
r2010 American Chemical Society and Division of Chemical Education, Inc.

_
pubs.acs.org/jchemeduc

_
Vol. 88 No. 2 February 2011

_
Journal of Chemical Education 201

10.1021/ed9000427 Published on Web 11/23/2010

In the Laboratory

Acid-Catalyzed Preparation of Biodiesel from
Waste Vegetable Oil: An Experiment for the
Undergraduate Organic Chemistry Laboratory
Don Bladt, Steve Murray, Brittany Gitch, Haylee Trout, and Charles Liberko*
Department of Chemistry, Cornell College, Mount Vernon, Iowa 52314-1098, United States
*cliberko@cornellcollege.edu

Recent interest in the production of biodiesel from vege-
table oil (1) has spurred a number of exercises designed for use in
the undergraduate organic laboratory (2-4). These transforma-
tions typically involve the conversion of triglycerides into methyl
esters of the long-chain fatty acids via base-catalyzed transester-
ification reactions (Scheme 1). The more polar glycerol that is
produced separates from the biodiesel phase and is easily removed.
When the undergraduate students carry out the reaction with new
vegetable oil, the procedure goes smoothly and satisfactory yields of
biodiesel are typically obtained.

The procedures that produce biodiesel from waste cooking
oil, however, are complicated by free fatty acids that are present as
a result of the hydrolysis of the triglyceride under the conditions
used for cooking (Scheme 2). Under the basic transesterification
conditions (Scheme 3), the free fatty acids become deprotonated.
The resulting carboxylates are unreactive toward base-catalyzed
esterification. Not only does this decrease the yield of biodiesel,
but it also complicates the separation process since the long-chain
carboxylates (soap) create emulsions. This situation is further
complicated if water is present in the waste oil. Under the basic
reaction conditions, water causes additional saponification.
When the free fatty acid content of the waste oil goes higher
than about 10%, the base-catalyzed transesterification reaction
becomes unworkable (5).

Transesterification reactions can also be catalyzed by acids,
but generally at a much slower rate. In the acid-catalyzed
reactions, higher ratios of alcohol to triglycerides than in the
base-catalyzed reactions are typically used (6). We have found
that sulfuric acid-catalyzed transesterification of vegetable oil
with methanol remained incomplete even after 6 h at reflux.
Since acid-catalyzed esterification of the fatty acids (Fischer
esterification) generally occurs at a much faster rate than the
acid-catalyzed transesterification of the triglyceride, some proce-
dures (7) call for a Fischer esterification of the free fatty acids by
acid catalysis followed by a base-catalyzed transesterification to
convert the remaining glycerides into biodiesel. These procedures
have the advantage of not sacrificing the free acids or dealing with
the soapy emulsions, but they are still relatively complicated. We
believed that a procedure that could convert the free fatty acids in
waste vegetable oil into biodiesel which would avoid the messy
emulsions associated with the base-catalyzed reactions and would
shorten the transesterification reaction time to fit into a typical
3-h lab period would be pedagogically valuable for undergraduate
organic students. To that end, we developed a one-pot procedure
(Scheme 4) using sulfuric acid to simultaneously catalyze both
the Fischer esterification and the transesterification reactions of
waste vegetable oil in refluxing 1-propanol.1

Experimental Section

Our procedure involves refluxing a mixture of waste vege-
table oil, 1- propanol (5:2 ratio by volume), and concentrated sul-
furic acid (0.5% by volume) for 1 h. After cooling, the layers are
separated and the ester layer iswashed anddried.Wehave found that
the acid-catalyzed reaction with refluxing 1-propanol (boiling point
97 �C) occurred at a much faster rate than with methanol (boiling
point 65 �C). In addition to the higher reaction temperature offered
by the higher boiling solvent, the longer hydrocarbon chain of the
1-propanol provides better mixing of the phases. This is consistent
with previous studies showing that the reaction rate is limited by

Scheme 1. Transesterification of Vegetable Oil with Methanol: A
Representative Triglyceride for Corn Oil Is Shown

Scheme 2. Partial Hydrolysis of Vegetable Oil under Conditions Used
for Cooking: The R-Groups Are Long-Chain Saturated and Unsaturated
Hydrocarbons
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mass transfer between the phases (8). The use of vigorous mixing of
the phases and the use of longer-chain alcohols to improve
solubility (9) would certainly improve the mass transport as would
the addition of a co-solvent (10) or the use of ultrasound irradia-
tion (11). The reaction reported here comes to completion in about
an hour. The separation of the glycerin proceeds smoothly and using
1MNaCl(aq) towash keeps any emulsions in check. The procedure
is simple and produces satisfactory yields of biodiesel even from
heavily degraded vegetable oil.2 The resulting biodiesel may be
analyzed by simple flammability and viscosity tests as well as by
1H NMR spectrometry.

