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Abstract 
The biocatalysis oxidation of long chain alkanes is a key commercial target. The bio-

oxidation studied was the E.coli pGEc47∆J n-dodecane bioconversion into 1-dodecanol. It was 

made the mixing characterisation in order to develop a scale-down approach for a two-liquid phase 

bio-oxidation reaction. It involved high speed camera (HSC) imaging, perform bioconversions and 

apply DoE software. From the HSC imaging it was identify an apparently good mixing in SFs and 

the 24-DSW are the best for mixing but still show a mixing limitation. That can be overcome by 

using surfactants or the Duetz system. The 24-SRW was considered inadequate. In all 

bioconversions performed dodecanoic acid was present indicating over-expression of the plasmid. 

The interface began to be analysed. The Triton X-100 and PPG addition reduced the liquid loss in 

sacles. In SFs bioconversions using Triton X-100 demonstrate a 3fold bioconversion improvement 

(0,8 g/Lorganic phase) compared with other SFs and 2L-fermenter using n-octane. The use of Deutz 

system with the rigid silicone sandwich cover layer also is equal a good solution (0,3±0,3 g/Lorganic 

phae). The alternative use of Duetz System with gas permeable membrane with 24-DSW with half 

sphere without surfactants prove also a high bioconversion (0,2±0,2 g/Lorganic phase). In conclusion, it 

was achieved a scale-down method which is considered a breakthrough and a platform for more in-

depth studies. 
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Introduction 
The oxidation of long chain alkanes is a key commercial target and would be particularly 

attractive via biocatalysis to avoid the difficulties of conventional oxidation. For example, stereo- 

region- and reaction-specific catalysts, operating under mild conditions, enable reactions difficult to 

perform chemically to be carried out effectively with minimum side reactions and by-products. 

There are four areas of particular importance: oxygen supply, substrate access; two-phase 

operation and product recovery. It is crucial in aerobical fermentation that supply of oxygen to the 

cells and this factor is not only related with poor gas-liquid mass transfer in two-liquid phase 

biotransformation but also with the method of supply and for safety reasons. As alkane chain length 

increases the limitations for access into the cell may limit the bio-oxidation rate. Permeabilization 

methods may give a partial solution but will compromise cell stability. The solubility of the alkanes is 

very low, thus using an auxiliary phase may help. It is also essential to establish an environmentally 

compatible solution to the downstream removal of the product. Obtaining a high concentration of 

the target product is crucial to the economics of the process. The ability to separate the phases and 

carry out extraction and/or distillation is function of upstream and process parameters. 

This project was focused in the bottleneck of substrate access. The first concern was to 

know in which shaken incubator conditions total homogenous mix between the aqueous and 

organic phase were achieved. The second was related with the permeabilization of the cell 

membrane. For that intention surfactants and biosurfactants were used.  

The two-lliquid phase system study was E.coli pGEc47∆J n-dodecane bioconversion where 

the mixing characterisation was done in 500 ml shake flaks, 1l shake flaks, 24-DSW (inverted 

inverted inverted pyramid bottom and half sphere) and 24-SRW in order to develop a scale-down 

approach for a two-liquid phase bio-oxidation reaction. It involved high speed camera imaging of 

mixing and performing two-phase bio-oxidation reactions at different scales, GC analysis of 

substrate and product and application of statistical experimental design (DoE) software. 

The products from an n-dodecane bio-oxidation reaction are 1-dodecanol, dodecanal and 

dodecanoic acid. Althougth, in this work the target product is 1-dodecanol. 

1-dodecanol is a medium-priced fine chemical with a large market; it is used in the 

production of surfactants, lubricating oils and widely applied for the personal care ingredients. The 

total European fatty alcohol market was worth €1billion in 2008 and this is growing at an average of 

6% per year. 1-dodecanol accounts for a large proportion of this market but the natural sources of it 

are comparatively scarce compared to longer chain alcohols [2].  

However, in particular, dodecanoic acid as a medium–length fatty acid is widely used as a 

lubricant, as an additive in industrial preparations, in the manufacture of metallic stearates, 

pharmaceuticals, soaps, cosmetics, and food packaging [1]. Therefore, it is also a possible target 

product. 
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Literature Review 
Bacterial metabolism of long-chain n-alkanes 

 Degradation of alkanes (aerobic or anerobic) is a widespread phenomenon in nature, and 

numerous microorganisms, prokaryotic and eukaryotic, capable of utilizing these substrates as a 

carbon and energy source have been isolated and characterized. [Wentzel A. and et. at., 2007; van 

Beilen et al.,2004; van Beilen J. B. and et. at., 1994; Rojo F. and et. at., 2005; van Beilen J.B., et. 

al., 2007; Wubbolts M.G. and et. at., 1996; Funhoff E. G. and et. at., 2006; van Beilen J.B.and et. 

at., 2005]. Since the 1960s, potentials have been discussed and attempts have been undertaken to 

channel capabilities of these microorganisms to convert aliphatic compounds like alkanes into 

commercial biotechnological applications [Wentzel A. and et. at., 2001; Wubbolts M.G. and et. at., 

1996].  

Alkanes are saturated hydrocarbons, highly reduced, high inflammable and the least 

reactive class of organic compounds. As main components in fuels and oils (20%-50%), they are of 

outstanding value for modern life, but the relative inertness of alkanes poses ecological problems 

upon their release to the environment. They are also produced by geochemical processes from 

decaying plant, animals and bacteria and by living organisms (plants, animals and bacteria). 

Consequently, these compounds are a reliable carbon and energy source for microorganisms. The 

physical properties of linear alkanes are very important for the rate with which these compounds are 

oxidized and metabolized. Longer alkanes are progressively less soluble with increasing chain-

length, which results in decreasing oxidation rates. With decreasing chain length, short-chain 

alkanes in the range of C5 to C10 become increasingly soluble and consequently increasingly toxic 

[van Beilen et al., 2004; Ayala M. and et. at.,2004]. 

Depending on the chain-length of the alkane substrate, different enzyme systems (type of 

oxygenases) are required to introduce oxygen in the substrate and initiate biodegradation. 

Moreover, the substrates as well as the products of these enzymes tend to be quite hydrophobic 

and toxic to the host cell, as effects on the physiology of a bacterium, and bacteria have developed 

elaborate mechanisms to counter the effects of solvents on the cell membrane morphology and cell 

membrane properties [van Beilen et al., 2004; Schmid A. and et. at., 1998]. This calls for careful 

substrate feeding protocols to keep the substrate concentration below toxic limits and in situ 

extraction set-ups consisting of a second hydrophobic but non-toxic liquid phase or a solid 

extractant. Evidently, high volumetric productivities are required for an economical process [van 

Beilen J.B., et. al., 2007]. 

The volumetric productivities of two-liquid phase systems can be, in contrast to aqueous 

fermentations, limited by the transport of substrates from an apolar phase to the cells residing in the 

aqueous phase and by toxic effects of apolar solvents on microbial cells [Schmid A. and et. at., 

1998]. 
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 Generally, alkane uptake is supposed to take by three different mechanisms: [van Beilen et 

al., 2004] 

a) By direct cell-droplet interaction; 

b) By interaction of cells with solubilized or emulsified hydrocarbon micelles or 

microdroplets. 

c) Via uptake of alkanes dissolved in the aqueous phase;  

Here, the cell contact with hydrophobic substrates is crucial because the initial step in 

aliphatic and aromatic hydrocarbon degradation is often mediated by oxidation reactions catalyzed 

by cell-surface-associated oxygenases. Pseudomonas isolates typically do not use the first option. 

Substrate uptake presumably takes place through diffusion or active transport [Setti L. and et. at., 

1995; Wentzel A. and et. at., 2001; van Beilen et al.,2004; Schmid A. and et. at., 1998]. 

 Qualitatively, the mechanisms involved in n-alkane degradation include: a lag period 

without compound degradation; a step with accelerating conversion rates; a step with constant 

conversion rates, limited by the mass-transfer rate of the substrate from the bulk of the organic 

phase to the absorbed microorganism on the oil-water interphase; and a decrease in the conversion 

rate, long before all the n-alkane is converted. The pattern of n-alkane biodegradation is bound to 

the substrate characteristics (molecular structure, molecular weight and density) [Setti L. and et. at., 

1995]. 

 In several Pseudomonas isolates, particulate alkane hydroxylases (pAHs) were detected. 

The alkane hydroxylase of one particular Pseudomonas isolate, now known as Pseudomonas 

oleovorans GPo1 (TF4- 1L; ATCC 29347), has been characterized in great detail. The oxidation of 

medium chain length alkanes and alkenes (C6 to C12) by Pseudomonas oleovorans GPo1 (TF4- 1L; 

ATCC 29347) encoded by the OCT plasmid and related, biocatalytically active recombinant 

organisms, in two-liquid phase cultures can be used for the biochemical production of several 

interesting fine chemicals. The alkane hydroxylase system is able to carry out a wide range of 

stereoselective and regioselective oxidation reactions, giving it considerable commercial potential 

as a biocatalyst [Schmid A. and et. at., 1998; Chen Q. and et. at., 1995; Staijen I. E., et. al., 1997] 

Biochemical charaterisation of the alkane hydroxylase system showed that it consist of 

three components; a particulate hydroxylase; and two soluble proteins, which act as electron 

carriers between NADH and the hydroxylase (Figure 1). 
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Figure 1:  Structural representations of the alkane-hydroxylating enzyme systems. Integral membrane non-
heme di-iron alkane hydroxylase systems: i) crystal structure of the C-terminal domain of rubredoxin; ii) 
rubredoxin reductase modelled on the structure of putidaredoxin reductase; and iii). model for the AlkB alkane 
hydroxylase. The enzyme is proposed to have six transmembrane helices arranged in a hexagonal distribution 
that would define a long, hydrophobic pocket into which the linear alkane molecule can slip. The four histidine 
clusters (H) believed to bind the two iron atoms (Fe) would lie on the cytoplasmic side. In P. putida GPo1 AlkB, 
residue W55 lies in transmembrane helix 2 and extends its bulky arm towards the hydrophobic pocket (left). 
This hampers the proper insertion of alkanes longer than C13. The replacement of W55 by a serine residue 
(S55) (right), which has a shorter arm, allows longer alkanes to enter the pocket without impeding the proper 
alignment of the terminal methyl group relative to the histidine clusters. Sizes are not to scale. The soluble 
components of the alkane hydroxylase complex, rubredoxin and rubredoxin reductase, are not shown. Image 
adapted from van Beilen J.B.and et. at. (2004) and Rojo F. and et. at.,(2005). 

