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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. 

 

Keywords: biofuels; fat splitting reaction; continuous counter current system; liquid lipase;  

soybean oil; 
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RESUMO 

A crescente necessidade do uso de biocombustíveis líquidos renováveis no sector dos transportes 

estimula o desenvolvimento e investimento na sua produção. Um processo para a sua produção é 

através da hidrogenação de triglicerídeos. Todavia, este apresenta custos operacionais elevados 

principalmente relacionados com o custo da matéria-prima. Assim, o uso de  

matérias-primas alternativas (ex.: óleos utilizados) gera um processo mais competitivo. 

Consequentemente, é necessária uma etapa de pré-tratamento para converter matérias-primas de 

baixa qualidade em ácidos gordos livres (AGL) mais limpos. Esta reação de “fat-spliting” é praticada 

industrialmente utilizando alta pressão e temperatura (alcançando conversões ≥ 96%), porém a 

hidrólise enzimática apresenta vantagens consideráveis. 

Este estudo foca-se no desenvolvimento de um processo enzimático capaz de atingir resultados 

semelhantes à hidrólise de óleos convencional. Para foi operado um Sistema contínuo em Contra 

Corrente (SCC) para produção de AGL pela reação de hidrólise de óleo de soja utilizando lipases 

solúveis. Para determinar as condições operacionais realizaram-se experiências em descontínuo. Foi 

estudada a influência da concentração de enzima, agitação, conteúdo de água e glicerol. Os 

resultados obtidos forneceram informação para prever condições operacionais dos reatores contínuos 

e calibrar o modelo proposto. 

Os resultados indicam que a reação enzimática "fat splitting" atinge o equilíbrio em concentrações de 

AGL à volta de 80%w/w e que este pode ser revertido removendo glicerol. Os estudos efectuados 

revelaram também que agitação e conteúdo em água têm influência na interface óleo-água. No SCC, 

observou-se a formação de uma emulsão estável maioritariamente constituída por enzimas. É de 

considerar um scale-up do processo visto a remoção de glicerol provocar um aumento da 

concentração de AGL. 

Palavras-chave: Biocombustíveis; reação de "fat splitting"; Sistema em Contra Corrente; 

lipase solúvel; óleo de soja. 
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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 



 2 

renewable fuel process more economic due to savings in 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 the present study, several conditions of the fat splitting reaction of soybean oil catalysed by a liquid 

lipase from Novozymes are studied and a continuous counter-current system is designed and 

developed. 

2 SCOPE OF THE PROJECT 

The main objective of this work was focused on the design and development of a continuous counter 

current system for the production of free fatty acids (FFA) and glycerol in a fat splitting reaction of 

soybean oil using a liquid lipase formulation. The interest of this study is based on the possibility of the 

enzymatic process be able to achieve similar results to conventional fat splitting process in order to be 

industrially competitive and able to replace the thermal process. Likewise, some base lines to the 

reaction conditions were established by knowledge of Novozymes. 

Firstly, an enzyme screening was performed in order to select the lipase or the combination of lipases 

that are more stable and with the higher FFA conversion rate for the hydrolysis reaction of soybean oil. 

Known and un-known lipases supplied by Novozymes were investigated. 

After the selection of the biocatalyst, the operational conditions for the fat splitting reaction were 

studied in several batch experiments. In this process development phase, enzyme concentration, 

stirring rate and water content parameters were analysed due to their strong influence on the water-oil 

interfacial area, where the reaction takes place [13]. An estimation of the glycerol produced in the 

reaction and a comparison of the two setups used in this project was also made. Additionally, a 

separation analysis was carried out to evaluate the possibility of using a settler in the continuous 

counter current system and the results were positive. 

From the batch data generated and all the experiments made in the process development phase, the 

operational parameters were established and information for the design of the continuous system and 

to calibrate the process model (developed by a PhD student in the research group, Maria-Ona 

Bertran) was provided. A three CSTRs series system was implemented in order to compare the 

results with the batch reaction and with the process model predictions. Finally, the continuous counter 

current system was performed. 
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3 BACKGROUND 

3.1 FAT SPLITTING REACTION 

The fat splitting reaction is an hydrolysis reaction of triglycerides to yield free fatty acids and glycerol. 

This reaction represents an important group of chemical reactions relevant to the industrial processing 

of natural oils and fats. Generally, it is represented as an oversimplified reversible chemical reaction 

but it is far more complex than that. The overall complexity may be given by a consideration of the 

stepwise nature of fats and oils hydrolysis. The hydrolysis of oil takes place in three stages, all of them 

are reversible (Figure 3.1). The triglycerides are converted into FFA and glycerol with a reaction yield 

of 1 mole of glycerol and 3 moles of FFA per mole of triglycerides [14] [15] [16]. 

C!H! OOCR !
!"#

+ H!O ⇌ C!H! OH OOCR !
!"#

+ R − COOH
!!"

C!H! OH (OOCR)!
!"#

+ H!O ⇌ C!H! OH ! OOCR
!"#

+ R − COOH
!!"

C!H! OH ! OOCR
!"#

+ H!O ⇌ C!H! OH !
!"#$%&'"

+ R − COOH
!!"

 

Figure 3.1 - Fat slitting reaction of a triacylglyceride (TAG) into free fatty acid (FFA) and glycerol. Intermediates: 
diacylglyceride (DAG) and monoacylglyceride (MAG). 

Triglycerides do not dissolve in the water phase, so the reaction has to take place at the interface 

between water and oil. The products, fatty acids and glycerol, are dissolved in the oil and water phase 

respectively. As the reaction is reversible both the hydrolysis rate and the final composition depends 

on the fatty acid concentration in the oil phase and on the glycerol concentration in the water phase 

[14], [17]. 

Some facts are very useful to understand the true nature of fat splitting reaction [16]: 

-Water is increasingly soluble in DAG and MAG and in FFA than in the starting material TAG; 

-Higher temperatures and pressures increase the rate of hydrolysis as a consequence of an increase 

in the solubility of water in all fat phases; 

-The reaction is reversible (unless glycerol is removed); reaction is slow to start, fast in the middle 

stages, and slows down as glycerol concentration increases. 

The production of fatty acids by the hydrolysis of natural oils and fats is a very important component in 

the economic exploitation of these naturally produced renewable raw materials. These products 

include oils from corn, rapeseed, sunflower, palm, soybean, coconut, olives and rice bran, and a wide 

range of animal fats such as tallow’s [14]. 

There are three major routes currently used for the hydrolysis of fats and oils in the production of fatty 

acid: high pressure and temperature steam splitting, alkaline hydrolysis and enzymatic hydrolysis [14] 

[16]. In this project the conventional technology is going to be shortly described and the enzymatic 

hydrolysis will be further investigated. 
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3.1.1 CONVENTIONAL TECHNOLOGY 

The initial objective in conventional fat splitting is to obtain as fast as possible a high solubility of liquid 

water in the triglyceride phase because fat splitting occurs homogeneously, with very little contribution 

from hydrolysis at oil-water interfaces. As soon as water is homogeneously dissolved in the organic 

phase the slow initial part of the reaction is overtaken. From the practical point of view, all the existing 

processes achieve these objectives with varying degrees of success, but, from the theoretical point of 

view, there are still a number of things about fat splitting that are not entirely clear. The mainstream 

current technologies for hydrolysis are based on high temperature and pressure contacting processes 

with steam or superheated liquid water, involving high temperatures and pressure equipment 

requirements [15] [16]. 

The continuous high pressure uncatalysed counter current splitting, essentially the Colgate-Emery 

Process [18], is the most efficient and inexpensive method for large scale production of saturated fatty 

acids from fats and oils, which typically requires operating temperatures of 250-260°C and a reaction 

pressure of 50 bar [15].  In this process, the equipment used is a tower (18-26 m high with around 1 m 

in diameter) made of materials resistant to the operating conditions. The fat is introduced from the 

bottom of the columns with a high pressure feed pump. Water is introduced near the top of the column 

at a ratio of 40-50% of the weight of the fat. The fat rises through the hot glycerol-water collecting 

section at the bottom of the column and passes through the oil-water interface into the continuous 

phase, the oil layer in which hydrolysis takes place. Direct injection of high-pressure steam quickly 

raises the temperature to the 250-260°C and the high pressure is maintained. This process splits fats 

in 96-99% of conversion in only 2-3 h with little or no discoloration of the fatty acids and an efficient 

use of steam [16]. 

The high temperature and pressure necessary for conventional splitting make this process unsuitable 

for splitting heat sensitive triglycerides, unconjugated systems (which may undergo thermal 

degradation), hydroxylated fats and oils (which may dehydrate) or polyunsaturated oils with high 

iodine number (which may polymerize). For these oils, hydrolytic methods at lower temperature are 

required [14], [16]. 

3.1.2 ENZYMATIC TECHNOLOGY 

The use of enzymes for the fat splitting reaction was recently attempted as an energy-saving method, 

especially for producing high value-added products or heat sensitive fatty acids, due to the lower 

temperatures required in comparison with conventional processes. In this technology, the reaction 

takes place at the interface between the aqueous phase containing the enzyme and the oil, where the 

enzyme has to be adsorbed on the oil interface in order to start the reaction [10] [19]. 

Enzymatic hydrolysis (catalysed by lipases, E.C. 3.1.1.3) has some advantages over chemical or 

thermal hydrolysis, because enzyme reactions require lower temperatures, which prevents the 

degradation of products and reduces energy costs. Furthermore, enzymes are biodegradable and 
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consequently are less polluting than chemical catalysts. The main disadvantages of enzyme catalysis 

are the longer reaction time and the higher cost of the biocatalysts [20]. 

Enzymatic fat splitting has been studied extensively using enzymes immobilised on hydrophobic 

polymeric supports and also using enzymes freely attached at a liquid–liquid interface. In this latter 

technique, one of the primary physical requirements is the provision of a free interface at which the 

lipase can catalyse the reaction. Another one is the enhancement of mass transfer processes 

necessary for the supply of reaction substrate from the corresponding bulk phases [15]. 

3.1.2.1 LIPASES	  AS	  BIOCATALYSTS	  

Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3.) are enzymes that catalyze the breakdown of 

fats and oils with subsequent release of DAG, MAG, FFA and glycerol [21], [22]. These enzymes 

constitute the most important group of biocatalysts for biotechnology applications [23]. Animals, plants 

and microorganisms can produce this type of enzymes although, microorganisms have been found to 

produce high yields of lipases compared to animals and plants. Therefore, lipases from bacterial and 

fungal are the most used as biocatalysts in biotechnology applications and organic chemistry [21], 

[24]. Indeed, their specificity, regioselectivity and enantioselectivity allow them to catalyse reactions 

with reduced side products, lowered waste treatment costs and under mild temperature and pressure 

conditions [24]. 

