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“The world faces major challenges in meeting the ever-increasing demand for transportation goods and 
services while striving to minimize adverse energy, environmental, and economic impacts.” (National 
Renewable Energy Laboratory, U.S. Department of Energy, 2006). 

 

1. Introduction 
 
Conventional diesel fuel is a specific fractional distillate of petroleum, a fossil fuel.  The diesel produced 
from petroleum is sometimes called petrodiesel.  It is a mixture of hydrocarbons C14 to C20 with a 
boiling point between 250 °C and 350 °C, and is extracted from a distillation column at atmospheric 
pressure as shown in Figure 1.  Its density is somewhat larger than that of gasoline, about 850 g/l 
compared with 720 g/liter, due mainly to the larger molecules found in diesel. 
 
Besides these hydrocarbons, petrodiesel usually contains other components such as aromatics, cyclic 
compounds like benzene and toluene, other volatile organic compounds, polycyclic aromatic 
hydrocarbons (PAH), and sulfur.  The sulfur compounds are generally associated with heavy molecules 
that have high boiling points. The presence of sulfur in petrodiesel has led Europe to adopt strict sulfur 
emission regulations. In the U.S., sulfur emission standards for diesel have been proposed. 
 
In contrast to petrodiesel, biodiesel is made from modern vegetation oils and animal fats. NREL (2004, 
p. 1) describes biodiesel as follows: 
 

Biodiesel is composed of long-chain fatty acids with an alcohol attached. It is biodegradable, 
nontoxic, and essentially free of sulfur and aromatics. It is produced through the reaction of a 
vegetable oil with methyl alcohol or ethyl alcohol in the presence of a catalyst. The process 
leaves behind two products -- methyl esters (the chemical name for biodiesel) and glycerin (a 
valuable byproduct usually sold to be used in soaps and other products). Commonly used 
catalysts are potassium hydroxide (KOH) or sodium hydroxide (NaOH).  

 
The National Biodiesel Board (2007a) gives definitions for biodiesel and also for biodiesel blend: 
 

Biodiesel, n—mono-alkyl esters of long chain fatty acids derived from vegetable oils or animal 
fats, for use in compression-ignition (diesel) engines. 
Biodiesel Blend, n—a blend of biodiesel fuel meeting ASTM D 6751 with petroleum-based 
diesel fuel, designated BXX, where XX represents the volume percentage of biodiesel fuel in the 
blend. 

 
The Office of Energy Efficiency of the Natural Resources Agency of Canada describes biodiesel as a 
local, renewable resource – coming from either agricultural products or agro-industry residues such as 
slaughterhouse waste, recycled cooking oil, non-food grade virgin oil or agricultural surplus. This can 
provide value for products that are currently landfilled, creating new markets for local industries and 
reducing disposal costs.  
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Fig. 1. Distillation column for producing petrodiesel (Institute of Petroleum of United Kingdom, 2007). 

 
 
 
We therefore see that biodiesel, commonly written as BD, has many environmental and socioeconomic 
benefits: 
 

- Vehicle emissions of certain pollutants are reduced. 
- Engine wear is reduced because of the fuel’s high lubricity. 
- Transport and storage of BD is relatively safe because the fuel is nontoxic and biodegradable. 
- BD manufacturing results in useful byproducts, such as fertilizer. 
- Dependence on foreign oil and associated price fluctuations are reduced. 
- Combustion of BD made from vegetation does not contribute to climate change: it produces only 

as much CO2 as was absorbed from the atmosphere by the vegetation, and is thus carbon-neutral. 
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Figure 2 shows a diagram of how biodiesel can assist in this last area, namely closing the carbon cycle. 
Note that the oil produced from oil seed can be used directly as an input for biodiesel production, or it 
can be used for cooking and other purposes and then recovered as waste oil before being used to make 
biodiesel.  
 
There are also a number of disadvantages associated with biodiesel, including the following: 
 

- The cloud point and gel point are higher (although this can be solved with anti-gelling agents). 
- NOx emissions from BD100 are increased over those from petrodiesel by about 15%. 
- BD can be used only in diesel engines, such as those in trucks, buses, and around 3% of the cars 

in the U.S. In contrast, roughly half the cars in Europe use diesel fuel. 
- At present, the use of BD may violate engine warranties. 
- BD currently has a slightly higher cost per gallon than petrodiesel. 

 
The production of biodiesel has been increasing rapidly in recent years. Figure 3 shows that the 
annual U.S. production of biodiesel has increased from a negligible amount in 1999 to 75 
million gallons in 2005.  The potential capacity of U.S. to produce this renewable energy has been 
estimated as 1.9 billion gallons/year, or roughly 5% of on-road diesel used in the United States (NREL, 
2004).   
 
