
Catalytic Conversion of Renewable Sources for Biodiesel
Production: A Comparison Between Biocatalysts and Inorganic
Catalysts

Anastasia Macario • Girolamo Giordano

Received: 20 August 2012 / Accepted: 5 December 2012 / Published online: 22 December 2012

� Springer Science+Business Media New York 2012

Abstract This work compares the catalytic performance

in biodiesel production of different kind of catalysts: acid,

acid–base and biocatalysts. The inorganic catalysts tested

have been: strong acid catalysts (USY, BEA, FAU-X),

weak acid catalysts (MCM-41 and ITQ-6 with Si/Al = ?),

acid–base catalysts (K-MCM-41, K-ITQ-6), potassium

silicate (K2SiO3) and hydroxide (KOH). The enzyme used

as biocatalyst has been the Rhizomucor miehei Lipase. This

enzyme has been immobilized in/on zeolite and related

materials by different routes: adsorption, covalent binding,

entrapment by sol–gel in mesoporous matrix or into lipo-

some hybrid nanospheres. Among inorganic solid catalysts

tested, the highest triglycerides conversion and biodiesel

yield were achieved by K-ITQ-6 catalysts, after 48 h of

reaction at 180 �C. Among heterogeneous biocatalysts, the

type of lipase immobilization procedure strongly affects

the final performance of the biocatalyst, especially toward

its stability. The lipase encapsulated into the surfactant/

mesoporous matrix or liposome nanospheres showed the

best biodiesel productivity. The comparison among inor-

ganic catalysts and biocatalysts tested reveals that the first

type of catalysts requires much energy and alcohol con-

sume in order to achieve the same substrate conversion,

while the biodiesel yield strongly increases using biocata-

lyst, due to its high selectivity.

Keywords Biodiesel � Zeolites � Heterogeneous

catalysts � Lipase � Liposome � Hybrid nanospheres

1 Introduction

Climate changes and increasing of oil costs are leading

toward development of new strategies for energy supply

and environment saving. European Commission are

devoting considerable attention to energy issue. Biofuels

production increasing is one of the main key factors nec-

essary to achieve the European 2020 objectives. Simulta-

neously, United State is spending a lot of efforts in

biotechnologies development for biofuels, especially

toward the passage from first to third generation biofuels

[1–5]. Generally speaking, the type of biofuel depends

mainly by its final composition. For diesel engines, bio-

diesel has to be distinct from green diesel because it rep-

resents a fatty acid methyl ester mixture, while, the green

diesel is a liquid alkanes mixture obtained by dehydration/

hydrogenation of biomass-derived carbohydrates [6].

Biodiesel (fatty acid methyl esters) is derived by tran-

sestrification of vegetable oils catalyzed by acids, bases or

enzymatic catalysts, in presence of methanol. The methyl

esters mixture (or Biodiesel fuel) has similar properties of

fossil diesel fuel (cetane number, kinematic viscosity) but

it does not contain petroleum products and sulfur com-

pounds. The current industrial production process of bio-

diesel uses the homogeneous alkaline catalyst: sodium

hydroxide, sodium methoxide, potassium hydroxide or

potassium methoxide [7]. The homogeneous basic transe-

sterification shows a very fast kinetic of reaction but also a

collateral saponification reaction that reduces the biodiesel

production efficiency. To prevent the biodiesel yield loss,

due to the saponification reaction, oil and alcohol must be
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dry and the oil should have a minimum amount of free fatty

acids (FFAs), less than 0.1 wt% Water causes hydrolysis

and formation of emulsions that render difficult the sepa-

ration of the glycerin and biodiesel recovery. The amount

of basic catalyst must be in excess due to its consumption

in undesired and collateral reactions. Finally, an additional

step is required in order to neutralize the catalyst, with high

water consume and high production of glycerin aqueous

solution and NaCl, as by-products [7–9].

By contrary, biodiesel production by acid-transesterifi-

cation is not affected by the sub-products formation and no

limitation on FFAs composition is required. The main

drawbacks of an acid homogeneous transesterification are

the corrosive catalyst (H2SO4, H3PO4, HCl) and the slow

reaction rate. This may be increased at high temperature

and pressure, involving larger costs [8]. Many efforts are

developed to perform new catalysts for the transesterifi-

cation of triglycerides to biodiesel, such as: solid acids

[10–15] (Amberlyst-15, H-Zeolites, Cs-heteropoly acids),

solid basic [13, 15–23] (KOH–NaX, KI–Al2O3, Na/NaOH/

c-Al2O3, ETS-10, CaO, NaCs–X, KOH–Al2O3). While, the

conversion of biological feedstock to biodiesel using

mesoporous solid acidic materials, mesoporous calcium

silicate mixed oxides or exchanged-delaminated zeolites as

heterogeneous catalysts with acids and basics sites, is

recently published and patented [24–27].

