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Although the transesterification reaction of triglycerides with alcohols (using acid or alkaline catalysts)
is well known and practiced on a commercial scale, there is plenty of scope to improve this process. The
turning of a batch into a continuous process, and the use of a catalyst that is more favourable to fatty
acids in the feed, are challenges of particular interest. With these objectives in mind, results are
presented of experiments in which a zinc amino acid complex [ZnL;], was used as a catalyst. This was
fixed onto a structured monolith support (cordierite), so as to enable the catalysts to be retained in a
fixed bed. To advance this work, reaction experiments were performed in a 120 ml batch reactor, using
10mm x 10 mm x 10 mm sections of catalyst coated monolith (1.1 mm square channels,
62 cells cm™2). With a 12:1 molar ratio of methanol and rapeseed oil (triglyceride), at 195 °C and
20 bar, and using 0.3 g of zinc catalyst (coated on a monolith), it was shown that 54% of the triglyceride
was converted into biodiesel. This compares very favourably with a conversion of 69% in batch
experiments, when 0.3 g of the catalyst was dispersed in the solution in the form of a very fine powder.
Interestingly, it was also shown, that the cordierite monolith support on its own exhibited catalytic
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activity (27% conversion of the triglyceride).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The use of vegetable oils to make biodiesel provides a sustainable
source of organic carbon, and despite concern over competition with
the food supply chain, this will continue to be used in many countries
as a source of fuel. This is clearly evident in the EC document on the
vision of the year 2030 and beyond [1]. A rapid expansion in
production capacity has been observed [2] not only in countries such
as Germany, Italy, France and the United States, but also in developing
countries such as Brazil, Argentina, Indonesia and Malaysia.

When reviewing the literature, it is clear that there are a variety
of different methods that could be used to produce biodiesel, and
transesterification is one of the main commercial pathways. As
described in the literature [3], early descriptions of the transester-
ification reaction appeared in [4-6]. The basic reaction may be
represented in Fig. 1.

The fatty methyl esters (FAME) represent the biodiesel formed.
According to a review of biodiesel production [7], because the
reaction is reversible, excess alcohol is used to shift the equilibrium
to the product side and the reaction can be catalyzed by alkalis or
acids. Alkali-catalyzed transesterification is more often used in
commercial processes as it is much faster than the acid-catalyzed
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reactions. However, in an alkali-catalyzed reaction, if water is
present with the reactants, then the saponification reaction
produces soap. This in turn lowers the yield of esters, and creates
problems with: the separation of ester and glycerol, and also with
the water washing step. If water and free fatty acid content is high in
the feedstock, then acid transesterification can be used. Alterna-
tively, to overcome the problem of water and free fatty acids in the
feed, a two-step reaction may be followed, e.g. [8]. In the first step,
the acid-catalyzed reaction is performed (using sulphuric acid), and
this is followed by an alkali-catalyzed reaction (using NaOH).
Although the transesterification reaction of triglycerides with
alcohols (using acid or alkaline catalysts) is well known and
practiced on a commercial scale, there is plenty of scope to improve
this process [9]. For example, by responding to the following:
Challenges (i) to (vi)

(i) Increasing the rate of the first step in the reaction (limited by

mass transfer).

(ii) Identifying a catalyst to deal with the variation in feed
composition (fatty acids cause problems).

(iii) Decreasing the time for the separation step at the end of the
reaction.

(iv) Turning the semi-batch reactor into a continuous reactor (to
reduce residence time, plant ‘foot-print’, and increase the
transportability of a mobile plant).
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Fig. 1. Transesterification reaction.

(v) Increasing the purity of the glycerol (produced as a by-
product), or converting glycerol to a more useful product.

(vi) Reducing the amount of water in the reactor effluent stream
(e.g. use of a fixed bed catalyst).

