength of a single metal oxide, mixed metal oxides are synthesized.
Peterson et al. (1984) prepared CaO-MgO and found that it provided higher catalytic
activity than CaO powders for transforming rapeseed oil to biodiesel. Catalytic activity tests
were performed for CaO-TiO; CaO-MnO,, (CaO);-Fe;Os, CaO-ZrO; and CaO-CeO»
samples, approximately 90% biodiesel yield were obtained (Kawashima et al., 2008). The Ca
catalysts were found to have higher basicity and activity. Such catalysts performed
noticeably decreased activity in transesterificaiton when ethanol or branched alcohols was
used, attributed to the steric effects on the catalytic activity of these catalysts. Furthermore,
active sites of metal oxides are easily blocked by adsorbing intermediates (diglyceride,
monoglyceride) or products. Deactivated catalysts can be recovered nearly to the initial
value through calcination.

2.2.3 Metallic salts

Inorganic solid bases, such as sodium silicate (Guo et al., 2010), vanadyl phosphate (Serio et
al., 2007), calcium zincate (Rubio-Caballero et al., 2009) and calcium methoxide (Liu et al.,
2008), are low-cost and easy-to-use heterogeneous catalysts. Reports on metallic salts
catalyzed conversion in biodiesel preparation are rare. Here, only sodium silicate, vanadyl
phosphate (VOP) and calcium zincate are reviewed.

Sodium silicate was used as starting materials to synthesize y-zeolite, NaY zeolite, and NaX
zeolite. Guo et al. (2010) used sodium silicate to catalyze the transesterification reaction for
the first time. It catalyzed soybean oil to biodiesel with a yield of almost 100% under the
conditions: sodium silicate of 3.0 wt %, a molar ratio of methanol/oil of 7.5:1, reaction time
of 60 min, reaction temperature of 60 °C, and stirring rate of 250 rpm. In addition to high
catalyst activity, sodium silicate also has other similar characteristics to supported-solid base
catalysts. Most of basic sites were in the interior of the solid catalyst due to low surface area
and high density of the basic sites. The calcined sodium silicate could tolerate 4.0 wt% water
or 2.5 wt% FFAs contained in soybean oil. The water tolerance is related to its special crystal
and porous structure. In the presence of high amount of water, a sequential hydration will
occur in three steps:

=Si—-0-Na+H,0 > =Si—-O-H+OH"
=Si-0-Si=+OH — =Si-O-H+=Si-0"
=Si-0 +H,0 > =Si—-O-H+OH"

)
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As a result, Si-O-Si bridges would be hydrolyzed and HySiO; monomers are sequentially
released. Such series of reactions not only produce OH-, but also avoid the formation of
soap. Furthermore, sodium silicate could also be used to catalyze dehydration of glycerol.
Long et al. (2011) used sodium silicate as catalyst for transesterification of rapeseed oil for
several recycles, and subsequently the used sodium silicate without any modification was
catalyzed for the hydrothermal production of lactic acid from glycerol at 300 °C. A yield of
80.5% lactic acid and only minor amounts of formic, acetic acid and acrylic acid were
produced.

Previous applications of VOP were mainly in hydrocarbon oxidation, dehydration and
isomerization (Serio et al., 2006). Serio et al. (2007) confirmed that VOP-based catalysts were
very active in the transesterification of vegetable oil with methanol despite their low specific
surface area. VOP was deactivated due to a progressive reduction of vanadium (V) species
from V5* to V4 and V3* by methanol. Because the deactivation is reversible and catalyst
activity can easily be restored by calcination. Rubio-Caballero et al. (2009) investigated the
use of calcium zincate in the methanolysis of sunflower oil for biodiesel production. The
activated calcium zincate at 400 °C is stable against lixiviation, attributed to its strong
interaction with a much less soluble zinc oxide. But, calcium zincate is more sensitive to
water (> 0.2 wt.%) rather than FFAs. Calcium methoxide has a moderate surface area,
relative broad particle size distribution, narrow pore size distribution, strong basicity, long
catalyst lifetime and better stability in organic solvent (Liu et al., 2008). It has tremendous
potential to replace some homogeneous catalysts.

2.2.4 Supported base catalysts

Alkali metals (Li, Na, K) and alkaline earth metals (Mg, Ca, Ba) are the most common sources
of super basicity, and selected as the active species of supported catalysts for biodiesel
synthesis. They are frequently used in the metallic form or as various ionic forms of hydroxide,
halide, carbonate and nitrate, such as K+, Li* La3*, KOH, NaOH, KF, K>COs, KNO; (Shu et al.,
2007; Sun et al., 2008; Vyas et al., 2009). Alumina, silica, zinc oxide, zirconium oxide and zeolite
were used as supports for these catalysts. Surface basicity is the primary determinant of
catalyst activity, then the specific surface area and pore volume (Sun et al., 2008). During the
preparation of such catalysts, the mechanical intensity and surface area of carriers can be
adjusted to obtain different basic intensities and activity sites.

Almost all supported base catalysts were synthesized via loading of active species on carriers
by covalent bond, ionic bond or physical adsorption. Despite of formation of M-O-carrier (e.g.,
Al-O-K, Si-O-Na and Ca-O-K), other possible interactions of the alkali species with supports
include formation of solid solutions and acid-base reactions. Hydroxyl groups introduced to
the surface of solids play an important role in transesterification reaction (Xie et al. 2006). The
hydroxyls with alkali species enhance the catalytic activity.