Even if chemical transesterification using alkali- or acid-

catalysis process give high triglycerides conversion, the

enzymatic transesterification allows one to obtain a process

without soap-products formation, with easy glycerol-

recovery, no waste-water treatment is required and limi-

tation on oil source quality is required, it involves neutral

pH and it is very less energy consuming. Moreover, using

an immobilized enzyme it is possible to combine the

enzymatic transesterification advantages with those of a

heterogeneous catalysis, strongly reducing the biocatalyst

costs, too. The methods to immobilize enzymes are several:

adsorption, covalent binding, cross-linking and contain-

ment in a barrier (e.g. microencapsulation, entrapment and

confinement) [28–44]. In this contest, zeolites and related

materials showed interesting properties as enzyme support,

because their properties are easy to modulate: hydrophobic/

hydrophilic behavior, acid/base character, mechanical and

chemical resistance, crystals’ morphology and size, exter-

nal and total surface and pore diameter [45]. Moreover the

mobility of the enzyme and the micro-environment in

which enzyme is immobilized are two fundamental aspects

for biocatalyst life and activity. A good compromise

between activity and stability of the enzyme after the

immobilization process has to be obtained in order to

prepare an efficient heterogeneous biocatalyst, able to

overcome the main limitations of enzymes (high cost and

easy denaturation) [46].

Aim of this paper is to review on the catalytic perfor-

mance of heterogeneous catalysts (acid-, alkali-, acid–base

and enzymatic) in the biodiesel fuel production by transe-

sterification of oils, focusing particularly on the adapt-

ability of the catalyst toward an efficient conversion of

triglyceride sources with different composition (from 10 to

100 wt% of FFAs).

2 Biodiesel Production from Transesterification of Oils

The concept of using vegetable oils as diesel fuels is an old

one going back at least 1893, when Rudolf Diesel per-

formed his invention, but the use of oil in direct-injection

engines is limited by high viscosity, low volatility and

polyunsaturated character of the same oil. Transesterifica-

tion reduces significantly viscosity of the oil, improving

fuel atomization and, consequently, fuel combustion.

Generally, vegetable oils contain mainly triglycerides

with different chain length, depending on the plant source

(soybean, palm, sunflower, etc.). The overall reaction

representative the transesterification of triglycerides with

alcohol (or methanolysis reaction) follows the general

equation showed in Fig. 1. It consists in three consecutive

and reversible reactions in which triglycerides are con-

verted first to diglycerides, then to monoglycerides and

finally to glycerin. In each steps, one ester is formed. In the

overall reaction, using methanol as alcohol, 3 mol of

methyl esters are produced, for each mole of triglyceride.

Industrial processes use 6 mol of methanol for each mole

of triglyceride obtaining methyl esters as biodiesel mixture

(FAME = fatty acid methyl esters). This large excess of

methanol ensures that the reaction is driven in the direction

of methyl esters. Free fatty acids (FFA) can be also con-

tained into vegetable oils, especially in low quality or used

oils (i.e. fried oils). Chemical transesterification catalyzed

by alkaline catalyst (NaOH, KOH, CH3ONa or CH3OK), in

presence of FFA, reduces the biodiesel yield production

due to the collateral and undesired saponification reaction

(Fig. 2): previous studies have demonstrated the impor-

tance of oils being free of FFA and dry [7, 47]. Particularly,

Freedman et al. [47], report that the biodiesel yield is

significantly reduced if the triglycerides source does not

meet these conditions and, moreover, they demonstrated

that both sodium methoxide and sodium hydroxide should

be maintained in an anhydrous state because prolonged

contact with air diminishes the effectiveness of these cat-

alysts, through interaction with moisture and carbon

dioxide [47].

The soaps neutralization and their separation form esters

mixture (final biodiesel) are the main drawbacks for an

economic development of this process. Using acid cata-

lysts, the soap formation can be avoided but the costs of the
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process related to the high acid-resistant materials of the

reactor should be considered [48].