1.1. Examples of continuous processes

In the literature there are a number of studies on continuous
flow systems, endeavouring to respond to some of the Challenges
(e.g. ii, iii, iv), for example:

(a) Reactants were fed into a long tube (50.8 cm long, 5.08 cm in
diameter) that acted as the reactor [10]. To achieve good mixing
of the reactants, the fluid passed through a static in-line mixer,
and also a high shear mixer before the reactants entered the
tubular reactor. In this continuous flow system they managed to
achieve high conversions of the triglyceride, e.g. >97%.

(b) The performances of various designs of batch reactor with a
continuous oscillatory flow reactor have been compared [11]. The
reactants flowed through a mixing unit, and then the flow reactor,
which consisted of 8 meso tubes (tube length 730 cm) with U-
bends, providing a total volume of 103 ml. What is particularly
interesting about these oscillatory reactors is that they achieve
good mixing, and by careful choice of operating conditions, the
equivalent of plug flow can be obtained. In the early phase of the
reaction (t < 2.5 min), there appeared to be two phases present,
then after t> 2.5 min, the fluid was described as optically
homogeneous. This indicates the importance of having anintense
mixing region at the start of the reaction.

(c) Adescription is provided [12] of how to improve the separation
of glycerine from the products by adding a third gaseous
component (e.g. carbon dioxide, pentane) with the reactants.
Experiments were described at reaction conditions of 573 K
and 13 MPa (in tubular reactor: 4 mm i.d. and 4 m length) and
473 Kand 5 MPa (in a fixed bed: i.d. 13 mm and 0.83 m length).

(d) A metal oxide was used as a catalyst, at elevated pressures
(172 bar) and temperatures (300-450 °C), and supercritical
flow conditions were claimed to have been achieved [13]. The
reactants flowed through a tubular reactor (1 cmi.d. and 15 cm
long), packed with sulphated metal oxide microspheres. The
residence time was of the order of 60s to achieve high
conversions of the triglyceride (e.g. 87%).

1.2. Zinc amino acid complexes [ZnL,] as catalysts

In order to respond to Challenge (ii), it was recently shown [14],
that zinc amino acid complexes [ZnL;] can be effective homo-
geneous catalysts for a situation where fatty acids (e.g. stearic acid)
are present in the vegetable oil (see Fig. 2). This was shown by
performing experiments in a batch reactor, using a 1:6 molar ratio
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Fig. 2. Proposed reactions scheme for zinc amino acid complexes [14].

of rapeseed oil:methanol, and a 1:12 molar ratio of soyabean oil
and stearic acid: methanol. The catalyst was shown to be effective
at a temperature of 180 °C, which is significantly higher than
temperatures (50-80 °C) at which the alkali/acid-catalyzed reac-
tions normally take place, but less severe than conditions
described in [12,13]. However, a pressure of 20 bar also had to
be imposed, in order to suppress the vaporization of the alcohol,
and conversions of the triglyceride up to 95% were achieved.

In the experiments described [14], ZnL, was dispersed in the
reactants in the form of a fine powder (16-144 pm). This meant
that at the end of the reaction, the catalyst would remain mainly
dispersed in the products. So, if the catalyst could be supported on
a structured support, that would then enable it to be retained in a
fixed bed. Thus another two of the Challenges (iii, iv) could be
addressed, and this aspect is considered in this paper.

2. Experimental
2.1. Catalyst preparation

First, in order to become familiar with the ZnL, catalyst system,
some preliminary experiments were conducted with the pow-
dered system, in order to feel satisfied that the way in which the
catalyst was prepared would match the results observed in earlier
work [14]. Following confirmation of this aspect, it was decided to
try to use a standard form of monolith cordierite support for the
catalyst. This standard form is used for catalytic converters, and the
monolith had 1.1 mm square channels and a cell density of
62 cells cm 2.

After trying a number of different coating techniques, the
following method of coating was considered satisfactory for
preliminary trials.

