
 1 

 
FAT SPLITTING USING LIPASES 

 
Mafalda Costa Artur Freixiela Dias 

 
ABSTRACT 

The increasing need for liquid renewable biofuels for transportation has encouraged the development and 
investment in its production. One route to produce it is the hydrogenation of triglyceride feedstock, which has high 
operational costs mainly related to raw materials. Thus, the use of alternative feedstocks (e.g. waste-oils) is frame 
to generate a more competitive process. Consequently, a pre-treatment step is needed to convert low quality 
feedstocks into cleaner free fatty acids (FFA) oil. This called fat splitting reaction is practiced industrially using high 
pressure and temperature (achieving conversions ≥ 96%) however enzymatic fat splitting presents considerable 
advantages. 

This study focuses on the development of an enzymatic process able to achieve similar results to conventional 
fat splitting. It was operated as a continuous Counter Current System (CCS) for FFA production from fat splitting of 
soybean oil using liquid lipases. To determine the operational conditions batch experiments were performed. The 
influence of enzyme concentration, mixing, water and glycerol content was studied. Batch data also provided 
information to predict the operational conditions of the continuous reactors and to calibrate the process model. 

Results indicated that enzymatic fat splitting achieved equilibrium for FFA concentrations around 80%w/w, that 
it can be reverted by glycerol removal and also showed that mixing and water content have influence in the oil-
water interfacial area. In CCS it was observed the formation of a stable emulsion mostly composed by enzyme. 
Nevertheless, scale up of the enzymatic process should be considered given the observed effectiveness of glycerol 
removal in the increase of FFA concentration. 
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1. INTRODUCTION 
There is a growing worldwide concern for 

environmental protection and for the conservation of  
non-renewable natural resources. Therefore, that is 
getting an unprecedented effort to evaluate alternatives 
(photovoltaic, wind and hydrogen) that allow a gradually 
replacing of natural gas, coal and fossil fuels in the field 
of electricity generation. There is no such equivalent in 
the transport sector, since vehicles using fuel cells or 
electric motors cannot compete yet with the explosion 
or combustion engines. The current combustion 
engines are designed to run on hydrocarbon fuels 
derived from petroleum thereby, a substitute for diesel 
fuel from renewable source will need to have identical 
or closely similar properties. This increasing need for 
liquid renewable biofuels for transportation has 
generated development and investment in production of 
high quality biofuels, especially for use in the aviation 
field 1, 2. 

Biofuels are liquid or gaseous fuels for the transport 
sector that are predominantly produced from biomass of 
photosynthetic organisms. Biomass refers to non-
fossilized and biodegradable organic material 
originating from plats, animals and microorganisms. A 
variety of fuels can be produced from biomass such as 
ethanol, methanol, biodiesel, Fischer-Tropsch diesel, 
hydrogen and methane 3,4.  

Biofuels can be produced from renewable sources 
like vegetables oils and animal fats 5, 6. The most 
common technology is based on the conversion of 
triglycerides to fatty acids methyl esters (FAME) by a 
transesterification reaction with methanol. Another route 
to liquid renewable fuel production is hydrogenation of 

triglyceride feedstock producing propane as a by-
product and longer chain alkanes. Then, the alkanes 
are cracked and blended into chemically identical petro-
oil based fuels. This process is currently one of the best 
available technologies to produce biofuels in 
conventional oil refineries, where the treatment of 
vegetal oils or animal fats with hydrogen at variable 
pressures, in the presence of a supported metal 
catalyst, is able to produce high quality  
diesel fuels 1, 7. 

The renewable fuel production is associated with 
high operational costs, mainly related to the costs of the 
raw materials. In this way, the use of alternate low-cost 
feedstock such as waste frying oil, non-edible oil and oil 
extracted from other feedstocks as for example waste 
restaurant oil, animal fats and others, known as second 
generation biodiesel feedstock, instead of virgin oil is 
estimated to reduce the production cost and make it 
competitive in price with petroleum diesel 8. Thus, a 
pre-treatment step of the vegetable oil is needed to 
convert low quality feedstocks into cleaner free fatty 
acid oils that can be separated from the glycerol before 
the oil is hydrogenated. This pre-treatment step 
consists in an hydrolysis reaction of the oil into FFA and 
glycerol that can be nominated as fat splitting reaction. 

The hydrolysis reaction of fats and oils is practiced 
in the industry at high temperature and pressures, 
however, enzymatic splitting has been known for a long 
time and presents considerable advantages 9. The 
development of robust lipase enzymes and simple 
industrial bioprocesses by Novozymes is a big 
challenge with several interests. Such a simple 
enzymatic pre-treatment step can make the renewable 
fuel process more economic due to savings in 
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hydrogen, increased life-time of the inorganic catalyst, 
higher plant capacity and higher value glycerol by-
product compared to propane. 

Some studies about enzymatic hydrolysis reaction of 
oils were previously developed. The projects of Al-
Zuhair 10–12 focused in the elaboration of a kinetic model 
and on the study of the interfacial areal between the 
aqueous phase and the oil. In the patent developed by 
Brunner 9 an industrial process for the enzymatic 
splitting of fats and oils for obtaining fatty acid and 
glycerol with the use of lipases added to a mixture 
containing an oil or fat and water is proposed. 

In this work, only liquid lipases formulations are 
going to be used. For the majority of the experiments 
there are two enzymes catalysing the fat splitting 
reaction, NS40112 and NS88004. NS40112 is 1,3 
specific and have a lid to the active site that opens 
when the hydrophobic substrate (glycerides in this 
reaction) is attached to certain region of the enzyme. 
NS88004, on the other hand, is non-specific, slower 
and has much less product inhibition from glycerol than 
NS40112 (information provided by Novozymes). 

The previously published work on hydrolysis 
reaction investigate the kinetic parameters and the 
initial rate of the reactions in order to develop a kinetic 
model, using conditions appropriate for that like high 
water content and emulsifiers. This work studies the 
overall reaction of fat splitting (during 24 hours) under 
conditions suitable to be industrially relevant, like the 
water content (must be max 30 % of water addition). 
The parameters found to have importance in the 
interfacial area are investigated, again in the overall 
reaction behaviour, together with a continuous Counter 
Current System for the fat splitting reaction. This 
research also provides data to the development of a 
process model that is elaborated in parallel. The 
biocatalyst is one of the drivers of success in the 
reaction. So in this system a combination of two lipases 
is going to be used and this is a differentiating factor 
comparing to the other processes developed so far. 
Therefore, the experimental work consisted of three 
main parts: enzyme screening, process development 
phase in batch mode and design of two continuous 
systems. 