The biological function of lipases is to catalyze the hydrolysis of esters, especially long-chain 

triacylglycerols. But lipases are also capable of catalyzing the reverse reaction, achieving 

esterification, transesterification (acidolysis, interesterification, alcoholysis), aminolysis, oximolysis and 

thiotransesterification in anhydrous organic solvents, biphasic systems and in micellar solution with 

chiral specificity [24]. Most industrial applications are found in racemic mixture resolutions, textile 

detergency, pharmaceuticals synthesis, or in oils and fats bioconversion. The most important 

application of lipases in oleochemical industry is their use for the production of fatty acids by 

hydrolysis of oils [10], [24]. Lipases have been extensively investigated with respect to their 

biochemical and physiological properties, and lately for their industrial applications. This increasing 

interest is related to the enzyme catalytic function (capability of lipases catalyze reactions involving 

insoluble lipid substrates at the lipid–water interface), to its medical relevance and to its capability of 

catalyzing not only hydrolysis but also several reverse reactions, as described above [24]. 

The specificity of a lipase refers to its regioselectivity for specific positions on the triglyceride molecule. 

Lipases can be classified according to their selectivity for the acyl position on the glycerol backbone. 

Each lipase has been considered one of three types: 1,3 specific, 2 specific, or non-specific. 1,3 

specific lipases act primarily on the ester bonds on the extreme positions of the triglyceride molecule 

and rarely attack the middle ester bond. 2 specific lipases primarily attack the middle ester bond on 

the triglyceride molecule. Non-specific lipases show no preference to the ester bonds they attack [21], 

[25]. The enzyme stability is the capability of not loosing catalytic activity, one of the most important 
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properties when enzymes are used in industry. The loss of enzyme activity over time is often result of 

thermal degradation and alcohol inhibitions [21]. 

Lipases can be used as liquid formulations or immobilized. Immobilization permits multiple uses of the 

lipases and often enhances its thermal and chemical stability, thus the biocatalysts are usually 

immobilized in order to be reused [14], [26]. However, one of the main drawbacks for using 

immobilized lipases relies on the high costs of the enzyme, the use of expensive supports, and the 

immobilization process itself [6]. It requires many re-uses to in order to become cost-efficient. Liquid 

lipases have the advantage of easy preparation procedure and low preparation costs and can also be 

re-used for several times after recovery from the glycerol phase, which makes them cost-efficient 

compared to immobilized lipases [25], [6]. Furthermore, using soluble lipase has the advantage of the 

interaction with the substrate to be at molecular level, with no mass transfer limitations or clogging 

problems [10]. The main concerns with liquid lipases are the thermostability, pH stability and 

separation performance.  

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 in a ratio of 3:1. 

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 1. 

3.1.2.2 REACTION	  MECHANISM	  AND	  ENZYME	  KINETICS	  

In order to describe the interfacial enzymatic reaction, reaction mechanisms such as first order 

Michaelis-Menten and Ping Pong Bi Bi mechanism were proposed. Recently, the most rigorous kinetic 

model assumes a stepwise hydrolysis via Ping Pong Bi Bi mechanism [10], [17], [27], [28]. This 

mechanism is schematic represented in Figure 3.2 and is going to be described below. 

 

Figure 3.2 - Schematic representation of Ping Pong Bi Bi mechanism. Reaction proceeds from left to right side as 
shown by horizontal arrow. The free enzyme, E, reacts with first substrate, S1, to form the first complex, ES1. The 
first product, P1, is then released from ES1 to form the second complex, F*. This complex reacts with second 
substrate, S2, to form the third complex, FS2. Finally, the second product, P2, is released and the free enzyme is 
reformed. In case of triglyceride hydrolysis, the first and second substrates were assumed to be one fatty acid 
residue of triglyceride (TAG, DAG or MAG) and water, respectively, while the first and second products were one 
glyceride (DAG or MAG) and free fatty acid (FFA), respectively [27]. 

 

                                                        

1 This information was provided by Novozymes. 
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Lipase-catalysed reactions take place at the interface between the aqueous phase containing the 

enzyme and the oil phase [10], [11], [17], [19], [27] . The enzymatic hydrolysis mechanism assumed is 

based on Bailey and Ollis [29], which shows that the reaction occurs at the active sites of the enzyme. 

Acidic or basic functional groups found at specific locations in the active sites of the enzyme catalyze 

the reaction by donating or accepting protons during the course of the reaction. Two functional groups 

that are part of the active sites have been identified as being particularly important to the catalytic 

process. One is hydroxyl group that acts as a nucleophile, and the other is the nitrogen atom of an 

amine group, which accepts a proton and then gives it back during the reaction [10].  

In a stirred tank reactor, if the oil is dissolved in an organic solvent, it is assumed that the total 

interfacial area between the two phases remains constant even when the agitation speed and the 

substrate concentrations are varied. For a system where the oil contacts directly with the aqueous 

phase containing the enzyme is not correct to assume that the total interfacial area is constant, 

irrespective of the agitation speed and the volume fraction of oil and water [11], [12]. Based on this, 

the mechanism of hydrolysis reaction is assumed to consist in the steps shown in Figure 3.3. Lipase 

substrates include MAG, DAG and TAG. The general scheme for lipase action begins with the transfer 

of the aqueous-phase enzyme E to the interface, where the activated enzyme E* accumulates on the 

surface. When E* combines with and catalyses the conversion of S* (substrate S located at the 

interface). Product P* can either remain at the interface or dissociate into aqueous medium [30]. 

  

Figure 3.3 - Ping Pong Bi Bi mechanism for enzymatic hydrolysis of TAG: (a) Nucleophilic addition to form 
adsorbed enzyme on the substrate, the nucleophile is the oxygen in the O-H group on the enzyme. (b) Proton 
transfers from the conjugate acid of the amine to the alkyl oxygen atom of the substrate, and a glycerol moiety (G) 
is formed. If a TAG is the initial substrate, then a DAG will form, while if DAG is the substrate, then MAG will form, 
and so on. (c) The oxygen atom from a water molecule is added to the carbon atom of the C=O of the acyl 
enzyme intermediate to form acylated adsorbed enzyme – water complex. (d) The enzyme oxygen atom of the 
complex is eliminated and a proton is transferred from the conjugate acid of the amine, resulting in fatty acid [10]. 

In Hermansyah et al. [17] study about the hydrolysis of triolein using a liquid lipase in biphasic  

oil-water system, the kinetic model proposed consider not only the differences in the interfacial and 

bulk concentrations of the enzyme, substrates and products, but also the stepwise hydrolysis at the 
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interface based on the Ping Pong Bi Bi mechanism with competitive inhibition by a fatty acid at the 

three stages of reaction.  

Al Zuhair et al. [10] proposes a mechanism, also based on Ping Pong Bi Bi mechanism, that takes into 

account the effect of the interfacial area available by assuming the first of the reaction step to be a 

reversible adsorption of a water-soluble enzyme at the interface producing adsorbed enzyme. 

In this work, the data generated was used to calibrate and validate a proposed simplified model. This 

model was developed by Maria-Ona Bertran, a PhD student from the research group, and it is 

described in Appendix D - Process Model. 

3.1.2.3 PARAMETERS	  AFFECTING	  ENZYMATIC	  FAT	  SPLITTING	  REACTION	  

As it was referred previously, the fat splitting reaction takes place at the interface between the water 

and oil phase. Therefore, high interfacial area between the oil and aqueous phase, which contains the 

enzyme, should enhance the rate of hydrolysis [13]. The parameters that affect the interfacial area 

between the oil and water phase are the ones with influence in the hydrolysis rate. 

In a stirred bioreactor the interfacial area is affected by agitation speed, substrate concentration and 

temperature [11], [12]. Since the oil is immiscible in the aqueous phase, vigorous agitation is needed 

to disperse it in the form of an emulsion. Dispersed oil can be stabilised by the addition of small 

quantities of surfactants [13]. 

The increasing of agitation speed in the reaction mixture results in an increase of the total interfacial 

area. This effect is due to increase in shear rate on the oil droplets with increasing agitation speed that 

caused the breakage of larger oil droplets into smaller ones [11] [31]. However, an increase in 

agitation speed can have negative effect on the hydrolysis rate as it also increase the shear on the 

enzyme [13]. 

Regarding to the substrate concentration, which reflects the water content, in Al-Zuhair et al. [11] and 

Noor et al. [13] studies it can been seen that as the substrate concentration increases, the initial rate 

of reaction also increases however, until a certain limit where it becomes constant (above 40 %v/v of 

oil). Al-Zuhair et al. [11] explain it by assuming that a phase inversion occurs: the aqueous phase 

becomes the dispersed one. When this happens, dispersion of the enzyme at the interface will be 

restricted, as it would be trapped in the water droplets. At Rooney et al. [15] it is also showed that the 

lower the ratio of oil to water, the higher the extent of hydrolysis. These facts confirm that the substrate 

concentration is a factor that affects the interfacial area. 

The concentration of the biocatalyst is also a parameter that has influence in the hydrolysis rate. At 

any particular operating conditions, the total free interfacial area is limited. Although an increase of 

enzyme concentration in the bulk is assumed to increase the rate of reaction, there would be a critical 

enzyme concentration at which the interfacial area would be saturated with the adsorbed enzyme. 

Beyond this point, any increase in the enzyme concentration in the bulk will not enhance the reaction 
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rate [12]. Al Zuhair et al. [11] demonstrated this phenomenon of interfacial area saturation with 

enzyme for the hydrolysis of palm oil. To use the enzyme effectively, the bulk enzyme used should not 

exceed the critical concentration. 

The majority of enzymatic hydrolysis procedures reported in the literature are impractical because they 

use a low oil content in the reaction, a high concentration of lipase, or a buffer, organic solvent, and 

emulsifier, all of which increase costs and complicate the purification step. Therefore, it is important to 

search for reaction media that is as simple as possible and use higher substrate concentrations [20] 

.  
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4 THEORY 

This chapter is initiated with a short review of biocatalytic reactors types and general molar balance. 

Batch stirred tank reactors (BSTRs) and continuous stirred tank reactors (CSTRs) are described 

regarding to their applications and general design equations. Finally, alternative reactors 

configurations are presented with a brief description of industrial process for the fat splitting reaction. 

4.1 OVERVIEW OF BIOCATALYTIC REACTORS 

In theory, the same types of reactors available for chemical processes are also available for 

biocatalytic reactions, and all offer particular benefits or drawbacks dependent on the characteristics of 

the biocatalyst and reaction. The characteristic that need to be consider include (a) space-time yield 

(determines the amount of biocatalyst required and the mass-transfer requirements), (b) biocatalyst 

yield (determines biocatalyst recycling requirements), (c) the presence of more than one phase 

(determines the mixing requirements), (d) the need to add reagents (e.g. for pH control) and (e) the 

kinetics and thermodynamics [32]. 

There are three ideal reactor types that are defined based on mode of operation (batch or continuous) 

and hydrodynamics (well mixed or plug flow): batch stirred tank reactor (BSTR), continuous stirred 

tank reactor (CSTR) and continuous plug flow reactor (CPFR) [32], [33]. The BSTR and CSTR are 

going to be described more detailed because they are going to be used in this work. 