The alkane hydroxylase system, which catalyzes the hydroxylation of alkanes and alkenes, 

consists of three components: a cytoplasmic membrane alkane hydroxylase (AlkB) (an inducible 

enzyme system) and two soluble proteins: rubredoxin (AlkG), and rubredoxin reductase (AlkT), 

which act as electron carriers between NADH and the hydroxylase [Rojo F. and et. at., 2005; Chen 

Q. and et. at.,1995; van Beilen J. B. and et. at., 1994; Ayala M. and et. at.,2004; Smits T. H. M. and 

et. at., 2003; Funhoff E. G. and et. at., 2006]. The alkane hydroxylase system and other proteins 

involved in alkane degradation are encoded by the alkST and alkBFGHJKL clusters located on the 

OCT plasmid. The expression of alkBFGHJKL is positively regulated by AlkS and by 

dicyclopropylketone (DCPK), a gratuitous inducer, which is water soluble and hence is a convenient 

inducer in aqueous cultures, while alkanes are useful inducers in two liquid-phase cultures which 

contain an organic phase [Wentzel A. and et. at., 2001; Chen Q., et. al., 1996; Staijen I. E., et. al., 

1987; Panke S. et. at., 1999]. In the Figure 2 AlkB transfers one oxygen atom from O2 to one of the 

terminal methyl groups of the alkane molecule, rendering an alcohol, while the other oxygen atom is 

reduced to H2O by the electrons transferred by rubredoxin. So, the alkane is oxidized to an alcohol, 

further oxidation to the corresponding aldehyde and carboxylic acid, all catalyzed by different 

enzymes. The carboxylic acid enters the fatty acid degradation pathway and is used as an energy 

source (e.g. the carboxylic acid then serves as a substrate for acyl-CoA synthetase, and the 

resulting acyl-CoA enters the β-oxidation pathway). 
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Figure 2 : Struture of the alkane hydroylase system. The alkane hydroxylase system consists of three 
components: a membrane–bound mono-oxygenase (alkane hydroxylase AlkB), rubredoxin (AlkG) and 
rubredoxin reductase (AlkT). The alkane hydroxylase AlkB is an integral cytoplasmic membrane protein 
containing a diiron cluster. Rubredoxin (AlkG) transfers electrons from the flavoprotein rubredoxin reductase 
(AlkT) to AlkB. The functions of AlkF and AlkL are unclear. Image adapted from Staijen I. E. and et. at., (1987), 
van Beilen J. B. and et. at. (1994), Wubbolts M.G. and et. at.,(1996) and Panke S. et. at., (1999). 

 In order to make use of the alkane hydroxylase system for the production of oxidized 

intermediates, these metabolic reactions must be interrupted, so that the desired product 

accumulates [Ayala M. and et. at., 2004; Smits T.H.M., et. al., 1999]. To reach this goal it is 

necessary to turn to genetic modified microorganisms. Eschericia coli is the most frequently used 

prokaryotic host. The E. coli host serves only to produce and maintain the recombinant biocatalytic 

activity and to regenerate the required cofactor, generally NADH or NADPH while neither substrate 

nor product is consumed by host strain. These strains are unable to grow on medium-chain fatty 

acids because their β-oxidation system is repressed and not induced by medium-chain-length fatty 

acids. The cells must therefore be grown on a common carbon source such as glucose. In a two-

liquid-phase system, alkanols are excreted and preferentially partition, according to the chain length 

to the organic phase and alkanoic acids are to the aqueous phase. [Rothen S.A. and et. at., 1998; 

van Beilen et al., 2004] However, despite considerable over expression of alkane mono-oxygenase 

in some E. coli hosts, the most active recombinants showed in vivo alkane-oxidation rates no higher 

than that of the native host strain. That could explain by incorrect folding of AlkB and/or lack of iron 

[Staijen I. E. and et. at., 1987; Staijen I. E., et. al., 1997].  

The advantages of biotechnological processes arise from the ability of enzymes or 

microorganisms to catalyze at physiological pressure and temperature and to generate, due to their 

high selectivity, few or no side-products. Therefore, it results in a reduction in the production costs 

due to higher process efficiency, less waste production, safer raw material, energy savings and 

higher quality product, resulting in an improved competitiveness especially in highly regulated 

countries. [Ayala M. and et. at.,2004].  
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Two-Liquid Biocatalytic Systems 
Biocatalysis offers some advantages over traditional chemical catalysis from the viewpoint 

of both the organic chemist and process engineer. Recent developments in biocatalysis will enable 

the application of biologically mediated carbon-carbon bond forming reactions and redox 

conversions which is where real power of biocatalysis lies [Lye G. L., et. al., 2001]  

In two liquid-liquid phase biocatalysis processes a virtually water-immiscible organic solvent 

is added to an aqueous phase (at a concentration well above the aqueous phase saturation limit) 

containing the biocatalyst. Therefore a biphasic reaction medium is created. Depending upon on the 

substrate solubility, the product may either remain in the aqueous phase or partition into the organic 

phase. The application of this type of biocatalysis presents some difficulties biochemical 

engineering challenges including the selection of an appropriate reaction medium, reactor design 

and operating parameters. These selections also have critical implications for subsequent 

downstream processing operations such as phase separation and product recovery. The fact of the 

reactant is a poorly water-soluble implies that the biocatalytic conversions rates are low. 

Consequently, the process streams leaving the reactor frequently contain low product 

concentrations, making a difficult problem downstream. Besides the use of a multiphasic liquid-

liquid medium also presents a number of unique problems for scaling-up such a process. As well, 

environmental constrains may also lead to the development of alternatives to organic solvents as 

the second liquid phase, which including the possibility of using room temperature ionic liquids. The 

potential advantages and disadvantages of two-liquid phase biocatalytic processes are summarised 

in (Table 1) [Lye G. L., et. al., 2001]. 

 

 

Table 1:  Potential advantages and disadvantages of two-liquid phase biocatalysis. Table adapted from Lye G. 
L., et. al.,2001. 

Process 
feature Advantages (+) and disadavantages (-) 

Reactor 
Operation 

+ Solubilisation of poorly water-soluble molecules 

+ Reduced inhibition/toxicity 

+ Excellent substrate/catalyst contact 

 

- Reduced activity per unit volume 

- Diffusional limitations 

- Liquid-liquid interfacial damage to biocatalyst 

- Dissolved organic phase damage to biocatalyst 

 

Downstream 
Processing 

+ Isolation of reactant from product 

+ Higher product concentration  

 

- Emulsification 
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The majors bottlenecks for the scale-up of a two-liquid phase biotransformation are [Schmid A. 

et.al., 1998]: 

1. The maximum apolar substrate transfer rates from the organic phase to the cells could limit 

the volumetric bioconversion rates, thus negatively influencing the attainable space-time 

yield; 

2. Downstream processing could present a major challenge because of the strong 

emulsification or organic solvents in the two-liquid phase culture medium; 

3. The combination of aerobic operation and flammable solvents in two-liquid phase 

precesses presents an explosion hazard. Unless means are found to operate two-liquid 

phase systems efficiently and safetly, scale-up of such bioprocesses will not be feasible; 

4. The major cost of operating two-liquid phase biotransformation. 

At a fundamental level, organic solvents (whether dissolved in an aqueous phase or present as 

a discrete second liquid phase) have a harmful effect in biocatalytic activity [Lye G. L., et. al., 2001; 

Laane C. et al., 1987]. The toxic effect of the solvent in the cells can be divided in two different 

processes: one it is the result of the diffusion of the solvent molecules throughout the citoplasmatic 

membrane - molecular toxicity- and the other is associated with the direct contact between the 

solvent and the biocatalyst – phase toxicity. The former one can provoke enzymatic inhibition, 

protein denaturation and DNA damage and modification of the citoplasmatic membrane fluidity.  It is 

considered that logP < 2 is toxic and so biocatalysis in organic solvents is low, biocatalysis is 

moderate at LogP between 2 and 4 and high at LogP > 4. Nonetheless, these correlations are 

depended on the biocatalyst, microorganism, agitation rate, etc. and then have empirical nature and 

only can provide guidance [Aires-Barros M.R. et. al., 2003; Laane C. et al., 1987; Lye G. L., et. al., 

2001].  

In a multiphase system, mass and heat transfer processes provide the cells with nutrients 

and remove products and heat created by the whole-cell biocatalysis (Figure 3). In two-liquid phase 

cultures, one of the phase barriers is the liquid-liquid interface between the organic solvent and the 

aqueous medium. Apolar substrates, dissolved in the organic phase, are transported from the 

solvent droplets to the cells and apolar products are transferred from the cells to solvent droplets 

[Schmid A. et.al., 1998]. Clearly intimate contact of the aqueous and organic phases is necessary in 

order to effectively transfer reactants and/or products from one phase to the other. Therefore, the 

isolated enzymes are favored over whole cell systems [Lye G. L., et. al., 2001].  