As a most popular carrier, AlO; has almost all noteworthy properties such as high
temperature resistant, high surface area, high porosity, low density and transition crystalline
phase existed in a wide temperature range. Furthermore, it serves as carrier with both solid
acid and base. Most super basicity sources can be well dispersed on the A,O3 support in the
form of a monolayer at a low loading. Furthermore, alumina is more resistant than other
supports (e.g., SiO,, CaO and zeolite) for alkali species. Taking KNO;/ALOs as an example,
it is usually prepared by impregnation and subsequent calcination at 500 °C (Xie et al. 2006).
K+ ions replaced protons of isolated hydroxyl groups to form Al-O-K groups. The Al-O-K
groups and KO derived from KNO;j are active basic species. The base strength could be
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tentatively denoted as 15 < Hy < 18.4 by using Hammett indicator. Basic strength of
KNOs/AlLO3 was influenced by KNO; loading and temperature. The 35% KNO;/ALO;
sample calcined at 500 °C had the highest basicity. However, the sample prepared at 700 cC
was most stable. Because part of potassium species are loss by a solid-solid reaction leading
to formation of spinels or penetration into the subsurface.

Aends and Sheldon (2001) indicated that such kind of catalyst is unstable during reaction,
mainly due to M-O-Al decomposed in present of methanol. Arzamendi et al (2007)
confirmed that NaOH reacted with the support to form aluminates during preparation of
NaOH/ALOs. Leaching of sodium species from AlOs was also found. Furthermore,
problems of high cost, difficult preparation and easy poisoning by absorption of HO and
CO; should be solved. The supported solid base catalysts are excellent for transesterification
of triglyceride, but a higher temperature is needed.

3. Catalytic mechanism

3.1 Heterogeneous solid acid-catalyzed esterification mechanism

Low-cost feedstocks need pretreatment (esterification) to remove FFAs before base-
catalyzed transesterification reaction. The esterification path is relatively simple reversible
reaction as follows:

i H i

™, Catalyst
C H + — —— C CH; + H 2
# e O0—CH; o g 20 @
In the reaction (2), FFA is converted to FAME. When homogenous acid (e.g., sulfonate acid,
phosphorus acid and hydrochloric acid) was used, esterification reaction is a process that
FFA supply hydroxide and methanol supply proton without intermediate process.
Different to homogeneous catalysis, heterogeneous catalytic process is known to follow a
carbonium ion mechanism. The mechanism of solid acid-catalyzed esterification consists of
following steps as shown in Fig. 3. Firstly, solid catalysts provided protons, and carbonyl
carbon was protonated. Next, nucleophilic attack of CH3OH on the carbonium ion formed a
tetrahedral intermediate. Finally, FAME was produced after proton migrated and the
intermediate broke down, and proton was reformed.

@
o o H L0 ot
@
Il N\ C
_C CH R CH.
-C. _CH R _CHy e CHs
RO ~CHs o o o ©

Fig. 3. Solid acid-catalyzed reaction mechanism of esterification.
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The esterification reaction path is slightly different in various acidic species types. The
whole reaction process is through proton-exchange. Tesser et al. (2005) proposed a kinetic
model based on the following hypotheses: (1) major part of the active sites are occupied by
methanol in a protonated form, and the rest part are also occupied; (2) fatty acid, water and
methyl ester reach proton-exchange equilibrium with the protonated methanol; (3) inside
the resin particles, an Eley-Rideal mechanism occurs between protonated fatty acid and the
methanol. Deviate from the mechanism shown in Fig. 3, steps of protonation of carbonyl
carbon, nucleophilic attack, proton migration and breakdown of intermediate are
undergoing in a proton-exchange way.

3.2 Transesterification mechanism

The transesterification reaction involves catalytic reaction between triglyceride and alcohol
(e.g., methanol, ethanol, propanol and butanol) to form biodiesel (FAMEs) and glycerol (Fig.
4). In the reaction, three consecutive reactions are required to complete the transesterification
of a triglyceride molecule. In the presence of acid or base, a triglyceride molecule reacts with
an alcohol molecule to produce a diglyceride and FAME. Then, a diglyceride reacts with
alcohol to form a monoglyceride and FAME. Finally, an monoglyceride reacts with alcohol to
form FAME and glycerol. Diglyceride and monoglyceride are the intermediates in this process.

R;COOCH, HOCH,
R,COOCH + ROH%RZCOO‘CH + R,COOR
R3COOCH, R3COOCH, FAME
Triglyceride Diglyceride

HOCH, HOC‘HZ
R,COOCH + ROH—Z2ASL  poly & r,coor
R;COOCH, R;COOCH, FAME

Diglyceride Monoglyceride

HOCH, ' HOCH,

HOCH + ROH-2ESL  poly o ricoor
R;COOCH, HOCH, FAME
Monoglyceride glycerol

Fig. 4. Transesterification reactions of glycosides with alcohol.

