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1. Introduction

Biodiesel is a renewable liquid biofuel produced from renewable lipid sources such as
vegetable oils or animal fats. It results from the transesterification reaction of triglycerides
with an alcohol in the presence of a catalyst; see Figure 1 (Marchetti et al., 2007, Srivastava &
Prasad, 2000, Ma & Hanna, 1999).

The transesterification reaction is a series of reactions where from triglycerides diglycerides
are produced, from these ones monoglycerides are produced and finally, from these
monoglycerides glycerol is produced. In all these steps, fatty acid alkyl ester (biodiesel) is
formed.

CH,-COO-Ry CH>-OH R;-COO-R’

| Catalyst |

CH-COO-R; + 3R'OH « CH-OH +  R»-COO-KR’
| |

CH,-COO-R3 CH,- OH R3-COO-R’
Triglycerides Alcohol Glycerol Esters

Fig. 1. Typical transesterification reaction: a triglyceride with an alcohol to produce
biodiesel. (R, are carbon chain of different length)

This reaction is most commonly catalyzed by a homogeneous base catalyst that could be
sodium hydroxide among others. However, to be able to use this type of catalyst, the raw
material needed is a refined vegetable oil. If more impure oil is used together with some free
fatty acids and sodium hydroxide in it, the fatty acid involved in the saponification reaction
will consume the catalyst. The soap produced will also be a problem for the downstreaming
separation of the biodiesel and the glycerol. The saponification reaction could be seen in
Figure 2 (Marchetti et al., 2007, Srivastava & Prasad, 2000, Ma & Hanna, 1999, Fukuda et al.,
2001, Knothe et al., 2005, Marchetti, 2010).
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R-COOH + NaOH © HO + R-COO-Na
Fatty acid Base Water Soap
Fig. 2. Saponification reaction of free fatty acid and sodium hydroxide

In order to avoid this problem, the technological solutions put forward were: the use of
homogeneous acidic catalysts such as sulfuric acid (Knothe et al., 2005, Marchetti, 2010,
Schuchardt et al., 1998, Noureddini & Zhu, 1997, Freedman et al., 1984, Zheng et al., 2006,
Canakci & Van Gerpen, 2003a, 2003b), solid catalysts such as zeolites, solid resins (basic as
well as acid) (Bournay et al., 2005, Di Serio et al., 2005, 2006, Soriano et al., 2009, Hamad et
al., 2008, Suppes et al.,, 2004, Kulkarni et al., 2006, Lopez et al., 2008, Cao et al, 2008),
enzymatic technologies (Bajaj et al., 2010, Ranganathan et al., 2008, Antczak et al, 2009,
Rodrigues et al., 2008, Dalla Rosa et al., 2008, Matassoli et al., 2008), supercritical alcohols
(Demirbas, 2002, 2003, Saka & Kusdiana, 2001, Kusdiana & Saka, 2001, 2004, Hawash et al.,
2009, Gui et al., 2008, Kasim et al. 2009), membrane reactors (Dubé et al. 2007, Baroutian et
al, 2011, Zhu et al, 2010, Cheng et al., 2010, Cao et al., 2008), monolithic reactors
(Kolaczkowski et al., 2009, Dizge et al., 2009, Tonetto & Marchetti, 2010), etc.

All these technological solutions have many advantages over each other but also some
drawbacks due to different considerations; for instance, reaction time, reaction temperature,
operational cost, amount of equipment, quality of the final product, complexity of
purification, and so forth (Srivastava & Prasad, 2000, Ma & Hanna, 1999,Marchetti, 2010,
Schuchardt et al., 1998).

Furthermore, all these new technologies have a real advantage: they can be used for treating
less pure raw materials, allowing a higher presence of free fatty acids and, in some cases, the
presence of water. This is pertinent not only to the increasing Food vs. Fuel debate, but also
to the one about how the vegetable oil we produce should be used. By applying these
technologies, typical pollutants can be consumed, and crude oil, waste, as well as frying oil,
soapstocks, and the like, can be used as raw materials for Biodiesel production. As a result,
all the refined oil could be left for human consumption.