 

    
          
Fig. 2. Closing the carbon cycle (Alternatives Biodiesel Group, 2007) Fig. 3.US biodiesel production 

(Biodiesel.org, 2007)  
 

2.  The Chemistry of Biodiesel 
 
Biodiesel is an ester. An ester is a compound produced when an organic acid has one or more hydrogen 
atoms replaced by an organic group. This replacement can occur, for example, through reaction with 
alcohol. Figure 4 shows how an organic acid reacts with alcohol to form an ester plus water. The top 
equation shows the generalized expression for an organic acid, with organic group R, reacting with an 
alcohol R’OH, where R’ is a different organic group, to produce an ester.  The bottom equation shows 
this reaction for the specific case of acetic acid, where R is the methyl group CH3, the alcohol is ethanol, 
and the final ester is acetate. The process by which an organic acid is converted to an ester is called 
esterification. 
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 Fig. 4. The esterification process for a random organic acid, and for acetic acid as an example. 
 
Esterification of acids occurs in living tissue. For example, carboxylic acids, which are organic acids 
characterized by the presence of a carboxyl group, can be esterified.  Acetic acid as shown in Figure 4 is 
a carboxylic acid; the carboxyl group includes everything in the acetic acid structure except the CH3.  
Another name for a carboxyl acid is a fatty acid.  Fatty acids can be attached to other molecules, or they 
can be unattached in which case they are called free fatty acids.  
 
The most common forms of esterified fatty acids found in plants and animals are triglycerides.  Also 
known as triglyceride esters, these compounds are a member of the chemical family known as lipids, 
which are hydrocarbon-containing compounds used by living organisms to store energy.  Animal fat is 
predominantly triglycerides, as is vegetable oil. A triglyceride molecule possesses a glycerol core and 
has three organic groups derived from fatty acids attached to the core. 
 
Triglycerides from vegetable oils or animal fats are the main ingredients used to produce biodiesel.  
Figure 5 shows that triglyceride esters are reacted with alcohol to form a new ester, in this case a methyl 
ester, which is the chemical name for biodiesel.  The three groups derived from fatty acids are shown as 
R, R’, and R’’ in the figure. The three organic groups can all be identical, all different, or two can be the 
same and the third one different. Typical groups are 12 to 22 carbon atoms in length, saturated or 
partially unsaturated (double bonds).  The process of starting with one ester and ending up with a 
different ester is known as transesterification.  Here a triglyceride is combined with methanol, and the 
reaction proceeds with the help of a catalyst to produce biodiesel and glycerol (glycerin). The resulting 
methyl ester molecules are each roughly 1/3 the size of the triglyceride molecule, lowering the viscosity.  
This is important, as the main reason for not burning triglycerides directly in diesel engines is that their 
viscosities are relatively high, resulting in poor performance by the engine. 

 

       Fig. 5. The transesterification process for converting triglycerides to methyl esters, or biodiesel. 
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2.1 Rate constants and rate equations, Le Chatelier Principle 
 
The expression for a reaction between two substances A and B can be written as n1 A + n2 B  Products, 
where n1 and n2 are the number of moles of A and B, respectively, used in the reaction. The rate at which 
this equation proceeds is quantified by the time rate of change in concentrations of A and B: 
 

r = k [A]n1[B]n2      (1) 
 
where r is the reaction rate, e.g., in moles/(m3 sec), k is the rate constant in moles/(m3 sec), [A] is the 
concentration of substance A and [B] is the concentration of substance B, both in moles/m3. The reaction 
is said to be of order n1 with respect to substance A, and of order n2 with respect to substance B.  The rate 
constant k is a function of temperature according to the Arrhenius equation: 
 
     k = Ao exp {–[Ea/RT]}     (2) 
 
where Ao is the “pre-exponential factor,”e.g., in moles/(m3 sec), Ea is the activation energy of the 
reaction in joules, R is the gas constant in joules/degree K, and T is the temperature in degrees K. Note 
that k may have other units, for example sec-1, if r is defined differently. The Arrhenius equation is based 
on collision theory which assumes that particles must collide with both the correct orientation and with 
sufficient kinetic energy if the reactants are to be converted into products. 
 
A chemical reaction can be reversible or irreversible. All reversible reactions tend to chemical 
equilibrium, the state in which a chemical reaction proceeds forward at the same rate as its reverse 
reaction, and the concentrations of the reactants and products approach values that do not change with 
time. This does not mean that the reaction has ceased, but rather that the forward and the reverse 
reactions occur at the same rates. 
 
If a reaction is irreversible, there is effectively no equilibrium: the final state is reached when only 
products remain, or when only reactants remain. Reactions, in general, will be mainly driven by enthalpy 
or entropy. Irreversible reactions are usually entropically driven, so there is a considerable increase in 
entropy, as opposed to thermodynamically driven. 
 
The Le Chatelier Principle can be stated as follows:  If a chemical system at equilibrium experiences a 
change in concentration, temperature, or total pressure, the equilibrium will shift in order to minimize 
that change.  The following example will help us understand this concept. 
 