In the methanolysis of vegetable oils catalyzed by

lipases, triglycerides are first hydrolyzed by the enzyme to

partial FFAs, after which methyl esters are synthesized

from the FFA in presence of methanol [49]. This mecha-

nism suggests that the biodiesel production by enzymatic

transeterification is not affected by the FFA concentration.

Third generation biofuels production strictly requires

no-food competitive oil sources, such as algae and cya-

nobacteria [50]. The productivity of these photosynthetic

microorganisms is higher than that of agricultural oleagi-

nous crops, therefor they are not competing with arable

land. Worldwide, research and demonstration program are

being carried out to develop technology to expand lipid

production from algae: ExxonMobil announced, very

recently, that it would invest up to $ 600 million in this

field [3–5]. Even if microalgae are not yet produced at

large scale, recent advances, especially toward genetic

engineering and process intensification, represent good

opportunities to make this process sustainable within the

next 10–15 years [3, 51–53].

The composition of the oil produced by this kind of

biomass strongly depends from their growth conditions:

algae, for example, under optimal growth conditions, pro-

duce different type of free fatty acids (FFA, saturated,

unsaturated and polyunsaturated) with different chain

length and they represent the 5–20 % of their dry-weight;

under no-optimal growth conditions they produce higher

amount of lipids, especially triglycerides (TAG) that rep-

resent from the 20 to the 50 % of the dry-weight. Gener-

ally, the saturated and mono-saturated fatty acids are

predominant in the major part of algae [50, 54, 55].

Starting from this type of oil sources, conventional

alkaline-catalyzed transesterification process could not be

convenient for biofuel production. Whereas, acid–base or

enzyme catalyst could be more suitable for third generation

biofuels production process, because they are not affected

by FFAs concentration [7, 49, 56]. In the case of enzymatic

catalyst, the main drawbacks related to the enzyme used

(high cost and low stability) have to be overcome.

Generally speaking, in an industrial catalytic process

and for a green chemistry, whatever is the catalyst used

(alkaline, acid, enzyme), the heterogeneous form is always

preferable with respect to the homogeneous one, because

the overall process should be improved, due to desired

product selectivity increasing and to easier separation

between catalyst and final mixture, with a great waste

minimization. Finally, the stability of the heterogeneous

catalyst strongly affects its turn over frequency (TOF) or

productivity (product quantity*time of reaction-1*catalyst

amount-1) [57, 58].

3 Inorganic Solid Catalysts for Biodiesel Production

Inorganic solids can be divided into salts, metals, molec-

ular solids and covalent solids, like oxides. They are

promising as catalysts for several reactions due to the

important chemico–physical properties of their surface.

Solids with acid or basic properties of the surface can be

valid substitute of the current homogeneous catalysts

(H2SO4, H3PO4, HCl, NaOH, KOH, etc.) used in transe-

sterification of triglycerides for biodiesel production. They

could combine the advantages of the alkaline or acid

transesterification with those of heterogeneous catalytic

process. The suitable catalyst should possess high activity

and selectivity, high water-tolerance, high stability, it

should be inexpensive and its production process should be

environmental friendly. The activity and selectivity prop-

erties of catalyst generally depend on the amount and the

strength of acid or basic sites. Towards organic reaction

(like transesterification), catalysts with high hydrophobic

surface area are preferable because otherwise water can

interact with active sites preventing the adsorption of

organic reactants.

One of the main disadvantages of using solid catalyst,

with respect to the homogeneous one, is the mass diffusion

limitation, due to the formation of three phases during the

transesterification reaction: oil, alcohol and catalyst. The

mass diffusion limitation (both toward reactants and

products) can strongly decrease the reaction rate [59]. To

reduce the mass transfer limitation, using solid catalyst

with more specific surface area (hydrophobicity, external

catalytic sites, etc.) and large pore diameter could be a

good solution.

As it is well known, zeolites and related materials

[45, 60–63] (mesoporous materials, delaminated materials)

Fig. 1 Transesterification reaction of triglycerides with methanol

Fig. 2 Undesired collateral saponification reaction of free fatty acid

catalyzed by base
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are suitable inorganic solids for these purposes because

they can be easy synthesized and modified in order to affect

the acidity, basicity, hydrophobicity and pore dimension of

their surface [45, 60]. Zeolites and related materials are

silico–aluminates solid with well-defined channel structure

and pores dimension. Depending on the Si/Al ratio, their

surface acidity changes. Strong acid zeolites can be the

USY, BEA and FAU-X materials. Generally, pure silica

materials show lower acidity, strictly related to the silanol

groups typology and concentration on the surface [64].