There is a need of knowing more about the different biodiesel technologies based on the
type of raw materials they are able to treat. This work aims to shed light on the subject by
presenting a comparison of the different qualities of vegetable oils, comparing the physical-
chemical properties of these oils, and their influences over the final biofuel.

2. Global situation of the vegetable oil market

Since the beginning of the 19th century, people have used vegetable oils and animal fats
based on the knowledge storage over centuries and not so much on the scientific knowledge
as it are today; based on their structure, physical properties, etc. The need of understanding
and knowing more about the vegetable oil arises due to the increasing value of this product
as for example in its use in medicine, cosmetics as well as for fuel for lighting.

Normally, vegetable oils are obtained from different plants seeds, such as sunflower,
peanut, coconut, palm, palm kernel, soybean, corn, and many other options. To chose from
which of these vegetables produce the oil depends on several factors, some of them are the
location of the landscape, the climate of the region, the nutrients of the soil as many other
environmental as well as economic variables (it is also important which oil has a better
market to be sold). Based on some types of seeds, OBrien et al. 2000, have done a
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compilation showing where some of the main seeds are being cultivate around the world.
An extraction from their work it could be seen in Table 1.

Seed Amount of oil (%) Productive areas

Canola 40-45 Canada, China, India, France, Austria, United Kingdom,
Germany, Poland, Denmark, Check Republic.

Corn 3157 USA.s, Mex.lco, RL.ISSIa, Belgium, France, Italy, Germany,
Spain, United Kingdom.

Cotton 1820 China, Russia, USA, India, Pakistan, Brazil, Egypt,
Turkey.

Peanut 4550 China, 'Indla, Nigeria, USA, Senegal, South Africa,
Argentina

Crocus 30-35 China, USA, Spain, Portugal

Soybean 18-20 USA, Brazil, Argentina, China, India, Paraguay, Bolivia

Sunflower 35.45 Russia, Argentina, Austria, France, Italia, Germany, Spain,

United Kingdom.

Filipinas, Indonesia, India, México Sri Lanka, Thailand,
Coconut 65-68 Malaysia, Vietnam, Mozambique, New Guinea, Republic
of Cote d'Ivoire
Spain, Italy, Italia, Greece, Tunes, Turkey, Morocco,
Portugal, Syria, Algeria, Yugoslavia, Egypt, Israel, Libya,

Olive 15-35 Jordan, Lebanon, Argentina, Chile, Mexico, Peru, USA,
Australia.

Palm 4550 Malaysia, Indonesia, China, Filipinas, Pakistan, México,
Bangladesh, Colombia, Nigeria, Republic of Cote d'Ivoire

Palm kernel 44.53 Malaysia, Indonesia, China, Filipinas, Pakistan, México,

Bangladesh, Colombia, Nigeria, Republic of Cote d'Ivoire

Table 1. Mayor producer for several vegetable oils (O'Brien et al., 200).

In Table 1 it is presented the mayor regions where different oils are being produced as well
as the percentage of oil in each seed. It could be seen that even when each seed produce
different amounts of oil, there are several of them that produce an amount between 30 and
53 %.

Even more, the price of vegetable oil has become quite volatile over the last year
(www.indexmundi.com (a)). In Figure 3 it can be seen the fluctuation of prices for soybean
oil for the last 30 years (www.indexmundi.com (b)). In the case of soybean oil, there is a
major peak in June 2008, (where the price of the soybean oil have reached values of 1414
Us$)

The soybean oil situation is similar to that of the major oils such as sunflower, coconut,
rapeseed, palm, palm kernel, olive, etc., being the case presented in Figure 3 just as an
example. It is also important to notice that the evolution of the vegetable oil prices is link
directly to the prices of petroleum oil. Figure 4 shows the evolution of the petroleum prices
as well as the price of the soybean oil. When petroleum prices increases there is an increase
in soybean oil; however, the increases in soybean oil are not only associated to petroleum
crisis.
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Fig. 3. Monthly evolution of the price for soybean oil over the last 30 years
(www.indexmundi.com (a)).
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3. Vegetable oil: types and composition

Due to the different origin of the vegetable oils, their structure and composition vary from
one to another, mainly in the length of the hydrocarbon chain, as well as in the amount and
location of the double bonds. O’Brien et al, (O'Brien et al., 2000) have performed a
comparison with some of the main types of oil and the percentage of the different types of
fatty acids involves. Table 2, extracted from reference O'Brien et al., 2000 shows these
percentages.