An important question in this context is under which conditions apolar substrate transfer 

from organic phase to the cells will limit productivities and how will maximal transfer rates relate to 

the biocatalaytic potential of the cells. To answer to this question it is necessary to determine the 

organic mass transfer rate from apolar phase to the cells in two-liquid phase cell cultures growing 

on organic substrate as the sole carbon source [Schmid A. et.al., 1998]. There is an apparatus 

known as Lewis cell that the rate of mass transfer of substrate from organic to aqueous phase and 

the partitioning of substrates and products between phases under defined conditions can be 



 

measured and thus a mass coefficient obtained. These data can be combined with measurements 

of aqueous phase biocatalyst kinetics to predict substrate and product concentration

and so a kinetic model of the system can be done.

Figure 3:  Schematic diagram of substrate, product, and heat fluxes throughout a multiphase bioreactor 
medium. Gaseous, apolar, and solid substrates must cross phase boundaries to be taken up by cells. 
Likewise, products excreted by cells, if they do not accumulate i
organic solvent phase, stripped by the continuous flow of gas through the reactor, or adsorbed to a solid 
absorbent. Heat produced by the culture is transferred to the cooling system of the reactor. In a mass
transfer-limited culture one of these 
Schmid A. et.al., (1998). 

To attain high volumetric biotransformation and biosynthesis rates in two

bioprocesses it is necessary t

where they are limiting. Options to achieve this include increasing the organic

area by [Schmid A. et. al., 1998]:

- Using surfactants; 

- Increasing the volume fraction of the 

- Increasing the agitator power input.

Scale-Down Process and mixing conditions in minibioreator s
Microscale processing techniques are rapidly emerging as a means to increase the speed of 

bioprocess design and reduce material requirements. Automation of these techniques can reduce 

labour intensity and enable a wider range of process variables to be examined. 

to carry out a vast number of development cultivations has resulted in the advance and increasingly 

widespread deployment of small

a miniaturised, high-throughput

The advantages of such 

- the evaluation of large biocatalyst libraries in shorter periods of time;

measured and thus a mass coefficient obtained. These data can be combined with measurements 

of aqueous phase biocatalyst kinetics to predict substrate and product concentration

and so a kinetic model of the system can be done. 

 
Schematic diagram of substrate, product, and heat fluxes throughout a multiphase bioreactor 

medium. Gaseous, apolar, and solid substrates must cross phase boundaries to be taken up by cells. 
Likewise, products excreted by cells, if they do not accumulate in the aqueous phase, are extracted into the 
organic solvent phase, stripped by the continuous flow of gas through the reactor, or adsorbed to a solid 
absorbent. Heat produced by the culture is transferred to the cooling system of the reactor. In a mass

limited culture one of these fluxes indicates by the shaded arrows, is rate limiting. Image 

To attain high volumetric biotransformation and biosynthesis rates in two

bioprocesses it is necessary to maintain high substrate mass transfer rates and improve these 

where they are limiting. Options to achieve this include increasing the organic

., 1998]: 

Increasing the volume fraction of the dispersed organic phase; 

easing the agitator power input. 

Down Process and mixing conditions in minibioreator s
processing techniques are rapidly emerging as a means to increase the speed of 

bioprocess design and reduce material requirements. Automation of these techniques can reduce 

labour intensity and enable a wider range of process variables to be examined. 

to carry out a vast number of development cultivations has resulted in the advance and increasingly 

widespread deployment of small-scale bioreactor systems (miniature bioreactors (MBRs) that offer 

throughput (HT) solution to process development. 

The advantages of such scale-down approach include:  

the evaluation of large biocatalyst libraries in shorter periods of time;

9 

measured and thus a mass coefficient obtained. These data can be combined with measurements 

of aqueous phase biocatalyst kinetics to predict substrate and product concentration-time profiles 

Schematic diagram of substrate, product, and heat fluxes throughout a multiphase bioreactor 
medium. Gaseous, apolar, and solid substrates must cross phase boundaries to be taken up by cells. 

n the aqueous phase, are extracted into the 
organic solvent phase, stripped by the continuous flow of gas through the reactor, or adsorbed to a solid 
absorbent. Heat produced by the culture is transferred to the cooling system of the reactor. In a mass- o heat 

, is rate limiting. Image adapted from 

To attain high volumetric biotransformation and biosynthesis rates in two-liquid 

o maintain high substrate mass transfer rates and improve these 

where they are limiting. Options to achieve this include increasing the organic-aqueous interfacial 

Down Process and mixing conditions in minibioreator s 
processing techniques are rapidly emerging as a means to increase the speed of 

bioprocess design and reduce material requirements. Automation of these techniques can reduce 

labour intensity and enable a wider range of process variables to be examined. The necessity need 

to carry out a vast number of development cultivations has resulted in the advance and increasingly 

scale bioreactor systems (miniature bioreactors (MBRs) that offer 

the evaluation of large biocatalyst libraries in shorter periods of time; 
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- a reduction in the quantity of often expensive synthetic substrates required for  

  process development; 

- the rapid generation of design data for use in process and economic models; 

- the potential to operate automated whole process sequences in microwell formats; 

- a more rapid translation of processes from discovery to pilot plant scale. 

 However, there are several constraints on the use of microscale techniques for biocatalyst 

improvement, in particular, the requirement for a rapid and sensitive activity assay. As a result, 

MBRs typically are currently less instrumented and also have limited opportunity for off-line 

sampling due to the small volumes used (ranging from 0.1 ml to approximately 100 ml); this means 

that there is currently a trade-off between information content in terms of data quality and quantity 

available from the bioreactor obtained by both online and off-line measurement and experimental 

throughput, illustrated in Figure 4 [Jonathan I. B., et. at., 2003].  

 
Figure 4:  Illustration of the trade off in information output versus HT capability that currently exists for various 
cell cultivation devices at different scales. This figures shows that as bioreactors increase in scale, typically 
more process information is available due to improved monitoring a control systems. Image from Jonathan I. 
B., et. at., 2003. 

 

The MBRs can be grouped on the basis of their agitation method (i.e. shaking, stirring or gas-

sparging) with reference to the type of conventional bioreactor they either mimic or are derived from 

[Jonathan I. B., et. at., 2003]. It is clear that some seek to replicate large-scale bioreactors in their 

geometries. Devices that agitate cultures through shaking typically exhibit a lower OTR capability 

relative to stirring, making these mechanically-agitated devices most promising for the cultivation of 

fast-growing microorganisms or cell cultivations that reach a high-cell density; however, there is 

typically not the same degree of parallelism available in stirring type. Shaken systems are widely 

used as a tool for drug discovery; media, strain and product optimisation; and process 

development. They comprise many different designs and volumes, ranging from SFs of hundreds of 

millilitres right down to microtitre plates (MTPs) of a few microlitres in volume. Microwell plates 

(MTPs) have the advantage of the ability to perform many identical reactions in parallel and at a 

very small scale. It is this advantage that has led to MTPs being used as miniature shaken 

bioreactors in the screening stage of process development for cell-line evaluation. Microtiter plates 

can now be considered a mature alternative to Erlenmeyer shake flasks.  
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Material and Methods 

E.coli pGEc47 ∆J cell culture : E.coli pGEc47∆J with the plasmid pGEc47∆J. This plasmid 
contains the alkBFGHJKL operon and alkST genes, but with the deletion of the alkJ (alcohol 
dehydrogenase), in order to only produce primary alcohols from the degradation of medium chain 
linear alkanes [Eggink G. and et. at., 1987]. E.coli pGEc47∆J was stored as glycerol stocks (20% 
v/v glycerol) of 1 mL aliquots at -80ºC. After room temperature thawing, the stocks were used for 
inoculation. The inoculation was into 50mL of Wubbolts medium ((7g/L Na2HPO4.(Sigma Aldrich®), 
15,9g/L K2HPO4 (Sigma Aldrich®), 4g/L KH2PO4 (Sigma Aldrich®), 1,2g/L (NH4)2SO4 (Sigma 
Aldrich®), 0,2g/L NH4Cl (Sigma Aldrich®), 5g/L Yeast Extract (Oxoid®), 0,6g/L l-Leucine (Alfa 
aesar®), 0,6g/L l-Proline (Alfa aesar®), 0,005g/L Thiamine Hydrochloride (Sigma Aldrich®), 5mL 
MgSO4.7H20 (0,5M) (BDH®), 1mL Trace Minerals(112), 1mL 4% (v/v) CaCl2.2H20 (Alfa aesar®), 20 
mL Glucose(500g/L) (Sigma Aldrich®) and 1mL Tetracycline (10mg/mL) (Sigma Aldrich®)) in 500 
mL SF. Overnight growth was conducted at 37 ºC in a orbital shaken incubator (Kuhner AG®). 
Before the inoculums (5% (v/v)) [Wubbolts and at. al. 1996] were used to cultivate other vessels the 
optical density (OD) (Amerdham Novaspec plus®) of the cultures at 600 nm was measured. It was 
important that all the experiments had the same growth conditions of the inoculum (37ºC, 250 rpm, 
25 mm throw diameter) and an OD of 2,0 ±1 time=t0. 