3.2.1 Mechanism for heterogeneous acid-catalyzed transesterification

Acidic or basic functional groups in the active sites of solid catalysts catalyze the reaction by
donating or accepting protons. Acid-catalyzed reaction mechanism for the
transesterification of triglycerides is shown in Fig. 5. Firstly, triglycerides are protonated at
the carbonyl group on the surface of solid acid. Then, a nucleophilic attack of the alcohol to
carbocation forms a tetrahedral intermediate (hemiacetal species). Unstable tetrahedral
intermediate leads to proton migration, followed by breakdown of the tetrahedral
intermediate with assistance of solvent. After repeating twice, three new FAME as products
were produced and the catalyst was regenerate. During the catalytic process, protonation of
carbonyl group boosts the catalytic effect of solid acid catalyst by increasing the
electrophilicity of the adjacent carbonyl carbon atom.
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Different with Brensted acids, Lewis acids [e.g., Fex(SOy)s, titanate complexes, carboxylic
salts, divalent metal pyrone] act as electron-acceptors via the formation of a four-membered
ring transition state (Abreu et al., 2004; Di Serio et al., 2005). The reactant triglyceride and
metal form a Lewis complex, which assists solid Lewis acids during process of the carbonyl
groups activating for a nucleophilic attack by the reactant alcohol. The triglyceride carbonyl
coordinates at a vacant site in the catalytic active specie. Formation of a more electrophilic
species is responsible for the catalytic activity. Stearate metals (Ca, Ba, Mg, Cd, Mn, Pb, Zn,
Co and Ni) were tested as catalysts for methanolysis of soybean oil (2.0 g) with methanol
(0.88 g) at 200 oC (Di Serio et al., 2005). A high FAMEs yield (96%) and a low final FFAs
concentration (<1%) were obtained in a relatively short reaction time (200 min).
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Fig. 5. Acid-catalyzed reaction mechanism of transesterification.

3.2.2 Mechanism for heterogeneous base-catalyzed transesterification

Base-catalyzed crude oil to biodiesel gets more studies than acid-catalyzed method. In base-
catalyzed process, OH- or CH3O- ions performed as active species. Catalytic reactions started
on the surface of heterogeneous base (Fig. 6). The mechanistic pathway for solid base-
catalyzed transesterification seems to follow a similar mechanism to that of a homogeneous
base catalyst. First, ion-exchange proceeded after methanol absorbed on the surface of solid
base, producing catalytic active specie (CH30-) which is strongly basic and highly catalytic
active. Secondly, nucleophilic attack of CH3O- on the carbonyl carbon of triglyceride formed
a tetrahedral intermediate. Thirdly, rearrangement of the intermediate resulted in the
formation of FAME. Finally, protons were converted to diglyceride ion to generate
diglyceride. This sequence was then repeated twice to yield glycerol and biodiesel.
Formation of CH3O- is different according to solid base types. Taking CaO as an example,
surface O2 is the basic site, which can extract H* from H,O to form OH-, and OH- extracts
H* from methanol to generate CHzO- (Liu et al.,, 2008). It is interesting that CaO generates
more methoxide anions in the presence of a little water (less than 2.8% by weight of crude
oil), avoiding formation of soap. Surface oxides or hydroxide groups depend on the basicity
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and catalytic activities. The basic strengths of Na/CaO and K/CaO are slightly lower than
that of Li/CaO (Ma and Hanna, 1999). The presence of the electron-deficient M* on the
support enhances the basicity and activity of the catalysts towards the transesterification
reaction.
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Fig. 6. Base-catalyzed reaction mechanism of transesterification.

4. Other methods or technologies

4.1 Microwave technology

Microwave heating has been widely used in many areas to affect chemical reaction
pathways and accelerate chemical reaction rates. Microwave irradiation can accelerate the
chemical reaction, and high product yield can be achieved in a short time. Microwave
irradiation assisted biodiesel synthesis is a physicochemical process since both thermal and
non-thermal effects are often involved, which activates the smallest degree of variance of
polar molecules and ions such as alcohol with the continuously changing magnetic field.
Upon microwave heating, rapid rising of temperature would result in interactions of
changing electrical field with the molecular dipoles and charged ion, leading to a rapid
generation of rotation and heat due to molecular friction. Dielectric properties are important
in both the design calculations for high frequency and microwave heating equipment.
Furthermore, dielectric constant depends on frequency, and is strongly influenced by
temperature, mixed ratio and solvent type.

In Azcan and Danisman’s work (2007), microwave heating effectively reduced reaction time
from 30 min (for a conventional heating system) to 7 min. Ozturk et al. (2010) studied
microwave assisted transesterification of maize oil, using a molar ratio alcohol/maize-oil of
10:1, and 1.5% w/w NaOH as catalyst. A 98.3% conversion rate is obtained using methanol
for 5 min. Based on special heating manner, microwave irradiation performed well in
transesterification of vegetable oil with heterogeneous base. Hsiao et al. (2011) introduced
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nano-powder calcium oxide as solid base in converting soybean oil to biodiesel. A 96.6% of
conversion rate was obtained under conditions of methanol/oil molar ratio of 7:1, amount
of catalyst of 3.0 wt.%, reaction temperature of 65 °C and reaction time of 60 min. While a
biodiesel conversion rate exceeded 95% was achieved under conditions of 12:1 molar ratio of
methanol to oil, 8 wt.% catalyst, 65 °C reaction temperature and 2.0% water content for 3 h
(Xie et al., 2008). Microwave irradiation is also used for extraction of bioactive compounds
for value-added products, including oil extraction systems. Microwave heating can be used
for biodiesel production by in-situ simultaneous extraction and transesterification from oil
seeds.