2. MATERIALS AND METHODS 
Soybean oil used as feedstock (Delta 

Handelsselskab A/S, Denmark, Batch no 14012) for all 
the reactions is 100 % pure refined so it was considered 
to have a TAG content of 100 % with the major 
component of linoleic acid (C18:2). For the enzyme 
screening different liquid enzymes formulations were 
used. For the rest of the experiments, all reactions were 
carried out using a combination of two liquid lipases, 
NS40112 and NS88004 in a ratio of 3:1. The activity of 
the enzyme formulation was approx. 114 and 6 kLU/g 
respectively, where LU is defined as lipase units. 
Novozymes A/S (Bagsværd, Denmark) kindly provided 
all the enzymes. Samples were analysed by FFA 
titration and HPLC but only FFA titration results are 
presented (results from the two methods are very 
similar). FFA titration gives the overall FFA 
concentration in the samples. The mass of oil for all the 
samples was weighted (Mettler AT200) and noted for 
calculations. The FFAs were neutralized by titration with 

a 0,05 M NaOH solution (Sigma Aldrich A/A, Denmark). 
From the volume of NaOH added and the mass of oil, 
the amount of FFA on samples was calculated. This 
calculation is based on the predominant fatty acid 
present in the oil (C18:2, linoleic acid) and includes 
subtraction of a 'blind sample'. 

Composition of TAGs, DAGs, MAGs and FFAs of 
the reaction samples was analysed on Dionex Summit 
3 HPLC-RI system and was reported on a mass 
percentage basis, relative to the sum of quantified mass 
of the four analysed components. HPLC quantifies 
these components in the samples and provides a 
relative analysis of data. This method is performed as 
HPLC-SEC (Size Exclusion Chromatography) using two 
PL gel permeation columns connected in series, which 
separates molecules in solution according to their size. 
The HPLC was equipped with a Dionex P680 HPLC 
dual gradient pump; Dionex degasys DG-1210 eluent 
degas module; Dionex ASI-100T Automated Sample 
Injector; RI-Detector Shimadzu RID-6A; Dionex UCI-50 
Universal chromatography Interface (UCI) and a Dionex 
Column Oven Ultimate 3000. 40 µL of prepared 
samples were injected in the HPLC with an analysis 
time of 45 min. The mobile phase was isocratic THF 
(Sigma Aldrich A/A, Denmark, CHROMASOLV® Plus 
for HPLC, ≥99.9%, inhibitor free) with a flow rate of 0.80 
mL/min and the column was at 30 °C and 32 bar. 

2.1. Sampling 
For enzyme screening trials 1.5 mL samples were 

withdrawn from each reactor after 1 hour (t=1h) and 24 
hours (t=24h) of reaction and placed in a Thermomixer 
(Thermomixer comfort, eppendorf) at 99 °C during 30 
min to stop the reaction. The oil phase was separated 
from the aqueous phase with a pipet and was dried for 
1,5 hours at 60 °C (Heto Power Dry VR 400 Jouan, 
RC1010 equipped with a vacuum pump) to be 
analysed. Thereafter, samples were prepared for FFA 
titration and HPLC analysis.  For FFA titration, about 
100 mg of oil was dissolved in 5 mL of 2-propanol 
(Sigma Aldrich A/A, Denmark, 99.5% pure) and 6 
droplets of phenolphthalein (Sigma Aldrich A/A, 
Denmark, 99% pure) were added as indicator. A 'blind 
sample' consisted of 5 mL of 2-propanol and 6 droplets 
of phenolphthalein was also prepared. For the HPCL 
analysis 3 drops of oil (~60 mg) was dissolved in 10 mL 
of THF, after mixing samples were filtered through 45 
µm filter to remove impurities and 1.5 mL was 
transferred to an HPLC-vial. 

For the process development phase, 2 mL samples 
were withdrawn from the reactor after 1, 10, 20, 40 and 
60 min, after every hour until 12 hours of reaction (t=12 
h) and in the last 3 hours (t=24, 25, 26 h). The samples 
were treated in the same way as the samples from the 
enzyme screening experiments to be analysed by the 
same two methods. 

For the continuous experiments, 1.5 mL samples 
were withdrawn from the three reactors during 3 days 
for the three CSTRS system and 10 days for the 
counter-current system. The samples were placed into 
a thermo shaker (HLC, Diatabis) at 99 °C during 30 min 
to stop the reaction. The oil phase was separated from 
the aqueous phase with a pipet and put into a 1.5 mL 
microtube; then the oil was dried for 1.5 hours in the 
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thermo shaker with the lid open. Subsequently, samples 
were prepared for FFA titration and HPLC analysis. 

2.2.Enzyme Screening 
The enzyme screening experiments were performed 

with the primary purpose of selecting the best lipase or 
combination of lipases in terms of stability and FFA 
conversion to the fat-splitting reaction. Two enzymes 
screenings were performed; for the first trial four types 
of known lipases were used (Callera Trans L (CT-L), 
Resinase HT, NS40112 and NS88004) and for the 
second trial twenty-one new lipases were tested. Each 
reaction occurred in a squared glass flask with the 
capacity of 100 mL and a lid was used to prevent water 
evaporation during the progress of the experiment. 
Experiments were carried out in an Incubator Shaker 
(Innova® 44) at constant temperature and agitation 
speed. 20 g of soybean oil, water content of 30 % w/w 
of oil, 5 ppm of NaOH, constant temperature of 55 °C, a 
stirring speed of 250 rpm and 24 h of reaction were the 
working conditions. 

For the four lipases trial the enzyme amount was the 
only parameter changed. The concentrations used were 
0.17 mg AEP/g oil, 0.13 mg AEP/g oil, 0.085 mg AEP/g 
oil and 0.042 mg AEP/g oil. 

The oil was poured into the reactors in the required 
amount. Sodium hydroxide solution and water were 
added in this order. Reactors were placed into the 
incubator during 10 min and heated up before the 
reaction until the defined temperature. After the desired 
conditions were reached in the bioreactor, the required 
amount of enzyme solution was added to each reactor 
to initiate the reaction. 