Sample preparation: The cell cultivation in the SFs or in MTPs were performed in the laminar flow 
cabinet (Heraeus®). Then transported to the incubator and at particular time points samples were 
collected. In the cell cultures in SFs, 5mL samples were taken, decanted into 5 pre-weighed 
eppendorsf were spun in a centrifuge (Beckman Coulter 22rR) at 28oC for 15 minutes at 13000 rpm. 
The three phases were carefully manually separated and volumes of each phase recorded. The 
organic phase was diluted (to 20% or 50%) in ethyl acetate and analysed by gas chromatography 
(Perkin Elmer®) (GC). In microwell plates (MTPs) a whole well was sacrificed and the content of the 
well was subjected to the same procedures described above. As the melting point of 1-dodecanol is 
24°C [6] it is critical to process the samples above this temperature, for maximising the product 
recovery. The interface separated was diluted with ethyl acetate (100µL-1Ml) and shaking on the 
thermomixer (Eppendorf® Thermomixer Comfort, Sigma Aldrich®) for 15min at 50°C and 1000rpm. 
The volume of ethyl acetate added was the volume for fulfill the total volume after the phase 
separation. The dilution factor was calculated by subtracting the volume of added ethyl acetate from 
the final colourless organic component volume. As the organic phase this colourless organic from 
the interface was also analysed by GC. 
Determination of cell density: Cell density was determined by the dry cell weight (DCW) method. 
Cell density measurements were typically taken by centrifuging 1ml two-phase samples at 
13000rpm for 15 minutes, marking the aqueous volume on the side of the graduated eppendorf; 
washing the pellets with tris-HCL pH7.4 and drying in an 80°C oven until a constant mass was 
reached (24-96hours). 
Determination of 1-dodecanol and dodecanoic acid co ncentrations: The eppendorfs samples 
for GC analysis were prepared, according to the dilution, into GC vials. Then these vials were 
vortexed before GC analysis to ensure homogeneity.  For 1-dodecanol and dodecanoic acid 
determination present or in the organic phase or in the interface, the samples were eluted at an 
initial temperature of 200°C for 2minutes, followed  by a linear increase of 10°C minute to reach a 
final temperature of 240°C. Injector and detector t emperatures were both 280°C. The 
concentrations were determined by cross-referencing to a set of n-dodecane, dodecanoic acid and 
1-dodecanol standards analysed in the same run. The form of calculation of the total concentrations 
is in Appendix. 
Visualisation of liquid hydrodynamics by high speed  video camera: To visualise the liquid 
hydrodynamic of the two-liquid phase system the high–speed camera (Vision research®) was 
mounted next to the platform where the 500 mL, 1L SFs and microwell mimics were shaken in order 
to record the fluid motion and the droplet distribution. Single well mimics with the same geometrical 
configuration as a single well from commercial 24-well plates (24-Deep Square Wells (DSW) and 
24-Shallow Round Wells (SRW) were fabricated in the University College London (UCL) 
department of chemical engineering workshop. 
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Sterilisation and use of sandwich covers for deepwe ll microtitre plates (MTPs) (Duetz 
System): The use of the Duetz system (was to ensure the decrease of liquid loss due to splashing 
observed with the high speed camera and previous work, whilst allowing sufficiently high agitation 
rates for effective mixing of the two phases. They were prepared following the Duetz Manual[3]: 
 

Results and Discussion 

Visualisation of liquid hydrodynamics: Phase mixing  and droplet size distribution 

The objective here was to start at the large scale and end at the small scale, in order to 

visualise the relationship between the mixing condition with the volumetric product yields. As the 2L 

fermenter is where the higher volumetric product yield is reached because of the better mixing by , 

in this case, two ruston impellers and the air sparger. These mixing conditions are not at all present 

in a shake flask (SF) or in a microwell plates (MTPs) where the only way of mixing is, in this case, 

orbital shaking. By reasons mentionened before, the interest is in performing the reaction at the 

smaller scale. Therefore, by observing the effects of different agitation rates, throw diameters, 

addition of biosurfactnats and chemical surfactants on the phase mixing it is hoped that the best 

mixing conditions, mimicking the fermenter volumetric productivity, can be established. 

In all different scales it was achieved a homogeneous mixing conditions. However, some 

limitations also be noticed. Notice that the same conditions were used in all (10% (v/v) aqueous 

phase and 20% (v/v). 

In an E.coli pGEc47∆J fermentation on a 2L-fermenter (Adaptative®) (Figure 5), only after 

24hours was observed a homogenous and completely emulsified. Therefore, there is not a good 

mixing between the two liquid phases during the first 24hours. The result of these mass transfer 

limitations reflects on a low bioconversion yield. Even without cells and air sparger a full 

homogenous phase was achieved only at 700rpm (data not shown), establishing, in a way, the 

minimum agitation rate that could be used. With the addition of a small volume of the surfactant, 

PPG, it was observed a faster homogeneity (data not shown) and also a formation of an interface, 

which in the system water-n-dodecane took a long time to disappear. This communion between the 

surfactant and the organic phase, shape the droplet size distribution because the action of PPG is 

to low the surface tension, in order to increase the solubility of the organic phase on the aqueous 

phase. The effect of PPG was not fully understood. However, in a later experience with a E.coli 

pGEc47∆J fermentation of n-dodecane where it was added 0,1% (v/v) of Triton X-100 show a 

bottleneck of the use of surfactants in 2L-fermenter (data not shown). Immediately, intense foaming 

was produced making this fermentation impracticable. So, different surfactants have different 

impacts. To sum up, more studies should be done to determine the exact concentration and 

conditions for the use of surfactants in large scale.  
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Figure 5:  Visualisation of mixing conditions of a fermentation of E.coli pGEc47∆J in 20 % (v/v) of n-dodecane 
in 2L fermenter (two Ruston impellers and the air input) with 90% of head space.a) t=0h with no cells at 500 
rpm; b) t=3h at 500 rpm; c) t=24h at 1000pm;d) t=48h 1000 rpm. 

About the SFs it was tested the two throw diameters most used (25mm and 50mm). In this 

experience it was establish an operational agitation rate for each throw diameter. The overall 

conclusion is that the size of the SFs little interfered in the fluid motion (data not shown), perhaps 

the only important effect was that the liquid height is higher. Again, it was impossible to distinguish 

air bubbles from n-dodecane droplets and with the increasing of the agitation rate, in the two throw 

diameters, the foaming intensifying. Another important achievement was to confirm that the E.coli 

pGEc47∆J fermentations were realised at the optimal operational agitation rate for the throw 

diameter (25mm) of the incubator. 

 
Figure 6:  Visulisation of liquid hydrodynamics: of 1L SF with 100mL of Wubbolts media and 20% (v/v) of n-
dodecane in a 25 mm throw diameter orbital shaker at 200rpm a), 250rpm b), 300rpm c) and 350rpm d). 

 
Figure 7 : Visulisation of liquid hydrodynamics: of 500mL SF with 50mL of Wubbolts media and 20% (v/v) of n-
dodecane in a 25 mm throw diameter orbital shaker at 200rpm a), 250rpm b), 300rpm c) and 350rpm d). 

Therefore, for the 25mm throw diameter it was decided that 250rpm was a “ideal” agitation 

rate as provide enough turbulency for a good oxygen-mass transfer and the liquid heigth was not 

possible to wet the cotton cover. The same reasons determine the 150rpm “ideal” agitation rate for 

50mm (Figure 6 and Figure 7). 

Continuing in the scale–down, it was study at three different throw diameters (50mm, 

12,5mm and 3mm) in a 24-DSW mimic. At 50mm (Figure 8) higher liquid volume difficult the mixing 

and even when the volume of the liquid decrease the best mixing was achieved with the Wubbolts 

media. The components, for example, active–surface substances present on a 48hours broth did 

a) b) c) d) 

a) b) c) d) 

a) b) c) d) 
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not reduced the surface tension as was expected. Again, in the 12,5mm throw diameter (Figure 9) it 

was verified that a higher volume difficult the mixing, yet it is accomplish a better mixing conditions. 

With the addition of 0,1% (v/v) of Triton X-100 the success is complete. It was proved that a 

homogenous phase can be reached in MTPs. In the throw diameter of the thermomixer (3mm) 

(Figure 10), where normally is realised the fermentations in MTPs, it was got a reasonable good 

mixing without the addition of the surfactant (which maybe one of the reasons for the thermomixer 

use). At this same throw diameter was tested the effect of using biosurfactants (emulsion from the 

fermentation) (Figure 11 and Figure 12). So, it is beneficial, but at 3mm the 48hour broth has a 

surface tension reducer action. About the 24-SRW mimic the only thing to say is that this geometry 

is not adequate for this system (data not shown).  

An overall analysis of surfactant addition is that the splashing reduces and the mixing 

between phases is hugely increased. Although, oxygen transfer, mixing and evaporation. Another 

factor is that lower liquid volume liquid in the microwell the best is the mixing and oxygen mass 

transfer. Therefore, in the below MTPs experiences with E.coli pGEc47 ∆J n-dodecane 

bioconversion was used the wells with Vliq 2,5mL. 

 
Figure 8:  Visulisation of the evoluation of agitation in the liquid hydrodynamics of 24-DSW with 10%(v/v) of 
Wubbolts media and 20%(v/v) of n-dodecane in a 50mm throw diameter orbital shaker at 220rpm and Vliq of 
4,5mL a), 240rpm Vliq of 2,5mL b) and 240rpm with 48h fermentation broth*, Vliq of 2,5mL c). * Fermentation in 
2L-Bioreactor where the fermentation of E.coli pGEc47∆J was using n-dodecane as substrate 

 
Figure 9:  Visualisation of the evolution of the agitation in the liquid hydrodynamics of 24-DSW with 10%(v/v) of 
Wubbolts media, 20%(v/v) of n-dodecane in a 12,5mm throw diameter orbital shaker at 360rpm Vliq of with 
2,5mL a) and 0,1% TritonX-100 at 345rpm Vliq of with1,5mL b). 
 

a b

a) b) c) 
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Figure 10:  Visulisation of the evoluation of agitation in the the liquid hydrodynamics of 24-DSW with 2,5mL of 
10%(v/v) of Wubbolts media, 20%(v/v) of n-dodecane in a 3mm throw diameter orbital shaker at 500rpm.  