4.2 Ultrasonic technology

There are three primary effects on an object under ultrasound: (1) Mechanical effects; (2)
Cavity effects; (3) Thermal effects. The above effects of ultrasound not only change the
structure of the object, but also lead to chemical reactions. Ultrasonic radiation is a relative
new technique that results in the formation and collapse of micro-scale bubbles in liquid to
generate local high temperature and high pressure. So, it is used as alternative energy
source to promote reactions. The cavitation in ultrasonic wavelength is the phenomenon of
expansion and contraction of the transfer media bubbles. Ultrasonic energy is propagated
into solution by the destruction of pressurized micro-bubbles into small droplets.
Furthermore, ultrasonication device placed near the liquid-liquid interface in a two-phase
reaction system benefited for producing large interfacial areas (Wu et al., 2007). Cavitation
induced by ultrasound has significant effects on liquid phase reactions. When ultrasound
irradiation increased from 30 to 70 W, the mean droplet size decreased from 156 nm to 146
nm. Nevertheless, effect of droplet size on biodiesel yield was not studied.

Ultrasound has a short wavelength, slow transfer rate, and high energy transmittance as the
vibrating type energy. Irradiation of ultrasonic energy has been used for the
(trans)esterification of vegetable oils to shorten reaction time and to increase product yield
(Deng et al., 2010). A comparison study between conventional and ultrasonic preparation of
beef tallow biodiesel was carried out (Teixeira et al., 2009). The results showed that
conversion rate and biodiesel quality were similar. The use of ultrasonic irradiation
decreased reaction time from 1 h to 70 s. In addition to the mentioned advantages, ultrasonic
can promote the deposition of glycerol at the bottom of reactor. Stavarache et al. (2007)
investigated a bench-scale continuous process for biodiesel synthesis from neat vegetable
oils under high power, low frequency ultrasonic irradiation. Reaction time and alcohol-oil
molar ratio were mainly variables affecting the transesterification. Their research confirmed
that ultrasonic irradiation is suitable for large-scale processing of vegetable oils since
relatively simple devices can be used to perform the reaction. In the process, however, real
irradiation time decreased during increasing pulse interval for tuning temperature, leading
to biodiesel yield decrease. To reduce the effect of irradiation time loss, reaction temperature
should be kept constant.

Mass transfer resistance is one of the main reasons for poor catalytic performance of solid
catalysts in (trans)esterification. Very fine ultrasonic emulsions greatly improve the
interfacial area available for reaction, increase the effective local concentration of reactive
species, and enhance the mass-transfer in interfacial region. Therefore it leads to a
remarkable increase in reaction rate under phase-transfer conditions transesterification with
solid catalyst. Ultrasonication could reduce the transesterification reaction time to around 10
min compared with over 6 h for conventional processing.

www.intechopen.com



Biodiesel Production with Solid Catalysts 353

4.3 lonic liquids

Ionic liquids (ILs) are defined as salts that are in the state of liquid at low temperatures
(below 100 °C). They are composed solely of cations and anions, and were used as
solvents/catalysts for reactions. ILs are nonvolatile and thermal stable, hence they are
excellent alternatives to traditional solvents. Some ILs are Lewis and Franklin acids. Acidic
ILs are new-type of catalysts with high-density active sites as liquid acids but non-
volatilization as solid acids. Furthermore, cations and anions of ILs can be designed to bind
a series of groups with specific properties, so as to achieve the purpose of regulating the
acidity. Recently, they have been used to replace traditional liquid acids such as sulfuric
acid and hydrochloric acid for biomass conversion (Qi et al., 2010).

ILs were originally used as solvents for biodiesel synthesis with high biodiesel yield in short
reaction time, by forming an effective biphasic catalytic system for the transesterification
reaction. Neto et al. (2007) introduced a complex [Sn(3-hydroxy-2-methyl-4-pyrone)>(H20):]
immobilized in BMI InCly with high price metal salts, and a maximum biodiesel yield of
83% was achieved. Later, biodiesel synthesis from vegetable oils using imidazolium-based
ionic liquids under multiphase acidic and basic conditions was reported (Lapis et al., 2008).
It is found that the acid is almost completely retained in ionic liquid phase, and ILs could be
reused at least six times without any significant loss in the biodiesel yield or selectivity.
However, the ILs is expensive and was only used for neutral vegetable oils. Bronsted acidic
ILs were highly efficient catalysts for biodiesel synthesis from vegetable oils. Sulfuric acid
groups in these ILs are the active sites for transesterification. Dicationic ILs exhibited better
stability than the traditional ones. The acidic dicationic ILs with an alkane sulfuric acid
group gave a superior catalytic performance in esterification reaction. Neto et al. (2007)
assumed that the use of ILs with inherent Lewis acidity may constitute a more stable and
robust catalytic system for the transesterification reaction. Guo et al. (2011) used 7 low-cost
commercial ILs as both catalysts and solvents for the direct production of biodiesel from
un-pretreated Jatropha oil. It was found that [BMIm][CH3SOs] had the highest catalytic
activity with 93% of oleic acid being converted into ethyl oleate. When FeCl; was added to
[BMIm][CH3S03], a maximum biodiesel yield of 99.7% was achieved from un-pretreated
Jatropha oil. However, it is complicated to synthesize these functional ILs and their cost is
too high for industrial applications. Therefore, further investigation is necessary to
synthesize inexpensive, stable and highly-active ILs.