For the experiment of twenty-one new lipases, the 
combination of the two lipases NS40112 (75 %) with 
NS88004 (25%) was used as a reference and the 
concentration was 0.17 mg AEP/g oil. The other 
conditions were the same as the trial with four lipases. 

2.3.Process Development Phase 
With the main tenor of study the process conditions 

of the fat splitting reaction and to select and establish 
the reactor configuration and operational parameters, a 
series of batch experiments have been made. Each 
reaction occurred in a reactor with a 1L volume 
equipped with a heating jacket, a Rushton turbine and 
two baffles and the speed rate can be controlled 
(Setup1). Four similar reactors were used to run 
simultaneously experiments. 

It was chosen a set of conditions as a starting point 
of the experiments (standard conditions: 500 g soybean 

oil, water content of 30 % w/w of oil, 5 ppm of NaOH, 
enzyme concentration 0.8 % w/w of oil, constant 
temperature of 55 °C and 26 h of reaction) and the 
varying parameters (enzyme concentration, water 
content and stirring speed) in order to understand their 
impact in this reaction. Enzyme concentration is varied 
in each reactor: 0.8 w/w%; 0.6 w/w%; 0.4 w/w% and  
0.2 w/w% which corresponds respectively to 0.17 mg 
AEP/g oil; 0.13 mg AEP/g oil; 0.09 mg AEP/g oil and 
0.04 mg AEP/g oil. To verify the effect of the stirring 
rate four different speeds were tested: 1000 rpm, 850 
rpm, 550 rpm and 350 rpm. To study the effect of water 
content in FFA production four water concentrations 
were tested: 40 w/w% of oil, 30 w/w% of oil, 20 w/w% of 
oil and10 w/w% of oil. 

2.4. Continuous Systems Experiments  
The continuous experiments were carried out in 

three reactors with a volume of 250 mL equipped with 
Rushton turbines and baffles (Setup2). The speed of 
rotation can be controlled and the reactors were settled 
in a water bath. Two continuous systems were run: 3 
CSTRs in series and a continuous Counter Current 
System (CCS). 

To run a system with 3 CSTRs in series a peristaltic 
pump with four channels (Reglo ICC) was used for the 
inlet flows. For the flows between reactors and for the 
effluent flow the reactors were running in over flow. For 
the inlet flows two channels were used, one for the oil 
and other for the water/enzyme. 

To run the continuous CCS (Fig. 1) with enzyme 
recycling six peristaltic pumps, a syringe pump (11 
Plus, Harvard Apparatus), three reactors and two 
settlers were used as showed in. This system used the 
3 CSTRs from setup 2 described above. For the two 
settlers regular blue cap flasks of 500 mL were used 
immersed in a water bath in order to keep the desired 
temperature. A pump with for channels (Reglo ICC) was 
used for the inlet flow of oil, the inlet flow of water and 
for the two outlet flows from Settler 1; the other two 
pumps (Watson Marlow 101U) were used to pump out 
the effluent from CSTR 3 to Settler 2 and the bottom 
phase flow from Settler 2 to CSTR 1.To start up the 
system and to any emergency another syringe pump 
(11 Plus, Harvard Apparatus) was used to feed in the 
enzyme to CSTR 1 and the Pump 5 was used to pump 
in fresh water also to CSTR 1. In addition, two heating 
lamps were used to keep the temperature of the 
emulsion inside the tubes. 

 
Table 1. Start up values and flow rates for the 3 CSTRs in series system (d.i.o. - dissolved in oil; d.i.w. - dissolved in water). 

 CSTR 1 CSTR 2 CSTR 3 

Parameter Start up value Flow Rate [g/h] Start up value Flow Rate [g/h] Start up value Flow Rate [g/h] 

Soybean Oil 150 g 18.8 150 - 150 - 

Water  44.0 g 5.50 44.0 - 44.0 - 

NaOH  d.i.o.  -  - 

NS40112 0.702 g d.i.w. 0.702 - 0.702 - 

NS88004 0.424 g d.i.w. 0.424 - 0.424 - 

Effluent - Over flow - Over flow - Over flow 

Batch time 7 h - 10 h - 24 h - 
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Fig. 1 - Flow chart for the continuous Counter Current System. 

Table 2. Start up values and flow rates for the counter current system (d.i.o. - dissolved in oil;heavy phase - water, enzyme and glycerol). 

 CSTR 1 CSTR 2 CSTR 3 

Parameter Start up value Flow Rate [g/h] Start up value Flow Rate [g/h] Start up value Flow Rate [g/h] 

Soybean Oil 150 g 18.8 150 - - 18.8 

Water  44.0 g - 44.0 - - 5.50 

NaOH d.i.o. d.i.o. d.i.o. - - - 

NS40112 0.702 g - 0.702 - - - 

NS88004 0.424 g - 0.424 - - - 

Enzyme Solution 1.13 g - 1.13 g - - 0.141 

Effluent - Over flow - Over flow - 24.4 

Heavy phase - 5.64 - - - - 

Batch time 5 h - 10 h - - - 

 
The two systems were started up in batch mode and 

when the desired conversions were achieved in each 
reactor the pumps were turned on and the system was 
changed to continuous mode. The flow rates and the start 
up values are described in Table 1 and Table 2.  

The operational conditions were defined as 150 g of oil, 
water concentration as 30 % w/w of oil, 5 ppm of NaOH, an 
enzyme concentration of 0.8 % w/w of oil, 1400 rpm and 
constant temperature of 55 °C. 

3. RESULTS AND DISCUSSION 
Firstly, the results of the enzyme screening trial for the 

selection of the enzyme are presented. Then the batch 
experiments at different conditions are showed together 
with their analysis and considerations when going from 
batch to continuous operation. Finally, the results from the 
two different continuous systems implemented, including 
the continuous counter current system are stated and 
discussed. 

3.1. Enzyme Screening 
To select the lipase or the combination of lipases with 

the higher conversion rate for the fat splitting reaction and 
in order to realize if the increase of enzyme concentration 
enhances the FFA production, four different enzyme 
concentrations for each enzyme were tested (Fig. 2). 

After 1 hour the initial rate of reaction was analysed to 
understand which enzyme performs faster and after 24 
hours the stability of the enzymes was examined. 
According to several studies it was expected that the initial 
rate of reaction increased with enzyme concentration 10,11. 