 
Figure 11:  Visualisation of liquid hydrodynamics of 24-DSW with 2mL of 10%(v/v) of Wubbolts media, 
20%(v/v) of n-dodecane and the fermentation emulsifying material collected at the interface after 
centrifugation** in a 3mm throw diameter orbital shaker at 300rpm a), 400rpm b), 500rpm c), 600rpm d). 
**Emulsifying material from 2L-Bioreactor two-phase fermentation of E.coli pGEc47∆J using n-dodecane as 
substrate after 48hours. The material was collected from the interface of the two-phases after centrifugation. 

 
Figure 12:  Visulisation of liquid hydrodynamics of 24-DSW with 2mL of 10%(v/v) of 48 h Broth cells with new 
media **, 20%(v/v) of n-dodecane and the fermentation emulsion*** in a 3mm throw diameter orbital shaker at 
300rpm a), 350rpm b), 400rpm c), 500rpm d) and 600rpm e). ** Cells from a fermentation in 2L-Bioreactor 
where the fermentation of E.coli pGEc47∆J was using n-dodecane as substrate;***Emulsion from the previous 
fermentations. 

 

Therefore, it was proved the feasibility for scale-down for the two liquid phase 

bioconversion, with the low throw diameter and with the addition of surfactants at microwells (24-

SRW). However, there is a correlation between the better mixing that may imply higher agitation 

rate and so more splashing, and evaporation rate. These will affect the bioconversion of n-

dodecane.  

 

E.coli pGEc47 ∆J n-dodecane bioconversion 

After having a reasonable understanding how liquid hydrodynamics on 2L-Fermeter, 500mL 

and 1LSFs and 24-SDW AND 24- SRW mimics, it was interesting to quantitatively know the n-

dodecane bioconversion in the 500mL and 1L SFs and in the 24-DSW MTPs.  

Several approached were done. First, it was done E.coli pGEc47 ∆J n-dodecane 

bioconversion with several culture conditions in 500mL and 1L SFs. Then, MTPs were used. In this, 

first was performed the bioconversion on the thermomixer and then in the incubator, where a 

number of tests were performed: the effect of the MTP cover in evaporation rate and in the 

a) b c) d e) 

a) b) c) d) 



16 

 

splashing by using two different type of sandwich cover from the Duetz system and the permeable 

membrane. After, the visualisation of the effects of surfactants in the mixing of two liquid phase, it 

was desirable to test that both in SFs and MTPs. In this work all the cultivations of E.coli pGEc47 

were peformed with 10 % (v/v) of Wubbolts media, 5% (v/v) inoculums, 20% (v/v) of n-dodecane, 

0,05% (v/v) or 0,1% (v/v) of DCPK (inducer) in SFs or in MTPs, respectively, 0,01% (v/v) of PPG 

(1:100) and 0,1% (v/v) of Triton X-100 (1:10). The incubator used for all the fermentation has a 

25mm throw diameter, 250rpm and constant temperature at 37°C. The DCW, 1-dodecanol and 

dodecanoic acid concentrations in organic phase and in the interface, evaporation rate and 

formation of interface from all the experiences done in this section are in Table 2. 

There was a higher bioconversion of n-dodecane into 1-dodecanol in the SFs, but assuming the 

maximum values, this superiority was three time higher. The addition of Triton X-100 to SFs and 24-

DSW (inverted inverted inverted pyramid bottom) with the Duetz system sandwiches cover improve 

the bioconversion into 1-dodecanol, both in the organic phase as in the interface. Although, the 

system of covering the 24-DSW with gas permeable membrane (Breathe-Easy®) and put in Duetz 

system clamp support, shows that the addition of surfactants is not necessary as, the 1-dodecanol 

in the organic phase and in the interface is equal or superior that when used Triton X-100 or PPG. 

Related to the choice of Duetz system sandwich covers goes to the rigid black impermeable layer, 

because dodecanoic acid concentration obtained in the organic phase and in the interface is lower 

(29%) which is fine for the downstream process, however the formation of 1-dodecanol was 46% 

lower (only considering the concentration in the organic phase) but the evaporation rate was also 

lower. A fact interesting is that the addition of PPG did not increase the bioconversion and its action 

is to put the product in the interface and the addition of Triton X-100 emulsifies the culture medium 

into a white emulsion. About the over-expression, dodecanoic acid it is assumed in the organic 

phase and in the interface of all the different scales and conditions. The dodecanoic acid 

concentration is even higher or equal than the 1-dodecanol concentration in the major of the 

conditions. Therefore, the presence of dodecanoic acid can not be ignoring.The over-expression of 

1-dodecanol could be explain by the poor solubility of the n-dodecane in aqueous phase reduces 

the access of the n-dodecane in the active site and so favors the conversion of the 1-dodeacnol to 

dodecanal (aldehyde) due to enhanced enzyme access to the more water soluble 1-dodecanol. 

Dodecanal is then rapidly converted to dodecanoic acid, shifting equilibrium to favour further 

dodecanal production. 

Consequently, the interface is an important part in this two-liquid phase system as, it has 

product concentrations comparable with the organic phase. 

 



 

Table 2:  It is shown DCW (g/L), 1-dodecanol and dodecanoic acid concentrations (g/L) in organic phase and in the interface, the evaporation rate (% (v/v)) and 
interface formation (% (v/v)) in all the experiences realised in this section. The numbers in red are the
samples. 

 
 

  

 

     

        

 
Time 

Points (h) 1L SF 1L SF - 
DCPK 

1L SF + 
PPG 

1l SF 
+Triton 
X-100 

500mL 
SF 

500mL 
SF + 
PPG 

DCW (g/L) 

6 1,6±0,6 3,3±1,3 0,6±1,1 1,2±1,3 0,8 0,7 

24 2,1±0,1 2,9±0,5 0,8±3,4 2,2±3,5 1,1 1,7 

30 2,3±0,4 3,9±1,2 1,7±2,9 2,8±3,3 1,6 1,6 

48 1,5±0,2 n/a 1,3±0,7 0,8±1,0 1,6 1,7 

1_Dodecanol 
(g/L) 

(Organic 
Phase) 

6 0 0 0 0 0 0 

24 0 0 0 0,2 0,08 0 

30 0,04 0 0,08 0,3 0,2 0,01 

48 0,2 n/a 0,3 0,8 0 0 

1_Dodecanol 
(g/L)  

(Interface) 

6 0 0 0 0 0,006 0 

24 0,01 0 0,01 0,06 0 0 

30 0,03 0 0 0,2 0,050 0,04 

48 0,07 0 0,4 0,2 0 0,09 

Dodecanoic 
Acid (g/L)  
(Organic 

Phase 

6 0,01 0 0,07 0,1 0,02 0,04 

24 0 0 0,004 03 0 0 

30 0 0 0,02 0,4 0 0,02 

48 0 0 0,002 0 0 0 

Dodecanoic 
Acid (g/L)  
(Interface) 

6 0,07 0 0,06 0,01 0,04 0,05 

24 0 0 0,6 0 0 0,8 

30 0 0 0,8 0 0,02 0,4 

48 0 0 0 0 0 0 

Evaporation 
Rate (% 

(v/v)) 

6       
24       
30       
48       

Interface 
Formation 
(% (v/v)) 

6       

24       

30       

48       

dodecanol and dodecanoic acid concentrations (g/L) in organic phase and in the interface, the evaporation rate (% (v/v)) and 
interface formation (% (v/v)) in all the experiences realised in this section. The numbers in red are the evidence of the imprecision of measuring the volumes in the 

 

 
Piramyd bottom Duetz System with gas permeable membrane

 
Duetz System_ Sandwich 

Cover: A 
Duetz System_ Sandwich 

Cover: B 
Piramyd bottom

500m
l SF 

+Trit
on X-
100 

24-DSW 
24-

DSW+ 
PPG 

24-DSW 
+Triton 
X-100 

24-DSW 
24-

DSW+ 
PPG 

24-DSW + 
Triton X-

100 
24-DSW DSW+ 

PPG

0,2 n/a n/a n/a n/a n/a n/a 3,6±2,0 3,6±1,9

1,2 1,6±0,1 1,8±0,6 1,9±0,3 1,7±0,5 1,7±0,1 2,6±0,2 4,1±0,2 3,4±0,9

1,0 n/a n/a n/a n/a n/a n/a 7,0±1,7 7,8±3,7

1,3 2,1±0,3 2,2±0,4 3,6 1,7±0,3 1,9±0,1 2,9±0,2 n/a 

0 n/a n/a n/a n/a n/a n/a 0 

0,8 0,004±0,003 0,007 0,02±0,01 0,003 0,005 0,01±0,27 0,04±0,00
2 0,03±0,08

0,8 n/a n/a n/a n/a n/a n/a 0,3±0,6 0,1±0,04

0,006 0 0 0 0 0 0,3±0,3 n/a 

0,2 n/a n/a n/a n/a n/a n/a 0 

0,5 0 0 0 0 0 0,004±0,003 0,04±0,00
1 

4,1±0,2

0,007 n/a n/a n/a n/a n/a n/a 0,02 0,06±0,01

0 0 0 0,01±0,01 0 0 0,008± n/a 

0,05 n/a n/a n/a n/a n/a n/a 0,5±0,04 1,9±0,07

0,8 0,04±0,04 0,2 0,7±0,3 0,2±0,2 0,2 0,5±0,4 0,1±0,03 0,09±0,05

0,4 n/a n/a n/a n/a n/a n/a 0,4±0,2 0,3±0,2

0 0 0 0 0 0 0 n/a 

0 n/a n/a n/a n/a n/a n/a 0 

0 0,01 0,03±0,01 0,4 0,02 0,03 0,09±0,01 0,02±0,00
3 

0,04±0,00

0 n/a n/a n/a n/a n/a n/a 0,04±0,01 0,05±0,01

0 0 0 0 0 0 0 n/a 

 n/a n/a n/a n/a n/a n/a 42±16 29±20

 10 6 9 10±9 14 13±14 n/a 

 n/a n/a n/a n/a n/a n/a n/a 

 22±8 17±5 15±1 16±8 14±5 5±4 n/a 

 
n/a n/a n/a n/a n/a n/a 0 

 11±1 12±10 9±2 9±2 20±6 13±2 6±1 14±6

 n/a n/a n/a n/a n/a n/a 5±2 

 9±1 9±6 8±3 8±2 8 7 n/a 

dodecanol and dodecanoic acid concentrations (g/L) in organic phase and in the interface, the evaporation rate (% (v/v)) and 
evidence of the imprecision of measuring the volumes in the 