As it could be seen from Table 2, the main composition fatty acid compositions of the
vegetable oils is generally based on a C18 carbon length, with one or two double bonds, this
is the case for corn, cottonseed, peanut, rapeseed, soybean and sunflower. For crambe oil,
the main contribution is by C22:1. However, the second and third most abundant fatty acid
is different from oil to oil. It is important to point out that, even thought there are differences
in the fatty acid composition of different oils, the major participations are always from
carbon chain with double bonds

Vegetable oil Fatty acid composition % by weight

16:1 18:0  20:0 22:0 24:0 181 221  18:2  18:3
Corn 11.67 185 024 000 0.00 2516 0.00 6060 048
Cottonseed 28.33 0.89 000 000 0.00 1327 0.00 5751 0.00
Crambe 20.7 070 209 080 112 1886 5851 9.00 6.85
Peanut 11.38 239 132 252 123 4828 000 3195 093
Rapeseed 3.49 085 000 000 000 644 000 2230 823
Soybean 11.75 315 0.00 000 000 2326 000 5553 631
Sunflower 6.08 326 0.00 0.00 000 1693 000 7373 0.00

Table 2. %wt. of the different fatty acid in the main types of oil. (O’'Brien et al., 2000)

The diverse composition of the different types of oil also affects their main physical-
chemical properties due to the carbon length and the double bonds. Table 3 presents some
major properties for 6 typical types of vegetable oil.

It could be seen that in some cases the properties values are quite similar; that is the case of
the specific gravity and the smoke point. On the other hand the flash point is quite diverse,
changing from 225 °C to 327°C. Another property that has a wider range is the acid value,
going from 0.6 to 6.6 accordingly.

So far, it has been presented the properties of refine oils. However, as it will be point out
later in this chapter, the need for a less pure raw material, and therefore cheaper, is
imperative. The main possibilities are frying, waste, cooking oils, soapstocks as well as oil
from algae and non edible oils. The first four options are considered waste. On the other
hand, the oil from algae is not a waste but could be considered as non edible oil.

Table 4 shows some of the main properties of refined, crude and waste oil to compare the
different types of oil. There, it is clear that the sulfur content increases considerably when
comparing refined oil with waste oil. Similar results could be found when comparing the
acid value.

On the other hand, the viscosity values do not change that much due to the presence of
impurities.

Among the non edible oils, Table 5 shows the variation of some parameters for 4 types of
non edible oils.



44 Economic Effects of Biofuel Production

Property Refine [*] Crude [+] Waste [x]
Kinematics viscosity 302 36 402
[mm2/s]

Carbon residue [wt%.] 0.24 0.278 0.18
Cetane number 38.01 39 -
Higher heating value

39.41 39.2 24.67
[M]/kg]
Ash content [wt%] 0.012 0.01 -—-
Sulfur content [wt%] 0.013 0.075 5
Io'dme value [centigram I/ g 112.86 125 13.2
Oil]
Acid value [mg KOH/ g Oil] <0.2 variable 5.96

Table 4. Properties of the mayor types of oil

* Chhetri et al., 2008, Demirbas, 2008

+ http:/ / globalsmartinvestment.com/SoyOil.aspx

x Zhang et al., 2003, Dmytryshyn et al., 2004, Phan & Phan, 2008, Anastopoulos et al., 2009

Parameters Non Edible Oils
Jatropha Rubber Castor Pongamia pinnata
Viscosity 4.8 5,81 -— 4.8
Specific gravity - 0.874 0.960 -
Calorific value [M]/kg] 39.23 36.50 39.5 -
Flash point [°C] 135 130 260 150
Cloud point [°C] - 4 -12 -
Pour point [°C] 2 - -32 -—-
Ash content [wt%] 0.012 0.020 0.0005
Acid value [mg KOH/ g] 0.400 0.118 - 0.620