As shown in Fig. 2, the FFA concentration does not 
increase with enzyme concentration for all the enzymes as 

it was expected. This phenomenon can be explained by 
hypothesising that the interfacial area limits the reaction. It 
is known that lipases catalysed reactions take place at the 
interface between the aqueous phase, containing the 
enzyme, and the oil phase. Therefore, the interfacial area, 
which is affected by mixing and substrate concentration, 
influences the rate of reaction 11. As the reaction occurs in 
a system with low mixing, it is possible that the interfacial 
area available was totally saturated with enzyme 
molecules. Likewise, a limitation by the low mixing in the 
system can explain the behaviour observed. It is possible, 
but unlikely, that after 24 inactivation of the enzyme 
occurred or that the reaction equilibrium was achieved. A 
trial performed by Novozymes to analyse the enzyme 
inactivation in fat splitting reaction showed that the 
enzymes are very stable, from which we can exclude that 
inactivation had occurred (unpublished data). 

 Observing Fig. 2, it can also be seen which enzyme 
performs faster and with high conversion rate for the 
hydrolysis reaction. The combination of CT-L and 
NS88004 (red square) was the more active in this reaction. 
As NS40112 (green triangle) was more active that CT-L 
(blue diamond), the combination of NS40112 and 
NS88004 was expected to be even more active. This 
combination was tested and plotted together with the other 
results, as is presented in Fig. 2 (orange cross), and the 
hypothesis was confirmed. The CT-L and NS40112 
enzyme formulations are 1,3 specific and NS88004 is non-
specific. Indeed, the combination of these two types of 
enzymes results in higher hydrolysis rates. Resinase HT 
seems to be the less thermostable enzyme compared to 
the other ones analysed. In this way, the combination of 

CSTR 3CSTR 1 CSTR 2
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Pump 4
Water/Enzyme/Glycerol

Pump 3
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Pump 5
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Water

Seringe Pump
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Pump 6
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NS40112 and NS88004 enzymes was selected to catalyse 
all the reactions performed in the process development 
phase and in the continuous system. 

For the next trials, with the mixing system changed, it is 
expected that as the concentration of enzyme increases, 
the % FFA produced will increase too. 

 
Fig. 2. Production of FFA using different enzyme concentrations for 

1h (empty symbols) and 24h (full symbols) of soybean oil hydrolysis 
reaction. Type of enzymes: 75 % CT-L+25 % NS88004 (red square), 
NS40112 (green triangle), CT-L (blue diamond), Resinase HT (yellow 
circle) and 75 % NS40112+25% NS88004 (orange cross). Results from 
titration analysis. Working conditions: constant temperature of 55 °C, 30 
% w/w of oil, stirring speed (horizontal mixing) of 250 rpm and 24 h. 

Twenty-one new lipases were tested from bacterial and 
fungal origin. A combination of two known lipases 
(NS40112 and NS88004) was also tested and used as a 
reference. The aim of this trial was to test the viability of 
new lipases to catalyse the fat-splitting reaction of soybean 
oil by analysing the FFA composition of the oil after 1 and 
24 hours reaction. 

 
Fig. 3. FFA production (% w/w) after 1h (solid black) and 24h 

(diagonal stripes) of fat splitting reaction at the conditions described in F 
means the enzyme has a fungal origin and B bacterial origin. Reference is 
a combination of two enzymes: 75 % NS40112+25% NS88004.Results 
from titration analysis. Working conditions: constant temperature of 55 °C, 
30 % w/w of oil, stirring speed (horizontal mixing) of 250 rpm, 0.17 mg 
AEP/g oil and 24 h. 

From previous experiments performed by Novozymes it 
was expected to achieve around 80 % w/w of FFA with the 
reference enzymes combination and, as shown in Fig. 3 
this result was achieved (84.6 % w/w). It can be observed 
that there are two new lipases with similar results 
comparing to NS40112 and NS88004 used as a reference, 
B1 and B2. These two lipases have a very fast conversion 
rate in the first hour of the reaction comparing to the rest of 
reaction time, and after twenty-four hours of reaction reach 
87.7 % w/w and 87.9 % w/w of FFA conversion, 
respectively. 

It has to be taken into account that the enzyme dosage 
values were estimated according to the OD measurement. 
Thus, the real value of active enzyme protein into the 

reactors can be higher or lower than the one predicted. 
Looking into the results of B1 and B2, it is likely that the 
real amount of active enzyme protein into the reactor is 
higher than the one predicted.  

A more precise analysis of protein content in the 
enzyme solution of B1 and B2 was performed after the 
screening trial. The experimental results reported illustrate 
that the reactor containing lip139 solution has more active 
enzyme protein than the estimated amount (0.75 mg 
AEP/g oil), which may explain the higher conversion rate. 
Regarding to B1 solution, the active protein content into 
the reactor is lower than the predicted (0.11 mg AEP/g oil). 
Therefore, the performance of this lipase was very 
successful. 

3.2. Process Development Phase 
In Fig. 4 is presented an overview of the fat splitting 

hydrolysis in standard conditions where it can be seen the 
behaviour of TAG, DAG, MAG, FFA and glycerol. The 
glycerides were measured by HPLC and the glycerol 
content was estimated based on that data. It can be seen 
that at the beginning the reaction proceeds very fast, after 
12 min the conversion of FFA was already 30 % w/w. The 
production of DAG, MAG and FFA was immediate. After a 
very quick start, TAG concentration was decreasing 
together with DAG and MAG, while FFA and glycerol 
concentrations increased, as expected. The behaviour of 
the smooth curve of FFA observed can be explained by the 
specificity of the biocatalyst. 

The parameters under study were: enzyme 
concentration, mixing and water content. The glycerol 
content was also estimated. 

 
Fig. 4. Fat splitting reaction for standard conditions. Green triangle - 

concentration of MAG in the oil phase; red square - concentration of DAG 
in the oil phase; yellow diamond - concentration of TAG in the oil phase; 
blue cross - concentration of FFA in the oil phase and orange circle - 
concentration of glycerol in the water phase (estimation). The error bars 
are based on the standard deviation for three similar experiments. Results 
from HPLC analysis. 

3.2.1.Enzyme Concentration 
Enzyme concentration has a great importance not only 

on the hydrolysis reaction rate but also in the economy of 
the process. The effect of enzyme concentration upon 
reaction rate was studied and Fig. 5 shows the 
corresponding data obtained for four different enzyme 
concentrations. This experiment had also the goal to verify 
if on the first enzyme screening trial an interface limitation 
by mixing was occurring. 