Among these weak acid solid materials, Si-MCM-41 and

delaminated Si-ITQ-6 are representative. Moreover, by

post-synthesis treatments, these materials could posses

simultaneously acid and basic sites. One of the main post-

synthesis treatments applied to these materials, in order to

affect their surface, is the ionic-exchange. K-MCM-41 and

K-ITQ-6 are heterogeneous catalysts obtained by potas-

sium ionic-exchange in order to create, simultaneously, on

their surface acid and basic sites [26]. The presence of

these sites can be well detected by FT-IR spectra of the

samples after adsorption of probe molecules: CO (to detect

acid sites) and CO2 (to detect basic sites). For both sam-

ples, the IR spectra after CO adsorption at 77 K, show the

stretching mode of CO molecules interacting with silanols,

at 2156 cm-1, indicating the presence of weak acid sites

[26]. While, as showed in Fig. 3 [26], in the case of K-ITQ-

6, a wide band between 1600 and 1700 cm-1 is observed,

accompanied by a second one at 1349 cm-1. These are

ascribed to carbonate species, formed by interaction of CO2

with basic oxygen sites. They are not formed upon

adsorption of CO2 on K–MCM-41. This means that only on

the surface of ITQ-6 exchanged with potassium, both acids

and basics sites are present.

Toward the transesterification reaction of an oil with

high FFA containing (more than the 10 wt%), the catalytic

performance of inorganic solid catalysts tested are sum-

marized in Fig. 4.

In order to compare the performance with zeolites, have

been also tested the alkaline homogeneous catalyst, KOH,

used in the current biodiesel production, and the com-

mercial acid ionic-exchange resin (Amberlyst-15) and

K2SiO3 catalysts.

The reaction conditions at which all catalysts are tested

are different towards the alkaline KOH catalyst, because it

is well know that this type of catalyst (KOH) requires, to

exhibit its best catalytic performance, low methanol

amount and low temperature (oil:methanol molar ratio 1:10

and 70 �C) [7].

Strong acid catalysts, BEA, FAU-X, USY and Amber-

lyst-15, do not show an appreciable triglycerides conver-

sion (lower than 10 %), after 24 h of reaction at 100 �C

and with a molar ratio between oil:methanol equal to 1:20.

Moreover, as showed by the low biodiesel yield, the

esterification FFA has not carried out. These results should

be comprehensible if it considers that, normally, the kinetic

of homogeneous acid transesterification is much lower than

that by alkali-catalysis [7, 47], even more so for the het-

erogeneous catalysis.

Commercial KOH and K2SiO3 catalysts show the best

performance, even if the biodiesel yield is not higher than

80 %. K-ITQ-6 and K-MCM-41 show comparable tri-

glycerides conversion but mesoporous material posses

lower biodiesel selectivity.

Increasing the reaction time until 72 h, the K2SiO3

catalyst does not improve its catalytic performance (tri-

glycerides conversion and biodiesel yield remain, respec-

tively, 82 % and 79 %), while K–MCM-41 reaches a

triglycerides conversion of 90 % but a biodiesel yield of

only 15 %, and K-ITQ-6 increases both values: triglycer-

ides conversion of 99 % and biodiesel yield of 73 % [26].

This suggests that on the K-ITQ-6 catalyst surface both

catalytic sites are active: the basic sites allow to continue

the triglycerides conversion, while the acid sites (kineti-

cally slower) allow to convert also the FFA into methyl

esters, without soap formation, increasing the biodiesel

yield. This aspect could be confirmed by the results

reported in Fig. 5, where the triglycerides and FFA con-

version and the biodiesel yield have compared between

K-ITQ-6 and KOH catalysts, at their optimal catalytic

conditions (for K-ITQ-6 catalyst, the catalytic conditions

are changed in order to improve the kinetic of acid catal-

ysis: the temperature has been increased up to 180 �C).