5. Conclusions and future perspectives

Currently, homogeneous catalysis is a predominant method for transesterification reaction.
Separating the catalyst from a mixture of reactants and product is technically difficult.
Compared with liquid acid catalysts, solid acid catalysts have distinct advantages in
recycling, separation, and environmental friendliness. Solid acid catalysts are easily
separated from the products mixture for reuse after reaction. Both Lewis acid-base sites and
Bronsted acid-base sites have the ability to catalyze oil transesterification reaction. Besides
specific surface area, pore size and pore volume, the active site concentration and acidic type
are important factors for solid acid performance. Moreover, types of active precursor have
significant effect on the catalyst activity of supported catalysts. However active site
concentration was found to be the most important factor for solid catalyst performance.
Solid acids with a large potential for synthesis of biodiesel should have a large number of
Brensted acid sites and good thermal stability. A good solid catalyst with sufficient catalytic
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activity combined with appropriate reactor design should make it possible to realize
biodiesel production on a practical scale.

Among solid catalysts introduced in this chapter, Solid acid (i.e. ion-exchange resins, HPAs
and supported acid catalysts) and Solid base (i.e. hydrotalcites, metallic salts and supported
base catalysts) are promising material for study. Low-cost catalysts that still retain the
advantages of a supported base catalyst should be developed to simplify the preparation
process. Design of solid catalysts with higher activity is an important step for clean
production of biodiesel. Innovation and breakthrough in hydrolysis process is a key for
commercialization of solid acid catalysts. In the near future, through the combination of
green solvents, chemical process, biotechnology and catalysis, it can be expected that novel
solid catalysts will replace the current-used homogeneous catalysts in biodiesel peoduction.

6. References

Abreu, F.R, Lima, D.G., Hamuaa, E.H., Wolf, C., Suarez, P.A.Z. (2004) Utilization of metal
complexes as catalysts in the transesterification of Brazilian vegetable oils with
different alcohols. Journal of Molecular Catalysis A: Chemical, Vol.209, No.1-2, pp. 29-
33.

Aends, LW.C.E,, Sheldon, R.A. (2001) Activities and stabilities of heterogeneous catalysts in
selective liquid phase oxidations: recent developments. Applied catalysis A: General,
Vol.212, No.1-2, pp. 175-187.

Alsalme, A., Kozhevnikova, E.F., Kozhevnikov, I.V. (2008) Heteropoly acids as catalysts for
liquid-phase esterification and transesterification. Applied Catalysis A: General,
Vol.349, pp. 170-176.

Arzamendi, G., Campo, 1., Arguinarena, E., Sanchez, M., Montes, M., Gand4, L.M. (2007)
Synthesis of biodiesel with heterogeneous NaOH/alumina catalysts: Comparison
with homogeneous NaOH. Chemical Engineering Journal, Vol.134, pp 123-130.

Azcan, N., Danisman, A. (2007) Alkali catalyzed transesterification of cottonseed oil by
microwave irradiation. Fuel, Vol.86, pp. 2639-2644.

Bancquart, S., Vanhove, C., Pouilloux, Y., Barrault, J. (2001) Glycerol transesterification with
methyl stearate over solid basic catalysts: 1. Relationship between activity and
basicity. Applied Catalysis A: General, Vol.218, pp 1-11.

Brito, A., Borges, M.E., Garin, M., Hernandez, A. (2009) Biodiesel production from waste oil
using Mg-Al layered doublehydrotalcite catalysts. Energy&Fuels, Vol.23, pp. 2952-
2958.

Caetano, C.S., Fonseca, .M., Ramos, A.M., Vital, ., Castanheiro, J.E. (2008) Esterification of
free fatty acids with methanol using heteropolyacids immobilized on silica.
Catalysis Communications, Vol.9, pp. 1996-1999.

Caetano, C.S., Guerreiro, L., Fonseca, LM., Ramos, A.M., Vital, J., Castanheiro, J.E. (2009)
Esterification of fatty acids to biodiesel over polymers with sulfonic acid groups.
Applied Catalysis A: General, Vol.359, No.1-2, pp. 41-46.

Cantrell, D.G,, Gilie, L.J., Lee, A.F., Wilson, K. (2005) Structure-reactivity correlations in Mg-
Al hydrotalcite catalysts for biodiesel synthesis. Applied Catalysis A: General,
Vol.287, No. 2, pp. 183-190.

Chung, K.H., Chang, D.R,, Park, B.G. (2008) Removal of free fatty acid in waste frying oil by
esterification with methanol on zeolite catalysts. Bioresource Technology, Vol.99, pp.
7438-7443.

www.intechopen.com



Biodiesel Production with Solid Catalysts 355

Deng, X., Fang, Z., Liu, Y.H. (2010) Ultrasonic transesterification of Jatropha curcas L. oil to
biodiesel by a two-step process. Energy Conversion and Management, Vol.51, pp.
2802-2807.

Deng, X., Fang, Z., Liu, Y.H., Yu, C.L. (2011) Production of biodiesel from Jatropha oil
catalyzed by nanosized solid basic catalyst. Energy, Vol.36, No.2, pp. 777-784.