The total enzyme loadings based on oil used were: 0.8 
% w/w; 0.6 % w/w; 0.4 % w/w and 0.2 % w/w which 
correspond respectively to 0.17 mg AEP/g oil; 0.13 mg 
AEP/g oil; 0.09 mg AEP/g oil and 0.04 mg AEP/g oil, the 
same concentrations used in the enzyme screening 
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experiments. The stirring rate and the water content used 
were 850 rpm and 30 % w/w of oil, in order to maintain the 
interface constant in the four experiments. 

 
Fig. 5. Effect of different enzyme concentrations on the hydrolysis 

reaction of soybean oil at standard conditions. Enzyme concentrations 
based on oil: 0,2 % w/w (blue cross); 0,4 % w/w (green triangle); 0,6 % 
w/w (red square) and 0,8 % w/w (yellow diamond). Results from titration 
analysis.  

In Fig. 4 can be observed that all the four reactors have 
the same behaviour in the FFA curve, it means that in 
terms of overall reaction rate the different enzyme loads 
are very similar. With regard to the initial rate it is observed 
that with more enzyme load the initial rate is faster 
although is hard to visualize since the first sample was 
taken after 12 minutes of reaction and that this can only be 
seen in the first sample. Actually, the reaction is very fast 
in the first 12 minutes and after that the rate starts to slow 
down. Comparing to the overall batch time and considering 
the FFA concentrations that are desired to obtain (> 90 % 
w/w), this initial time is insignificant, reason why it was not 
further investigated in this project. It should also be taken 
into consideration that this difference could be caused by 
the samples preparation. Since the reaction is very fast in 
the first minutes, these samples are not very reliable. 

Again in Fig. 5 it is undoubtedly seen that an increase in 
enzyme concentration results in a higher concentration of 
FFA as expected, what can prove that the reaction was not 
limited by mass transfer/ interface limitation in this setup at 
these conditions, since adding more enzyme makes the 
concentration of FFA increase. To verify this fact, the FFA 
concentration was plotted against enzyme concentration × 
time in until 12 hours of reaction. If there was no interface 
limitation the curves should overlap with one another. 

From Fig. 6 it can be seen that the curves are vey 
similar and are overlapped. Only for 0.2 % w/w enzyme 
concentration there is small difference where the rate is a 
bit faster comparing to the other concentrations. This fact 
could indicate that there is a small interface limitation, but 
is not significant regarding to the other enzyme loads. It 
can also be seen that there is no loss of activity in all the 
experiments because if so, the lower enzyme 
concentration (0.2 % w/w) would be slower towards the 
end. 

In the last 3 hours of reaction, 0.2 % w/w enzyme load 
achieved 70 % w/w of FFA and 0.4 % w/w enzyme load 
achieved 78 % w/w of FFA. Assuming no limitation by 
interface, for these loads reach the same FFA 
concentration as 0.8 % w/w enzyme load, it will be needed 
more reaction time (104 hours and 52 hours respectively), 
unless the reaction reaches equilibrium. Similar FFA 
conversions were observed for the two higher enzyme 
loads, for 0.8 % w/w and 0.6 % w/w, with 85 % w/w and 83 
% w/w being achieved, respectively. For these 

concentrations, it was expected a superior conversion of 
FFA for the higher enzyme load. This fact can be explained 
considering that perhaps, the reaction is approaching 
equilibrium. 

 

 
Fig. 6. Concentration of FFA as a function of enzyme concentration × 

time for different enzyme concentrations at standard conditions. Enzyme 
concentrations based on oil: 0.2 % w/w (blue cross); 0.4 % w/w (green 
triangle); 0.6 % w/w (red square) and 0.8 % w/w (yellow diamond). 
Results from titration analysis.  

To be sure that the enzyme concentration is not a 
limitation factor, the higher enzyme concentration of 0.8 % 
w/w (of oil) is going to be used for the rest of the 
experiments and also for the continuous process. 

Comparing this experiment to the first enzyme 
screening, it can be seen that actually there was an 
interface limitation in the previous system because, in this 
experiment with a different setup and mixing conditions, 
after 1 hour and 24 hours there was a difference in FFA 
production between the different enzyme concentrations, 
which has not been observed in the screening trial. 

3.2.2.Stirring Rate 
This parameter was tested due to its strong influence in 

the interfacial area between the two phases where the 
reaction takes place. The stirring rates studied were 1000 
rpm, 850 rpm, 550 rpm and 350 rpm starting the mixing 
with the impeller immersed in oil and 850 rpm starting the 
mixing with the impeller immersed in water. The water 
content used was 30 % w/w and the enzyme load was 0.8 
% w/w. 

The mixing conditions provided by this setup (Setup1) 
allow the catalyst to work much more effectively than in the 
horizontal shaker used for the enzyme screening trials. It 
was expected that increasing the mixing would enhance 
the FFA production due to the increase of the interfacial 
area. 

Looking at the results presented in Fig. 7 this 
assumption can be demonstrated. Likewise, the results 
indicate that by increasing the mixing, the interfacial area is 
increased, the production of FFA is higher. 

Looking at the overall reaction, it can be seen that 
above 550 rpm there is not a lot of difference in the FFA 
production. Bellow 550 rpm, at 350 rpm, a lower production 
of FFA is observed. This indicates that there is an interface 
limitation by having not enough mixing. Therefore, it can be 
stated that above 550 rpm, in this setup, the mixing is not a 
limitation factor.  

Mixing is essential to generate an emulsion and start 
the mass transfer between the two phases. It has to be 
taken into consideration that the hardest part of the 
reaction is to create an emulsion between oil and water for 
the mass transfer to occur because the enzymes need to 
bind to the oil-water interface to react with the substrate. 
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Indeed, the string rate has a strong influence in the initial 
rate of the reaction  

 
Fig. 7. Effect of different stirring rates on the hydrolysis reaction of 

soybean oil at standard conditions. 350 rpm impeller in oil (green 
triangle); 550 rpm impeller in oil (blue cross); 850 rpm impeller in oil (red 
square), 850 rpm impeller in water (yellow diamond) and 1000 rpm 
impeller in oil (orange circles). Results from titration analysis. 

Analysing the impeller position, it can be seen that the 
starting position in the reaction mixture, on water or oil, has 
no influence in the reaction rate is this system, since the 
red line is completely overlapping the yellow line. 