A general mole balance for species j at any instant in time t follows the equation: 

Flow  of  𝑗
into  

the  reactor
(moles/time)

−

Flow  of  𝑗
out  of  

the  reactor
(moles/time)

+

Rate  of  formation
of  𝑗  within  
the  reactor
(moles/time)

=

Accumulation
of  𝑗  within  
the  reactor
(moles/time)

 

 

𝐼𝑁 − 𝑂𝑈𝑇 + 𝐹𝑂𝑅𝑀𝐴𝑇𝐼𝑂𝑁 = 𝐴𝐶𝐶𝑈𝑀𝑈𝐿𝐴𝑇𝐼𝑂𝑁  

𝐹!! − 𝐹! + 𝑟!   𝑑𝑉 =
𝑑𝑛!
𝑑𝑡

 ( 4.1 ) 

where 𝐹!! is the molar flow rate into the reactor, 𝐹! is the molar flow rate out of the reactor, 𝑟! is the rate 

of formation of j and 𝑛! represents the number of moles of j in the reactor at time t. It should be noted 

that the rate equation for 𝑟! is an algebraic equation that is exclusively a function of the properties of 

the reacting materials and reaction conditions at a point in the system. The rate equation is 

independent of the type of reactor (e.g. batch or continuous flow) in which the reaction is carried out 

[33], [34]. 

The conversion is a parameter defined as the number of moles of j that reacted per mole of j fed to the 

system, as is given by the following equation: 
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𝑋 =
Moles  of  𝑗  reacted
Moles  of  𝑗  fed

 ( 4.2 ) 

4.1.1 BATCH STIRRED TANK REACTOR 

A batch stirred tank reactor (BSTR) is used for small-scale operation, for testing new processes that 

have not been fully developed, for the manufacture of expensive products (e.g. in pharmaceutical and 

fine chemical industry) and for processes that are difficult to convert to continuous operations [33]. In 

case of inexpensive or rapidly deactivating biocatalysts, this is the optimal solution [35]. 

A BSTR has the advantage of high conversions that can be obtained by leaving the reactant in the 

reactor for long periods of time, but it also has the disadvantages of high labour costs-per batch, the 

variability of products from batch to batch and the difficulty of large-scale production [33]. In addition, 

one batch operation includes time for filling and emptying the tank and time for cleaning between 

batches, which is a lot of time where no reaction is occurring. On the other hand, it has the advantage 

of changing the type of reaction between batches, if needed, and if, for example, a batch is 

contaminated it is only one batch that has to be discarded and not an entire day production [36]. This 

reactor is the most commonly used reactor for biocatalysis, owing to its simplicity and equipment 

flexibility [32].  

In a BSTR the reactants are initially charged into a tank, are well mixed, and are left to react for a 

certain time. The resultant mixture is then discharged. This is an unsteady-state operation where 

composition changes over time. However, in an ideal reactor, at any instant the composition 

throughout the reactor is considered uniform [34]. A BSTR has neither inflow nor outflow of reactants 

or products while the reaction is being carried out. Since it is assumed that the reaction mixture is 

perfectly mixed so that there is no variation in the rate of reaction throughout the reactor volume, the 

general mole balance on specie j can be written in the following form: 

𝑟!𝑉 =
𝑑𝑛!
𝑑𝑡

 ( 4.3 ) 

For a batch reactor the interest is to know how long should the reaction be to achieve a certain 

conversion X. Therefore, the design equations for a batch reactor based on X are present in Table 4.1. 
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Table 4.1 - Scheme, conversion and design equations for a BSTR. 

Reactor Scheme Conversion X Differential Form Integral Form 

 

𝑋 =
𝑛!! − 𝑛!
𝑛!!

 𝑟!𝑉 = −𝑛!!
𝑑𝑋
𝑑𝑡

 𝑡 = 𝑛!!
𝑑𝑋
−𝑟!𝑉

!

!

 

 

If the reactor volume is constant, it means the density of the fluid remains constant, these equations 

can be written based on concentration of specie j. Looking at the previous equations (Table 4.1), for a 

BSTR the conversion increases with time spent into the reactor. 

4.1.2 CONTINUOUS STIRRED TANK REACTOR 

A continuous stirred tank reactor (CSTR) is a continuous flow reactor where the reactants and 

products are continuously fed and removed at a fixed flow rate. This reactor is almost always operated 

at steady state conditions and it is assumed to be perfectly mixed (ideal case). Consequently, there is 

no time dependence and the concentration, temperature and reaction rate into the reactor is 

independent of position. Thus, the exit stream from this reactor has the same composition as the fluid 

within the reactor. This reactor is used primarily for liquid phase reactions, when intense agitation is 

required and is commonly used in industrial processing [33]. For the chemical treatment of materials in 

large amounts the continuous process is nearly always found to be more economical [34]. 

Many times, CSTRs are connected in series so that the exit stream of one reactor is the feed stream 

for another reactor. With this configuration, the conversion is increased stepwise from reactor to 

reactor. This configuration has the goal to reduce the total volume of the reactors.  On the other hand, 

CSTRs can also operate in parallel to perform as a larger volume CSTR. 

The general mole balance for a CSTR is given by equation ( 4.4 ). As it is operated at steady state, the 

accumulation factor is null and since perfect mixing is assumed there are no spatial variations in the 

rate. 

𝐹!! − 𝐹! + 𝑟!   𝑉 = 0 ( 4.4 ) 

Rearranging this equation, the design equation for a CSTR can be written in terms of conversion X. 

The design equation for a CSTR has the purpose to know the required reactor volume to achieve a 

certain conversion (Table 4.2). 



 14 

Table 4.2 - Scheme, conversion and design equation for a CSTR 

Reactor Scheme Conversion X Algebraic Form 

 

𝑋 =
𝐹!! − 𝐹!
𝐹!!

 𝑉 =
𝐹!!𝑋
−𝑟!

 

 

4.1.3 DESIGN OF CSTRS IN SERIES 

To increase conversion of a certain reactant the residence time into the reactor has to increase, which 

entails an increase of the reactor volume. Depending on the kinetic model, sometimes is only needed 

a small increase, but other times is better to associate reactors in series (Figure 4.1) [36]. Multiple 

continuous stirred tank reactors (CSTRs) can be attractive from the perspective of kinetics for 

reactions where agitation is required [32]. 

 

Figure 4.1 - Scheme of multiple CSTRs in series 

The design equation for a system with N reactors for a reactor of order i is given by: 

𝑉 =
𝐹!!
−𝑟! !

𝑋! − 𝑋!!!  ( 4.5 ) 

As it was said before, to investigate a new reaction is generally easier to do it in batch mode and after, 

when enough data is collected a prediction of the sizing of the continuous reactors can be done. One 

strategy for this analysis is to use a Levenspiel Plot, which is a graphic that shows 1/−𝑟!  vs X, 

schematically represented in Figure 4.2. 
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(a) 

 

(b) 

 
Figure 4.2 - Levenspiel plot for a single CSTR (a) and for two CSTRs in series with different volumes (b) [33]. 

The first step is to find out the rate of reaction from the batch data collected. The rate can be 

estimated by plotting the moles of a reactant vs time. From this graphic, the slope of the function is the 

rate of consumption per volume at a given time (based on the general moles balance for  

BSTR - equation ( 4.3 )). To size the CSTR the design equation is taken into account, where it can be 

seen that the volume (V) is inversely related to the rate (−𝑟!). The rate is dependent on the conversion 

and by plotting 1/−𝑟! vs X, the volume of a CSTR necessary to achieve a certain conversion X can be 

found. The area of the rectangle corresponds to the ratio 𝑉/𝐹!!, and from this ratio the volume for a 

CSTR can be obtained. This analysis is done in the same way to find the volume/flow ration for the 

other reactors from the CSTRs in series. The conversion selected for each CSTR is of significant 

importance because it affects the total reactor volume needed and thereby the reactor costs. The 

challenge is to choose the best conversion for each step to obtain an optimized system. 

4.1.4 CONTINUOUS COUNTER CURRENT SYSTEM (CCS) 

There are several variations on the standard designs to accommodate some of the particular features 

of biocatalyst and the type of reaction. For the reaction of fat splitting, one alternative is a continuous 

multistage counter flow system that is schematic represented in Figure 4.3. 

 

Figure 4.3 - Scheme of an alternative reactor configuration: counter-current continuous system for enzymatic fat 
splitting reaction. Yellow line: oil, blue line: water/enzyme/glycerol and black line: emulsion. Exception: first 
separator yellow line: oil/enzyme and blue line: water/glycerol and third reactor blue line: water/enzyme. 
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This alternative system was developed and studied by Bühler et al. [37] and it is conducted as follows: 

first, oil is continuously split in a mixing reactor. The reaction product which, besides FFA, contains 

water, glycerol, MAG and DAG, not yet split oil as well as enzyme, is given into a centrifuge 

(separator). The centrifuge is adjusted such that the interfacial layer between the aqueous glycerol 

phase and organic phase, that contains the enzyme, is discharged together with the organic phase. 

The organic phase containing the interfacial layer is fed into a second mixing reactor that is supplied 

with a fresh Water/enzyme mixture. The reaction product of the second reactor is fed into a further 

centrifuge that is, however, adjusted in such a manner that the interfacial layer is discharged together 

with the aqueous phase. The aqueous phase is recycled into the first reactor (mixer), so that the 

enzyme amount contained in the interfacial emulsion layer are again supplied or back-added to the 

process.  

More recently, Brunner et al. [9] developed an industrial process based on Bühler et al. methodology, 

but slightly different: firstly, oil is partially split using discontinuously operated loop reactors until a 

degree at where the reaction velocity starts to slowing down. The fatty acids are separated from the 

reaction mixture by separating an aqueous glycerol-containing phase from a partially split organic 

phase, in a self-cleaning centrifugal separator. After, the partially split organic phase is fed back into 

the splitting process. The enzyme that stays into the interfacial layer, is accumulated on the centrifuge 

in the disk stack, is recovered and reused Figure 4.4. 

 

Figure 4.4 - Schematic drawing of the industrial process developed by Brunner et al. [9]. 
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The CCS proposed in this work is somewhat different than the ones described before but based on 

the same counter flow principle. The proposed system is going to be developed in laboratorial scale in 

0.25 L reactors. First the oil is split continuously into two CSTRs in series and then oil partially split is 

separated from the glycerol/water/enzyme in a gravity settler and pumped into the third CSTR where 

fresh water and enzyme come into the system. After, a second gravity setter separates the free fatty 

acids from the glycerol/water/enzyme, which are recycled and pumped into the first CSTR. 

 

Figure 4.5 - Scheme of the continuous CCS developed in this work. Yellow line: oil, blue line: 
water/enzyme/glycerol and black line: emulsion. Exception: third CSTR blue line: fresh water/enzyme. 

 

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. Another important characteristic is that the feedstock flexibility provided; these 

enzymes can handle waste oils without thorough purification. Also, the mild process conditions 

eliminate the need for high pressure and temperature, reducing energy costs. The simplicity of the raw 

materials, there is no need of emulsifiers neither chemical solvents, is also a cost saving on waste 

handling. All these contribute to lower investment costs. 