In the production of ammonia from nitrogen and hydrogen gases, there is a release of energy 
(∆H = -92kJ), meaning that it is an exothermic reaction: 
 

N2 + 3H2 ⇌ 2NH3     (3) 
 
According to the ideal gas law, a mole of any gas occupies the same volume at a given 
temperature and pressure, e.g., 22.4 liters at standard temperature and pressure.  The reactants 
represent four moles of gas while the product represents only two moles, and thus the product 
gas will occupy only half the volume of the reactants.  The reduction in volume must 
decrease the entropy, and so the reaction is thermodynamically driven, not entropically 
driven. This implies that the reaction is a reversible process. If we were to lower the 
temperature, the equilibrium would shift in such a way as to produce heat in order to 
minimize the temperature change, according to the Le Chatelier Principle. Since this reaction 
is exothermic to the right, a decrease in temperature would favor the production of more 
ammonia. 
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We can also apply these concepts to biodiesel production. The transesterification of triglycerides into 
methyl esters is a reversible reaction, as illustrated in Figure 5. The reaction can be symbolically 
expressed as: 

n1 A + n2 B ⇌ n3 C + n4 D    (4) 
 
where A and B represent triglycerides and methanol, respectively, C and D represent methyl esters and 
glycerol, respectively, and the values of ni are the number of moles of each of these species in the 
reaction.  If we increase the temperature, Le Chatelier tells us that the equilibrium will shift in such a 
way as to minimize the temperature increase.  This will drive an exothermic reaction to the left, since 
fewer products mean less heat released. On the other hand, decreasing the temperature will cause the 
equilibrium to shift to the right.  The Le Chatelier Principle can thus be used to manipulate the outcomes 
of the transesterification reaction, e.g., to increase the yield of the products. Besides decreasing the 
temperature, we can also increase the concentration of reactants or increase the pressure to shift the 
reaction to the right, according to Le Chatelier. 
 
This is also consistent with the Arrhenius equation, where a lower temperature implies a lower reaction 
rate k.  The equilibrium constant K for the reaction of interest is given below. It is seen that a lower K 
implies higher concentrations of reactants A and B and lower concentrations of products C and D at 
equilibrium (the end of the reaction): 
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DCK =      (5) 

 
where this equation is based on www.iupac.com. 
 
2.2  Influencing the reaction rates
 
The principles of kinetics are used to calculate reaction rates. Essential rate laws exist for zero order 
reactions, for which reaction rates are independent of initial concentration, as well as for first order and 
second order reactions.  Factors that influence the reaction rate include the temperature, concentration of 
reactants, the physical state of reactants, and the presence of catalysts. 
 
Microwaves have been studied recently because of their ability to accelerate various chemical, 
biological, and physical processes.  According to Saifuddin (2004), the enhanced rates are based on a 
greater accessibility of the susceptible bonds and a much more efficient chemical reaction. During 
microwave irradiation, polar molecules such as alcohol (one of the reactants in the transesterification 
process) align with the continuously changing magnetic field generated by the microwaves. The 
magnetic field results in a continuously changing electrical field that interacts with the molecular dipoles 
and charged ions. The electric field causes these molecules and ions to have rapid rotation, and heat is 
generated due to friction of this motion (Saifuddin, 2004).  
 
Microwaves are used in several patented methods, like “Methods for Producing Biodiesel” by Portnoff et 
al. (2005) as illustrated in Figure 6.  These methods are currently being implemented by industries. 

Note that increasing the temperature will decrease ln Keq, implying more reactants and less products, 
effectively shifting the reaction to the left.  A plot of ln Keq versus 1/T will be a straight line with slope   
–∆Ho/R and intercept ∆So/R. 
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The van't Hoff equation can be used to estimate the temperature dependence of any equilibrium constant 
with reasonable accuracy, since the enthalpy change for most reactions varies little with temperature 
(University of Alberta, 2006). 
 
 

 
 

Fig. 6. Use of microwaves for transesterification of soybean oil, taken from Portnoff et al. (2005). 

 

2.3 The van’t Hoff equation 
 
We have seen that in a reversible reaction, the temperature not only affects the rate constant but also the 
equilibrium. The van’t Hoff equation can help us to determine the effect of temperature, since the rate 
constant changes with temperature: 
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3.  Feedstock Selection 
 

As shown in Figure 5 above, there are three basic inputs used to drive the reaction that creates biodiesel. 
These are triglycerides, alcohol, and catalyst.  Each of these is now discussed. 
 
3.1 Triglycerides 
 
Vegetable oils, animal fats, and recycled greases all contain a high percentage of triglycerides and thus 
can be used as feedstock for producing biodiesel.  However, all of these substances also contain 
contaminants that can impair the reaction, such as free fatty acids.  FFAs are undesirable because they 
form soaps, as explained later.  Other contaminants associated with color and odor can reduce the value 
of the byproduct glycerin produced, and reduce the public acceptance of biodiesel if the color and odor 
persist in the fuel (NREL, 2004).  Some oils and fats contain phospholipids, which is another type of 
lipid that serves as the major component of biological membranes and can interfere with the reaction. 
 
With respect to process chemistry, the greatest difference among the choices of triglyceride feedstock is 
the amount of FFAs in the substance.  Most vegetable oils have a low percentage of FFAs and 
phospholipids, which explains the popularity of this feedstock in making biodiesel. For example, 
soybean oil is the most commonly used triglyceride feedstock in the U.S. today.  Soybean production in 
2005 in this country for all uses was about 84 Million metric tons (mt) with a total harvested area of 
about 29,000 hectares (USDA, 2005). Rapeseed oil is most commonly used in Europe for biodiesel 
production. The oils from several other plants can also be used in the biodiesel reaction, including corn, 
sunflower seed, cottonseed, canola, crambe, safflower, flaxseed, and mustard seed.  Some locations of 
biodiesel production with different types of oils are shown in Figure 7. 
 