For further experiments in this setup, stirring rates 
should be above 550 rpm to guarantee that there is no 
limitation created by mixing, but over-mixing should be 
avoided to enhance the emulsion separation. For this 
reason, all the carried experiments in this project in setup 1 
were run at 850 rpm with the impeller starting the mixing in 
water. 

3.2.3.Water Content 
The concentration of water in the system is of great 

importance because it has to be high enough to push the 
equilibrium towards the products, but also the least to 
facilitate the separation of the two-phase system. The 
water amount reflects the substrate concentration. The 
stoichiometric amount of water required is about 6 % w/w 
of oil, but excess of water is needed to increase the 
interfacial area and push the equilibrium as much as 
possible to products formation. 

Four different water amounts were tested in order to 
evaluate the effect of water concentration in the system. 
The water in oil concentrations studied were: 40 % w/w, 30 
% w/w, 20 % w/w and 10 % w/w. To be competitive, 
Novozymes has established a concentration of water of 30 
% w/w as the maximum amount of water present in the 
reaction system to be industrially relevant. The 
concentrations above this value were tested to verify if in 
the other trials the reaction stopped because the 
equilibrium was achieved. If this hypothesis is valid, it 
should be seen an increase of the FFA conversion with the 
increase of water in the system. The stirring rate and the 
enzyme load used were 850 rpm and 0.8 % w/w of oil. 

Looking at Fig. 8, it can be seen that with more water 
content in the system the FFA production increased. This 
fact supports the influence of the water content in the 
interfacial area: with less water in the system there is less 
interfacial area available where the reaction can occur. The 
results also indicate that the water amount is likely to have 
the most impact in the first part of the reaction, until 3 
hours of reaction because after that time the reaction rate 
seams to be very similar in all the water contents tested. 
Can also be observed that 30 and 40 % w/w water content 
curves overlap and are separated after 6 hours. This could 

mean that there was no significant change in the interfacial 
area above 30 % w/w of water content in the present 
conditions. But, on the other hand, if we look to the entire 
picture, water content also affects the attainable yield in 
FFA within 24 hours. With a concentration of water of 40 % 
w/w, it was possible to have a higher conversion of TAG 
into FFA. This result shows that after 24 hours there is not 
very much happening in the last three hours, like in all the 
previous experiments. Also, can be considered that the 
reaction slows down because it is approaching equilibrium. 
Adding more water pushes the reaction towards the 
products formation. Another way of reverting the 
equilibrium is to remove a by-product of the reaction, in this 
case the glycerol. At Rooney et al. study 13, an experiment 
with glycerol removal was made and with the majority of 
the glycerol removal from the reaction mixture an increase 
in the final equilibrium conversion was observed. 

 
Fig. 8. Effect of water content in the fat splitting reaction for standard 

conditions. The concentration of water is based on oil:  
40 % w/w (yellow diamond); 30 % w/w (red square); 20 % w/w (green 
triangle) and 10 % w/w (blue cross). Results from titration analysis.  

The results from this trial support the goal of having a 
separation step to remove the by-product of fat splitting 
reaction (glycerol) in a counter current continuous system 
to improve the FFA yield. The adoption of a cross flow 
contacting system in which the oil is contacted stagewise 
with streams of fresh glycerol-free aqueous phase could 
achieve higher hydrolysis yields 13. 

3.2.4.Glycerol Content and Removal 
Glycerol is a by-product of fat splitting reaction. With the 

objective of knowing the glycerol content in the reaction 
mixture it was made an estimation of the glycerol 
concentration in the water phase for standard conditions 
during the hydrolysis reaction, by HPLC analysis. Glycerol, 
when released migrates to the aqueous phase 9.If there 
was full conversion of the oil, the glycerol concentration in 
the water phase should be around 35 % w/w. As it can be 
seen in Fig. 4 the glycerol concentration after 26 hours of 
reaction is about 26 % w/w in the water phase.To verify if 
the glycerol removal could revert the equilibrium and 
improve the yield, a batch experiment with oil already 
converted (84 % w/w of FFA), new water and enzyme was 
performed. From the batch experiments made before, the 
reaction mixture was centrifuged to separate the aqueous 
phase from the oil and the oil already converted was used. 
The results of this experiment are presented in Fig. 9 
plotted together with the results from batch experiments at 
standard conditions. Also Novozymes did the same 
experiment but with different type of enzymes (liquid and 
immobilized enzymes) and the results presented are very 
promising (unpublished data). 
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Fig. 9. Effect of glycerol removal in fat splitting reaction at standard 

conditions. Yellow diamond: results from a fat splitting reaction using 
soybean oil with a FFA content of 84 %w/w. Red square: results from fat 
splitting reaction of soybean oil without a FFA content. The error bars are 
based on the standard deviation for three similar experiments. Results 
from titration analysis. 

With the removal of glycerol a higher concentration of 
FFA is achieved (95 % w/w), as it was expected. This trial 
also supports the hypothesis that the reaction stopped 
because equilibrium has been reached. These results 
support the fact that if a separation step is added in a 
continuous system, the yield of FFA is going to increase 
because the equilibrium is moved for the products side, 
according to Le Châtelier's principle. Therefore, a 
separation step should be implemented in the continuous 
system. 

3.2.5.From Batch to CSTR 
The setup used for the continuous systems (Setup2) 

was different in scale from the one used for the batch 
experiments (Setup1) consequently some adjustments in 
the mixing and volume of the reaction medium were made. 
To compare the different setups a batch experiment was 
run in triplicate in the reactors used in the continuous 
operation and results are very similar (data not showed). 
The change of the reactors did not have influence on the 
reaction behaviour and the data collected from Setup1 can 
be compared with the data from Setup2. 

One way of analysing the batch data to design multiple 
CSTRs in series is by considering the 1 −𝑟!  vs X plot. 
From the batch data collected from the setup 1 the 
operational points for the three CSTRs in series were 
predicted thought a Levenspiel plot analysis. Operational 
points are defined as the conversions of FFA for each 
CSTR at steady state. The conversion of FFA is expressed 
as the total yield of FFA. To predict the operational point in 
each CSTR the first step was to find the reaction rate. 
Firstly, after determining the moles of each component in 
the organic phase and the FFA conversion, the reaction 
rate was estimated by plotting the number of moles of FFA 
versus time and fitting each part of the curve in Excel. The 
reaction rates are found by taking the derivate at each data 
point. 