Table 5. Properties of biodiesel from different sources. Extracted from reference (Gui et al.,
2008)

Gradually, a third type of oil is bearing relevance due to a number of advantages. This third
type is produced from algae. Algae are microscopic organisms which could be used for the
production of different types of fuel such as biodiesel, bio-hydrogen production, methane,
etc. Algae have several advantages to be used for producing biofuel, some of them are: i)
they required CO, to grow, ii) they grow in non drinkable water, not competing with
drinkable sources, iii) algae could grow in land fields where no other vegetable oil could
grow, iv) algae could be use as raw materials for several other chemical compounds easy to
produce.

Even more, as in the case for vegetable oils, each type of algae has a percentage of oil in
within. Table 6 shows some of the most common algae and the amount of oil in each of them
(Chisti, 2007).
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It could be seen that this percentage varies from 15 to over 75 % being the last quite suitable
for producing the oil to be use in the production of biofuels.

Microalgae Oil content (% dry wt.)
Botryococcus braunii 25-75
Chlorella sp. 28-32
Crypthecodinium cohnii 20
Cylindrotheca sp. 16-37
Dunaliella primolecta 23
Isochrysis sp. 25-33
Monallanthus salina >20
Nannochloris sp. 20-35
Nannochloropsis sp. 31-68
Neochloris oleoabundans 35-54
Nitzschia sp. 45-47
Phaeodactylum tricornutum 20-30
Schizochytrium sp. 50-77
Tetraselmis sueica 15-23

Table 6. Oil content for several microalgae. Extracted from reference (Chisti, 2007).

Mata et al. (Mata et al., 2010) have done a research on how much biodiesel could be produce
by growing different seeds in one ha. They work shows that, among those sources studied;
corn has the lowest one production rate per year in 1 hectare (151 kg of biodiesel); sunflower
oil is place in middle position with a production close to 1000 kilos per year per hectare;
while microalgae are place quite high above. In regard to microalgae, they are classified
depending on their oil content, which is divided into low, medium and high. The result is a
production of 51.297, 86.515 and 121.104 kilos of biodiesel per year and per hectare
respectively. This shows algae as an interesting new alternative source of vegetable oil for
biodiesel.

So far it has been presented the difference in the vegetable oil accordingly to the quality of
them as well as to be from different seeds, also it was presented a comparison among non
edible oil and oil from algae. Thus, when comparing biodiesel from different sources, the
nature of the vegetable oil is to be considered because of its effect over some of the major
physical and chemical.

As it could be seen from Table 7 (Moser, 2009), when comparing the methyl esters from fatty
acid with no double bonds, the increase in the chain length produce a higher viscosity.
However, when double bonds are being considered, the viscosity tend to decrease as long as
the amount of double bonds increases, this could be seen for C18:0 ME, C18:1 ME, C18:2 ME
and 18:3 ME. When looking into the type of alcohol used, the longer the alcohol chain is the
higher the viscosity of the biodiesel.

A similar scenario could be seen when comparing the cetane number, when the carbon
chain or the alcohol chain increases, the cetane number increases as well, however, the
presence of double bonds will decrease this property considerably.
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Melting AH Kinematics Oil stability Cetane

FAEE point (°C) (MJ/mol) viscosity (mm?/s) index (h) Number Lub (jum)
C12:0 ME 5 8.14 2.43 >40 67 416
C12:0 EE -2 2.63 >40

C14:0 ME 19 10.67 3.30 >40 353
C14:0 EE 12 3.52 >40

C16:0 ME 31 10.67 4.38 >40 86 357
C16:0 EE 19 457 93

Cl16:1 ME -34 10.55 3.67 21 51 246
C16:1 EE -37

C18:0 ME 39 11.96 5.85 >40 101 322
C18:0 EE 32 5.92 >40 97

C18:0 BE 28 7.59 92

C18:1 ME -20 11.89 451 2.5 59 290
C18:1 EE -20 4.78 3.5 68

C18:1 BE -26 5.69 62 303
C18:2 ME -35 11.69 3.65 1.0 38 236
C18:2 EE 4.25 1.1 40

C18:3 ME -52 11.51 3.14 0.2 23 183
C18:3 EE 3.42 0.2 27

Table 7. Properties of different biodiesel. Extracted from reference (Moser, 2009).