It is clear that, when the K-ITQ-6 catalyst completes the

TG conversion, the biodiesel yield continues to increase

because the FFA esterification to methyl ester allows,

without soap formation. This aspect could be better

Fig. 3 IR spectra related to the adsorption of CO2 at RT on K-ITQ-6

outgassed at 573 K. Curve 1: in contact with CO2 (p = 47 mbar);

curve 2: outgassed at RT after contact with CO2 [26]
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understood, by the results reported in Fig. 6, where the

catalytic performance of KOH, K2SiO3, K-ITQ-6 and

Amberlyst-15 in the biodiesel production starting from an

oleic acid feed (100 % FFA), are also compared.

By these results, it is possible to observe that, among all

catalysts, the acid Amberlyst-15 resin gives the highest

biodiesel selectivity: all oleic acid is converted into methyl

oleate, without sub-products formation, like soaps. Alkaline

KOH reaches only the 50 % of methyl oleate content,

meaning that a lot of oleic acid has been converted in sub-

products, by saponification reaction. While,K2SiO3 and

K–ITQ-6 give intermediates results, most probably, due to

the presence of both catalytic sites: acid and basic. Finally,

concerning the K-ITQ-6, it is important to notice that the

reaction time necessary to reach its best catalytic perfor-

mance (methyl oleate content of 80 %), at 100 �C, is of 48 h,

instead of the 24 h necessary to the other similar catalyst,

K2SiO3 and KOH, probably due to the lower content of basic

catalytic sites on the K-ITQ-6 catalyst surface.

On the contrary, the main advantage of K-ITQ-6 cata-

lyst, towards K2SiO3, is that K-ITQ-6 is a solid catalyst,

reusable for more than one reaction cycle and, after deac-

tivation, it can be regenerated, allowing to carry out a

continuous biodiesel production process. While, K2SiO3,

after the reaction, cannot be recovered, because completely

dissolved into the reaction mixture.

Finally, towards the Amberlyst-15 acid resin, it is

interesting to notice as its activity strongly improves with

respect to the transesterification of triglycerides (no con-

version of TGs has been obtained by this catalyst, as

showed in Fig. 4), confirming that acid catalysts are more

suitable for FFAs esterification reaction. From these

results, it is possible to summarize that, only starting from a

renewable and high quality oil source, reach in triglycer-

ides content (without FFAs), the homogeneous alkaline-

catalysts are suitable for biodiesel production. If the oil

feed are reach in FFAs, inorganic strong acid solids, like

Fig. 4 Catalytic performance

(triglycerides conversion and

biodiesel yield) obtained by all

catalysts tested at 100 �C, at

5 wt% respect to the oil, for

24 h and with a molar ratio

between oil:methanol equal to

1:20. For commercial KOH

catalyst, the reaction conditions

generally used are: 70 �C, at

5w %t respect to the oil, for

24 h and with a molar ratio

between oil: methanol equal to

1:10

Fig. 5 Comparison of the best performance between K-ITQ-6 and

commercial KOH. Conditions for KOH: 24 h at 70 �C, oil: methanol

molar ratio 1:10––Catalyst amount: 5 wt%; condition for K-ITQ-

6:48 h at 180 �C, oil: methanol molar ratio 1:20––Catalyst amount:

5 wt%

Fig. 6 Comparison among: KOH, K-ITQ-6, K2SiO3 and Amberlyst-

15 resin. Conditions for KOH: 24 h at 70 �C, oil: methanol molar ratio

1:10––Catalyst amount: 5 wt%; condition for K-ITQ-6:48 h at

100 �C, oil: methanol molar ratio 1:20––Catalyst amount: 5 wt%;

condition for K2SiO3 and Amberlyst-15: 24 h at 100 �C, oil: methanol

molar ratio 1:20––Catalyst amount: 5 wt%
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Amberlyst-15, are promising substitute of homogeneous

acid conventional catalysts (H2SO4, HCl, etc.) even if

higher methanol amount is necessary in order to achieve

high substrate conversion and high reaction kinetic, com-

parable with that of alkaline-catalysis. If the renewable

source contains important amount of FFAs, like as oil from

algae, inorganic solid catalyst with both catalytic sites, acid

and basic, are promising alternative to the homogeneous

alkaline catalysts. Also in this case, high temperature and

methanol amount are necessary, but the reducing cost

related to the catalyst (its reusability and regeneration) and

the biodiesel separation and purification processes, could

make the overall process cheaper than that catalyzed by the

conventional homogeneous basic catalyst.

