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Abstract

Literature reports of biotransformations using whole cell biocatalysts in two-liquid
(organic / aqueous) phase systems show the advantages of such systems in specific
circumstances. The primary problems to be resolved in the operation of these
systems are the reduction in stability of the biocatalyst, and the separation of the
product from the multiphase reaction.
The particular problem brought about by the contact of the two liquid phases in the
presence of biological material and subsequent need for their separation, was
investigated. The major problem was the formation of an emulsion, stabilised by
biological material.
This thesis describes the development of experimental tools used to examine the
relationship between stability of the biocatalyst, and the difficulty of phase
separation from a two-liquid phase stirred tank reactor.
The stability of the catalyst on exposure to discrete and dissolved solvent was measured
by changes in the capacitance of the cell suspension. The capacitance of a suspension
being proportional to the level of cells with an intact membrane. The time taken to
reduce the capacitance to half the original value was described as the Cl/2 value.
The difficulty of phase separation was quantified using a variation of the settling test;
the time taken for the emulsion volume to reach that of half the original organic
phase volume was described as the El/2 value. Thus a low El/2 reflects a difficult
separation.
These tools were used to determine the affect of solvent on cells. Saccharomyces
cerevisiae (yeast), Arthrobacter simplex (Gram positive). Pseudomonas putida and
Pseudomonas aeruginosa (Gram negative) and the solvents toluene, nonanol,
tetradecane and hexane were used for illustrative purposes.
One of the uses of the tools was in the selection of a suitable cell and solvent
combination for a biotransformation; as an example S. cerevisiae was shown to have
a high El/2 value and a relatively low Cl/2 value; P. putida had a higher Cl/2 value,
but a low El/2 value. Thus a trade off in cell / solvent selection is required.
Finally this thesis reports on physical methods which can be used in the separation of
an emulsion. Centrifugal methods were shown to be not always effective in
emulsion separation. In these cases other methods may be used. The use of
hydrophilic and hydrophobic membrane systems operated at pressures below the
membrane breakthrough pressure allowed the separation of the liquid phases; the
same membrane systems operated at higher pressures acted as coalescing filters and
retained only biological material. An effective method for separation was found to
be the removal of the bulk of the aqueous phase from the emulsion using centrifugal
or membrane techniques, followed by subsequent coalescence of the organic phase
by application of shear.
3