In contrast to vegetable oils, animal tallows and recycled (yellow) grease have much higher levels of 
FFAs. Yellow grease contains about 15% FFAs by mass, while trap greases from kitchens can contain 
between 50% and 100% FFAs (NREL, 2004, p. 35). The market for these greases is small and most are 
landfilled, with consequent environmental impact. According to NREL (2004), trap grease is not yet 
used for biodiesel production and may have some technical challenges such as high water content and 
strong color and odor. There are also unresolved questions concerning pesticides and other contaminants. 
 
The mass yields of oil per hectare from several plants are listed in Table 1.  Although there are large 
differences in oil yield among these types of plants, the particular plant chosen has little effect on the 
details of the biodiesel production process (Tickell, 2000). 
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Fig. 7. Types of vegetable oil used for biodiesel production in different parts of the world (AFDAI, 
1997). 
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Waste oil is a potentially cheap raw material for biodiesel production, since most of it is currently used 
as an inexpensive ingredient in animal feed or is landfilled.  However, there are some disadvantages such 
as the amount of FFAs present as well as pretreatment needs. 
 
According to AFDAI (1997), the annual use of oils and fats in the EU averages about 41.9 kg/person, out 
of which about 15 kg/person is used for cooking, mainly in households or in catering.  The amount of 
waste cooking oil that is potentially collectable for recycling annually varies from 5 kg/person in Austria 
to 13 kg/person in Belgium.  Table 2 shows the amount of FFAs in each fraction of oil from waste 
cooking as well as from rape seed. 
 
Case study: Bulk cooking oil initiative from MacDonald’s 

 
MacDonald’s USA previously transported all their new and used cooking oil in plastic containers. But 
since 1999, the company has been striving to change this by developing an automated bulk cooking oil 
management program.  The system provides for the replenishment, filtration and disposal of cooking oil, 
eliminating hands-on oil management in the workplace and providing an improved approach to 
distribution. The system eliminates manual handling of cooking oil averaging over 7 metric tons 
annually per restaurant.  With this method, patented by Restaurant Technologies, Inc., a number of 
regional MacDonald’s business units have initiated biodiesel programs. For example, MacDonald’s Italy 
contributes approximately 1,200 metric tons of used cooking oil annually (nearly 20% of the total oil 
used by MacDonald’s restaurants in Italy) to biodiesel production to heat buildings. Also, MacDonald’s 
France provides nearly all their used cooking oil for biodiesel (MacDonald’s, 2004).  
 
The company also reports the amounts of waste in each of several categories from selected restaurants 
throughout the U.S., as shown in Table 3.  Waste cooking oil is included in the “Organics” category.  
 
 
Table 2.  Percentage of FFAs in waste cooking oil and rape seed oil esters, according to AFDAI (1997). 
The oils are listed according to the number of carbon atoms per molecule, with the number of double 
bonds given as the value after the colon). 
 
 Oil  Waste Cooking FFAs (weight %) Rape Seed FFAs (weight %)

 C16:0   4.7-14.5    6.1 

 C16:1   0-2.4     --- 

 C18:0   1.4-5.9     2.3 

 C18:1   52.9-65.8    56.0 

 C18:2   15.4-20.7    24.2 

 C18:3   4.1-8.8     6.5 

 C20:0   0.6-1.0     0.3 

 C20:1   0.4-2.3     0.3 
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Table 3.  Amounts of waste generated per unit sales in several categories reported by MacDonald’s 
(2004). 
 

 
 
 
3.2 Alcohol 
 
The most commonly used primary alcohol in the transesterification reaction is methanol, although other 
alcohols, such as ethanol, isopropanol, and butyl, can also provide biodiesel that satisfies ASTM 6751 
(NREL, 2004, p. 31).  The choice of alcohol depends on factors such as its cost, the amount needed for 
the reaction, the ease of recovering and recycling it, fuel tax credits, and global warming issues.  Some 
alcohols also require slight technical modification of the BD production process.  Examples include 
lower operating temperatures to keep the reaction in the liquid phase, or different mixing speeds or 
mixing times because of varying abilities to react with triglycerides. 
 
A key quality factor for the primary alcohol is the water content, since water interferes with 
transesterification reactions. The presence of significant amounts of water can result in poor yields and 
high levels of soap, free fatty acids, and unreacted triglycerides in the final fuel. All the lower molecular 
weight alcohols (i.e., C1 to C5) are hygroscopic, i.e., they absorb water from the environment, so their 
management is essential for the success of the process. 
 
The amount of alcohol needed for transesterification is determined on a molar basis from the 
stoichiometry of the reactions.  But since alcohol is purchased on a volume basis (cost/liter), there can be 
a significant difference in raw material price. Figure 5 shows that three moles of alcohol are needed to 
react completely with one mole of triglyceride. If we assume that one gallon of methanol costs $0.61 
(NREL, 2004), the price per mole is $0.00652. By contrast, a gallon of fuel-grade ethanol costs $ 1.45 
per gallon or $ 0.02237 per mole, making it less attractive economically. 
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Furthermore, a base-catalyzed biodiesel production process typically uses 6 moles of alcohol per mole of 
triglycerides rather than the 3:1 stoichiometric ratio.  The excess alcohol drives the reaction closer to the 
99.7% yield we need to meet the total glycerol standard for fuel grade biodiesel. The unused alcohol 
must be recovered and recycled back into the process to minimize operating costs and environmental 
impacts.  
 