4 Enzyme-Supported Catalysts for Biodiesel

Production

Although chemical heterogeneous transesterification could

overcomes the main drawbacks of the homogeneous alkali-

catalysis (interference of FFAs and water containing, diffi-

cult biodiesel separation and purification, difficult glycerol

recovery, alkaline waste-water treatments) it remains energy

intensive: the minimum temperature are 70–100 �C. Enzy-

matic transesterification, by lipases biocatalysts, can solve

this last problems: the optimal reaction temperature of lipase

enzyme, the best candidate for oil conversion, is 37–40 �C

[42–44]. Moreover, the FFAs contained in waste oils, low

quality oil or renewable source for third generation biofuels

(algae and cyanobacteria), can be completely converted in

methyl esters, the only one by-product, the glycerol, can be

easy separated and recovered, by centrifugation [65]. By

contrary, the production cost of enzyme is surely higher than

of inorganic catalysts, homogeneous or heterogeneous.

Enzyme can be immobilized in order to preserve their ability

for more than one reaction cycle. Depending on the immo-

bilization technique, enzyme can improve or worsen their

catalytic performance. In Fig. 7, the catalytic results of

different immobilized lipase, towards the esterification of

oleic acid to methyl oleate or the transesterification of trio-

lein (60 % in water) to methyl esters, at their optimal cata-

lytic conditions, are reported. First of all, all the reactions

catalyzed by immobilized lipase, esterification of oleic acid

or transesterification of triolein in water, do not produce

by-products, like soaps, but only glycerin. The worse per-

formance are showed by the covalently immobilized lipase

on Sepiolite/AlPO4 support, while adsorbed lipase or

encapsulated lipase, in the optimized catalytic conditions,

show catalytic results comparable with the free lipase, tested

in the same amount. The lipase adsorption on the zeolitic

support (Silicalite-1 or delaminated ITQ-2) is a good pro-

cedure in order to obtain an active heterogeneous enzymatic

catalyst. Zeolitic materials having high number of Si–OH

groups able to adsorb the lipase enzyme in its open con-

formation [66]. The lipase-zeolite linkage, obtained for the

Lipase/Silicalite-1 and Lipase/ITQ-2 catalysts, is due to the

weak acid interactions between zeolitic surface and lid-

enzyme [43]. Entrapping the enzyme in a surfactant that is

self-assembled with silica at room temperature and neutral

pH (Lipase encapsulated in Mesoporous Matrix, [42]),

allows one to prepare an active heterogeneous biocatalyst,

for producing FAME by a transesterification process. The

slow silica gelation and the presence of the surfactant allow

preserving the mobility of the enzyme, in its active and

protected state. The fact that the enzyme can move almost

Fig. 7 Best performance of different immobilized lipase in biodiesel

production. Reaction conditions: 3 h, 37 �C, 5 wt% of lipase with

respect to the substrate and 5:1 molar ratio between methanol and oil

for Lipase adsorbed on Silicalite-1, Lipase adsorbed on ITQ-2 and

Lipase chemical bonded to Sepiolite/AlPO4 [43]. 90 h, 37 �C, 5 wt%

of lipase with respect to the substrate and 5:1 molar ratio between

methanol and oil for Lipase encapsulated in mesoporous matrix [42].

3 h, 37 �C, 10 wt% of lipase with respect to the substrate and 6:1

molar ratio between methanol and oil for Lipase encapsulated in
hybrid nanospheres of liposome [44]
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freely in the mesoporous channel, with the catalytic centre