First, 0.5 g of ZnL, powder was dissolved in 200 ml of water, by
heating and mixing the solution at 100 °C for 20-30 min, until the
solution appeared homogeneous. While the solution was still hot,
small section of monolith (10 mm x 10 mm x 10 mm, 10 pieces)
were then dipped in the solution, 2-3 times. The excess liquid was
then blown out using a jet of air. The coated monoliths were then
dried using a hot air blower at a temperature of about 100 °C. The
dried samples were then placed in a furnace, in the presence of a
continuous flow of nitrogen, and heated to 200 °C. This process was
repeated three times, in order to increase the catalyst loading on
the support (e.g. 5 wt% of ZnL,).

2.2. Experimental conditions
These were as follows:

(a) The molar ratio was 12:1 of methanol and rapeseed oil
(triglyceride).
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(b) The liquid volume consisted of 20 ml of methanol mixed with

37 ml of rapeseed oil, and this was placed in a 120 ml autoclave.
(c) Small pieces of catalyst coated monolith (containing 0.3 g of

ZnL,) were inserted into the reactor. The autoclave was then

sealed and placed in a graphite bath that was electrically heated.
(d) The reaction lasted 2 h, at 195 °C and 20 bar, with the stirrer set
at a speed of 1500 rpm.

At the end of the designated reaction period, the autoclave was
rapidly cooled in a stream of water, and the product mixture was
then poured into a flask filled with water to quench the reaction.
This mixture was then allowed to settle (20-30 min), until a clear
biodiesel layer was visible.

2.3. Experimental results

A sample from the biodiesel layer was then taken, and analysed
using NMR. The percentage conversion of triglycerides to FAME
was determined using information in the NMR on methyl ester
protons and the protons of the glyceryl moiety in the triglycerides,
e.g. [15].

To help visualize the nature of the catalyst surface, SEMs were
taken of the powdered catalyst (see Fig. 3), the blank monolith (see
Fig. 4), and the coated monolith (see Fig. 5). These will help to
support the discussion of the experimental results.

Various experiments were performed and these are sum-
marised in Table 1.

For the freshly coated monolith with ZnL,, a conversion of 54%
of the triglyceride to biodiesel (FAME) was determined. Consider-
ing that these are very early results, this is encouraging, as this
compares favourably with a figure of 69% conversion obtained in
repeat experiments with 0.3 g of powdered ZnL, catalyst. This is
very important, as it shows that the method of coating the
monolith had not had any significant adverse effect on the catalytic
properties of this catalyst. Also, comparing the surface morphology
in the SEMs in Figs. 3 and 5, similar forms of the rod-like ZnL,

10 um
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Fig. 3. Example SEM of the powdered ZnL, catalyst: (a) example of a particle, (b)
magnified view of surface (with permission, Kolaczkowski, University of Bath).
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10 pm

Fig. 4. Example SEM of the cordierite monolith: (a) view of surface, (b) magnified
view of surface (with permission, Kolaczkowski, University of Bath).

—— 100 pm
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Fig. 5. Example SEM of the ZnL, coated cordierite monolith: (a) view of surface, (b)
magnified view of surface with ZnL, rod-like structures (with permission,
Kolaczkowski, University of Bath).

structures (~1 pwm in diameter and 1-10 pm long) appear in the
magnified pictures of the surface of the particle and of the coated
monolith support. Estimates of the geometric external surface area
of the monolith and the powdered catalyst indicate that the
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Table 1
Summary of experiments.

Conversion of Comments

triglyceride

Catalyst system

to FAME
No catalyst 0.3% Blank experiment
ZnL, powder 69% Repeat of conditions
reported in [14]

Cordierite monolith

coated with ZnL,

(a) Freshly prepared 54% Preliminary tests to

(b) After 24 h of use 57% assess activity with time
No catalyst on cordierite 27% Blank experiment to

monolith assess the catalytic
activity of the cordierite

support.

external surface area of the monolith will be about 30 times lower
than the powdered catalyst. So if the rate had been calculated on
the basis of geometric surface area, then the rate for the monolith
would have been very much higher. So it may even be that the
method of coating the monolith had actually increased the activity
of the catalyst, or the cordierite itself exhibited catalytic activity. It
is important to state, that in this study it would be premature to try
to make an absolute comparison of the reaction rates, as these are
not intrinsic kinetics (i.e. in the absence of external or internal
mass transfer effects).