Duetz System with gas permeable membrane 

 
Piramyd bottom 

 
Half Sphere Bottom   

24-
DSW+ 
PPG 

24-DSW 
Triton X-

100 
24-DSW 24-DSW 

+ PPG 

24-DSW 
+Triton 
X-100 

3,6±1,9 7,3±2,6 4,9±1,7 3,0±0,5 3,6±4,0 

3,4±0,9 4,8±2,0 6,5±2,2 7,5±2,2 4,2±1,2 

7,8±3,7 5,1±1,3 6,2±2,3 6,6±3,6 4,1±0,2 

n/a n/a n/a n/a n/a 

0 0 0,06 0 0,02 

0,03±0,08 0,05±049 0,2±0,2 0,09±0,08 0,1±0,06 

0,1±0,04 0,3±0,1 0,2±0,07 0,05±0,09 0,1±0,05 

n/a n/a n/a n/a n/a 

0 0 0 0 0 

4,1±0,2 0,02±0,02 0,6±0,5 0,4 0,2±0,1 

0,06±0,01 0 0,7±0,2 0,2±0,2 0,1±0,04 

n/a n/a n/a n/a n/a 

1,9±0,07 0,1±0,01 0,1±0,07 0 0,04 

0,09±0,05 0,1±0,04 0,6±0,3 0,08±0,06 0,5±0,1 

0,3±0,2 0,7±0,4 0,5±0,1 0,09±0,07 0,3±0,08 

n/a n/a n/a n/a n/a 

0 0,04±0,03 0 0 0,06±0,02 
0,04±0,00

4 0,04±0,01 0,4±0,2 0,04±0,03 0,2±0,07 

0,05±0,01 0,04±0,02 0,4±0,08 0,1±0,04 0,3±0,1 

n/a n/a n/a n/a n/a 

29±20 43±5 58±8 64±25 58±23 

n/a n/a 99±11 98±5 104 

n/a n/a 105±7 100 100 

n/a n/a n/a n/a n/a 

0 15±15 0 5±3 6±1 

14±6 9±4 5±3 6±1 0 

5±2 6±2 6±1 0 3±1 

n/a n/a n/a n/a n/a 
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Application of Design Expert (DoE) on E.coli pGEc47 ∆J bioconversion of n-
dodecane 

Use of Design of experiences (DoE) (State-ease®, [3]) enables the quality of information 

gained from an experience to be maximised whilst allowing the number of experiences to be 

minimised. It is a statistical approach to designing experiences which, rather than investigating one 

factor at a time, studies multiple factors simultaneously around a defined centre point. As well as 

speeding up the experienceation process, varying multiple factors simultaneously enables 

interactions between factors to be detected, which is not possible by the traditional method of 

investigating one factor at a time. 

In this work the goal is to discover what is or are the parameter or parameters relevant for 

enhance the 1-dodecaonol bioconversion and prevent the dodecanoic acid production. Therefore, it 

was used a powerful tool many times applied in scale-down studies, the design expert (DoE). The 

variables tested on a 2 level DoE design were:  

-Volume of aqueous phase (mL) (min.: 1mL and max.: 3mL); 

-Volume of n-dodecane (% (v/v)) ((min.: 9(% (v/vaq)) and max.: 26 (% (v/vaq))); 

-Glucose concentration in the medium (g/L) (min.: 5g/L and max.: 15 g/L);; 

-Surfactant (Triton X-100) Concentration (% (v/v)) (min.: 0,01(% (v/v)) and max.: 0,2 (% 

(v/v))). 

These variables (inputs) seem those that could affect more the bioconversion. It was 

accepted all the DoE defaults parameters.  

Therefore, it was necessary to do 16 (24) runs (Table 3). Four centre points in the factorial 

block were used. With the centre points information on curvature is gaining and, enable the inherent 

system noise to be assessed. Once the data is collated, the Once the data is collated, the first 

stage in the analysis process is to predict which model best fits the relationship between the factors 

and each of the responses; i.e linear, quadratic, cubic. Only for a question of simplicity it was 

previously assumed that these four variables related with each other linearly. However, before do 

the model, it can be done a pre-analysis of the effects of data and simple scatter plots. This is the 

way to get a feel of the data before moving on to an in-depth analysis.  

It can be done a pre-analysis of effects by making a plot of the response (y axis) versus the 

input (x axis) and it can be known the diverse correlations. However, this is only a preliminary to 

more throrough analysis using much more sophisticated graphical and statistical tools. It begins 

with the half-normal plot effects, where the effects to be included in the model must be chosen 

(Appendix 3). It should start with the largest effect at the right side of the half-normal plot of effects 

and keep picking from right to left until the lines matches up with the majority of the effects near 

zero. The Design-Ease adjusts the line to exclusde the chosen effects. At the point where you 

should stop, this line jumps up, leaving a noticeable gap. In ANOVA analysis values of “Prob>F” 

less than 0.0500 indicate model terms are significant. Values greater than 0,1000 indicate the 

model terms are not significant. Therefore, in ANOVA it is known if the model is significant or not. 
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However, it is the 3-D surface plots that helps to indetify the conditions of the parameters where the 

optimisation of a response is obtain. 

 
Table 3:  Inputs and the output obtain by using the culture condition stipulated by the DOE using the Triton X-
100 as the surfactant. Aqueous phase: Wubbolts media.  

Inputs  
Experienceal Outputs  

 Organic Phase Interface 

Run Row Line 
Aqueous 

Phase 
(mL) 

Triton 
X-100 

(% v/v) 

Glucose 
(g/L) 

n-
dodecane 
(% (v/v)) 

DCW 
(g/L) 

Evaporation 
Rate (% 

(v/v)) 

1-
dodecanol 

(g/L) 

Dodecanoic 
Acid (g/L) 

1-dodecanol 
(g/L) 

Dodecanoic 
Acid(g/L) 

1 A 1 1 0,01 15 9 0,8 0 0 0 0,03 1,1 

2 A 2 1 0,2 15 26 0,8 0 0,06 0,4 0,03 0,2 

3 A 3 1 0,01 15 26 1,5 4 0,09 0,9 0,08 0,5 

4 A 4 1 0,01 5 26 3,2 11 0,2 0,8 0,03 0,1 

5 A 5 3 0,2 5 26 2,4 23 0 0 0 0 

6 A 6 1 0,2 5 26 2,7 3 0,2 0,3 0,2 0,4 

7 B 1 1 0,2 15 9 1,8 11 0 0 0 0 

8 B 2 3 0,2 15 26 1,2 0,6 0,02 0,08 0,02 0,04 

9 B 3 2 0,11 10 17,5 2,5 15 0 0 0 0 

10 B 4 1 0,2 5 9 3,2 15 0 0 0 0 

11 B 5 1 0,01 5 9 3,7 14 0 0 0 0 

12 B 6 3 0,2 15 9 1,3 3 0,05 0,4 0,04 0,4 

13 C 1 3 0,2 5 9 1,7 0,2 0,2 0 0,09 0,4 

14 C 2 3 0,01 15 26 1,5 8 0,1 0,3 0,02 0,1 

15 C 3 3 0,01 5 26 3,9 15 0,2 0,8 0,02 0,2 

16 D 1 3 0,01 5 9 2,2 8, 0 0 0,02 0,1 

17 D 2 2 0,11 10 17,5 1,0 3 0 0 0,05 0,8 

18 D 3 1 0,11 10 17,5 1,3 9 0 0 0,05 0,9 

19 D 4 1 0,01 15 9 1,5 1 0,09 1,0 0,02 0,3 

20 D 5 1 0,111 10 17,5 0,5 9 0 0 0,07 1,1 

From the 3D surface plots obtained in the DoE the ones that give the conclusion are the 

those from the 1-dodecanol in the organic phase and in the interface (Figure 13 and Figure 14) 

 

 
Figure 13:  3D surface plot showing that the higher 1-dodecanol concentration in the organic phase happens in 
two different situations. The one with maximum aqueous volume and the minimum of the n-dodecane. which 
correspond to higher evaporation rate (figure??). The other is the minimum aqueous volume and the n-
dodecane maximum addition. The last it is the better conditions. 
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Figure 14: 3D surface plot showing that the highest 1-dodecanol concentration in the interface is reached 
combining the maximum of n-dodecane addition with the minimum of aqueous volume.  

 

The conditions chosen to maximise the bionversion of n-dodecane into 1-dodecanol are: 

volume of aqueous phase: 1mL and volume of n-dodeca ne: 26%(v/v) 

 

From the assumptions of the DoE it was performed E.coli pGEc47 ∆J bioconversion of n-

dodecane in 24-DSW MTP with the sandwich cover B (black rigid silicon layer) from The Duetz 

System during 48hours with DoE conditions and 0,01% of Triton X-100. It was also applied a new 

method (NW) of extraction at the same time points, where there is no separation of the phases and 

it is added ethyl acetate (Table 4).  

In all the conditions the DCW along the time presents a parabolic curvature and the 1-dodecanol 

concentration, whatever the phase, is increasing. In the normal procedure of extraction with 

separation of phases the dodecanoic acid shears the same DCW behavior. In the new method is 

increasing. Except in the new method the dodecanoic acid concentration is higher in the organic 

phase and in the interface. Besides, with this method it is possible to rescue more 1-dodecanol and 

as it is diluted in ethyl acetate, it will be easily recovered. In addition, with the new method less 

dodecanoic acid is present, being a advantage. 