4. Some about biodiesel production

So far, it has been considered the different raw materials and the different types of oil
quality. It is important to describe some of the fundamentals of biodiesel production before
reflecting on selecting the appropriate technology to use. In section 5, it will be presented
different technologies and how the quality of the raw material might have an effect or might
be a key factor on the decision of which production alternative should be use, and which
should be avoid.

Biodiesel is a renewable and alternative liquid biofuel normally produce from vegetable oils
or animal fats by the transesterification reaction (see Figure 1). Not any fuel produced from
vegetable oils can be called biodiesel. Therefore, there are international standards to be
reached, these are, ASTM D7467, EN 14214. The European Standard EN 14214 could be seen
in Table 8 (http:/ /www.astm.org, http:/ /www.cen.eu)

The transesterification reaction, when carried on with a basic homogeneous catalyst, sodium
or potassium hydroxide or methoxide (Marchetti et al., 2007, Srivastava & Prasad, 2000, Ma
& Hanna, 1999, Fukuda et al., 2001, Knothe et al., 2005, Marchetti, 2010, Vicente et al., 2004,
Meng et al., 2008, Alamu et al., 2007, Dias et al., 2008), has shown great potential producing
the fuel under specification in around two hours (Srivastava & Prasad, 2000, Ma & Hanna,
1999, Fukuda et al., 2001, Knothe et al., 2005, Marchetti, 2010).
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The major drawback of this technology is the need of refined oil which is on the hot spot
due to the Fuel vs. Food debate. Due to the need of oil for feeding purposes and for biofuel
production; alternative raw materials, pointed out in section 2, are being evaluated, tested
and used. The uses of these new raw materials have generated new processes to carry on the
transesterification reaction, example of this are: acid homogeneous catalyst (Marchetti et al.,
2007, Srivastava & Prasad, 2000, Ma & Hanna, 1999, Fukuda et al., 2001, Knothe et al., 2005,
Marchetti, 2010, Zheng et al., 2006, Canakci & Van Gerpen, 2003 a,b), solid resins (Bajaj et al.,
2010, Ranganathan et al., 2008, Antczak et al, 2009, Rodrigues et al., 2008, Dalla Rosa et al.,
2008, Matassoli et al., 2008),supercritical alcohols (Demirbas, 2002, 2003, Saka & Kusdiana,
2001, Kusdiana & Saka, 2001, 2004, Hawash et al., 2009, Gui et al., 2008, Kasim et al. 2009),

Property Units Limits  Experiments
Esters amount % (mol/mol) 96.5 EN 14103
. o EN ISO 3675,
Density at 15°C kg/m3 860-900 EN ISO 12185
. e o EN ISO 3104,
Kinematics Viscosity at 40°C mm2/s 3.5- 1SO 3105
Flash Point °C 120 min  ENISO 3679
EN ISO 20846,
Sulfur content mg/kg 10.0 max EN ISO 20884
Carbon residue % (mol/mol) 0.3max ENISO 10370
Cetane Number 51min  ENISO 5165
Sulfated ash % (mol/mol) 0.02max ISO 3987
Water content mg/kg 500 max EN ISO 12937
Total Contamination mg/kg 24 max  EN 12662
g(;pCI;el" strip corrosion (3 b, Degree of corrosion 1 EN ISO 2160
Oxidation stability, 110C H 6.0min  EN 14112
Acid number mg KOH/g 0.50 max EN 14104
Iodo number g/100 g 120 max  EN 14111
Linolenic acid content % (mol/mol) 12.0 max EN 14103
Polyunsaturated methyl ester % (mol/mol) 1 max EN 14103
Methanol content % (mol/mol) 0.2max EN 14110
MAG content % (mol/mol) 0.8 max  EN 14105
DAG content % (mol/mol) 0.2max  EN 14105
TAG content % (mol/mol) 0.2max  EN 14105
Free Glycerol % (mol/mol) 0.02max  EN 14105, EN 14106
Total Glycerol % (mol/mol) 0.25max EN 14105
Group I metals mg/kg 50max  EN 14108, EN 14109
Group II metal mg/kg 50max  EN 14538
Phosphorous content mg/kg 10.0 max EN 14107