Another reason to use methanol instead of ethanol is that the latter forms an azeotrope with water.  An 
azeotrope is a liquid mixture of two or more substances that retains the same composition in the vapor 
state as in the liquid state when distilled or partially evaporated.  It is therefore difficult to separate the 
two liquids of an azeotrope, or in this case to separate water from ethanol. Methanol does not form an 
azeotrope and can be recovered easily by distillation (NREL, 2004). Thus even though methanol is more 
toxic, it is the preferred alcohol for producing biodiesel.   
 
3.3 Catalyst 
 
A catalyst is often used to initiate the transesterification reaction because the input oil and alcohol do not 
mix easily. The catalyst increases the solubility of the reactants and also increases the reaction rate 
(Schuchardt et al., 1998). 
 
Catalysts may be base, acid, or enzyme materials. The most commonly used catalyst materials for 
converting triglycerides to biodiesel are bases like sodium hydroxide (NaOH), potassium hydroxide 
(KOH), and sodium methoxide (NaOCH3).  Base catalysts are used because they have the shortest 
conversion times.  However, a problem with bases is that they are highly hygroscopic. Furthermore, they 
form water when dissolved in the alcohol reactant. For the case of methanol, we have: 
 
     CH3OH + NaOH  NaOCH3 + H2O    (7) 
 
Thus sodium methoxide is produced and becomes the real catalyst agent when we add NaOH.  The water 
contaminates the reaction and there is a small amount of soap formation, which occurs both by reactions 
with FFAs and with esters: 
 

R-COOH (FFAs) + H2O  R-COO- (soaps) + H+  (8) 
 

R-COO-R’ (esters) + H2O  R-COO- (soaps) + H+ + R’OH (9) 
 
Thus with catalysts that are bases, we will always have soap in the product coming from the free fatty 
acid reaction with water formed from the catalyst. The water could result in biodiesel that does not 
satisfy ASTM standards and thus requires additional treatment. 
 
Despite these problems, base-catalyzed reactions are usually preferred to acid catalysts because of their 
reaction times. Typical residence times in a reactor vary from about 5 minutes to about 1 hour, 
depending on temperature, concentration, mixing, and alcohol:triglyceride ratio. NREL (2004) claims 
that although KOH is usually more expensive than NaOH, we could precipitate it as K3PO4, a fertilizer, 
when the products are neutralized using phosphoric acid.  The fertilizer will then provide extra value. 
However, it may be more difficult for the process to meet water effluent standards because of limits on 
phosphates, since we will always have some PO4

3- in the water. 
 
Although acid catalysts can be used for transesterification, they are generally considered to be too slow 
for industrial processing.  However, as we have seen in Section 3.1, some feedstocks contain appreciable 
amounts of FFAs that can interfere with the process; acid catalysts can be used to get rid of the FFAs 
through esterification. Recall from Section 2 that the difference between esterification and 
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transesterification is only the choice of reactant: an acid for the former, an ester for the latter. Otherwise 
the reaction is the same: 
 
Esterification:  R-COOH (acid) + R’OH (alcohol)  R-COOR’(ester) + H2O (water)  
Transesterification: R-COOR’’ (ester) + R’OH (alcohol)  R-COOR’’(ester) + R’’OH (alcohol) 
            

(10a and 10b) 
 
In the mixing reaction of the alcohol with the acid catalyst we have: 
 
H2SO4 + CH3OH  CH3O- + HSO3

+ + H2O      (11) 
 
Following this is the reaction with free fatty acids as described above (esterification): 
 
CH3O- + HSO4

+ + H2O + R-COOH (FFA)  RCOOCH3 (biodiesel) + H2SO4 (catalyst recovered) 
 
Acid catalysts include sulfuric acid and phosphoric acid. The reaction above shows a first step where the 
acid catalyst is mixed with methanol, and a second step where the mixture is added to a feedstock that 
contains high levels of free fatty acids. The acids will need neutralization when this process is complete, 
but neutralization can be accomplished as base catalyst is added to convert any remaining triglycerides 
(NREL, 2004, p.32). 
 
Acid-catalyst systems are characterized by slow reaction rates and high alcohol:triglyceride 
requirements, 20:1 or more, which result in an expensive process. Therefore acid-catalyzed reactions are 
usually used to convert FFAs to esters, or to convert soaps to esters as a pretreatment step for high FFA 
feedstocks. Residence times range from 10 minutes to about 2 hours. 
 
There is continuing interest in using lipases as enzymatic catalysts for the production of alkyl fatty acid 
esters (NREL, 2004; Hofman, 2003; Pinto et al., 2005; Schuchardt et al., 1998). These catalysts can act 
on the triglycerides or on the fatty acids. The commercial use of enzymes is limited because of the high 
costs, low reaction rates, and yields less than the 99.7% required for fuel-grade biodiesel.  Enzyme 
catalysts are currently limited to countries like Japan, where energy costs are high, and occasionally for 
the production of specialty chemicals from specific types of fatty acids (NREL, 2004).  
 