The assumption of the Triton X-100 DoE was that with low volume of aqueous volume and 

high addition of n-dodecane the bioconversion would be improved. Analyzing the concentration of 

1-dodecanol in organic phase did not increased, but in the interface that happened. 
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Table 4:  It is shown the DCW (g/L), 1-dodecanol and dodecanoic acid in the organic phase, in the interface 
and in the new method of the verification experience of the DoE of the Triton X-100. 

DCW 
(g/LTotal)   

Dodecanol 
(g/Ltotal) 

Dodecanoic 
Acid 

(g/Ltotal) 
1,6 

Organic 
Phase 

5 0,00 0,03±0,01 

7,1±0,2 19,5 0,2±0,03 1,8±0,3 

6,0±0,2 30 0,2±0,07 1,2±0,2 

2,7±0,3 48 0,3±0,07 0,6±0,1 

1,6 

Interface 

5 0,004±0,1 0,2±0,2 

7,1±0,6 19,5 0,6±0,5 8,5±0,5 

6,0±0,4 30 0,4±0,3 5,2±0,5 

2,7±0,9 48 0,9±0,1 2,7±0,8 

1,8±0,04 

NW 

5 0,04 0,03±0,0005 

7,7±0,4 19,5 0,4±0,03 0,3±0,02 

6,5±1,0 30 0,9±0,6 0,8±0,5 

2,9±1,0 48 1,1±0,7 0,9±0,6 

 

Metrics from diverse E.coli pGEc47∆J bioconversion of n-dodecane 
experiences  

It is extremely important to know the maximum total product concentration (PCLtotal) and in 

which fermentation time for a determine condition where a fermentation is running. Therefore, in 

Table 5, it is shown the PCLtotal, time PCLtotal (h) and the cell density (DCW (g/L) of all the 

experiences done in this work and from fermentation in the 2l-fermenter with n-octane and n-

dodecane. 

Obviously, the Table 5 is crucial for a point a view for have the perspective which are the good 

and bad conditions or dimensions. And that is significant for the E.coli pGEc47 ∆J bioconversion of 

n-dodecane became industrially applied. 

The first observation is that the bioconversion of n-dodecane into 1-dodecanol in the large 

scale is equal from the 1L SFs with PPG, Duetz system 24-DSW MTP with B sandwich cover where 

Triton X-100 was added,24-DSW (inverted inverted inverted pyramid bottom) with the permeable 

membrane with and without Triton X-100 and in the Duetz system 24-DSW with B sandwich cover 

consequence from the DoE experience with Triton X-100. Although, the 1L SF WITH Triton X-100 

produced more 1-dodecanol that the 2L-fermenter (three times higher), faster and formed a plateau 

between 24hours to 30hours. 

The condition that produced more dodecanoic acid in the organic phase was the 24-DSW (half 

sphere bottom) MTP with the permeable membrane with PPG and the Duetz system 24-DSW with 

B sandwich cover consequence from the DoE experience with Triton X-100. 

 

 



 

Table 5:  Maximum total product concentration (PCLtotal) (g/L), time of PCL
2l-fermenter with n-octane and n-dodecane. * This experiences were done before the start of this work. **The culture conditions were 10% (v/v) of Wubbolts med
5% (v/v) of inoculum; 20% (v/v) of n-dodecane and 0,05% (v/v) of DCPK for the SFs and 0,1% (v/v) DCPK. 

 

2l
-fe

rm
en

te
r;

 
n

-o
ct

an
e;

 -
D

C
P

K
 *

 

2l
-fe

rm
en

te
r;

 
n

-d
od

ec
an

e;
 -

D
C

P
K

 *
 

2l
-fe

rm
en

te
r;

 
n

-d
od

ec
an

e;
 +

 D
C

P
K

 
* 

1L
 S

F
 +

 D
C

P
K

 *
* 

1L
 S

F
 –

 D
C

P
K

 *
* 

1L
 S

F
 +

 0
,0

1%
 (

v/
v)

 P
P

G
 (

1:
10

0)
 *

* 

1l
 S

F
 +

0,
1%

 T
rit

on
 X

-1
00

 (
1:

10
) 

**
 

50
0m

L 
S

F
 *

* 

1-
dodecanol 

[9] 

DCW 
(g/L) at 
PCL tota  

2,4 10,0 10,7 1,5± 0,2  
1,3± 
0,7 

0,8± 
1,0 1,6 

PCL total  
(g/L) 0,8 0.3 0.3 0,2  0,3 0,8 0,2 

Time 
PCL total  

(h) 
11-24 29 48 48  48 48 30 

Dodecanoic 
Acid 

[11] 

DCW 
(g/L) at 
PCL tota  

   1,6± 0,6  0,6± 
1,1 

2,8± 
3,3 0,8 

PCL total  
(g/L)    0,01  0,07 0,4 0,02 

Time 
PCL total  

(h) 
  48 6  6 30 6 

1-
dodecanol 

[9] 

DCW 
(g/L) at 
PCL tota  

   1,5± 0,2  1,3± 
0,7 

1,8± 
2,2 1,6 

PCL total  
(g/L)    0,07  0,4 0,2 0,05 

Time 
PCL total  

(h) 
   48  48 30 -

48 30 

Dodecanoic 
Acid 

[11] 

DCW 
(g/L) at 
PCL tota  

   1,6± 0,6  1,7± 
2,9 

1,2± 
1,3 0,8 

PCL total  
(g/L)    0,07  0,8 0,01 0,04 

Time 
PCL total  

(h) 
   6  30 6 6 

 

) (g/L), time of PCLtotal (h) and DCW (g/L) of all experiences done in this work and 
dodecane. * This experiences were done before the start of this work. **The culture conditions were 10% (v/v) of Wubbolts med

dodecane and 0,05% (v/v) of DCPK for the SFs and 0,1% (v/v) DCPK.  
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Duetz System: 
Sandwich Cover: A 

Duetz System: 
Sandwich Cover: B Duetz System

ORGANIC PHASE 

1,6 1,1± 0,1 1,6± 0,1 1,8± 0,6 1,9±0,3 
1,7± 
0,5 

1,7± 
0,1 2,9± 0,2 

4,1± 
0,2 

7,8± 
3,7 

0,01 0,8 0,004± 
0,003 0,007 0,02± 

0,01 0,003 0,005 0,3± 0,3 0,3± 
0,6 

0,1±0,
04 

30 24-30 24 24 24 24 24 48 30 30 

0,7 1,2 1,6±0,1 1,8± 0,6 1,9± 0,3 1,7± 
0,5 

1,7± 
0,1 2,6± 0,2 3,6± 

2,0 
3,6±1,

9 

0,04 0,8 0,04± 
0,04 0,2 0,7± 0,3 0,2±0,

2 0,2 0,5± 0,4 0,5±0,
04 

1,9±0,
07 

6 24 24 24 24 24 24 24 6 6 

INTERFACE 

1,7 0,2      2,6± 0,2 7,0± 
1,7 

3,4± 
0,9 

0,09 0,2      0,004± 
0,003 

0,02 4,1± 
0,2 

48 6      24 30 24 

0,7  1,6± 0,1 1,8± 0,6 1,9±0,3 1,7± 
0,5 

1,7± 
0,1 2,6±0,2 7,0± 

1,7 
3,4± 
0,9 

0,05  0,01 
0,03±0,

01 0,4 0,02 0,03 
0,09± 
0,01 

0,04± 
0,01 

0,04± 
0,004 

6  24 24 24 24 24 24 30 24 

22 

(h) and DCW (g/L) of all experiences done in this work and from fermentation in the 
dodecane. * This experiences were done before the start of this work. **The culture conditions were 10% (v/v) of Wubbolts media; 
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Duetz System  with gas permeable membrane 

5,1±1,3 6,4±2,5 7,5±2,2 3,9±2,6 
2,7± 
0,3 

0,3±0,1 0,2±0,1 0,09± 
0,08 

0,1± 
0,06 

0,3± 
0,07 

30 24 -30 24 24-30 48 

5,1±1,3 6,5±2,2 6,6±3,6 4,2±1,2 7,1± 
0,2 

0,7±0,4 0,6±0,3 0,09± 
0,07 0,5±0,1 1,8±0,

3 

30 24 30 24 19,5 

4,8± 2,0 6,2±2,3 7,5±2,2 4,2±1,2 2,7± ,9 

0,02± 
0,02 

0,7±0,2 0,4 0,2±0,1 0,9± 
0,1 

24 30 24 24 48 

5,7± 2,0 6,4±2,3 6,6±3,6 4,1±0,2 7,1± 
0,6 

0,04± 
0,02 0,4±0,1 0,1±0,04 0,3±0,1 

8,5± 
0,5 

6-30 24-30 30 30 19,5 
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In the interface, the highest 1-dodecanol concentration was achieved with it is the the 24-DSW 

(half sphere bottom) MTP with the permeable membrane with PPG and dodecanoic acid in the DoE 

experience with Triton X-100. Therefore, in the MTPs there is a higher tendency to accumulate the 

products in the interface. 

 

Conclusion 

This work was about the qualitative characterisation of mixing in order to develop a  scale-

down approach for a two-liquid phase bio-oxidation reaction. 

A qualitative characterisation of mixing visualisation of fluid hydrdynamics in 2L-fermenter, 

500mL, 1L SFs, 24-DSW and 24-SRW mimics. In all these vessels the visualisation of the n-

dodecane droplets was difficult. 