Table 8. EN 14214 standard for biodiesel quality control (http:/ /www.cen.eu )
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membrane reactors (Dubé et al. 2007, Baroutian et al., 2011, Zhu et al., 2010, Cheng et al.,
2010, Cao et al., 2008), monolithic catalysts (Kolaczkowski et al., 2009, Dizge et al., 2009,
Tonetto & Marchetti, 2010), etc.

Besides the different technologies and their applicability, we would like to introduce a few
thoughts in relation to the prospective future of biodiesel production. Johnston & Holloway
(Johnston & Holloway, 2010) have compared 228 countries comparing their potential
production of biodiesel. According to them, the five countries with the absolute biodiesel
potential are Malaysia, Indonesia, Argentina, USA and Brazil. However, when considering
the high potential of production in combination with the low production cost, the top five
countries are Malaysia, Indonesia, Philippines, Papua New Guinea, and Thailand. This
result is relevant to draw the attention to new possible production markets.

5. A comparison of the different production technologies

As mentioned before, many works have been carried on in order to find new alternative
technologies to produce biodiesel from impure raw material such as crude oil, waste or
cooking oil, frying oil, soapstoacks’, animal fat, etc. In a typical biodiesel production flow
diagram (Figure 5), a few equipments might not be needed for all the technologies available.
However, to show the most general case, we have added separation and purification
processes as a rule. In some cases, purification is not required, and in some other a pre-
esterification before the transesterification reaction is needed. A more complete flow

Vegetable oil
Alcohol & Transesterification
catalysts > .
T > reaction
Alcohol recovery i
Separation
A4
CmdelGlycerin Crude Biodiesel
Glycerin purification Biodiesel purification
Waste l
v
Glycerin Refine

Biodiesel

Fig. 5. Flow diagram of a conventional process (Marchetti et al., 2007).
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diagram could be seen in the work done by Balat (Balat, 2011). For a more detailed process,
when algae are used, it is advisable to see the work done by Lin et al. (Linn et al, 2011).
When using a homogeneous acid catalyst, like sulfuric acid, the transesterification reaction
is 4000 times slower (Srivastava & Prasad, 2000, Ma & Hanna, 1999, Fukuda et al., 2001,
Knothe et al., 2005, Marchetti, 2010), compared with when a base homogeneous catalyst is
used. Nevertheless, the esterification reaction could also take place and be carried on
without generating soaps. Therefore, this catalyst allows to treat less pure raw material with
some fatty acids and/or water within it (Canakci & Van Gerpen, 2003 a,b, Marchetti &
Errazu, 2008).

On the other hand, since the catalyst is in homogeneous phase, the need of neutralization,
purification, and separation, are required. As a consequences, effluents as well as non
desirable by-products result; this increases the amount of energy and equipments required.
Thus, a bigger initial investment is needed. Finally, it is obtained a Biodiesel of good quality
and a by-product, glycerin, which is of industrial grade allowing it to be used for other
purposes or to be purified until pharmaceutical grade (Van Gerpen, 2005, Marchetti &
Errazu, 2008).