Once the reaction to produce biodiesel is completed, neutralizers are used to remove the base or acid 
catalyst from the biodiesel and glycerol products. If the catalyst is a base, the neutralizer is typically an 
acid such as HCl, H2PO4, or H2SO4. If the catalyst is an acid, the neutralizer is a base such as NaOH or 
KOH. The neutralizer is usually diluted in the wash water in one of the biodiesel purification steps. 
Recall from earlier discussion that if phosphoric acid is used to neutralize a base catalyst, the reaction 
produces fertilizer, which has additional value. 
 
 
 
3.4 Non-Catalyzed Systems – The Biox Process 
 
We have seen that the purpose of a catalyst is to overcome slow reaction time caused by the extremely 
low solubility of alcohol in triglycerides. However, in addition to the catalyst we can use co-solvents to 
speed up reaction times. For example, the Biox Process uses tetrahydrofurans to obtain reaction times on 
the order of 5 – 10 minutes, and there are no catalyst residues in either the ester or the glycerol outputs. 
However, this chemical category is defined as hazardous and so the process requires special treatment 
and permits. Other co-solvents, such as MTBE, have also been investigated (NREL, 2004). 
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4.  Production of Biodiesel 
 
There are three basic routes to biodiesel production from oils and fats (National Biodiesel Board, 2007b): 
 

• Base catalyzed transesterification of the oil with methanol. 
• Direct acid catalyzed esterification of the oil with methanol. 
• Conversion of the oil to fatty acids, and then to methyl esters with acid catalysis. 

 
As we have seen in Section 3, the majority of the methyl esters produced today are made with the base 
catalyzed reaction because it is the most economical.  The method is characterized by relatively low 
temperature and pressure in the reactor, high efficiencies of conversion, and direct conversion from 
triglycerides to methyl ester without intermediate steps. 
 
Here we discuss only the base catalyzed reaction. A block diagram of the process is shown in Figure 8.  
The figure shows that there are seven key steps: (1) pretreatment, (2) mixing of the alcohol and catalyst, 
(3) promotion of the reaction, (4) separation of the products, (5) alcohol removal, (6) glycerin 
neutralization, and (7) methyl ester wash.  These steps are discussed in the following sections. 

4.1 Pretreatment 
 
Potential problems with phospholipids and FFAs in the triglyceride feedstock were mentioned in Section 
3.1. Fortunately, these contaminants can be removed. NREL (2004) discusses pretreatment steps for both 
of these species: 
 

1. Degumming: Phosphatides are removed along with other contaminants from the crude oil by 
mixing it with hot water.  These compounds start swelling as they are hydrated, and thus they 
can be separated by the difference in density (NREL, 1998). 

 
 
2. Alkali refining: Recalling Equation 7, the NaOCH3 catalyst can react with FFAs in the 

feedstock and form soap, which ties up the catalyst: 
 

RCOOH + NaOCH3 -----------> RCOONa + CH3OH 
(Free Fatty Acid) (Catalyst)        (Soap)    (Methanol) 

 
In addition, soap formation can result in a more difficult phase separation of methyl ester and 
glycerol. To prevent this, caustic and water are added to the degummed soybean oil before 
carrying out the transesterification step (NREL, 1998). 
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Fig. 8. Diagram of the process for producing biodiesel.  
 

4.2 Mixing of the alcohol and catalyst 
 
The catalyst is dissolved in the alcohol using a standard agitator or mixer. The alcohol/catalyst mixture is 
then charged into a closed reaction vessel and the oil or fat is added. The system now remains totally 
closed to the atmosphere to prevent the loss of alcohol or moisture absorption. 
 
The amount of basic catalyst used is 0.35% of the triglyceride mass plus the amount needed to react with 
the free fatty acids present in the feedstock. This extra quantity is calculated through titration, where a 
feedstock sample reacts with a known-concentration NaOH solution. The endpoint of the titration is at 
pH = 8.3, where the solution permanently changes color due to the indicator phenolphthalein. In this 
way, we can determine how much NaOH will be consumed by the FFAs.  Since the reaction of NaOH 
with FFAs is more favorable than the reaction of NaOH with triglycerides, all the FFAs must be 
consumed before the triglycerides begin reacting. 
 
 

4.3 Promoting the reaction 
 
As we have seen in Figure 5, three moles of methanol are needed to react with each mole of triglycerides. 
This usually corresponds to a mass of methanol which is about 10% of the mass of oil.  However, as 
pointed out in Section 3.2, roughly twice this amount of methanol is often used to drive the reaction close 
to completion.  The excess methanol is then recovered after the process is completed. 
 
The National Renewable Energy Laboratory reports the following typical conditions for 
transesterification reactors: 
 

• The reactor may have two stages where 90% yields are achieved at each stage. 
 
• Considerable effort is put into mixing the oil and methanol to achieve good contact 

between these species. 
 
• Average reactor temperature varies from 50° to 120°C, with a typical value of 60°C. The 

lower end of the temperature range is used in most modern commercial facilities. The 
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reaction mix must be kept below the boiling point of the alcohol (around 65ºC), although 
high temperature will increase the reaction rate. 