Di Serio, M., Dimiccoli, M., Cammarota, F., Nastasi, M., Santacesaria, E. (2005) Synthesis of
biodiesel via homogeneous Lewis acid catalyst. Journal of Molecular Catalysis A:
Chemical, Vol.239, pp.111-115.

Feng, Y.H., He, B.Q., Cao, Y.H,, Li, J.X,, Liu, M., Yan, F,, Liang, X.P. (2010) Biodiesel
production using cation-exchange resin as heterogeneous catalyst. Bioresource
Technology, Vol.101, pp. 1518-1521.

Feng, Y.H., Zhang, A.Q. Li, ].X,, He, B.Q. (2011) A continuous process for biodiesel
production in a fixed bed reactor packed with cation-exchange resin as
heterogeneous catalyst. Bioresource Technology, Vol. 102, pp.3607-3609.

Garcia, C.M., Teixeira, S., Marciniuk, L.L., Schuchardt, U. (2008) Transesterification of
soybean oil catalyzed by sulfated zirconia. Bioresource Technology, Vol. 99, pp. 6608-
6613.

Giri, B.Y., Rao, K.N., Devi, B.L.A.P., Lingaiah, N., Suryanarayana, L., Prasad, R.B.N., Prasad,
PSS. (2005) Esterification of palmitic acid on the ammonium salt of 12-
tungstophosphoric acid: The influence of partial proton exchange on the activity of
the catalyst. Catalysis Communications, Vol. 6, pp. 788-792.

Guo, F., Fang, Z,, Tian, X.F.,, Long, Y.D,, Jiang, L.Q. (2011) One-step production of biodiesel
from Jatropha oil with high-acid value in ionic liquids. Bioresource Technology,
Vol.102, No.11, pp.6469-6472.

Guo, F., Peng, Z.G,, Dai, ].Y., Xiu, Z.L. (2010) Calcined sodium silicate as solid base catalyst
for biodiesel production. Fuel Processing Technology, Vol. 91,No0.33, pp.322-328.

Hsiao, M.C,, Lin, C.C., Chang, Y.H. (2011) Microwave irradiation-assisted transesterification
of soybean oil to biodiesel catalyzed by nanopowder calcium oxide. Fuel, Vol.90,
pp-1963-1967.

Karmee, K.S., Chadha, A. (2005) Preparation of biodiesel from crude oil of Pongamia pinnata.
Bioresource Technology, Vol.96, pp.1425-1429.

Kawashima, A., Matsubara, K., Honda, K. (2008) Development of heterogeneous base
catalysts for biodiesel production. Bioresource Technology, Vol.99, pp.3439-3443.

Kozhevnikov, LV. (1998) Catalysis by heteropoly acids and multicomponent
polyoxometalates in liquid-phase reactions. Chemical Reviews, 98: 171-198.

Lapis, A.A., Oliveira, L.F., Neto, B.A.D., Dupont, J. (2008) Ionic liquid supported acid/base-
catalyzed production of biodiesel. ChemSusChem, Vol.1, pp.759-762.

Lee, D.W.,, Park, Y.M,, Lee, K.Y. (2009) Heterogeneous Base Catalysts for Transesterification
in biodiesel synthesis. Catal Surv Asia, Vol.13, pp.63-77.

Liu, X., He, H., Wang, Y., Zhu, S.L. (2007) Transesterification of soybean oil to biodiesel
using SrO as a solid base catalyst. Catalysis Communications, Vol.8, pp. 1107-1111.

Liu, X.J., He, H.Y., Wang, Y.J., Zhu, S.L., Piao, X. (2008) Transesterification of soybean oil to
biodiesel using CaO as a solid base catalyst. Fuel, Vol.87, pp.216-221.

Liu, X.J., Piao, X.G., Wang, Y.J., Zhu, S.L., He, H.Y. (2008) Calcium methoxide as a solid base
catalyst for the transesterification of soybean oil to biodiesel with methanol. Fuel,
Vol.87, pp.1076-1082.

www.intechopen.com



356 Biodiesel — Feedstocks and Processing Technologies

Liu, Y., Wang, L., Yan, Y. (2009) Biodiesel synthesis combining pre-esterification with alkali
catalyzed process from rapeseed oil deodorizer distillate. Fuel Processing Technology,
Vol.90, pp. 857-862.

Lotero, E., Liu, Y.J., Lopez, D.E. (2005) Suwannakarn K, Bruce DA, Goodwin JG. Synthesis of
biodiesel via acid catalysis. Industrial & Engineering Chemistry Research, Vol.44,
No.14, pp. 5353-5363.

Long, Y.D., Guo, F., Fang, Z., Tian, X.F.,, Jiang, L.Q., Deng, X., Zhang, F. (2011) Production of
biodiesel and lactic acid from rapeseed oil using sodium silicate as catalyst.
Bioresource Technology, Vol.102, pp.6884-6886.

Ma, F., Hanna, M. A. (1999) Biodiesel production: a review. Bioresource Technology, 70: 1-15.

Montero, J.M., Gai, P., Wilson, K., Lee, A.F. (2009) Structure-sensitive biodiesel synthesis
over MgO nanocrystals. Green Chemistry, Vol.11, pp. 265-268.

Narasimharao, K., Brown, D.R., Lee, A.F., Newman, A.D., Siril, P.F., Tavener, S.]., Wilsona,
K. (2007) Structure-activity relations in Cs-doped heteropolyacid catalysts for
biodiesel production. Journal of Catalysis, Vol.248, pp.226-234.