In order to avoid some of the neutralization and purification equipments, the use of a
heterogeneous catalyst appears to be a good brand new alternative. In this case, solid acid
resins and basic solid resins could be used obtaining good results (Bournay et al., 2005, Di
Serio et al., 2005, 2006, Soriano et al., 2009, Hamad et al., 2008, Suppes et al., 2004, Kulkarni
et al., 2006, Lopez et al., 2008, Cao et al, 2008). The advantages of using this catalyst appears
in the final products obtained, more pure Biodiesel and glycerin;: and also, in the process
itself, which required less equipment and ergo a lower investment. However, there are some
disadvantages to take into account. In some cases, it is impossible to carry on the reaction in
the presence of water as well as other impurities such as fatty acids. Some of these catalysts
(solid resins) get deactivated with water; therefore, the raw material must be refined oil. In
other situations, the catalyst could treat some amount of water and fatty acid, but the
reaction time is so large that is not of industrial interest (Marchetti & Errazu, 2010 b).
Enzymes seem to be the best option, for being environmentally friendly. They are produced
in the nature; they require not drastic conditions to work and it could treat some impurities
in the raw material. It should be considered that reaction temperature could not be too high,
otherwise the organisms will die. Some water is needed it to start the reaction, but too much
water will deactivated the catalyst. This one will allow the transesterification as well as the
esterification reaction to take place simultaneously. On the other side, the reaction time for
both reactions could be considered as too long in comparison with other options and the
price of this catalyst is extremely high, making it a very non competitive alternative
(Antczak et al, 2009, Rodrigues et al., 2008, Dalla Rosa et al., 2008, Dizge et al., 2009). Because
of this, new enzymes as well as new enzyme technologies are being developed in a daily
basis aiming to reduce the price, improving the catalytic properties and find a way of
reusing it over and over again so its price could be depreciated over time.

Nowadays, one of the fastest technologies available uses supercritical alcohols, either
methanol or ethanol. In this case, the reaction temperature and reaction pressure provoke
the alcohol to be in a supercritical state, and therefore, not catalyst is required. Thanks to
this technology, a full conversion of non high quality oils could be reached in less than 5
minutes (Demirbas, 2002, 2003, Saka & Kusdiana, 2001, Kusdiana & Saka, 2001, 2004,
Hawash et al., 2009, Gui et al., 2008, Kasim et al. 2009). The absence of a catalyst allows the
system to treat triglycerides, fatty acids, and water with no concerns. Even more, in order to
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reduce the amount of alcohol, some works have shown that is possible to reduce the alcohol
molar ratio by increasing secondary supercritical fluids such as CO,, hexane, heptanes,
propane or tetrahydrofuran, being those much cheaper (Sawangkeaw et al., 2007, Tan et al.,
2010, Yin et al., 2008, Han et al., 2005). In some cases, it could be found that a catalyst could
be introduced into the system (Demirbas, 2007) making possible to achieved good final
conversions without compromising the down streaming separation and purification. For
this process, less equipment is required and the purity of the final biodiesel and glycerin are
quite good. Nevertheless, there is a need of high temperature and pressure that implies a
high operational cost and makes this technology less attractive than others. But, when
considering the process with different approaches it will become more economically viable
(van Kasteren & Nisworo, 2007, Deshpande et al., 2010, Lim et al., 2009)

The use of membrane reactors as well as monolithic catalysts, and monolithic reactors are
among the new options that being considered. Each of them has major advantages and
disadvantages over the conventional process. The monolithic reactors (Kolaczkowski et al.,
2009, Dizge et al., 2009, Tonetto & Marchetti, 2010), produced from powder of a basic
catalyst, have as major concern the leaching of the catalyst from the heterogeneous phase to
the homogeneous phase. Under this circumstance, the activity o the catalyst is lost, and also
there is a need of purification and separation of the products from the catalyst. However, if
the leaching problem is solved, the reaction will be more environmentally friendly and the
Biodiesel produced will be of better quality. Membrane reactors have been widely used for
the water gas shift reaction with great results (Dubé et al. 2007, Baroutian et al., 2011, Zhu et
al.,, 2010, Cheng et al., 2010, Cao et al., 2008). Dubé et al. (Dubé et al., 2007) used them and
succeeded in producing a final product of high quality. The catalyst employed was a
homogeneous basic one; so we should consider that the separation of alcohol and other
compounds, from the main flow, could be quite complicated, and the general price for the
membrane is sometimes too high.

In order to compare the variables previously described, we selected those that are
considered to be the most relevant and presented them in Table 9, were we show them in
relation to the different technologies.