Then, based on the design equation of CSTR and 
established the equation for a reaction product (FFA), 
1 𝑟!!" vs 𝑋!!" was plotted (Fig. 10). As the number and 
the volume of the reactors used were defined by the setup 
used (Setup2), the flow rates were estimated centred on 
that restriction. Thus it was possible to establish a 
residence time for each reactor. The reaction time in the 
batch experiments was 24 hours so a residence time of 8 
hours in each CSTR was defined and based on the volume 
of the reactor the flow rates showed in Table 1 were 
stated. The reactor volume and the residence time 

established the ratio 𝑉 𝐹!!  that in this case is given by 
𝑉 3𝐹!"#!  (assuming that 𝐹!!" = 𝐹!!"!""  % ∙ 𝑋!!" = 3𝐹!"#! ) 
then, using the Solver tool from Excel, the operational 
points in each reactor were predicted. 

From this analysis, the conversions obtained were 56 % 
for CSTR 1, 71% for CSTR 2 and 78 % for CSTR 3. Based 
on these values, the time needed for each batch reactor 
achieves the conversion desired, based on the batch 
experiments, was: 5 hours, 8 hours and more than 12 
hours for CSTR 1, 2 and 3 respectively. These estimated 
values were used as a baseline for the starting up of the 
system.  

Looking at Fig. 10 with the restrictions of setup 2, for 
the same reactor volume, could be concluded that to 
increase the final conversion one more reactor could be 
added. Alternatively, if the volume of the reactor could be 
changed, an higher residence time in the last reactor could 
also lead to an increase in the conversion. 

 
Fig. 10. Levenspiel plot for FFA for determining the operational points 

for the three CSTRs. 

3.3. Continuous Stirred Tank Reactors (CSTRs) 

3.3.1. Continuous CSTRs in Series 
Before running the CCS a system with 3 CSTRs in 

series was implemented. This system was operated for 
being compared with the batch system, to verify if the 
predicted degree of conversion in each reactor by the 
Lenvenspiel analysis was achieved and to validate the 
process model. Thereby, the three CSTRs in series were 
operated continuously for three days (Fig. 11). 

For starting up the system, the reactors were initiated in 
batch mode. The reaction time for each reactor Table 1 
was based on the previous analysis but for practical 
reasons the batch mode took more time. Particularly, for 
the last reactor, it was chosen to run for 24 hours to 
achieve the higher conversion possible. Therefore, the 
conversions in the beginning of the continuous mode were 
higher than the predicted. 

For this system, a model developed by a PhD student 
from the research group, Maria-Ona Bertran, that predicts 
the steady state for each reactor in terms of FFA 
concentration was developed. Looking at the results, it can 
be seen that steady state was reached in the three 
reactors. In Table 3 the experimental results compared 
with the predicted ones by the Levenspiel analysis and the 
process model are presented. 

Regarding the results, the conversions obtained are in 
accordance with the predictions, even a little higher. The 
process model can predict very well the conversion for the 
first two reactors and for the third predicts a little less than 
the observed. This could be due to the data used to 

0	  

10	  

20	  

30	  

40	  

50	  

60	  

70	  

80	  

90	  

100	  

0	   2	   4	   6	   8	   10	   12	   14	   16	   18	   20	   22	   24	   26	  

%
 w

/w
  F

FA
 

Time [h] 

0 

5000 

10000 

15000 

20000 

25000 

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 

1/
rF

FA
 [m

in
.L

/m
ol

] 

X FFA 



 9 

estimate the parameters used in the model, because less 
data was provided for the end of the reaction than for the 
middle stage. With respect to the Levenspiel plot analysis, 
the predictions were found bellow the experimental values. 

 
Fig. 11. Three CSTRs in series operated for three days at steady 

state for the standard conditions: red diamond CSTR 1; green square 
CSTR 2 and yellow triangle CSTR 3. Results from titration analysis. 

Table 3. Comparison of experimental data (arithmetic mean values of 
the results obtained from titration analysis) with predictions from 
Levenspiel analysis and the process model for concentrations of FFA at 
steady state. Values of % w/w of FFA. 

 Experimental  
Data 

Levenspiel Analysis  
Predictions 

Process 
Model 

CSTR 1 56.9 % 53.4 % 57.6 % 

CSTR 2 72.5 % 67.5 % 72.5 % 

CSTR 3 80.3 % 74.6 % 77.3 % 

 
For the batch experiments at the same conditions it was 

achieved 81.6 % w/w FFA, a comparable value to the 
conversion obtained in the last CSTR results in similar 
conditions (80.3 % w/w). In principle, the area of the 
rectangles above the curve in Fig. 10 represents the loss 
of efficiency due to continuous operation mode as 
compared to batch mode14. But it must not be forgotten, 
however, the time where no reaction is occurring due to 
filling and emptying the tank and time for cleaning between 
batches. 

3.3.2. Continuous Counter Current System (CCS) 
CCS has the goal of increase the FFA conversion by 

reversing the reaction equilibrium and promoting a counter 
current flow of oil and water/enzyme as it is illustrated in 
Fig. 1. The first separation step present in the system 
(Settler1) was aimed to remove the glycerol. Removing the 
glycerol of the system can reverse the equilibrium 
achieved in the fat splitting reaction as it was described 
and previously studied in the process development phase. 
To promote counter current flow, a second settler was 
introduced (Settler 2). The two settlers, where the oil is 
separated from the aqueous phase, create an effect of 
counter current flow for pushing the oil to flow in one 
direction and the water/enzyme in the opposite one. In 
addition, the Settler 2 promotes also the reuse of enzyme. 

To create a better counter current flow, another settler 
between CSTR 1 and CSTR 2 should be added to the 
system, but for practical reasons it was not possible to 
implement this step in the laboratory. 

The system was run during 10 days and the results are 
presented in Fig. 12. It was extremely hard to put the 
system up and running regarding to the small scale for this 
process. Therefore, the system took more time than 
predicted to achieve steady state and several incidents 
have occurred. 

 

 
Fig. 12. Three CSTRs in counter current running for 10 days at steady 

state at standard conditions: red diamond CSTR 1; green square CSTR 2 
and yellow triangle CSTR 3. Feed rates in Table 2. 