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. 
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5 PROCESS CONSIDERATIONS 

5.1 MIXING 

Since the fat splitting reaction occurs in an immiscible liquid-liquid system and, in this work, with a 

liquid biocatalyst, mixing is a very important factor that has influence in mass transference 

phenomena, directly related to the interfacial area available for the adsorption of the enzyme. An 

immiscible liquid–liquid system refers, in this case, to two mutually insoluble liquids present as 

separate phases, oil and water. These phases are referred to as the dispersed or drop phase and the 

continuous or matrix phase. The dispersed phase is usually smaller in volume than the continuous 

phase, but under certain highly formulated conditions, it can represent up to 99% of the total volume of 

the system [38]. 

Agitation controls the breakup of drops (dispersion), the combining of drops (coalescence) and the 

suspension of drops within the system. The magnitude and direction of convective flows produced by 

an agitator affect distribution and uniformity throughout the vessel as well as the kinetics of dispersion. 

Agitation intensity is also important. Intense turbulence found near the impeller leads to drop 

dispersion, not coalescence. Lower turbulence or laminar/transitional conditions found elsewhere in 

the vessel promote coalescence by enabling drops to remain in contact long enough for them to 

coalesce [38], [31]. 

The choice of the impeller is of great importance and is related to the type of system and its 

application. In this case, since an high interfacial area is required (small drop diameter) a high-shear 

impeller such as a Rushton turbine, also known as radial disk turbine, is a right choice. Baffles, metal 

plates positioned in the vessel, are also very important in a stirred tank because they increase the 

axial velocity component that promotes circulation Figure 5.1 [38]. 

 

Figure 5.1 - Overall flow pattern for a radial disk turbine in a baffled vessel. 

A good mixing result is important not only to generate a large interfacial area, but also for minimizing 

investment and operating costs, providing high yields when mass transfer is limiting, and thus 

enhancing profitability. Average power consumption per unit volume for industrial bioreactors ranges 

from 10 kW m-3, for small vessels (ca. 0.1 m-3) to 1-2 kW m-3 (ca. 100 m-3) [39]. 
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To determine the power input per volume ratio (𝑃 𝑉), the power input (𝑃) to the system needs to be 

obtained. It is given by equation ( 5.1 ) for S.I. units. 𝑃 is function of impeller power number (𝑁!), 

average density (𝜌), impeller rotational speed (𝑁) and impeller diameter (𝐷). The 𝑁! depends on 

impeller type and impeller Reynolds number (equation ( 5.2 )) It is also a function of impeller blade 

width, number of blades, blades angle, 𝐷/𝑇, baffle configuration and impeller clearance and can read 

form a graphic present in Hermrajani and Tatterson [38]. When the impeller Reynolds number and the 

impeller type are known, 𝑁! can be estimated. 

𝑃 = 𝑁! ∙ 𝜌 ∙ 𝑁! ∙ 𝐷! ( 5.1 ) 

𝑅𝑒 =
𝜌 ∙ 𝑁 ∙ 𝐷!

𝜇
 

( 5.2 ) 

It is important to recognize that the flow regimes are laminar flow at Re<100 (quality of mixing 

becomes poor), transition 10<Re<104 and turbulent flow Re>104 [38]. 

5.2 START UP OF A CONTINUOUS SYSTEM 

Start a continuous system is an hard task that can take long time. The goal is Fat splitting is a slow 

reaction so it will take a lot of time to achieve the steady state. In a CSTR system, as a rule of thumb, 

the reactor reaches steady state after an operating time 5 times the value of the residence time. In the 

3 CSTRs in series system the reactor residence time is 8 hours, which means that CSTR 1 will reach 

steady state after 20 hours, CSTR 2 after 80 hours and CSTR 3 after 120 hours. For the continuous 

CCS, the times are even higher due to the presence of the settlers that have 16 hours of residence 

time each. For this, in total, the system will take 136 hours to be at steady state. 

In order to reverse these long times, the reactors will start in batch mode and will run the time needed 

until the predicted conversions are achieved. Then, they are changed to continuous mode. This time 

can be predicted from batch operations results by a Levenspiel plot analysis explained before. For the 

3 CSTRs in series system, knowing the batch with longer time (𝑡!"#$%&  !"#$!) usually, if the reactors 

have all the same size, is the last CSTR in the in series, the time to achieve steady state (𝑡!"#$%  !"#$"!) 

can be assumed to be described as equation ( 5.3 ). 

𝑡!"#$%  !"#$"% ≅ 𝑡!"#$%&  !"#$! ( 5.3 ) 

For the CCS developed in this work (Figure 4.5), it is a little different, but the time to achieve steady 

state can also be estimated. It can be defined by equation ( 5.4 ), for a system with settlers and 

reactors with the same residence time among themselves. It is function of the longer batch time before 

the first settler (𝑡!"#$%&  !"#$! ), the residence time of the settlers (𝜏!"##$"! ), the number of settlers 

(𝑛!"##$"%), the number of CSTRs located after the first settler (𝑛!"#$%  !"#$%  !"##$"%  !) and its residence time 

(𝜏!"#$  !"#$%  !"##$"%  !). 

𝑡!!" = 𝑡!"#$%&  !"#$! + 𝜏!"##$"! ∙ 𝑛!"##$"%! + 𝜏!"#$  !"#$%  !"##$"%  ! ∙ 𝑛!"#$%  !"#$%  !"##$"%  ! ( 5.4 ) 
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6 MATERIALS AND METHODS  

The experimental work consisted of three main parts: enzyme screening, process development phase 

in a batch reactor and design of two continuous systems. The purpose of these experiments is to 

study the process conditions of the fat splitting reaction and to show if it is possible to run a continuous 

counter-current system. From the collected batch data, information for the continuous systems was 

provided and a calibration to the proposed model was made. 

This section presents the materials, experimental procedure and analytical methods used in all carried 

experiments. It is also described the implemented setups. 

6.1 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 and 

for the second trial twenty-one new lipases were tested. 

The goal of the first trial was to select the lipase or the combination of lipases with higher conversion 

rate for the hydrolysis reaction of soybean oil and analyse the effect of increasing the enzyme 

concentration. Four different known lipases were used and four different enzyme concentrations were 

tested. The composition of the oil phase over time was analysed by HPLC and FFA titration. The 

second trial aimed to test the viability of new lipases to catalyse the fat splitting reaction. In this case, 

the oil phase was analysed only by FFA titration. 

6.1.1 MATERIALS 

The chemicals used in the experiments are listed in Table 6.1. The soybean oil used as feedstock 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). The enzymes used are liquid lipases. 0,1 M of sodium 

hydroxide solution is always dissolved in the oil to neutralize it. The soap residues act as desired 

emulsifier. 

Table 6.1 - List of chemicals used in the experiments. 

Chemical Company and Purity 

Soybean oil Delta Handelsselskab A/S, Denmark, Batch no 14012 

Sodium Hydroxide (NaOH)  Sigma Aldrich A/A, Denmark  

2-Propanol Sigma Aldrich A/A, Denmark, 99.5% pure 

Phenolphthalein Sigma Aldrich A/A, Denmark, 99% pure 

Tetrahydrofuran (THF) Sigma Aldrich A/A, Denmark, CHROMASOLV® Plus for HPLC, 
≥99.9%, inhibitor free 

Callera Trans L (CT-L) Novozymes A/S, Denmark 
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Chemical Company and Purity 

Resinase HT Novozymes A/S, Denmark 

NS40112 Novozymes A/S, Denmark 

NS88004 Novozymes A/S, Denmark 

New Enzymes Novozymes A/S, Denmark 

6.1.2 ENZYME DOSAGE 

Regarding the high cost of the enzymes, dosing the liquid lipases is a very crucial task. The Callera 

Trans L (CT-L) was used as a reference. A concentration of 1 %(w/w) of diluted enzyme in oil was 

defined for CT-L, which corresponds to 0.17 mg AEP/g oil. The dosage of all other lipases was based 

on this AEP content. The characteristics of the enzymes are showed in Table 6.2. 

Table 6.2 - Characteristics of used lipases: activity of the enzyme in solution and specific activity (Lipase Units 
(kLU) per g of solution), concentration of active enzyme protein (AEP) in solution and density. 

Enzyme 
Activity in 
solution 
(kLU/g) 

Specific Activity 
(kLU/g) 

Concentration  
(% w/w AEP in 

solution) 
Density 

[g/mldiluted enzyme] 

CT-L 100 5900 1.7 1.136 

NS40112 114 4200 2.7 1.200 

NS88004 6 400 1.5 1.131 

Resinase HT 50 2500 2.0 1.039 

6.1.3 EXPERIMENTAL SETUP 

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. 

6.1.4 METHODS 

6.1.4.1 EXPERIMENTAL	  PARAMETERS	  

For the four lipases trial the enzyme amount was the only parameter changed. According to previous 

projects developed by Novozymes, it was chosen a set of conditions as starting point for the 

experiments presented in Table 6.3. 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. 

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. To define the enzyme dosage for all the 

new enzymes solutions these were analysed according to OD measurement to estimate the active 

enzyme protein present in the solutions. The new enzymes were in aqueous medium thus it was 

considered that all the new enzymes solutions were composed by 100% of water. Thereby, to add the 
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right amount of water into the reactor (30 % w/w of oil) the enzyme amount was subtracted to the total 

water amount. 

Table 6.3 - Values of the parameters for fat splitting reaction conditions for enzyme screening. 

Parameter Value 

Soybean Oil 20 g 

Water content 30 % of oil 

NaOH  5 ppm 

Enzyme concentration Varies 

Stirring rate 250 rpm 

Temperature 55 °C 

Reaction time 24h 

6.1.4.2 EXPERIMENTAL	  PROCEDURE	  

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. 

6.1.4.3 SAMPLING	  

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 as described 

bellow: 

• Sample preparation for FFA titration: for 1 hour samples about 100 mg of oil was dissolved in 

5 mL of 2-propanol and 6 droplets of phenolphthalein was added as indicator. For 24 h 

samples 50 mg of oil was used instead. A 'blind sample' consisted of 5 mL of 2-propanol and 

6 droplets of phenolphthalein was also prepared. 

• Samples preparation 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. 

6.1.4.4 ANALYTICAL	  METHODS	  

FFA concentration was determined by NaOH titration. This method 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. From the 
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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' (Appendix A - Calculation for FFA Content by Titration). 

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 with a flow rate of 0.80 mL/min and the 

column was at 30 °C and 32 bar. 

It should be noted that I prepared all the samples for the HPLC and I have done all the FFA titrations, 

however the HPLC method was run by Novozymes. 

6.2 PROCESS DEVELOPMENT PHASE - BATCH EXPERIMENTS  

With the main tenor of studying 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. 

The materials used in these experiments are the same used in the enzyme screening experiments 

described in section 6.1.1 apart from the experimental set up. 