This experiment was then repeated using the retrieved samples
of coated monolith, and even after 24 h of use, similar results were
obtained (57% versus 54% conversion of the triglyceride to FAME).
This showed that in the period tested, significant catalyst loss/
deactivation had not occurred. However, the extent of catalyst
adhesion has not yet been investigated, but this will feature in
subsequent work.

At similar conditions, further experiments were then performed
with uncoated samples of cordierite monolith, to see if the
cordierite exhibited any form of catalytic activity. From these, it
was found that 27% conversion of the triglyceride to FAME was
achieved (versus 54%) which is in itself interesting. This would
suggest that the cordierite is catalytically active, and further
evidence may be obtained from the literature. For example [16],
the use of a number of alkaline-earth metal oxides (MgO, CaO, SrO)
as catalysts for the transesterification reaction (edible soybean oil
with methanol) have been studied. It was found [16] that both SrO
and CaO were very active catalytically, whereas the MgO had a low
level of activity. As the structure of cordierite corresponds [17] to
2MgO0-2Al,03-5S5i0,, then the MgO could have exhibited some
activity in our experiments (especially as temperatures were a lot
higher than in [16]). Also, in the literature [18], the catalytic
activity of MgO functionalized mesoporous materials for the
transesterification of blended vegetable oil with ethanol was
studied. These experiments were also performed at higher
temperatures (220 °C), and silica loaded with MgO was found to
be the most effective of all of the catalysts tested in that paper [18].
So this provides further evidence that the MgO in the cordierite
could show catalytic activity especially at elevated temperatures.

Experiments were also performed, where the reaction was
briefly stopped, and a sample was withdrawn from the reactor for
analysis. In this way it was possible to monitor the progress of the
reaction as a function of time. An example of such a plot is shown in
Fig. 6, and these profiles will help in further work when attempts
are made to match mathematical models of rate expressions with
the experimental data.

This shape of plot is not unusual for a transesterification
reaction, and it arises from the combination of series and parallel
reactions that take place in this system—especially as the
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Fig. 6. Example of a batch experiment with a ZnL, coated monolith (T=195 °C;
P=20bar (g); molar ratio of methanol to oil =12:1; initial concentration of
0il =0.71 mol I"!; initial concentration of methanol =8.53 moll~!; mass of
ZnL, = 0.3 g coated on cordierite monolith).

concentration of the intermediate species such as diglyceride
and monoglyceride increase and then decrease. It is too early to
propose a detailed explanation of the intermediates formed with
the ZnL, catalyst studied, but examples of reaction schemes for
alkali-catalyzed reactions are available in the literature, e.g. [19].

3. Concluding remarks

A coating procedure was developed to immobilize the zinc
amino acid complex [ZnL;] on a cordierite monolith support, such
that the catalyst still remained active for the transesterification
reaction studied. This was the major achievement in this study.

In repeat experiments using the coated monolith, after 24 h of
use, the catalyst was shown to remain active. Longer term trials
will now need to be performed.

From the SEM studies on the coated monolith, the distribution
of the ZnL, catalyst in the form of rod-like structures is most
interesting, as is the way in which they are anchored to the
cordierite support. In future work, it is planned to improve the
coating method, and to investigate if the coating process and
method of interaction with the support actually increases the
activity of the catalyst.

Having established the viability of immobilizing the ZnL; on a
structured cordierite support, work is now in progress to construct
a continuous tubular flow reactor, which will contain catalyst
coated monoliths. Reaction experiments will then be performed to
assess optimal operating conditions, determine reaction kinetics,
and to evaluate catalyst durability.

Acknowledgements

The award of an overseas study bursary to Ms. Umi Aisah Asli,
by the Ministry of Education in Malaysia is gratefully acknowl-
edged. Special thanks to Dr. Chris Chuck (University of Bath) for
helpful discussions.

References

[1] European Commission, Biofuels in the European Union, A vision for 2030 and
beyond, Final Report for the Biofuels Advisory Council, EUR 22066, 2006.