activated by the hydrophobic groups of the surfactant,

results in an immobilized lipase active quite than its free

form. The silica matrix and the surfactant barrier in which

the enzyme is confined and protected strongly increase the

mass transfer limitation, so much that the optimum reaction

time, in order to achieve the highest substrate conversion, is

of 90 h. Otherwise, entrapping the lipase into hybrid nano-

sphere containing liposome [44], the overall catalytic per-

formance of the enzyme improves and no mass transfer

limitation are detected, with respect to the free, adsorbed or

entrapped enzyme in surfactant/mesoporous matrix. Proba-

bly, the biocompatible microenvironment inside the lipo-

some membrane does not affect the catalytic centre of the

enzyme and helps the adsorption of the hydrophobic sub-

strate. The covalent binding forces give a strong lipase-

support interactions (Lipase/Sepiolite/AlPO4 [43]), as to

reduce its catalytic performance. Most probably, the lipase

enzyme covalently attached to the support is immobilized in

its closed form [65], but, in any case, the covalent immo-

bilization procedure remains the best method to obtain a

very stable supported enzyme. By contrary, the adsorbed or

entrapped enzyme is able to catalyze different reaction

cycles, but, progressively, the enzyme leaching occurs. In

Fig. 8 the activity of different immobilized lipase, during

three reaction cycles, are reported. It is possible to notice

that the most important enzyme leaching is observed for

lipase adsorbed on Silicalite-1, followed by lipase

entrapped into mesoporous matrix and lipase entrapped

into hybrid nanospheres. Otherwise, lipase covalently

immobilized preserve unaltered its reduced activity. But,

even if the covalently attached enzyme shows the best

stability, its relative productivity (productivity with respect

to that obtained by the same amount of free enzyme), after

3 reaction cycles, is the lowest, as showed in Fig. 9.

While, the lipase adsorbed or entrapped show higher

productivity compared with the free enzyme. This means

that the main aspect to consider when an enzyme is

immobilized is to achieve its open conformation, with

respect to the closed one [43, 65].

5 Comparison Between Heterogeneous Biocatalysts

and Inorganic Homogeneous and Heterogeneous

Catalysts

It is interesting to compare the performance of heteroge-

neous biocatalyst with the performance of main catalysts

Fig. 8 Methyl ester content as

function of the reaction cycles

Fig. 9 Relative productivity of

each immobilized enzyme,

referred to three reaction cycles

and to the productivity of the

same amount of free lipase
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used for biodiesel production: the homogeneous basic and

acid ones.

In Table 1 this comparison is summarized. It is possible

to observe as the classical homogeneous basic catalyst

(KOH) is able to convert completely the substrate but the

biodiesel yield is very low (80 %) if compared with the

value obtained by lipase entrapped into liposome hybrid

nanospheres catalyst (89 %) and heterogeneous acid–base

catalyst K-ITQ-6 (90 %). This can be explained by the

presence of undesired collateral saponification reaction,

that strongly reduces the methyl ester production.

Moreover, sodium methoxide, another important

homogeneous basic catalyst, widely used in industrial

application, catalyzes the methanolysis of sunflower oil

reaching a biodiesel yield of 98 % and a triglycerides

conversion of 97–98 %, after only 1 h of reaction, at 60 �C

and with a molar ratio between oil and methanol of 1:6.

These are good results if compared with the other catalysts,

but it is necessary to consider that, as the authors stressed,

the transesterification have been carried out in a nitrogen

atmosphere, to exclude moisture and carbon dioxide and

to prevent oxidation of the oil [47]. The same authors

reported the comparison between sodium methoxide and

sodium hydroxide, showing that, at the molar ratio meth-

anol:oil equal to 3:1, the methoxide catalyst is superior to

the hydroxide catalyst, while at molar ratio methanol:oil

equal to 6:1, the catalysts are essential identical.

While, comparing the performance of classical homo-

geneous acid catalyst with the enzymatic and with the

acid–base catalysis results, it is possible to notice that, for

acid catalyst, a very high amount of alcohol (200:1) is

necessary in order to avoid the use of higher temperature

and to have a fast reaction kinetic (65 �C and 4 h of

reaction for H2SO4 acid catalysts) [65]. This aspect

Table 1 Best performance

comparison among main

catalysts used in biodiesel

production

* No better specification are

reported

Catalyst name Type of catalyst Substrate

conversion

(%)

Biodiesel

yield

(%)

Reaction

conditions

(time, temp.,

solvent:oil)

KOH [26] Basic homogeneous 99 80 24 h

70 �C

10:1

CH3ONa [47] Basic homogeneous 98 98 1 h

60 �C

6:1

H2SO4 [67] Acid homogeneous Good* 97 4 h

65 �C

200:1

Amberlyst-15 Acid heterogeneous 95 99 24 h

100 �C

20:1

K2SiO3 [26] Acid–Basic homogeneous 82 79 24 h

100 �C

20:1

K-ITQ-6 [26] Acid–Basic heterogeneous 99 90 48 h

180 �C

20:1

Lipase/Sepiolite/

AlPO4 [43]

Covalently attached lipase 65 40 3 h

37 �C

5:1

Lipase/Silicalite-1

[43]

Adsorbed lipase on zeolite 99 80 3 h

37 �C

5:1

PAL20 [42] Encapsulated lipase in mesoporous/

surfactant matrix

90 78 90 h

37 �C

5:1

LL3 [44] Encapsulated lipase in hybrid

nanospheres

98 89 3 h

37 �C

6:1
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strongly reduces the environmental benefit of bio-fuel

production.