6.2.1 EXPERIMENTAL SETUP 1 

Each reaction occurred in a reactor with a volume of 1L equipped with a heating jacket, a Rushton 

turbine and two baffles and the speed rate can be controlled. Four similar reactors were used to run 

simultaneously experiments (Figure 6.1). The setup used is showed in Figure 6.2 (Setup 1). The 

specifications for the reactor from setup 1 are described in Table 6.4. 
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Figure 6.1 - Picture of the four batch reactors running simultaneously. 

 
  

 
Figure 6.2 - Left: scheme of the batch reactor used (Setup 1) [40]. Right: Setup 1 used in batch experiments. 

Table 6.4 - Specifications for the batch reactor from setup 1. 

Specifications Value 

Volume 1000 ml 

Reactor height (H) 210 mm 

Reactor diameter (T/DN) 120 mm 

Impeller type Rushton turbine 

Number of impellers 1 

Impeller diameter (D) 60 mm 

Impeller clearance (C) Adjustable 

Impeller width  20 mm 

Number of baffles  2 
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6.2.2 METHODS 

The experimental procedures and the analytical methods were the same used in enzyme screening 

experiments as described in sections 6.1.4.2 and 6.1.4.4. 

6.2.2.1 EXPERIMENTAL	  PARAMETERS	  

There are a number of different parameters that can be varied in the fat splitting reaction of soybean 

oil. According to previous projects and data from literature, it was understood that the interfacial area 

is the most determinant element in the reaction system and significantly influences the rate of the 

reaction. From this knowledge, the parameters tested were those believed to have more influence in 

the interfacial area. Thereby, it was chosen a set of conditions as a starting point of the experiments 

(standard conditions) and the varying parameters in order to understand their impact in this reaction 

(Table 6.5).  

The combination of enzymes used for all carried experiments was NS40112 (75 %) with NS88004 

(25%). The concentration of the lipases is always reported based on oil and the dosage was made as 

described previously in section 6.1.2. 

The water content and enzyme concentration is given as weight percent based on the amount of oil in 

the system. To confine this project the temperature won’t be varied. The temperature is set to 55 °C to 

ensure that the oil still liquid during the reaction based on knowledge from Novozymes. 

Table 6.5 - Parameters and their values for standard reaction conditions. x denotes that the parameter was varied 
in the experiments. 

Parameter Value Varied 

Soybean Oil 500 g  

Water content 30 % w/w of oil x 

NaOH  5 ppm  

Enzyme concentration 0,8 % w/w of oil x 

Stirring rate 850 rpm x 

Temperature 55 °C  

Reaction time 26 h  
 

Enzyme Concentration 

The optimization of enzyme loading is essential in order to ensure an economically viable process. 

The concentration must be as low as possible but the reaction still has to occur within a reasonable 

time scale. The goal is to achieve the best conditions for 0.8 w/w% enzyme concentration in order to 

achieve 96% of FFA conversion within the reaction time. However a set of more three different 

enzyme concentrations was tested in this development phase to realize the influence of this parameter 

in the reaction. The reaction conditions are described in Table 6.5 except the enzyme concentration 
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that 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. 

Stirring Rate 

The mixing in the system is also a very important factor due to the influence in the interfacial area. To 

verify the effect of the stirring rate four different speeds were tested: 1000 rpm, 850 rpm, 550 rpm and 

350 rpm. These experiments were carried with the other conditions showed in Table 6.5. 

Water Content 

The water content is very important not only because it is a reactant but also because it creates the 

interfacial area where the reaction takes place. More water in the system, the equilibrium of the 

reaction is moved towards the products and more interfacial area is available but the water amount 

can't be too high since it becomes harder to separate the emulsion from the oil in a downstream 

phase, which take out value from the process. To study the effect of water content in FFA production 

four water concentrations were tested: 40 % w/w, 30 % w/w, 20 % w/w and 10 % w/w (other 

conditions are present in Table 6.5). 

6.2.2.2 SAMPLING	  

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 (section 6.1.4.3) to be analysed by 

the same two methods, FFA titration and HPLC. 

6.3 CONTINUOUS SYSTEMS EXPERIMENTS 

The main purpose of this work consisted in the design and implementation on laboratorial scale of a 

counter-current system. From the batch experiments the operational conditions were established and 

the operational point in each CSTR was defined as described in section 7.2.4. With this focus, a 3 

CSTRs system was run primarily to compare the results with the batch trial and a counter-current 

system with enzyme recirculation was conducted. 

The materials used in these experiments are the same used in the enzyme screening experiments 

described in section 6.1.1 apart from the experimental setup that is described below. 

6.3.1 EXPERIMENTAL SETUP 2 

The continuous experiments were carried out in three reactors with a volume of 250 mL equipped with 

Rushton turbines and baffles. The speed of rotation can be controlled and the reactors were settled in 

a water bath. Specifications of the system are described in Table 6.6. These reactors were also used 

to run a triple batch experiment in order to compare the setup 1 with setup 2. This experiment was 
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carried in the same operational conditions as the continuous experiments with a reaction time of 26 h 

and with the same start up values (Table 6.8).  

Table 6.6 - Specifications of the reactor from setup 2. 

Specifications Value 

Volume 250 ml 

Reactor height (H) 120 mm 

Reactor diameter (T) 55 mm 

Impeller type Rushton turbine 

Number of impellers 1 

Impeller diameter (D) 24 mm 

Baffles width  10 mm 

Number of baffles  2 
 

  

Figure 6.3 - Picture of the Setup 2 used in the continuous experiments. 

 

Figure 6.4 - Flow chart for the 3 CSTRs in series system. 

 

(a) Dimensions for the Rushton turbine, in mm. (b) The actual Rushton turbine

Figure 9.1: The Rushton turbine used in the experiments

Figure 9.2: The four blade propeller used in the experiments, dimensions in mm.

(a) Setup 1 (b) Setup 2

Figure 9.3: The two setups used in the experiments

CSTR 3CSTR 1 CSTR 2

Pump 1
Oil

Pump 2
Water/Enzyme
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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, 

as showed in the scheme presented in Figure 6.4. 

To run the continuous Counter Current System with enzyme recycling six peristaltic pumps, a syringe 

pump (11 Plus, Harvard Apparatus), three reactors and two settlers were used as showed in Figure 

6.5. 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. A 

picture of the continuous counter current system can be seen in Figure 6.6. 

 

Figure 6.5 - Flow chart for the continuous Counter Current System. 
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Figure 6.6 - Setup 2: Counter Current System running. It can be seen the 3 CSTRs, the six pumps, the heating 
lamps and the two settlers used, were the separation into two phases is occurring. 

 

6.3.2 METHODS 

6.3.2.1 OPERATIONAL	  CONDITIONS	  AND	  FLOW	  RATES	  	  

From the batch experiments the operational conditions for the continuous experiments were defined 

and are shown in Table 6.7. 

Table 6.7 - Operational parameters for the continuous systems: 3 CSTRs in series and continuous. 

Parameter Value 

Soybean oil 150 g 

Water content 30 % w/w of oil 

0,1 M NaOH solution 5 ppm 

Enzyme concentration 0,8 % w/w of oil 

Stirring rate 1400 rpm 

Temperature 55 °C 
 

The flow rates for the two systems were determined based on the residence time and on the volume 

of each reactor. The residence time in each reactor was defined as 8h (total residence time in the 

three reactors of 24h) and the working volume was defined by the equipment (208 mL). For the 

counter-current system the residence time for the settlers were established as 16 h (double of time of 
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the residence time of the reactors) for practical reasons of starting up the system. The two systems 

were started up in batch mode. Likewise, the flow rates and the start up values in each reactor for the 

two systems are described in Table 6.8 and Table 6.9. 

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 

experimental procedure is described in section 6.1.4.2; the only difference is that the reactors were 

placed into a water bath instead of an incubator. 

Table 6.8 - 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 - 
 

Table 6.9 - Start up values and flow rates for the counter current system (d.i.o. - dissolved in oil; 
heavy phase - water, enzyme and glycerol). Description of the pumping system with the flow rates for each pump. 

 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 - - - 

Pumps Description Flow rate [mL/min] 

PumpENZ Enzyme solution 0,002 

Pump 1 Fresh oil to CSTR 1 0,340 
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Pumps Description Flow rate [mL/min] 

Pump 2 Fresh water to CSTR 3 0,090 

Pump 3 Oil from Settler 1 to CSTR 3 0,340 

Pump 4 Water, enzyme, and glycerol from Settler 1 pumped out of 
the system 0,092 

Pump 5 Water, enzyme, and glycerol from Settler 2 pumped into 
CSTR 1 0,092 

Pump 6 Emulsion from CSTR 3 pumped into Settler 2 0,432 
 

6.3.2.2 SAMPLING	  AND	  ANALYTICAL	  METHODS	  

1,5 mL samples were withdrawn from the three reactors during 3 days for the three CSTRS system 

and 10 days for the CCS. The samples were placed in 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 thermo shaker with the lid 

open. Subsequently, samples were prepared for FFA titration and HPLC analysis as described in 

section 6.1.4.3. The analytical methods used are described in section 6.1.4.4. 
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7 RESULTS AND DISCUSSION 

In the following sections the results of the performed experiments will be presented and discussed. 

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. 

7.1 ENZYME SCREENING 

7.1.1 ENZYME SCREENING WITH KNOWN LIPASES 

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, 

the FFA conversion (% w/w) was plotted versus different analysed concentrations for each enzyme, 

for 1 and 24 hours of reaction (Figure 7.1).  

 

Figure 7.1 - Production of FFA (%FFA) using different enzyme concentrations (mg AEP/g oil) for 1 hour (empty 
symbols) and 24 hours (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. The operational conditions are 
described in Table 6.3 (section 6. Materials and Methods). 

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 Figure 7.1, 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 
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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 Figure 7.1, 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 Figure 7.1 (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 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 concentration of FFA produced will increase too. 

7.1.2 ENZYME SCREENING WITH UNKNOWN LIPASES 

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 one and twenty-four hours of reaction. 

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 results are present in 

Figure 7.2. 

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 Figure 7.2 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. 
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Figure 7.2 - FFA production (% w/w) after 1h (solid black) and 24h (diagonal stripes) of fat splitting reaction at the 
conditions described in Table 6.3 (section 6. Materials and Methods). F means the enzyme has a fungal origin 
and B bacterial origin. Reference is a combination of two enzymes: 75 % NS40112+25% NS88004. 

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. 
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7.2 PROCESS DEVELOPMENT PHASE 

This stage of the project has several fundamental goals. Firstly, the investigation of the parameters 

affecting the reaction rate based on the fact that the hydrolysis reaction takes place at the interface. 

The batch experiments tested the parameters found more critical in this reaction that are dependent 

on the interfacial area. Secondly, based on the parameters analysis, the establishment of the 

operational reaction conditions and reactor configurations for the continuous systems. Finally, to 

generate data to calibrate and validate the process model. 

The data from this experiment was analysed by titration and HPLC, so the comparison of this two 

methods is described in Appendix B - Comparison of the Two Analytical Methods Used. 