For initiating the system the first and second CSTR 
were started in batch mode. After, the first settler, with a 
residence time of 16 hours, was filled in and the pumps 
were turned on to fill the third CSTR along with the feed of 
water, oil and enzyme to the CSTR 1. After 8 hours, 
residence time of the reactors, the second settler was 
started to fill in. Then, after 16 hours, the counter current 
was started (time zero in the Fig. 12) through changing the 
fresh feed of water and enzyme of the fist reactor for the 
water/enzyme from the separation of Settler 2. 

The variations of the three reactors throughout the 
operation process are concomitant and dependent of the 
CSTR 1. Observing the results, it can be seen that after 
one day the concentrations of FFA starts to decrease 
abruptly until day 3, when no activity is further detected in 
reactor one. Suddenly, at day 4 the concentration of FFA 
started to increase again. In Settler 2, it was observed a 
formation of an emulsion at the interface of the organic and 
aqueous phases, which will be discussed later. This 
change of the concentration of FFA happened when the 
emulsion was started to be pumped into the CSTR 1. 
Before day 4, the recirculation of the water phase has been 
pumped from the bulk and not from the interfacial emulsion 
present in Settler 2. This fact supports the idea that the 
enzyme is mostly present in the emulsion and only a small 
amount is in the bulk. The system run until day 7 and a 
steady state was reached.  

At day 7, as the concentration of FFA did not go higher 
than 80 % w/w in CSTR 3, it was decided to change the 
feed stream of CSTR 1 from the recirculation to fresh water 
and enzyme to see if the concentration of FFA increased 
and also because the amount of enzyme and water that 
was pumped into CSTR 1 from the emulsion of Settler 2 
could not be quantified. It is observed that the 
concentration of FFA has not increased and even dropped 
a little. Regarding CSTR 2, after 200 hours the 
concentration of FFA started to decrease even though it 
did not happen in CSTR 1. This fact was due to a problem 
in the mixer from the CSTR 2 that stopped working. From 
this incident, the importance of mixing in the course of the 
reaction became evident. Owing to this, it could not be 
seen the effect of the implemented change on the FFA 
conversion. It should be noticed that CSTR 3 has always 
activity because of the continuously feed of fresh enzyme. 
The changes observed are due to the concentration in FFA 
of the oil fed into the reactor. 
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Assuming steady state between day 4 and 7, the 
concentrations of FFA were in average 46, 60 and 78 % 
w/w for CSTR 1, 2 and 3 respectively. Comparing to the 3 
CSTR in series, the final concentration of FFA in last 
reactor is lower in the counter current system. 

Regarding to the settlers, it can be seen that the Settler 
1 worked as it was expected because the difference of 
FFA concentration from CSTR 2 and 3 is higher in this 
system (around 20 %) than in the 3 CSTRs in series 
system (around 8 %). Nevertheless, it has to be taken into 
account that the potential for this to happen is greater 
because CSTR 2 of this system has a lower concentration 
of FFA comparing to the other reactors. From this analysis, 
it can be concluded that the first separation step moved the 
equilibrium towards the product formation, it means that by 
removing the glycerol the conversion of FFA increased, as 
it was previously reported by Brunner et al. 9, Rooney et al. 
13 and Bühler et al 15. The second settler was the major 
problem of the system due to the formation of an emulsion 
that increased during the time. This practical issue called 
"mayonaise" by Novozymes is going to be discussed next. 

It was very important to keep the temperature around 
55 °C not only in the reactors but also in the tubbing. This 
temperature was requiered because on the course of the 
reaction, as the FFA amount increases, the oil gets more 
viscouses and the it tends to solidify. Thereby, the heating 
lamps were used to make sure that the oil did not solidify 
inside the tubbing, specially between the CSTR 3 and the 
Settler 2. 

In this system there was a very low control of flow rates, 
which is very critical due to the small flow rates used. It 
was very hard to have control of the system to achieve all 
the goals proposed. For this reason and based on the 
results obtained, it can be concluded that the scale was too 
small for this type of system. In other hand, despite of this 
fact, it seems to have potential to be developed if scaled 
up regarding to the effectiveness of the separation step 
and the simplicity of the raw materials used.  

3.3.2.1.Emulsion 
In Settler 2 there was a formation of an emulsion that 

was build up along the process. As it can be seen in this 
emulsion starts at the interface and grows with the course 
of the reaction. This seems to be a relatively stable 
emulsion formed of some oil, water/glycerol and most of 
the enzyme, which co-exists with less stable emulsion of 
water/glycerol and oil that separates in the settler. It was 
observed that as more enzyme was added, the more 
stable the emulsion grew. The results also indicate that the 
enzyme is very stable since a good activity is observed 
when the emulsion is recycled to CSTR 1, after 16 hours of 
incubation at 55 °C in Settler 2. To understand a little bit 
more about the composition of this emulsion a sample was 
taken from the emulsion in Settler 2. After centrifugation, it 
was observed that the emulsion was primarily composed of 
water/glycerol, a little oil and a disc of enzyme between the 
water and oil layers. It was observed in Settler 1 a 
separation between the oil and water phase and an 
interfacial layer between the two phases that apparently 
contains manly the enzyme. But, in this settler no emulsion 
was observed comparing to Settler 2, only a disc between 
the two phases. This fact seams to indicate that in oil with 
more FFA concentration the emulsion tends to form. But, 
on the other hand, the mixture present in Settler 2 has 
'fresh enzyme' and the one on Settler 1 has not. This can 

also influence the formation of the emulsion since it seems 
to be generated by the enzyme. Likewise, the decision to 
use the higher enzyme concentration could have enhanced 
the formation of emulsion. The main question that remains 
is: why is this emulsion generated? 

This practical issue was discussed in Brunner et al. 9 as 
an emulsion present at the interface that contains the 
enzyme, it was observed and discussed in Price 16 where it 
is nominated as "rag phase" and it was also observed by 
Novozymes and called "mayonnaise". This phenomenon is 
described in these studies but the reasons why it happens 
and the composition of the emulsion is not well known yet. 
This emulsion is very stable and can be described as a 
phase of enzyme and glycerides, especially MAG since it 
is known that it is a good emulsifier. 

4. CONCLUSION 
In overall, from this work can be concluded that the 

performance of this two lipases has potential to catalyze fat 
splitting reaction in industry but the system is not ready for 
implementation as an industrial process. It is required more 
process development investigation for optimization of the 
key process parameters as enzyme concentration and 
scale-up work in order to become competitive with the 
current available processes. 
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