[2] M. Carriquiry, U.S Biodiesel Production: Recent Developments and Prospects.
Iowa Ag Review. [online], Center for Agricultural and Rural Development, lowa,
United States, 2007, Available from http://www.card.iastate.edu./iowa_agre-
view/spring07/IAR.pdf (accessed on 8/4/2008).

[3] J.V. Gerpen, Biodiesel processing and production, Fuel Processing Technology 86
(2005) 1097-1107.

[4] G.B. Bradshaw, New soap process, Soap 18 (May) (1942), 23-24, 69-70.


http://www.card.iastate.edu./iowa_agreview/spring07/IAR.pdf
http://www.card.iastate.edu./iowa_agreview/spring07/IAR.pdf

S224 S.T. Kolaczkowski et al. / Catalysis Today 147S (2009) S220-S224

[5] G.B.Bradshaw, W. Del, W.C. Meuly, Process of making pure soaps, U.S. Patent No.
2,271,619 (1942).

[6] G.B. Bradshaw, W. Del, W.C. Meuly, Preparation of detergents, U.S. Patent No.
2,360,844 (1944).

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

[8] A.S. Ramadhas, S. Jayaraj, C. Muraleedharan, Biodiesel production from high FFA
rubber seed oil, Fuel 84 (2005) 335-340.

[9] J. Ni, F.C. Meunier, Esterification of free fatty acids in sunflower oil over solid acid
catalysts using batch and fixed bed-reactors, Applied Catalysis A: General 333
(2007) 122-130.

[10] H.Noureddini, D. Harkey, V. Medikonduru, A continuous process for the conversion
of vegetable oils into methyl esters of fatty acids, JAOCS 75 (12) (1998) 1775-1783.

[11] M. Zheng, R.L. Skelton, M.R. Mackley, Biodiesel reaction screening using oscilla-
tory flow meso reactors, Trans IChemE Part B: Process Safety and Environmental
Protection 85 (B5) (2007) 365-371.

[12] N. Tatsumi, T. Katayama, O. Tabata, Method of producing a fatty acid ester, US
Patent 7,193,097 B2 (2007).

[13] C.V. McNeff, L.C. McNeff, B. Yan, D.T. Nowlan, M. Rasmussen, A.E. Gyberg, B.J.
Krohn, R.L. Fedie, T.R. Hoye, A continuous catalytic system for biodiesel produc-
tion, Applied Catalysis A: General 343 (2008) 39-48.

[14] CJ. Chuck, Lewis acid catalyst design for the transesterification of lower
quality feedstocks for biodiesel production, Ph.D. Thesis, University of Bath,
UK, 2007.

[15] L.C. Meher, D. Vidya Sagar, S.N. Naik, Technical aspects of biodiesel production by
transesterification—a review, Renewable and Sustainable Energy Reviews 10
(2006) 248-268.

[16] M. Kouza, T. Kasuno, M. Tajika, Y. Sugimoto, S. Yamananka, J. Hidaka, Calcium
oxide as a sold base catalysts for the transesterification of soybean oil and its
application to biodiesel production, Fuel 87 (2008) 2798-2806.

[17] ]J.T. Alexander, K. Umehara, Ceramic Honeycomb for Air Pollution Control, NGK
Insulator Ltd., Nagoya, Japan, 1995 (Reference JH-952128).

[18] E. Li, V. Rudolph, Transesterification of vegetable oil to biodiesel over MgO-
functionalized mesoporous catalysts, Energy Fuels 22 (1) (2008) 145-149.

[19] H. Noureddini, D. Zhu, Kinetics of transesterification of soyabean oil, JAOCS 74
(11) (1997) 1457-1463.



	A new heterogeneous ZnL2 catalyst on a structured support for biodiesel production
	Introduction
	Examples of continuous processes
	Zinc amino acid complexes [ZnL2] as catalysts

	Experimental
	Catalyst preparation
	Experimental conditions
	Experimental results

	Concluding remarks
	Acknowledgements
	References