7.2.1 PARAMETERS AFFECTING THE REACTION RATE AND YIELD  

First of all, in Figure 7.3 is presented an overview of the fat splitting hydrolysis in standard conditions 

(Table 6.5) 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, explained in section 3.1.2.1- Lipases as Biocatalysts. 

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

content was also estimated. The results from batch experiments are presented in the next sections. 
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Figure 7.3 - Fat splitting reaction for standard conditions, present in Table 6.5 (section 6. Materials and Methods) 
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. 

 

7.2.1.1 ENZYME	  CONCENTRATION	  

As it was presented before, 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 Figure 7.4 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 experiments. The stirring 

rate and the water content used were 850 rpm and 30 % w/w of oil, stated as standard reaction 

conditions in Table 6.5, in order to maintain the interface constant in the four experiments. 

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 

Pr
od

uc
t/S

ub
st

ra
te

 c
on

ce
nt

ra
tio

n 
[%

 w
/w

]  

Time [h] 



 38 

 

Figure 7.4 - Effect of different enzyme concentrations on the hydrolysis reaction of soybean oil. 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. Reaction conditions are indicated in Table 6.5 
(section 6. Materials and Methods). 

  

  

Figure 7.5 - Effect of different enzyme concentrations on the hydrolysis reaction of soybean oil. Enzyme 
concentrations based on oil: 0.8 % w/w yellow; 0.6 % w/w red; 0.4 % w/w green and 0.2 % w/w blue. % w/w 
concentration of: FFA (cross); TAG (diamond); DAG (square) and MAG (triangle). Results from HPLC analysis. 
Reaction conditions are indicated in Table 6.5 (section 6. Materials and Methods). Experiment performed in  
Setup 1. 
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In Figure 7.4 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 Figure 7.4, 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 Figure 7.6, until 12 hours of reaction. If there was no interface limitation the 

curves should overlap with one another. 

 

Figure 7.6 - Concentration of FFA as a function of enzyme concentration × time for different enzyme 
concentrations. 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. Reaction conditions are 
indicated in Table 6.5 (section 6. Materials and Methods). 

From Figure 7.6 it can be seen that the curves are very similar and are overlaped, 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. 
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Observing HPLC results (Figure 7.5), that show the concentration of TAG, DAG and MAG, it can be 

seen that DAG slows the reaction rate. As soon as it is produced, the reaction rate decreases 

significantly. This fact indicates that the reaction is limited by the 1,3 specific enzyme (NS40112), 

being TAG and DAG competing substrates. Regarding to MAG concentration, it is seen that this 

glyceride is immediately converted to FFA and glycerol, what can be explained by its high solubility in 

water compared to the rest of the glycerides. It can also be explained by an overload of the non-

specific enzyme (NS88004). 

In the last 3 hours of reaction (Figure 7.4 and Figure 7.5), 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. 

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. 

7.2.1.2 STIRRING	  RATE	  

The effect of mixing conditions in the fat splitting reaction was investigated in an experiment testing 

four different stirring rates and the impeller position in the reaction medium. 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, stated as standard 

reaction conditions in Table 6.5 (section 6. Materials and Methods). The results of this trial are 

presented in Figure 7.7 and Figure 7.8.  
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Figure 7.7 - Effect of different stirring rates on the hydrolysis reaction of soybean oil. 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. Reaction conditions 
are indicated in Table 6.5 (section 6. Materials and Methods). Experiment performed in Setup 1. 

  

  

Figure 7.8 - Effect of different stirring rates on the hydrolysis reaction of soybean oil. 1000 rpm impeller in oil 
(orange); 850 rpm impeller in oil (red); 550 rpm impeller in oil (blue) and 350 rpm impeller in oil (green). % w/w 
concentration of: FFA (cross); TAG (diamond); DAG (square) and MAG (triangle). Results from HPLC analysis. 
Reaction conditions are indicated in Table 6.5 (section 6. Materials and Methods). Experiment performed  
in Setup 1. 
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The mixing conditions provided by this setup (Setup 1) 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. 

This was explained in more detail in section 3.1.2.3 (Parameters Affecting Enzymatic Fat Splitting 

Reaction). Looking at the results presented in Figure 7.7 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. Indeed, the string rate has a strong influence in the initial 

rate of the reaction as it can be seen in the HPLC results present in Figure 7.8. The HPLC results are 

not presented for the condition of 850 rpm with the starting position of the impeller in water because 

they are very similar to the results obtained for the same stirring rate but with the impeller in oil, as it 

can be seen through the coinciding of the yellow and red curves in Figure 7.7. 

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. 

7.2.1.3 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. 



 43 

 

Figure 7.9 - Effect of water content in the fat splitting reaction. Water in oil concentrations:  
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. Reaction conditions are indicated in Table 6.5 (section 6. Materials and Methods). 
Experiment performed at Setup 1. 

  

  

Figure 7.10 - Effect of different water amounts on the hydrolysis reaction of soybean oil. Water concentrations 
based on oil: 40 % w/w yellow; 30 % w/w red; 20 % w/w green and 10% w/w blue. % w/w concentrations of: FFA 
(cross); TAG (diamond); DAG (square) and MAG (triangle). Results from HPLC analysis. Reaction conditions are 
indicated in Table 6.5 (section 6. Materials and Methods). Experiment performed in Setup 1. 
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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 results of this trial are presented in Figure 7.9 and Figure 7.10. 

The stirring rate and the enzyme load used were 850 rpm and 0.8 % w/w of oil, stated as standard 

reaction conditions in Table 6.5 (section 6. Materials and Methods). 

 

Figure 7.11 - Effect of water content in the fat splitting reaction: zoom into Figure 7.10. 

Looking at Figure 7.9, 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, as it can 

be seen in Figure 7.11, a zoom into Figure 7.9 until 3 hours of reaction because after that time the 

reaction rate seams to be very similar in all the water contents tested. In Figure 7.11 can be observed 

that 30 and 40 % w/w water content curves overlap and are separated after 6 hours (Figure 7.9). 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 

push 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 [15], an 
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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. 

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 [15]. 

7.2.2 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]. The calculations are explained in Appendix C - HPLC Data 

Conversion. 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 Figure 7.3, 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  

Figure 7.12 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). 

 

Figure 7.12 - Effect of glycerol removal in fat splitting reaction. 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. Reaction conditions are indicated in Table 6.5 (section 6. Materials and Methods). 
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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 towards the products side, 

according to Le Châtelier's principle. Therefore, a separation step should be implemented in the 

continuous system. 

At a laboratorial scale, a separation of the aqueous phase from the oil has to be performed in order to 

remove the glycerol. The integration of this separation in the continuous process will involve the use of 

a settler. Thus, a simple test was performed to verify if the emulsion splits during a reasonable time in 

a settler. The reactors from a triple batch experiment made in setup 2, were left on the water bath (to 

keep the temperature) without mixing after the reaction stopped. Various pictures were taken to the 

reactors every half an hour, to analyse the phase separation. In Figure 7.13 it can be seen that after 3 

hours the oil is clear and the aqueous phase that contains the glycerol, water and enzyme is built on 

the bottom. It was expected a clear phase with water and glycerol and an emulsion layer that 

contained the enzyme. However it is seen that the bottom phase is not clear because a whitish 

emulsion was generated probably composed of enzyme, water and glycerol. 

In conclusion, a settler can work in a laboratorial scale to perform this separation but in industrial scale 

centrifugation is likely a more adequate method to the separation of this emulsion [9]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

Figure 7.13 - Separation test for the fat splitting reaction mixture at 55 °C. (a) Immediately after the reaction 
stopped; (b) after half an hour; (c) after 1 hour; (d) after 1 hour and a half; (e) after 2 hours; (f) after 2 hours and a 
half; (g) after 3 hours and (h) reactor 2 with more zoom after 3 hours. 
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7.2.3 COMPARISON OF THE TWO SETUPS 

The setup used for the continuous systems (setup 2) was different in scale from the one used for the 

batch experiments (setup 1) consequently some adjustments in the mixing and volume of the reaction 

medium had to be made. In order to compare the different setups a batch experiment was run in 

triplicate in the reactors used in the continuous operation. These results were plotted together with the 

average of the results from the previous batch experiments for standard conditions in Figure 7.14. 

 

Figure 7.14 - Comparison between the two different setups used for standard conditions: setup 1 - 1 L reactors 
used for batch experiments (green square) and setup 2 - 0,25 L reactors used for continuous systems (blue 
diamonds). The error bars are based on the standard deviation for three similar experiments. Results from 
titration analysis. Reaction conditions are indicated in Table 6.5 for setup 1 and in Table 6.8 (start up values of 
CSTRS, with a reaction time of 26 h, section 6. Materials and Methods) for setup 2. 

From setup 1 to setup 2 the system was scaled down, so the volume of the reactor decreased (from  

1 L to 0,25 L) and the stirring rate increased (from 850 rpm to 1400 rpm). Regarding the Figure 7.14 it 

is seen that the behaviour of the reaction curve is broadly comparable in both systems and the final 

concentration of FFA is the also very similar (around 84 w/w %). In conclusion, the change of the 

reactors did not have influence on the reaction behaviour and the data collected from the setup 1 can 

be compared with the data from the setup 2. 

7.2.4 FROM BATCH TO CSTR 

After collecting all the batch data, it was possible to find the conversions of each reactor at steady 

state. The CSTRs were initiated in batch mode (to achieve faster the steady state) and when the 

operational points were reached, the system was changed to continuous mode. Batch data were 

relevant to provide information for starting up the continuous system. 

One way of analysing the batch data to design multiple CSTRs in series is by considering the 1 −𝑟! vs 

X plot, as described in section 4.1.3. From the batch data collected from the setup 1, the operational 
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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 (described on Appendix C - HPLC Data Conversion). 

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 (Figure 7.15). The reaction rates are found by taking the derivate at each data point. 

 

Figure 7.15 - Moles of FFA versus time for fat splitting reaction at standard conditions (Table 6.5, section 6. 
Materials and Methods) 

Then, based on the design equation of CSTR (Table 4.2) and established the equation for a reaction 

product (FFA), 1 𝑟!!" vs 𝑋!!" was plotted (Figure 7.16). As the number and the volume of the reactors 

used were defined by the setup used (setup 2), 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 6.8 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. 
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Figure 7.16 - Levenspiel plot for FFA for determining the operational points for the three CSTRs. 

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 to achieve 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 Figure 7.16 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. 
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7.3 CONTINUOUS STIRRED TANK REACTORS (CSTRS) 

After collecting all the data, the process development phase provides valuable information for defining 

the process conditions and for the starting up of the continuous systems under study, the 3 CSTRs in 

series and the Counter Current System. 

7.3.1 CONTINUOUS CSTRS IN SERIES  

Before running the counter current system 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 and the results 

are presented in Figure 7.17. 

For starting up the system, the reactors were initiated in batch mode. The reaction time for each 

reactor (Table 6.8, section 6. Materials and Methods) 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.  