Neto, B.A.D., Alves, M.B., Lapis, A.A.M., Nachtigall, F.M., Eberlin, M.N., Dupont, ]., Suarez,
P.A.Z. (2007) 1-n-Butyl-3-methylimidazolium tetrachloro-indate (BMI InCly) as a
media for the synthesis of biodiesel from vegetable oils. Journal of Catalysis, Vol.249,
pp-154-161.

Noiroj, K., Intarapong, P., Luengnaruemitchai, A., Jai-In, S. (2009) A comparative study of
KOH/ALOs; and KOH/NaY catalysts for biodiesel production via
transesterification from palm oil. Renewable Energy, Vol.34, pp.1145-1150.

Okuhara, T., Nishimura, T., Watanabea, H., Misono, M. (1992) Insoluble heteropoly
compounds as highly active catalysts for liquid-phase reactions. Journal of Molecular
Catalysis, Vol.74, No.1-3, pp. 247-256.

Ozturk, G., Kafadar, A.B., Duz, M.Z,, Saydut, A., Hamamci, C. (2010) Microwave assisted
transesterification of maize (Zea mays L.) oil as a biodiesel fuel. Energy Exploration &
Exploitation, Vol.28, No.1, pp.47-57.

Peterson, G.R., Scarrach, W.P. (1984) Rapeseed oil transester- ification by heterogeneous
catalysis. Journal of the American Oil Chemists' Society, Vol.61, pp.1593-1596.
Pérez-Pariente, J., Diaz, 1., Mohino, F., Sastre, E. (2003) Selective synthesis of fatty
monoglycerides by using functionalised mesoporous catalysts. Applied Catalysis A:

General, Vol.254, pp.173-188.

Qi, X.H., Watanabe, M., Aida, TM., Smith Jr., R.L. (2010) Efficient one-pot production of 5-
hydroxymethylfurfural from inulin in ionic liquids. Green Chemistry, Vol.12,
pp-1855-1860.

Reddy, C.R.V,, Oshel, R., Verkase, ].G. (2006) Room-temperature conversion of soybean oil
and poultry fat to biodiesel catalyzed by nanocrystalline calcium oxides. Energy &
Fuels, Vol.20, No.3, pp.1310-1314.

Rubio-Caballero, ]J.M., Santamarfa-Gonzalez, J., Moreno-Tost, R., Jiménez-Lépez, A.,
Maireles-Torres, P. (2009) Calcium zincate as precursor of active catalysts for
biodiesel production under mild conditions. Applied Catalysis B: Environmental,
Vol.91, pp.339-346.

Russbueldt, B.M.E., Hoelderich, W.F. (2009) New sulfonic acid ion-exchange resins for the
preesterification of different oils and fats with high content of free fatty acids.
Applied Catalysis A: General, Vol.362, pp.47-57.

www.intechopen.com



Biodiesel Production with Solid Catalysts 357

Sasidharan, M., Kumar, R. (2004) Transesterification over various zeolites under liquid-
phase conditions. Journal of Molecular Catalysis A: Chemical, Vol.210, pp.93-98.

Serio, M.D., Cozzolino, M., Tesser, R., Patrono, P., Pinzarij Bonelli, B., Santacesaria, E. (2007)
Vanadyl phosphate catalysts in biodiesel production. Applied Catalysis A: General,
Vol.320, pp.1-7.

Serio, M.D., Ledda, M., Cozzolino, M., Minutillo, G., Tesser, R., Santacesaria, E.
(2006)Transesterification of soybean oil to biodiesel by using heterogeneous basic
catalysts. Industrial & Engineering Chemistry Research, Vol.45, No.9, pp.3009-3014.

Shibasaki-Kitakawa, N., Honda, H., Kuribayashi, H., Toda, T., Fukumura, T., Yonemoto, T.
(2007) Biodiesel production using anionic ion-exchange resin as heterogeneous
catalyst. Bioresource Technology, Vol.98, pp. 416-421.

Shokrolahi, A., Zali, A., Pouretedal, H.R., Mahdavi, M. (2008) Carbon-based solid acid
catalyzed highly efficient oxidations of organic compounds with hydrogen
peroxide. Catalysis Communications, Vol.9, pp. 859-863.

Shu, Q., Yang, B., Yuan, H., Qing, S., Zhu, G. (2007) Synthesis of biodiesel from soybean oil
and methanol catalyzed by zeolite beta modified with La3*. Catalysis
Communications, Vol.8, pp.2159-2165.

Shu, Q., Zhang, Q., Xu, G.H., Nawaz, Z., Wang, D.Z., Wang, ].F. (2009) Synthesis of biodiesel
from a model waste oil feedstock using a carbon-based solid acid catalyst: reaction
and separation. Fuel Processing Technology, Vol.90, pp.1002-1008.

Son, S.M., Kimura, H., Kusakabe, K. (2011) Esterification of oleic acid in a three-phase, fixed-
bed reactor packed with a cation exchange resin catalyst. Bioresource Technology,
Vol.102, pp.2130-2132.

Stavarache, C., Vinatoru, M., Bandow, H. (2007) Ultrasonically driven continuous process
for vegetable oil transesterification. Ultrasonics Sonochemistry, Vol.14, pp.413-417.