In the 2L-fermenter there was observed that mass transfer limitations are present, as only 

after 24 hours the two-liquid media is completely emulsified. In the hope of solve this limitation it 

was added to the 2L-fermenter PPG, which is a emulsification agent, but its action was 

inconclusive, could be beneficial (due to increased liquid-.liquid interface) or detrimental (due to 

increased resistance) to mass transfer.  

In SFs the visualisation of the fluid hydrodybanmics was by changing the throw diameter 

and the agitation rate. In this part it was analysed in the SFs the behavior of 10%(v/v) of Wubbolts 

media and 20% (v/v) at 25mm and 50mm of throw diameter. In both cases when the agitation rate 

was to high the formation of foaming and the turbulency was very elevated. In the SFs there was 

the problem of distinguishing a n-dodecane droplet from a air bubble. It was verified that the liquid 

motion was similar between the 500mL and 1L SFs. Therefore, for the 25mm throw diameter it was 

decided that 250rpm was a “ideal” agitation rate as provide enough turbulency for a good oxygen-

mass transfer and the liquid heigth was not possible to wet the cotton cover. The same reasons 

determine the 150rpm “ideal” agitation rate for 50mm. 

In the MTPS, it was used 24-DSW and 24-SRW mimics. The last was considered 

inadequated. It was concluded that as the throw diameter diminishe the thee turbulency is higher 

and the mixing is becaming better. However, with the addition of Triton X-100, a nonionic 

surfactant, a complete and homogenous two-liquid phase was achieved. Normally, durin a 

fermentation the cells release active-surface substances, therefore it was tested the effect of the 

addition of the emulsion (biosurfactant) to the media and the use of the fermentation broth. The 

conclusion was that the broth helped more than the biosurfactant, but the last improved more the 

mixing compared with those wells with the standard conditions. 

Therefore, the major conclusion is that it was possible obbtain a homogenous phase in this 

system with the addition of chemical surfactant, which before it was not known. And so, allow the 

development of a scale-down approach. 
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As a result it was performed E.coli pGEc47∆J n-dodecane bioconversion in mini-

bioreactors. SFs and MTPs. In MTPs is was tested two types of covers: Duetz system and a new 

and innovative system developed in this work, which consist in cover the MTPs with the usually 

used permeable membrane but they were put in the Duetz system clamp support. The last was 

testes in 24-DSW with inverted inverted inverted pyramid and half sphere bottoms. In all the vessels 

it was observed over-expression of the pGEc47∆J plasmid. Even the dodecanoic acid 

concentrations both in the organic phase and in the interface were higher than 1-dodecanol. 

It was tested the effects of adding surfactants: PPG and Triton X-100. The addition of Triton 

X-100 to SFs and 24-DSW (inverted inverted inverted pyramid bottom) with the Duetz system 

sandwiches cover improve the bioconversion into 1-dodecanol, both in the organic phase as in the 

interface. In the Duetz system it was tested 2 types of sandwich covers: soft spongy white silicone 

layer (A) and rigid black impermeable layer (B). The conclusion obtain was it is preferable use the B 

sandwich cover, because the dodecanoic acid concentration was lower also the evaporation rate 

and that in the Duetz system the bioconversion occurred only 24hours. In the innovative incubation 

process, the astonishing conclusion is that is not necessary to add surfactants to get good products 

concentrations. Obviously, the inverted inverted inverted pyramid bottom 24-DSW was where the 

high yield was acquired.  

From DoE design it was discovered that the 1-doddecanol concentration in both phase, 

organic and interface, reach the higher with the lowest aqueos volume (1mL) and the highest 

addition of n-dodecane (26 %(v/v)). It was done a verification experience with the normal 

concentration of Triton X-100, 1mL of Wubbolts media and 20% (v/v) of n-dodecane. In this it was 

concluded that the concentration of 1-dodecanol only improved in the interface. In this same 

experience, it was tried a new method of extraction. This consists in add ethyl acetate to the sample 

without any separation of phases. The goal was to extract the products from all the phases. With 

this method it was possible to recuver more 1-dodecanol and dodecanoic acid. 

A overwhelming observation is that in all the different scales the concentrations of 

dodecanoic acid in both phases is equal or superior, which consist a problem. The reason for the 

over-expression of 1-dodecanol could be explain by the poor solubility of the n-dodecane in 

aqueous phase reduces access of the n-dodecane in the active site and so favors the conversion of 

the 1-dodeacnol to dodecanal (aldehyde) due to enhanced enzyme access to the more water 

soluble 1-dodecanol. Dodecanal is then rapidly converted to dodecanoic acid, shifting equilibrium to 

favour further dodecanal production. 

Another crucial problem is the high evaporation rate, which leads to a loss of the 1-

dodecanol (boiling point: 24°C [4]). As the incubator is at 37°C if the evaporation r ate is high there is 

loss of 1-dodecanol for the atmosphere. To avoid that it can turn to addition of surfactants, or use 

humidified atmosphere to increase the liquid pressure as an example of the several possibilities. 

Perhaps, it is the evaporation rate the reason that it was found more dodecanoic acid. 
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As was concluded since the beginning, by alanlysing the interface, in this two-liquid-phase it 

is necessary to count with the interface. Although, the recovery of the 1-dodecanol and/or 

dodecanoic acid is more difficult than in the organic phase, where, for example, a distillation could 

easly separate the two. 

In conclusion, a scale-down approach was done as the bionversion yield of 1-dodecanol is 

equal in many conditions in SFs and MTP and superior in 1L Sf with 0,1 % (v/v) Triton X-100 (1:10). 

 

Future Work 

In order to perform a more accurate qualitative or quantitative characterisation of the mixing 

the solution, in particular, in SFs it goes by using a contrast substance, which has affinity for the n-

dodecane combined with an Optical Reflectance Measurement (ORM). 

The different 1-dodecanol and dodecanoic acid coefficient partition from aqueous phase, 

interface and organic phase to the ethyl acetate, for the extraction method, to aqueous phase-

organic phase, aqueous phase-interface, interface-organic phase should be determined. With these 

values it facilitated the sample treatment as well as it will eliminate the inaccuracy of measuring the 

three phase volumes and a mass transfer model of this two-liquid system could be done. Other 

parameter that should be established is the optimal ethyl acetate volume to add in order to get a 

high extraction yield.  

The method of quantification of the organic compounds in this work could also change. It 

could be used a gradient of solvents in the GC analysis or simply analyse the samples on HPLC  

In the future DoE designs will certainly intensly be used in the optimisation of culture 

conditions and extraction methods.  

About the overoxidation is caused by conversion to aldehyde by alkB and rapid conversion 

to dodecanoic acid by alkH. Therefore, must be removed. 
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Appendix 
Method of determination of dry cell weight (DCW) and concentration of 1-
dodecanol and dodecanoic acid 

1. Determination of total DCW 

After the determination of the dry cell pellet in the eppendorfs, this value is divided by its 

aqueous volume. The unit of this concentration is ����
��. However, it is desirable to have a total 

DCW (����	�

�� .). So, it was used the equation 1. 

�� �������
�� �  �� ����

�� �  
���

������
   Equation 1 

 
2.  Determination of the concentration of 1-dodecan ol and dodecanoic acid 

As the standards of dodecanoic acid are prepared with the units g/L, because it is solid and 

also because is the units that are most wanted. It is necessary to convert the units of the 1-

dodecanol standards, as it is liquid and so the units used was % (v/v), for that the equation 2 is 

used. 

� �⁄
�����������

� �  ��������� %"# #⁄ $ � %&��'('� )�**����������� "� �)+⁄ $ � �,  Equation 2 

 

After the GC analysis of the standards it was made a standard curve for 1-dodecanol and 

other for dodecanoic acid. The standard curves represented the concentration of 1-dodecanol (g/L) 

or dodecanoic acid (g/L) in order to the coefficient of the GC peak area of 1-dodecanol or 

dodecanoic acid and the GC peak area of n-dodecane. In this way it is eliminated any errors like 

measuring the volume for the dilutions. 

So, throughout the standards curves it was obtained the concentrations of 1-dodecanol and 

dodecanoic acid in the organic samples or in the interface samples (equation 3 and equation 4). 

 

�  ��������� "� ��-���'�/'���-(���⁄
 
$ �

����������� /��0 1-�� "2�.*$

�������� /��0 1-�� "2�.*$
� ∆����������� *�����-� �5-#� Equation 3 

 

 

��������'� 1�'� "� ��-���'�/'���-(���⁄
 
$ �

��������'� 1�'�"2�.*$

�������� /��0 1-�� "2�.*$
� ∆��������'� 1�'� *�����-� �5-#�  Equation 4 

 

On the other hand, it is crucial to have these metrics as total metrics. In this step, there is a 

differentiation between the treatments of the data of the organic samples from the interface 

samples. For the organic samples the calculation of total 1-dodecanol and dodecanoic acid 

concentrations is very simple (equation 5 and 6). 

 

�  ��������� "� ������ "�-���'� &6�*�$⁄ $ � �  ��������� "� ��-���'�⁄
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  Equation 5 
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��������'� 1�'� "� ������ "�-���'� &6�*�$⁄ $ � ��������'� 1�'� "� ��-���'�⁄
 
$ �

��-���'�

������
  Equation 6 

 

However, the calculation of the final concentrations are very difficult because it is not known 

the partition coefficient of 1-dodecanol and dodecanoic acid between the interface and ethyl 

acetate. The interface is an emulsion of organic and aqueous components. Measurement of the 

volume of organic liquid “freed” after ethyl acetate addition indicates the relative proportions of 

aqueous and organic liquid in the interface. Experiments have indicated that his averages to be a 

50:50 split of organic and aqueous phase in the interface. So, it was assumed that the interface 

measured is made up of half organic phase (an assumption based upon measurement of the 

breakdown following interface extraction) (equation 7 and 8). 
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� ,, ;    Equation 7 
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