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Summary

Fossil fuels are currently used for 81% of the global energy production. The 
availability of fossil fuels, however, is a major concern and studies from 2014 
predict that the global oil reserve will be depleted in about 50 years. Moreover, 
combustion of fossil fuels is associated with CO2 emissions which are expected 
to have major impacts on the global climate. To overcome these issues, alter-
native energy carriers have been explored extensively. In this respect, plant oils 
have received high attention and have shown to be excellent feeds for biodiesel 
production.

Biodiesel production involves the transesterification reaction of a plant oil 
with an alcohol (typically methanol) in the presence of a suitable catalyst to 
produce methylesters (FAME) and glycerol as by-product. Chemical catalysts 
like strong bases are commercially used for the process. Recently, biocatalysts 
in the form of lipases have been introduced for biodiesel synthesis and shown 
to have major advantages over chemical catalysts. Examples are efficient reuse, 
the possibility to use feeds with high free fatty acid (FFA) contents, and process 
simplifications due to a simpler product work-up. The main focus of this the-
sis was on the production of biodiesel using both free and immobilised lipases 
in highly process intensified equipment. Regarding the latter, the emphasis was 
on the use of a continuous centrifugal contactor separator (CCCS) device. In 
a CCCS, intense mixing of two immiscible liquids and subsequent separation 
are intensified and combined in a single device. It basically consists of a hollow 
rotor positioned in a larger vessel. The two immiscible liquid phases are intro-
duced in the annular zone between the outside of the rotor and the inside of the 
outer housing. Here, an efficient and fast mixing between the two phases occurs, 
which is advantageous for a two-phase liquid-liquid catalytic reaction. The mix-
ture is then transferred inside the centrifuge through a hole in the bottom of the 
rotor, where the two phases are separated by centrifugal forces whilst moving 
upwards, after which they leave the device through separate exits making use 
of an ingenious weir system. As such, the device is an interesting example of 
process-intensification, acting both as a mixer-settler for biphasic liquid-liquid 
systems. 

The kinetics of sunflower oil transesterification with 1-butanol using a homo-
geneous lipase (Rhizomucor miehei) in an aqueous-organic biphasic system were 
studied in a stirred batch reactor set-up and the results are described in detail in 
Chapter 2. An initial screening study was performed to optimize relevant pro-
cess conditions (enzyme concentration, stirring speed, 1-butanol to oil ratio). A 
kinetic model was developed based on concentration time profiles. Important 
reaction parameters were the oil concentration in n-hexane, the enzyme 
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concentration, the 1-butanol to oil molar ratio; the organic to aqueous solvent 
volume ratio, the temperature, the pH and the agitation rate. The experimental 
data were modelled using a Ping Pong Bi Bi mechanism with non-competitive 
inhibition by 1-butanol and a term for irreversible enzyme deactivation during 
reaction. Agreement between model and experiments was good (R2 = 0.99, av-
erage error 4.2%).