 
• Reaction times vary from one to eight hours. 

 
NREL reports on a hypothetical reactor that uses 10,455 kg/hr of triglycerides to produce 10,397 kg/hr of 
biodiesel. This corresponds to a 99% yield on a molar basis.   
 
Figure 9 is a diagram of the transesterification process, showing the reactants and products. The diagram 
assumes that stoichiometric values are used in the reaction even though we have seen that roughly double 
the stoichiometric value of alcohol is often used to drive the reaction close to completion.  Note that 
separation of products is necessary at the conclusion of the reaction.  This is discussed in the next 
section. 
 

 
Fig. 9.  Inputs and outputs of the transesterification process, taken from Portnoff et al. (1995). 
 
 

4.4 Separation of the products  
 
The products of the reaction include biodiesel, glycerol, and excess methanol.  These products are sent to 
settling tanks. The glycerol and excess methanol are in an aqueous phase with a density of at least 1.05 
g/ml, while the biodiesel has a density of about 0.88 g/ml. There are three main separation processes 
(NREL, 2004): 
 

• A decanter (settler) system relies solely on the density difference and residence time to achieve 
the separation. For relatively small production, or batch processes, the 1 to 8 hours required for 
complete separation of the phases may be acceptable or very large equipment is needed. 

• A centrifuge creates a large force field by spinning at very high speeds. The separation can be 
completed rapidly and effectively. The disadvantage of the centrifuge is its initial cost and the 
need for maintenance. 

• A liquid – liquid hydrocyclone uses an inverted conical shape and the incompressibility of the 
liquids to accelerate the liquid entering the cyclone.  An illustration of fluid flow in a 
hydrocyclone is shown in Figure 10. 

 
 

 17



 
 

Fig. 10. Fluid flow in a hydrocyclone, taken from University of Alaska 
Fairbanks. 

 
 
The rate of separation is affected by several factors (NREL, 2004). Most biodiesel processes use 
relatively intense mixing to increase the contact between reactants, at least at the beginning of the 
reaction. If this mixing continues for the entire reaction, the glycerol can be dispersed in very fine 
droplets throughout the mixture. This dispersion requires from one hour to several hours to allow the 
droplets to coalesce into a distinct glycerol phase. For this reason, mixing is generally slowed as the 
reaction begins to progress, to reduce the time required for phase separation. 

 

4.5 Alcohol Removal 
 
Once the glycerin and biodiesel phases have been separated, it is necessary to remove and recover the 
excess alcohol from the glycerin. This is usually done with flash evaporation process or by distillation 
(NREL, 2004), and special care must be taken to ensure no water accumulates in the recovered alcohol 
stream. 

 

4.6 Glycerin Neutralization  
 
The glycerin by-product is valuable in the cosmetics and food sectors.  After the alcohol has been 
removed, the glycerin still contains unused base catalyst and soaps. The catalyst is neutralized with acid, 
which produces water and salt.  In some cases the salt is recovered for use as fertilizer, although the salt 
is often simply left in the glycerin (NREL, 2004). Water and alcohol are removed to produce 80-88% 
pure glycerin that is ready to be sold as crude glycerin (NREL, LCI, 1998). In more sophisticated 
operations, the glycerin is distilled to 99% or higher purity and sold into the cosmetic and pharmaceutical 
markets. 
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4.7 Methyl Ester Wash  
 
Once separated from the glycerin, the biodiesel is sometimes purified by washing gently with warm 
water to remove residual catalyst or soaps, dried, and sent to storage. In some systems the biodiesel is 
distilled in an additional step to remove small amounts of color bodies to produce a colorless Biodiesel 
(www.biodiesel.org). Color, however, is not an ASTM specific attribute of the product but it seems to 
affect directly to the public acceptance. 
 
The amount of water spent in the batch washing process is very large, around 30%-40% of the biodiesel 
mass, and the output streams have high biochemical oxygen demand.  If countercurrent wash columns 
are used, where water is fed into the tops of the columns and the methyl ester product is fed from the 
bottom, the water consumption is only about 20% of the biodiesel mass. 
 
According to NREL (1998), water enters the columns at 70°C and it is assumed that 10% of the wash 
water is entrained with the biodiesel, while none of the biodiesel is lost with the wash water.  After this 
step, the biodiesel is sent to a settler to separate the aqueous phase, which is also sent on to the glycerine 
recovery section. To design this process it is necessary to assume that recovery of the biodiesel is 100%, 
while 5% of the aqueous phase is lost in the biodiesel. The biodiesel is then vacuum dried to remove the 
residual water. 
 
 
5.  Data from a Biodiesel Production Model 
 
The data presented in Tables 4 and 5 below are from a Life Cycle Inventory study of biodiesel and 
petrodiesel (NREL, 1998). For that study, it is assumed that the biodiesel production facility has six raw 
material inputs. For every 1,000 kg of biodiesel produced, 1,037 kg of crude degummed oil is used as 
feedstock. Approximately 90 kg of methanol is added to the system. Though methanol is added to the 
reactors at twice the required stoichiometric ratio, most of this excess methanol is recovered. 
 