 

Figure 7.17 - Three CSTRs in series operated for three days at steady state for the standard conditions (Table 
6.7, section 6. Materials and Methods): red diamond CSTR 1; green square CSTR 2 and yellow triangle CSTR 3. 
Feed rates in Table 6.8 (section 6. Materials and Methods). Results from titration analysis. 

For this system, a model that predicts the steady state for each reactor in terms of FFA concentration 

was developed and is described in Appendix D - Process Model. Looking at the results, it can be seen 

that steady state was reached in the three reactors. In Table 7.1 the experimental results compared 

with the predicted ones by the Levenspiel analysis and the process model are presented. 
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Table 7.1 - 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 % 
 
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 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. 

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 Figure 7.16 represents the loss of efficiency 

due to continuous operation mode as compared to batch mode [33]. 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. Unfortunately, an HPLC analysis could not be done to the samples 

collected from the 3 CSTRs system so a comparison with the rest of the components could not be 

made. 

7.3.2 CONTINUOUS COUNTER CURRENT SYSTEM (CCS) 

Finally, the main purpose of this project to design, develop and implement a continuous Counter 

Current System for fat splitting using lipases was executed. This system 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 is illustrated in Figure 7.18.  

The system is composed by 3 CSTRs and 2 Settlers as described before in section 6.3.1 

(Experimental Setup 2). The first separation step present in the system (Settler 1) 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 

(section 7.2.2). 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, as schematically 

represented in Figure 7.18. 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. 
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Figure 7.18 - Scheme of the implemented continuous Counter Current System. The residence time in each CSTR 
is 8 hours and in each settler is 16 hours. 
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Figure 7.19 - Three CSTRs in counter current running for 10 days at steady state at standard conditions  
(Table 6.7, section 6. Materials and Methods): red diamond CSTR 1; green square CSTR 2 and yellow triangle 
CSTR 3. Feed rates in Table 6.9 (section 6. Materials and Methods). Results from titration analysis. Experiment 
performed in setup 2. 

  

 
Figure 7.20 - HPLC results for 3 CSTRs in counter current running for 10 days at standard conditions (Table 6.7): 
red CSTR 1; green CSTR 2 and yellow CSTR 3. % w/w concentration of: FFA (cross); TAG (diamond); DAG 
(square) and MAG (triangle). Feed rates in Table 6.9 (section 6. Materials and Methods). Experiment performed 
in setup 2. 
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The system was run during 10 days and the results are presented in Figure 7.19. 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. 

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 graphic of Figure 7.19) 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 (Figure 7.21), 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. 

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. Looking at HPLC results in 

Figure 7.20, it is seen a consistent behaviour in all components, when FFA concentration decreases, 

DAG and MAG also decreases and TAG increases. With respect to MAG, its concentration is always 

very low, like in batch experiments. 
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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. [15] and 

Bühler et al [37]. 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 may be a critical issue 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. On the other hand, despite of this fact, it seems that this system has potential to be 

developed if scaled up, given the effectiveness of the separation step and the simplicity of the raw 

materials used.  

7.3.2.1 EMULSION	  

As it was described before, in Settler 2 there was a formation of an emulsion that was build up along 

the process. As it can be seen in Figure 7.21, 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 
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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. 

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 [41] 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. 

   

Figure 7.21 - Settler 2 from the counter current system with the formation of the "mayonnaise" during time. 

The main question is: why is this emulsion generated? One hypothesis is that the system is submitted 

to a very high power input, and this high mixing promotes the creation of this emulsion since it is 

known that with high mixing the separation of a two-phase system becomes harder. To verity this 

hypothesis a simple experiment was made. When the continuous counter current system was finished, 

the mixing was reduced to half and a new settler was field in. The result showed that the 

"mayonnaise" was still being generated with no changes. So the mixing hypothesis did not lead to any 

conclusive result. The other hypothesis was that the tubing material was creating the emulsion. 

Actually, it was observed that inside of the CSTR 3 there was no formation of "mayonnaise" and this 

reactor comes right before the Settler 2, where the "mayonnaise" was being generated. This fact can 

support this hypothesis, but more experiments have to be done in order to understand this issue. 
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8 SUMMARY OF RESULTS 

First of all, the liquid lipases with the higher rate of FFA conversion and higher stability were selected. 

The enzyme screening experiments revealed that the combination of enzyme NS40112 and NS88004 

presented the best performance in terms of FFA production and stability for the hydrolysis of soybean 

oil (84 % w/w of FFA after 24 hours reaction, at 55 °C with 30 % w/w water in oil concentration and 

250 rpm (horizontal mixing)). Consequently, the combination of these two lipases was chosen as 

biocatalyst for all the experiments performed. From the screening with new lipases, the experimental 

results indicate that enzyme B1 has a very good performance under these reaction conditions with 

lower enzyme concentration, thus further experiments may reveal interesting and promising results. 

Several batch experiments were made in order to study and find the operational conditions for the 

continuous system. Enzyme concentration, stirring rate and water amount were the parameters tested 

and its variations revealed changes in the FFA production as expected. On the other hand, in all trials 

performed it was observed the very same trend, after 26 hours the reaction stopped around  

80 % w/w of FFA and even with the variation of the reaction parameters, the conversion after 24 hours 

was not going much further. This phenomenon happened because the reaction achieved equilibrium. 

To validate the equilibrium achievement, the glycerol was removed from a reaction mixture after 24 

hours and the oil already converted was hydrolysed with new water and enzyme (same reaction 

conditions). Results show that the oil was converted until 95 % w/w of FFA, from which it can be 

concluded that glycerol removal pushes the reaction equilibrium towards the products. 

The temperature was sated as 55 °C, based on knowledge from Novozymes, and its influence on the 

reaction rate was not analysed. The parameters tested were optimized using one parameter at a time 

approach in this order: enzyme concentration, mixing and water content, so decisions were made 

based on that. Regarding to enzyme concentration, it was observed that an increase in the enzyme 

load results in a higher production of FFA, which indicates that there was no interface limitation in the 

system. To guarantee that the enzyme concentration was not a limitation factor, the higher enzyme 

concentration tested (0.8 % w/w of oil base) was selected for all of the other carried experiments, in 

which a concentration of 85 % w/w of FFA was achieved. It has to be taken into account that the 

system was pushed to the upper range of enzyme load tested, requiring a high interfacial area. The 

mixing experiments results show that for the Setup 1 the stirring rate should be above 550 rpm, 

otherwise mixing becomes a limitation factor related to the interface between the oil and water phase. 

The results from water content experiments indicate that increasing the water amount in the system, 

the FFA content also increased due to two reasons: the increase of the interfacial area and a shift of 

the equilibrium toward products formation. Although more water in the system produces more FFA (for 

40 % w/w of water content 88 %w/w FFA was achieved compared to 83 % w/w FFA for 30 % w/w of 

water), the selection of this parameter can not taken into consideration only this fact. To be industrially 

relevant the maximum water content allowed is 30 % w/w, which was main reason for the choice. In 

addition, from all batch experiments carried out, it was observed that enzymes had no loss of activity 

during the 26 hours reaction. 
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Two continuous systems have been implemented; a 3-CSTRs-in-series and a continuous Counter 

Current System composed by 3 CSTRs and 2 Settlers. The continuous processes were conducted in 

a different setup from the batch experiments for practical reasons. Therefore, a comparison of the two 

setups was made and the results indicate that there are no significant differences in the reaction 

behaviour. So the data collected from batch experiments can be compared to the continuous trials. 

After investigate the more relevant parameters in this reaction and compare the two used setups, the 

operational conditions for the continuous experiments were selected: 0.8 % w/w of enzyme, 30 % w/w 

of water and the maximum rpm that the system allows, 1400 rpm. As the system was scaled-down 

(the volume of the reactor decreased from 1 L to 0.25 L) the stirring rate increased. 

Parallel to all the carried experiments, a PhD student from the research group (Maria-Ona Bertran) 

was developing a process model that could simulate the steady state of the 3-CSTRs-in-series 

system. All the batch data generated were used to calibrate and validate the model and, after the 

choice of the best parameters, it was possible to reach some results: 57.6, 72.5 and 77.3 % w/w for 

CSTR 1, 2 and 3 respectively. In addition, a study based on Levenspiel plot analysis was developed 

and an estimation of the FFA concentrations for each reactor at steady state was found: 53.4, 67.5 

and 74.6 % w/w for CSTR 1, 2 and 3 respectively. The FFA concentrations obtained from the 3 

CSTRs in series experiment were: 56.9, 72.5 and 80.3 % w/w for CSTR 1, 2 and 3 respectively. It can 

be concluded that the process model predicts very well the FFA concentrations for the first two 

reactors but for the last one the experimental value is above the predicted. This can be explained by 

the lack of data in the last part of the reaction provided to the model development. Regarding to the 

Levenspiel plot analysis, the predictions were found bellow the experimental values but this study was 

very relevant to the starting up of the continuous systems. 

With respect to the continuous Counter Current System, it achieved lower FFA conversions than in 3 

CSTRs in series system and it was very hard to achieve a stable steady state and higher FFA 

conversions because of the low control of the flow rates regarding the small scale of the system. 

Assuming a steady state between days 4 and 7, the concentrations of FFA achieved were in average 

46, 60 and 78 % w/w for CSTR 1, 2 and 3 respectively. In the course of the reaction, in Settler 2, a 

very stable emulsion was formed and grew continuously as more enzyme was added to the system. 

Its composition and the reason why it builds up are not well understood. Nevertheless, it was also 

noticed that enzyme activity was recirculate to CSTR1 when the emulsion was pumped into the 

reactor. In addition, the emulsion was sampled, centrifuged and analysed. It was primarily composed 

of water/glycerol, a little oil and a disc of enzyme between the water and oil layers. These facts 

support the idea that the emulsion is formed mostly by the enzyme. However, further experiments 

have to be made in order to understand the reasons for the formation of this emulsion and its 

composition. 
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9 CONCLUSION 

In this study a continuous Counter Current System for the production of FFA and glycerol has been 

investigated and implemented. A combination of two liquid lipases was used to catalyze the fat 

splitting reaction of soybean oil into FFA and glycerol. Through the effective process development 

phase the process conditions were established for the continuous system and information for its 

design was provided. 

Experimental results identified a combination of two lipases (NS40112 and NS88004) that presented 

the best performance in terms of stability and FFA production catalyzing the fat splitting reaction. It 

was found a new enzyme with a very promising performance in the same reaction conditions but with 

lower enzyme concentration. Results also identified the process parameters (enzyme concentration, 

mixing and water content) that achieved reaction equilibrium within 24 hours and that glycerol removal 

in two or more steps is needed to get > 95 % w/w of FFA. Regarding to 3 CSTRs in series system, 

results indicate that process model can predict quite well the concentrations at steady state and that 

predictions from Levenspiel plot analysis are bellow the experimental values. The continuous CCS 

should be performed in an higher scale setup to be possible to have better control of the system. A 

formation of a stable emulsion in Settler 2 manly composed by enzyme was observed and to improve 

this process it has to be further studied. 

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. 