Comparing the performance among the different type of

heterogeneous biocatalysts, it is possible to observe as the

lipase encapsulated into liposome hybrid nanospheres per-

mits to obtain, during the first reaction cycle, a substrate

conversion (98 %) comparable with that of adsorbed enzyme

(lipase/Silicalite-1), while the biodiesel yield is higher

(89 %) than that of adsorbed enzyme (79 %), confirming that

the liposome microenvironment is very suitable for enzyme

and, due to the liposome membrane interactions, the

hydrophobic catalytic center of the enzyme is more selective

towards the lipids transesterification reaction [43, 44].

The lipase covalently attached shows the lowest cata-

lytic performance (65 % of substrate conversion and 40 %

of biodiesel yield) with respect to all studied catalyst, acid,

basic, acid–base and other biocatalysts.

Finally, an important aspect to highlight is the reaction

time very different between homogeneous and heteroge-

neous catalysts: the homogeneous basic catalyst, CH3ONa,

needs only 1 h of reaction to get a completely triglycerides

conversion, while solid K-ITQ-6 or lipase encapsulated in

mesoporous matrix (PAL20 sample) catalysts require,

respectively, 48 and 90 h of reaction to achieve their best

performance. These results are the consequence of the

inevitable mass transfer limitation presents in a multi-phase

reaction system.

From and industrial point of view, it should be inter-

esting to consider the possibility to regenerate the catalyst.

Obviously, this aspect is impossible for all the homoge-

neous catalyst, affecting the cheapness of the process. By

contrary, some heterogeneous catalysts could be regenerate

after several catalytic uses. For example, the acid–base

catalyst K-ITQ-6, obtained by ionic exchange, should be

regenerate when the potassium leaching definitely reduces

the presence of basic sites on the acid surface of the del-

aminated ITQ-6 [20]. Moreover, in the case of the adsorbed

lipase, when the enzyme leaching drastically affects the

biocatalyst productivity, and if the support has not been

deteriorated during the catalytic process, the last one could

be reused in order to receive fresh enzyme and to obtain a

new heterogeneous biocatalyst with the same properties of

the first one [34, 43].

All these possibilities allow to carried out a continuous

biodiesel production process that, currently, is not possi-

ble to do starting from a homogeneous basic or acid

transesterification.

6 Conclusions

Heterogeneous catalysts are suitable for a more efficient

and cheaper biodiesel production process.

The homogeneous basic catalysts, today used, give high

conversion levels of oils to methyl esters but their use is not

possible for the third generation biofuels production (oil

from algae), due to the several limitation related the oil

composition (low FFA and water content are required).

Acid homogeneous catalysts represent a restricted solution

because, even if they are not affected by the FFA com-

position, high alcohol amount is required in order to avoid

the use of high temperature. Simultaneously, limitations

are present also for classical NaOH and NaOCH3 catalysts

because they should be maintained in an anhydrous state to

prevent their effectiveness diminishing. Catalysts with both

catalytic sites, acid and base, could resolve the main

drawbacks of each mentioned catalysts. If these catalysts is

also in solid form, the advantages of a heterogeneous

catalysis could be joint with those of an acid-basic one:

high selectivity, easy product recovery, easy product

purification and catalyst reusability. By contrary, it is

necessary to evaluate the cheapness of the overall hetero-

geneous acid-basic process because it could be energy

intensive: high temperature is required in order to reduce

the mass transfer limitation at the solid–liquid interface. In

order to carried out a biodiesel production process less

energy intensive, the enzymatic tranesterifcation could be a

solution, because the optimum reaction temperature of the

lipase enzyme is c.a. 40 �C. The cost of the enzyme has to

be reduced by biocatalyst immobilization. Adsorption and

entrapment into enzyme-biocompatible microenvironments

(like liposomes) are the best solutions in order to obtain an

active and sufficiently stable heterogeneous biocatalyst. By

contrary, if the confinement of the lipase enzyme is inside

an inorganic matrix and occurs without activation of its

catalytic center, long reaction time could be required due to

the diffusion limitation.

Finally, regeneration and reusability of the heteroge-

neous catalyst, inorganic or enzymatic, are possible and, if

applicable, allow to carried out a continuous biodiesel

production process.
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