Suganuma, S., Nakajima, K., Kitano, M., Yamaguchi, D., Kato, H., Hayashi, S., Hara, M.
(2008) Hydrolysis of cellulose by amorphous carbon bearing SO;H, COOH, and OH
groups. JACS, Vol.130, pp.12787-12793.

Sun, H., Hu, K., Lou, H., Zheng, X.M. (2008) Biodiesel production from transesterification of
rapeseed oil using KF/EuOs as a catalyst. Energy Fuels, Vol.22, No.4, pp.2756-2760.

Teixeira, L.S.D., Assis, J.C.R.,, Mendonga, D.R., Santos, 1.T.V., Guimaraes, P.R.B., Pontes,
L.AM., Teixeira, J.S.R. (2009) Comparison between conventional and ultrasonic
preparation of beef tallow biodiesel. Fuel Processing Technology, Vol.90, pp.1164-
1166.

Tesser, R., Serio, M.D., Carotenuto, G., Santacesaria, E. (2010) Absorption of
water/methanol binary system on ion-exchange resins. Canadian journal of chemical
engineering, Vol.88, No.6, pp.1044-1053.

Toda, M., Takagaki, A., Okamura, M., Kondo, J.N., Hayashi, S., Domen, K., Hara, M. (2005)
Biodiesel made with sugar catalyst. Nature, Vol.438, pp.178.

Vyas, A.P.,, Subrahmanyam, N., Patel, P.A. (2009) Production of biodiesel through
transesterification of Jatropha oil using KNO3/ALO; solid catalyst. Fuel, Vol.88,
No.4, pp. 625-628.

Wang, L., Yang, J. (2007) Transesterification of soybean oil with nano-MgO or not in
supercritical and subcritical methanol. Fuel, Vol.86, pp. 328-333.

Wu, P, Yang, Y., Colucci, J.A., Grulke, E.A. (2007) Effect of ultrasonication on droplet size in
biodiesel mixtures. Journal of the American Oil Chemist's Society, Vol.84, pp. 877-884.

www.intechopen.com



358 Biodiesel — Feedstocks and Processing Technologies

Xi, Y.Z., Davis, R.J. (2008) Influence of water on the activity and stability of activated Mg-Al
hydrotalcites for the transesterification of tributyrin with methanol. journal of
Catalysis, Vol.254, pp. 190-197.

Xie, W.L., Peng, H., Chen, L.G. (2006) Calcined Mg-Al hydrotalcites as solid base catalysts
for methanolysis of soybean oil. Journal of Molecular Catalysis A: Chemical, Vol.246,
pp-24-32.

Xie, W.L., Peng, H., Chen, L.G. (2006) Transesterification of soybean oil catalyzed by
potassium loaded on alumina as a solid-base catalyst. Applied Catalysis A: General,
Vol.300, pp.67-74.

Xu, LL., Li, W, Hu, J.L., Yang, X., Guo, Y.H. (2009) Biodiesel production from soybean oil
catalyzed by multifunctionalized TaxOs/SiOx-[HsPW12040/R] (R = Me or Ph)
hybrid catalyst. Applied Catalysis B: Environmental, Vol.90, pp.587-594.

Zieba, A., Drelinkiewicz, A., Chmielarz, P., Matachowski, L. Stejskal, ]. (2010)
Transesterification of triacetin with methanol on various solid acid catalysts: A role
of catalyst properties. Applied Catalysis A: General, Vol.387, pp.13-25.

Zong, M.H., Duan, Z.Q., Lou, W.Y., Smith, T.]., Wu, H. (2007) Preparation of a sugar catalyst
and its use for highly efficient production of biodiesel. Green Chemistry, Vol.7,
pp-434-437.

www.intechopen.com



Biodiesel - Feedstocks and Processing Technologies
BIODIESEL : Edited by Dr. Margarita Stoytcheva

ISBN 978-953-307-713-0

Hard cover, 458 pages

Publisher InTech

Published online 09, November, 2011
Published in print edition November, 2011

The book "Biodiesel: Feedstocks and Processing Technologies" is intended to provide a professional look on
the recent achievements and emerging trends in biodiesel production. It includes 22 chapters, organized in
two sections. The first book section: "Feedstocks for Biodiesel Production” covers issues associated with the
utilization of cost effective non-edible raw materials and wastes, and the development of biomass feedstock
with physical and chemical properties that facilitate it processing to biodiesel. These include Brassicaceae
spp., cooking oils, animal fat wastes, oleaginous fungi, and algae. The second book section: "Biodiesel
Production Methods" is devoted to the advanced techniques for biodiesel synthesis: supercritical
transesterification, microwaves, radio frequency and ultrasound techniques, reactive distillation, and optimized
transesterification processes making use of solid catalysts and immobilized enzymes. The adequate and up-
to-date information provided in this book should be of interest for research scientist, students, and
technologists, involved in biodiesel production.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Feng Guo and Zhen Fang (2011). Biodiesel Production with Solid Catalysts, Biodiesel - Feedstocks and
Processing Technologies, Dr. Margarita Stoytcheva (Ed.), ISBN: 978-953-307-713-0, InTech, Available from:
http://www.intechopen.com/books/biodiesel-feedstocks-and-processing-technologies/biodiesel-production-
with-solid-catalysts

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FEETERTERESS BEFREKIRIE HA4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0