10 FUTURE WORK 

Searching for new enzymes 

Regarding to the screening trials results, experiments to analyse the potential of enzyme B1 to 

catalyze the fat splitting reaction in terms of stability and FFA conversion could arrive to interest and 

promising results. 

Optimization of enzyme concentration 

It was observed in HPLC results from all the carried experiments that MAG is immediately converted 

being its concentration very low during the reaction. If the reason is an overdose of non-specific 

enzyme NS88004 its concentration can be reduced. Thus, a possible approach could be using the 

same combination of enzymes (NS40112 and NS88004) and first, reduce NS88004 concentration 

keeping the same AEP concentration (0.17 mg AEP/g oil) to verify the influence of this enzyme in 
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MAG conversion. Then, reduce NS88004 concentration keeping NS40112 concentration constant, 

which is going to reduce AEP content, to investigate its influence in the overall reaction rate. 

Kinetic of the reaction 

In order to develop a more robust kinetic model and to understand the kinetic of the reaction, 

experiments for the study of the initial rates to determine the kinetic parameters could be done. As the 

reaction is very fast at the beginning, to study the initial rate less enzyme concentration should be 

used to generate reliable samples. 

Continuous Counter Current System 

In this work all the continuous experiments were conducted in 0.25 L reactors, which led to very slow 

flow rates. The slow flow rates are very hard to control especially in a small scale and create several 

complications during the experiments. Further experiments should be scaled up to 1 L reactors to 

verify if a stable steady state is reached.  

Regarding to the stable emulsion produced, some experiments should be done to understand its 

composition and why it is generated. It is suspected that the tubing can have some influence in the 

emulsion formation so it is proposed an experiment using viton® tubing, material known for its high 

resistance to oils. 
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12 APPENDICES  

12.1 APPENDIX A - CALCULATION FOR FFA CONTENT BY TITRATION 

From the volume of NaOH added and the weighted mass of oil, the FFA content in the samples was 

calculated follows: 

𝐹𝐹𝐴  (%  𝑤/𝑤) =
(𝑉!"#$!"#$%&!𝑉!"#$!"#$%) ∙ 𝐶!"#$ ∙𝑀𝑤

𝑚!"#$%& ∙ 10!
∙ 100 

where 𝑉!"#$!"#$%&  is the volume (mL) of the titrated NaOH solution for the sample; 𝑉!"#$!"#$%  the 

volume of the titrated NaOH solution for the control (mL); 𝐶!"#$ the concentration of NaOH solution 

(M); 𝑀𝑤 the molecular weight of the predominant fatty acid present in the oil (C18:2, linoleic acid,  

280 g/mol) and 𝑚!"#$%& (g) is the weight fraction of the oil sample. 
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12.2 APPENDIX B - COMPARISON OF THE TWO ANALYTICAL METHODS USED 

In this work, two analytical methods were used to analyse samples: FFA titration and HPLC. A 

comparison of these two methods for FFA concentration was made and results obtained by the two 

technics agree well. The following plots present these results. 
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Figure 12.1B - Comparison of the two analytical methods used: FFA titration and HPLC for enzyme concentration 
experiments. Reaction conditions stated at Table 6.5. A - 0.8 % w/w; B - 0.6 % w/w; C - 0.4 % w/w and  
D - 0.2 % w/w. 
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A 
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Figure 12.2B - Comparison of the two analytical methods used: FFA titration and HPLC for stirring rate 
experiments. Reaction conditions stated at Table 6.5. A - 1000 rpm; B - 850 rpm; C - 550 rpm and D - 350 rpm. 
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C 
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Figure 12.3B - Comparison of the two analytical methods used: FFA titration and HPLC for water content 
experiments. Reaction conditions stated at Table 6.5. A - 40 % w/w; B - 30 % w/w; C - 20 % w/w and  
D - 10 % w/w. 
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Figure 12.4B - Comparison of the two analytical methods used: FFA titration and HPLC for the continuous CCS. 
Feed rates in Table 6.9 and operational conditions stated in Table 6.7. A - CSTR 1; B - CSTR 2; C - CSTR 3. 
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12.3 APPENDIX C - HPLC DATA CONVERSION  

The HPLC data gives information of the concentration of FFA in % w/w. To determine the number of 

moles of each component present in the oil for estimate the glycerol content and for the Levenspiel 

plot analysis, this data had to be converted. 

First, the conversion of FFA, expressed as the total yield of FFA, was determined as follows: 

𝑋!!" =
𝑛!!"

𝑛!!"!!!"#!$%&'(  !"#$!%!

  =   

(𝑤/𝑤%)!!"
𝑀𝑤!!"

∙𝑚!"#

(𝑤/𝑤%)!!"
𝑀𝑤!!"

+ 3 ∙ (𝑤/𝑤%)!"#𝑀𝑤!"#
+ 2 ∙ (𝑤/𝑤%)!"#𝑀𝑤!"#

+ (𝑤/𝑤%)!"#𝑀𝑤!"#
∙𝑚!"#

 

Assumptions were made for the molecular weight of each component based on the major FFA content 

(linoleic acid). The values used were: Mw(TAG) = 882.44; Mw(DAG) = 618.99; Mw(MAG) =355.54 and 

Mw(FFA) = 280.45. 

Then, the number of moles of TAG, DAG, MAG and FFA was estimated by the following expression: 

𝑛!"# =
%  𝑤/𝑤!"#
𝑀𝑤!"#

∙𝑚!"# 

The mass of oil (𝑚!"#) is considered the total mass of oil into the system (0.5 kg). 

The number of moles of glycerol was estimated based on molar balance of the reaction: 

𝑛!"#$%&'" =   1 3 ∙ (𝑛!!" − 𝑛!"# − 2 ∙ 𝑛!!") 
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12.4 APPENDIX D - PROCESS MODEL 

A PhD student from the research department, Maria-Ona Bertran, developed a process model in order 

to understand the 3 CSTRs in series system. For its implementation MoT, modelling tool from ICAS 

(Integrated Computer Aided System), was used. 

The generic process model for one CSTR consists of a set of ordinary differential equations that 

represent mass balances. Then, a system with as many CSTRs in series wanted can be simulated by 

using the final estimated variables for CSTRi as the start values for CSTRi+1. The variables estimated 

in 3 CSTR system is the concentration at steady state in each reactor for all the components in the 

system. The FFA conversion was the variable used to compare with the experimental data. 

The kinetic mechanism is based in Price et al. [26] but with some simplifications and the following 

assumptions were made: 

• Reaction proceeds via Ping Pong Bi Bi mechanism   

• Interfacial and bulk concentrations of substrate and products are the same (instantaneous 
mass transfer)   

• All reaction steps are reversible   

• Reactor mixture is homogeneous (ideal mixing) 

• The density of the mixture is constant   

The nomenclature and units used on the model are described in Table 12.1D. 

Table 12.1D - Nomenclature used in the model. 

Symbol Name Units 

T Concentration of TAG mol L-1 

D Concentration of DAG mol L-1 

M Concentration of MAG mol L-1 

FA Concentration of FFA mol L-1 

E Concentration of enzyme mol L-1 

EX Concentration of enzyme complex mol L-1 

G Concentration of glycerol mol L-1 

W Concentration of water mol L-1 

F Total flow rate L min-1 

V Reactor volume L 

r Reaction rate mol min-1 L-1 

in Inlet of the reactor  - 

out Outlet of the reactor - 
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The reaction mechanism is described as follows (Table 12.2D) and the batch experiments were used 

to estimate the reaction parameters. 

Table 12.2D - Reaction mechanism (adapted from Price et al. [26]) 

Eq. no (j) Reaction Rate of reaction 

1 𝑇 + 𝐸 ↔ 𝐸𝑋 + 𝐷 𝑟! = 𝑘! ∙ 𝑇 ∙ 𝐸 − 𝑘!! ∙ 𝐸𝑋 ∙ 𝐷 

2 𝐷 + 𝐸 ↔ 𝐸𝑋 +𝑀 𝑟! = 𝑘! ∙ 𝐷 ∙ 𝐸 − 𝑘!! ∙ 𝐸𝑋 ∙𝑀 

3 𝑀 + 𝐸 ↔ 𝐸𝑋 + 𝐺 𝑟! = 𝑘! ∙𝑀 ∙ 𝐸 − 𝑘!! ∙ 𝐸𝑋 ∙ 𝐺 

4 𝐸𝑋 +𝑊 ↔ 𝐹𝐴 + 𝐸 𝑟! = 𝑘! ∙ 𝐸𝑋 ∙𝑊 − 𝑘!! ∙ 𝐸 ∙ 𝐹𝐴 
 

The mass balance for each component in a CSTR combined with the kinetics is given by the following 

system of ordinary differential equations: 

𝐹!" ∙ 𝑇!" − 𝐹!"# ∙ 𝑇!"# − 𝑟! ∙ 𝑉 = 0 

𝐹!" ∙ 𝐷!" − 𝐹!"# ∙ 𝐷!"# + (𝑟! − 𝑟!) ∙ 𝑉 = 0 

𝐹!" ∙𝑀!" − 𝐹!"# ∙𝑀!"# + (𝑟! − 𝑟!) ∙ 𝑉 = 0 

𝐹!" ∙ 𝐹𝐴!" − 𝐹!"# ∙ 𝐹𝐴!"# + 𝑟! ∙ 𝑉 = 0 

𝐹!" ∙𝑊!" − 𝐹!"# ∙𝑊!"# − 𝑟! ∙ 𝑉 = 0 

𝐹!" ∙ 𝐺!" − 𝐹!"# ∙ 𝐺!"# + 𝑟! ∙ 𝑉 = 0 

𝐹!" ∙ 𝐸!" − 𝐹!"# ∙ 𝐸!"# + (𝑟! − 𝑟! − 𝑟! − 𝑟!) ∙ 𝑉 = 0 

𝐹!" ∙ 𝐸𝑋!" − 𝐹!"# ∙ 𝐸𝑋!"# + (𝑟! + 𝑟! + 𝑟! − 𝑟!) ∙ 𝑉 = 0 

𝐹!" = 𝐹!"# 

In Table 12.3 a summary of the batch experiments is presented. These data was used for estimate the 

parameters used to predict the results presented. 
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Table 12.3D - Summary of the batch experiments made.  

Experiment 
block 

Exp. no. Stirring 
rate [rpm] 

Impeller 
position 

[E] 
[mg AEP/g oil] 

Water 
[%w/w oil] 

Stirring rate 1 850 water 0.17 30 

 2 850 oil 0.17 30 

 3 350 oil 0.17 30 

 4 550 oil 0.17 30 

 5 1000 oil 0.17 30 
Enzyme 
concentration 6 850 oil 0.17 30 

 7 850 oil 0.1275 30 

 8 850 oil 0.085 30 

 9 850 oil 0.0425 30 
Water amount 10 850 oil 0.17 40 

 11 850 oil 0.17 30 

 12 850 oil 0.17 20 

 13 850 oil 0.17 10 
Fresh enzyme 14 850 oil 0.17 30 

 