Based on Table 9, we can say that in all the cases, except from the base technology will
produce ester from the presence of fatty acid. However, not all of them have the same effect
when water is in the system, as it is in the case of solid resin and enzyme, where water could
have a negative effect. In the case of monolithic, the leaching is due to the contact with a
liquid phase, that is not necessarily water, and therefore, the effects of water itself are yet
unknown.

The reaction temperature is quite low for the base, acid and enzymatic process, but could be
quite high for the other three options. This is one of the main reasons for the cost of the
technology to be from affordable to expensive. In the case of enzymes, even though the
reaction temperature is quite low, the cost of the catalyst makes the general investment
significant, and in some cases, making the technology not viable.

The purification of ester, its quality, and the quality of the produced glycerin are related to
the type of technology used, especially when the catalyst is in homogeneous phase. In the
last case, the catalyst needs to be separated and neutralization, separation, and purification
of the products are required. For all the heterogeneous as well as the non catalytic
alternatives, the need of purification is simpler and the need of equipment is also lower. In
the case of the monolithic reactor, the leaching problem could make this technology less
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Variable Base Enzyme |Supercritical | Monolithic| Resin Acid
Temp. [°C] 60-70 30-50 200-350 50-180 60-180 50-80
Products from Soaps Esters Esters Esters Esters Esters
FFA
Effect of Water* $ * T *

Yield to ester Normal High High Normal Good Normal

Purification of Difficult | Simple Simple Simple Simple Difficult
glycerol
Reaction time+ 1-2h 8-70h 4-10 min 6h variable 4-70 h
Ester Difficult | Simple |  Simpl Simple | Simple | Difficult
purification ifficu imple imple imple imple ifficu
Cost Cheapest | Expensive | Expensive | Affordable | Affordable| Cheaper
Amgunt of High Low Low Low Low High
equipment

Table 9. Comparison of different technologies for Biodiesel production (Marchetti, 2010)

*in this case the pointing down arrow mean that water is a draw back while the line means that the is not effect
and the system will be able to treat a raw material with some amount of water. For the Enzyme case, a down arrow
has been supply, in this case is important to say that is believe that some water is require for enzyme activation;
however, a lot of water will produce a deactivation of the catalyst. In the case of the resin, it could be seen a down
arrow as well as a line, this is due to the fact that water has different effect over different solid catalyst. In the case
of the monolithic scenario, a line has been selected due to the fact that leaching it is not causing by water per se but
for a non stability of the catalyst.

+the reaction time set in this table is what it is most likely, however, it is important to point out that other times
for the same technology could be found in the open literature

suitable due to the possibility of separation and purification. So far this problem has been
presented (Tonetto & Marchetti, 2010) but not much has been done in order to solve it; even
though it is considered that this disadvantage might be easier to overcome.

In all the technologies studied, the yield for biodiesel is high, even thought in some cases
this is much higher.

6. Conclusions

In this chapter it has been presented different types of process for biodiesel production, their
advantages and disadvantages as regards the different operational variables, the different
raw material qualities, and the different catalysts employed.

Due to these differences, it is not easy to select a process to use. Several operational
conditions and many economic variables should be considered together with those
presented in Table 9, before choosing the best alternative for each case.

About the type of vegetable oil and its quality, it is important to remember that in order not
to compete with the vegetable oil for feeding purposes, the oil used is in all cases is inedible
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and/or waste oil. Due to the high amount of free fatty acid that might be present on the
waste oil, some technologies are more suitable than suitable than others. That is the case of
supercritical alcohols over conventional process. A combination of several options produces
much more reliable and environmental friendly processes. However, in those cases, the
need for a much more control over other influenciable variables is stronger. When using a
vegetable oil, the availability of the oil and the proximity of the plantations is also a key
factor and together with a clear local policy, such as tax reduction. This will help the
biodiesel companies but at the same time, it will provoke an increase in the price of the oil
directly related to the need of these raw materials.

The use of waste oils should be a must. To achieve this, several options could be used based
on the key factors previously explained. The use of waste oils helps to consume pollutants,
does not interfere in the Fuel vs. Food debate, and demands an environmentally friendly
process.
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