The apparently lower methanol usage shown in these inputs is because the methanol from the sodium 
methoxide catalyst is recovered as well. The primary use of sodium hydroxide is in alkaline refining. 
Hydrochloric acid (HCl) is required in acidification of the glycerin co-product to neutralize the base 
catalyst. 
 
Table 4.  Flow rates of materials used in the NREL model. 
 
 Material   Hourly Flow (kg/hr) Normalized Flow (kg/MT biodiesel)

 Crude, degummed soybean oil  10,900            1,037 

 Sodium Methoxide        253     24.1    

 Sodium Hydroxide        252     24.0 

 Hydrochloric Acid        792     75.4 

 Methanol         940     90.0 

 Water       3,740   356 

 
 
Table 5.  Steam requirements for biodiesel production used in the NREL model. 
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 Section     Kcal/metric ton biodiesel produced  

 Alkaline Refining     37,000 

 Methyl Ester Production    25,600     

 Methyl Ester Purification    55,600      

 Glycerin Recovery                          156,000 

 Methanol Recovery     53,700     

 Waste Treatment              0      

 Total                           328,000    

 
 

 
 
 
 

 

 20



 BIBLIOGRAPHY 
 

AFDAI, Agriculture and Food Development Authority of Ireland, “Bio-diesel production based on waste 
cooking oil: promotion of the establishment of an industry in Ireland,” 1997. 
 
Alternatives Biodiesel Group, http://biodiesel.alternatives.ca/pages/potentf.html, accessed 2007. 
 
Institute of Petroleum of United Kingdom, http://www.energyinst.org.uk/education/coryton/page7.htm, 
accessed 2007. 
 
Biodiesel.org: www.biodiesel.org, accessed 2007. 
 
Hofman,V. “Biodiesel Fuel”, North Dakota State University of Agriculture and Applied Science, 2003. 

 
MacDonald’s 2004 World Corporate Responsibility Report, 
http://www.mcdonalds.com/corp/values/report/archive.html, accessed 2007. 
 
National Biodiesel Board, “Specification for Biodiesel (B100)-ASTM D6751-07a”, 
http://www.biodiesel.org/pdf_files/fuelfactsheets/BDSpec.pdf, 2007a. 
 
National Biodiesel Board, “Biodiesel Production”, 
http://www.biodiesel.org/pdf_files/fuelfactsheets/Production.pdf, 2007b. 
 
National Renewable Energy Laboratory, U.S. Department of Energy, “Life Cycle Inventory of Biodiesel 
and Petroleum Diesel for Use in an Urban Bus,” 1998. 
 
National Renewable Energy Laboratory, U.S. Department of Energy, “Biodiesel Production Technology 
Report,” July 2004. 
 
Pinto et al. “Biodiesel: An overview” J.Braz.Chem.Soc Vol. 16 No.6B, 2005. 

Portnoff et al. “Methods for Producing Biodiesel,” 20050274065A1 US Patent, 2005. 
 
Portnoff et al. “Production of Biofuels,” 2004007460A1 US Patent, 2004. 
 
Saifuddin N. and K. H. Chua, “Production of Ethyl Ester (Biodiesel) from used Frying Oil”, Malaysian 
Journal of Chemistry, (2004). 
 
Schuchardt et al. “Transesterification of Vegetable Oils: A review” J.Braz.Chem.Soc Vol. 9 No.1 (1998). 
 
Tickell, Joshua, From the Fryer to the Fuel Tank, Biodiesel America, Hollywood, CA, 2000. 
 
USDA, United States Department of Agriculture, http://usda.mannlib.cornell.edu/reports/nassr/field/pcp-
bb/2005/crop1205.txt, accessed 2007. 
 
University of Alberta, www.ualberta.ca, accessed 2007. 
 

 21

http://biodiesel.alternatives.ca/pages/potentf.html
http://www.energyinst.org.uk/education/coryton/page7.htm
http://www.biodiesel.org/
http://www.mcdonalds.com/corp/values/report/archive.html
http://www.biodiesel.org/pdf_files/fuelfactsheets/BDSpec.pdf
http://www.biodiesel.org/pdf_files/fuelfactsheets/Production.pdf
http://usda.mannlib.cornell.edu/reports/nassr/field/pcp-bb/2005/crop1205.txt
http://usda.mannlib.cornell.edu/reports/nassr/field/pcp-bb/2005/crop1205.txt
http://www.ualberta.ca/

	Biodiesel: From the Farm to the Fuel Tank
	“The world faces major challenges in meeting the ever-increa
	1. Introduction
	2.  The Chemistry of Biodiesel
	Fig. 5. The transesterification process for converting trigl
	2.1 Rate constants and rate equations, Le Chatelier Principl
	Note that increasing the temperature will decrease ln Keq, i

	2.3 The van’t Hoff equation

	3.  Feedstock Selection
	4.  Production of Biodiesel
	4.1 Pretreatment
	4.2 Mixing of the alcohol and catalyst
	4.3 Promoting the reaction
	4.4 Separation of the products
	4.5 Alcohol Removal
	4.6 Glycerin Neutralization
	4.7 Methyl Ester Wash

	BIBLIOGRAPHY