An experimental study on the use of highly process intensified equipment for 
fatty acid butyl esters is described in Chapter 3. The reactions were carried out 
using sunflower oil with 1-butanol using a homogenous Rhizomucor miehei li-
pase in a biphasic oil (triglyceride, 1-butanol, hexane)/water (with enzyme) sys-
tem in a continuous set-up consisting of a cascade of a stirred tank reactor and 
a Contactor Centrifugal Separator (CCCS) device. Initially, the effect of process 
conditions (enzyme concentration, residence times) in the stirred tank reactor 
operated in a continuous mode was established and fatty acid butyl esters in 
a (non-optimized) yield of 60% was obtained (150 gr.Laq-1 enzyme, 90 minutes 
residence time, 800 rpm stirring speed, 40°C, organic to aqueous phase ratio 
of 3:1). The experimental data obtained in the CSTR reactor were successfully 
modelled using the mass balances in combination with the known enzyme ki-
netics for sunflower oil transesterification with 1-butanol using the homoge-
neous lipase (Rhizomucor miehei) in an aqueous-organic biphasic system (Ping 
Pong Bi Bi mechanism with non-competitive inhibition by 1-butanol and a term 
for irreversible enzyme deactivation during reaction). A significant increase in 
the yield up to 93% was obtained by placing a CCCS device after the first stirred 
tank reactor with the additional advantage that both liquid phases are separated 
efficiently in the CCCS. The cascade was run for eight hours in a once through 
mode without operational problems. Volumetric production rates were close to 
those reported for biodiesel synthesis in fed batch and continuous set-ups using 
a free enzyme (Thermomyces lanuginosus lipase). Enzyme recycling was investi-
gated by reintroduction of the aqueous phase containing the enzyme in the feed 
of the cascade. FABE yield was shown to decrease over the runtime, likely due 
to enzyme loss by the formation of an interfacial layer combined with enzyme 
inhibition by 1-butanol and irreversible enzyme deactivation. The enzyme activ-
ity versus runtime was measured and successfully modelled. 

Experimental studies on the use of an immobilized lipase as a biocatalyst in-
stead of a homogeneous lipase in batch and various continuous reactor set-ups 
including the use of a centrifugal contactor separator (CCCS) are described in 
Chapter 4. An exploratory study in batch was performed to optimize enzyme 
and buffer concentrations. Close to quantitative biodiesel yields were obtained 
at 30°C when using 20% (w/w) of enzyme after a batch time of about 250 min. 
Subsequent continuous biodiesel synthesis was performed in a stirred tank 
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reactor (CSTR) and a CCCS device. In the latter case, the immobilised enzyme 
was present in the annular, outer zone of the device. Average biodiesel yields in 
the CSTR and CCCS were similar (72%-mol) when using a weight hourly space 
velocity (WHSV) of 3.3 and 3.03 h-1, respectively, at 30°C. Cascade experiments 
were performed in a CSTR followed by a CCCS with the immobilised enzyme 
present in both reactors. The cascade was run for 9 h without any operation is-
sues and an average FAME yield of 85%-mol was obtained. The advantage of the 
use of the cascade compared to a single CSTR is an improved yield combined 
with an efficient separation of the biodiesel layer and the glycerol. The biodiesel 
yield was stable for a 9 h run time, indicating that enzyme deactivation during 
the cascade was negligible. The performance of the various reactor configura-
tions was modelled successfully using mass balances in combination with a ki-
netic model derived from batch experiments. 

Plant oil production inevitably leads to the formation of seed-cakes. These 
contain high amount of proteins and carbohydrates. To date, seed-cakes 
are used as feed, fertilizer, or as substrate for biogas production. The use of 
Jatropha press-cake as substrate for fungal growth and the production of lipase 
by Aspergillus niger 65I6 isolated from Indonesia and Rhizomucor miehei CBS 
260.62 was investigated and the results are given in Chapter 5. Hydrolysis of the 
seed-cake using 2.5% sodium hydroxide for 45 minutes was found to be the best 
pre-treatment method as indicated by a high lipase activity. The alkaline hydro-
lysis step increased the amount of reducing sugars and soluble protein to 133.3% 
and 40% of the initial amount, respectively. 5.7% of the protein fraction was 
hydrolysed by the alkaline pretreatment. The alkaline hydrolysed Jatropha press-
cake was used as a growth substrate for A. niger 65I6 and R. miehei CBS 360.62.. 
Both fungi grew well and produced significant amounts of lipases. The activ-
ity of the lipase from A. niger was ten times lower (0.03 U.µg-1) compared to 
the lipase activity from R. miehei (0.31 U.µg-1). When glucose was added to the 
medium, lipase produced from A. niger and R. miehei decreased significantly, 
0.015 U.µg-1 and 0.03 U.µg-1 respectively, indicating glucose repression on lipase 
production of both fungi. 