Hazards

Full splash goggles should be worn. Concentrated sulfuric
acid is corrosive and contact with skin should be avoided.
1-Propanol is flammable. Flames are a hazard in any lab and
should be used with adequate precautions. Using biodiesel, we
were not able to maintain the flame without the presence of a
wick so the dangers from performing the flammability tests
should be minimal.

Results and Discussion

One initial concern with this method was the possible side
reactions that might occur with the unsaturated sites on the fatty
acids in the presence of concentrated sulfuric acid because many
acid-catalyzed reactions of alkenes are possible. Indeed, if con-
centrated sulfuric acid is combined with an unsaturated oil, the
mixture quickly darkens and becomes more viscous. By first
combining the sulfuric acid with the alcohol and then adding the
oil, this can largely be avoided. When the reaction was carried
out in this way, 1H NMR analysis of the product showed no
significant change in the alkene region of the spectrum between
the oil and the biodiesel. We have found that the production of
biodiesel using acid catalysis proceeds faster with the waste oil
than with the new oil, presumably because of the ability of the

degraded oil to provide for better transfer between the phases and
because of the faster rate of the esterification versus the transes-
terification reaction.

It is difficult to visually distinguish a typical sample of
biodiesel from new vegetable oil. Infrared spectra of the triglyc-
erides and the monoesters are nearly identical. Two simple tests
have been developed that allow students to easily distinguish
biodiesel from vegetable oil. To assess flammability, students pre-
paredminiature oil-lamps from small vials, a cotton string wick, and
aluminum foil to hold the tip of the wick above the vial (Figure 1).
The vegetable oil wick is noticeably more difficult to light than the
biodiesel wick. Once lit, the biodiesel will maintain a flame from the
wick similar to that of a candlewhereas the vegetable oil will smolder
and go out after the wick is consumed. A basic test for viscosity
involves filling separate Pasteur pipets with vegetable oil and bio-
diesel and observing the length of time it takes for the pipets to drain
by gravity. Typically, students will discover a 5:1 drip ratio between
the biodiesel and vegetable oil. More sophisticated techniques using
GC analysis of the methyl esters of fatty acids (12), HPLC analysis
of triglycerides (13), and determination of viscosity (14) have been
reported, but our simple qualitative methods have been satisfactory
for this particular exercise.

If time and facilities permit, 1H NMR is quite useful for
following the progress of the transesterification reaction. The 1H
NMR (CDCl3) spectrum of new vegetable oil and biodiesel are
surprisingly well resolved. The vegetable oil shows a multiplet at
δ = 4.0-4.4 ppm for the glyceryl hydrogens, whereas the newly
prepared biodiesel lacks this multiplet and shows a triplet at δ =
4.1 ppm for the methylene (-O-CH2-) protons of the propyl
ester. These are readily distinguishable from the analogous

Scheme 3. Base-Catalyzed Transesterification of Partially Degraded
Vegetable Oil

Scheme 4. Acid-Catalyzed Esterification and Transesterification of
Degraded Vegetable Oil in 1-Propanol

Figure 1. Time sequence showing the comparison in appearance and
flammability of vegetable oil versus biodiesel.
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methylene protons from any 1-propanol (δ = 3.6 ppm) con-
tamination.3 Analysis by NMR spectroscopy is valuable to the
students because it demonstrates the ability of the technique to
identify samples, track reactions, and assess purity.

Conclusions

This laboratory exercise produces usable biodiesel in satis-
factory yield and the laboratory exercise including viscosity and
flammability tests can be carried out in about 2.5 h. The exercise
is popular with students owing to the current interest in produc-
ing fuel from biomass. This procedure serves to demonstrate the
concept of transesterification as well as Fischer esterification.
The viscosity and flammability tests are simple ways to distin-
guish biodiesel from vegetable oil and serve to reinforce the
importance of physical properties of motor fuels. While the cost
of 1-propanol versus ethanol or methanol as well as the energy
needed to heat the mixture under reflux may make this particular
procedure unsuitable for large-scale production of biodiesel, the
procedure does serve to demonstrate important concepts in the
organic laboratory.
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Notes

1. Heating could be avoided if conserving energy was the most
important factor under consideration such as for a large-scale
production. The room-temperature reaction takes about one
week with active stirring to complete. We have opted to
increase the reaction rate, to conserve lab time.

2. Used cooking oil was obtained from the college food service and
titration with KOH showed it to contain∼10% free fatty acids.
Even with the students' rudimentary technique, typical student
isolated yields of biodiesel are ∼70% from the acid-catalyzed
reaction. Losses in the yield may occur during the separation

and washing. It is also possible that some of the waste oil may
have suffered degradation beyond simple hydrolysis.

3. It is difficult to completely remove excess 1-propanol by
washing since it is quite soluble in the biodiesel layer. We have
not found the 1-propanol impurity to be a problem in the
performance of the biodiesel in our laboratory tests; it likely
adds to the decreased viscosity and the increased flammability
of the sample.
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