Table of Contents

Acknowledgements

2

Abstract

3

Table of Contents

4

List of Figures

10

List of Tables

16

Nomenclature

17

Abbreviations

18

CHAPTER 1

19

INTRODUCTION
1.1

INTRODUCTION

20

1.2

TWO LIQUID PHASE BIOCATALYSIS

21

1.2.1

Advantages of two-liquid phase biocatalysis

21

1.2.2

Reaction classification

22

1.2.3

Solvent selection criteria

25

1.2.4

Engineering aspects of solvent selection

26

1.2.4.1

Reaction component distribution

26

1.2.4.2

Reactor operation

27

1.2.4.3

Downstream processing

27

1.2.5

Safety

28

1.2.6

Solvent biocompatibility

28

1.2.6.1

Solvent selection and stability / activity

28

1.2.6.2

Solvent selection and downstream processing

33

1.2.7

Catalyst selection

33

1.2.7.1

Bases for selection

33

1.2.7.2

Surface active agents produced by cells

34

1.2.7.3

Factors influencing surfactant production

35

1.1.6

Reactor design

36

1.3

SEPARATION METHODS

37

1.3.1

Separation requirements from a two-liquid phase biotransformation

37

1.3.2

Phase separation from a two-liquid phase biocatalytic reactor

37

1.3.3

Emulsion breakdown processes

40

1.3.4

Separation based primarily on density differences

44

1.3.5

Membrane filtration

49

1.3.6

Filter coalescence

50

1.3.7

Two aqueous phase separation and solvent extraction

50

1.3.8

Electrokinetic processes

50

1.3.9

High gradient magnetic separation (HGMS) processes

51

1.3.10

Interface aggregation reliant processes

51

1.3.11

Flocculation of the biocatalyst

51

1.3.12

Distillation, crystallisation and reverse osmosis

52

1.4

SUMMARY

52

CHAPTER 2

53

RATIONALE FOR STUDY
2.1

Targets for study

54

2.2

Biological material separation

54

2.3

Solvent tolerance and emulsion formation

55

2.4

Reactor design

56

2.5

Downstream processing design

57

2.6

Process analysis

57

CHAPTER 3

59

AN INVESTIGATION OF FACTORS INFLUENCING SOLVENT
TOLERANCE AND PHASE SEPARATION
3.1

RATIONALE FOR APPROACH

60

3.1.1

Introduction

60

3.1.2

Rationale for organism selection

62

3.1.3

Rationale for selection of solvents

62

3.1.4

Rationale for selection of operating conditions

64

3.1.5

Rationale for selection of fermentation / harvest conditions

64

3.2

MATERIALS AND METHODS

65

3.2.1

Biomass production

65

3.2.1.1

P. putida ML2

65

3.2.1.2

P. aeruginosa PAC 1R and PAC610

65

3.2.1.3

A. simplex

72

3.2.1.4

S. cerevisiae

72

3.2.1.5

Harvest

72

3.2.1.6

Biomass determination

72

3.2.2

Phase separation

77

3.2.2.1

Introduction

77

3.2.2.2

Preparation of cell suspension for separation tests

77

3.2.2.3

The Standard Separation Test

78

3.2.2.4

The El/2 test

78

3.2.2.5

Determination of phase continuity

78

3.2.3

Solvent tolerance

81

3.2.3.1

Introduction

81

3.2.3.2

Preparation of cell suspension for solvent tolerance tests

81

3.2.3.3

Exposure of cell suspension to dissolved solvent

81

3.2.3.4

Exposure of cell suspension to discrete solvent

83

3.2.3.5

Aqueous control

83

3.2.3.6

Measurement of dielectric properties

83

3.3

RESULTS

3.3.1

Characterisation of the emulsion forming tendency of a cell /

85

solvent combination

85

3.3.1.1

Time of exposure

85

3.3.1.2

Cell and solvent type

85

3.3.1.3

Cell concentration

85

3.3.1.4

Phase ratio

85

3.3.1.5

Cell component

94

3.3.2

Quantification of emulsion separation difficulty

94

3.3.3

Calculation of biomass probe constant

97

3.3.4

Dielectric spectra of test organisms

98

3.3.5

Capacitance as a measure of cell concentration

98

3.3.6

Exposure of S. cerevisiae to dissolved solvent

103

3.3.7

Exposure of test organisms to toluene

108

3.3.7.1

Introduction

108

3.3.7.2

S. cerevisiae

109

3.3.7.3

A. simplex

116

3.3.7.4

P. putida

122

3.3.7.5

P. aeruginosa

128

3.4

DISCUSSION OF RESULTS

141

3.4.1

Introduction

141

3.4.2

Analysis of emulsion formation

141

3.4.3

Analysis of catalyst stability

143

CHAPTER 4

152

ANALYSIS OF DOWNSTREAM PROCESSING OPTIONS FROM A
TWO-LIQUID PHASE BIOTRANSFORMATION REACTOR.
4.1

INTRODUCTION

153

4.2

MATERIALS AND METHODS

154

4.2.1

Test emulsion preparation

154

4.2.2

Centrifugation

154

4.2.3

Filtration

154

4.2.3.1

Apparatus

154

4.2.3.2

Determination of breakthrough pressure

156

4.2.3.3

Determination of clear liquid flowrate

156

4.2.3.4

Emulsion separation

156

4.2.3.5

Filters tested

156

4.2.3.6

Membrane treatment with block copolymer

157

4.2.4

Flow induced coalescence

157

4.3

RESULTS

159

4.3.1

Emulsion characterisation

159

4.3.2

Membrane selection and initial evaluation

159

4.3.3

Membrane separation based on hydrophobicity / hydrophilicity

161

4.3.3.1

Introduction

161

4.3.3.2

Hydrophilic membrane evaluation

162

4.3.33

Hydrophobic membrane evaluation

167

4.3.4

Membrane separation based on pore diameter

173

4.3.5

Coalescing membranes

178

4.3.6

Coalescence by agitation

178

4.4

DISCUSSION OF RESULTS

180

4.4.1

Introduction

180

4.4.2

Membrane separation of two-liquid phase mixtures

181

4.4.3

High pressure membrane separation

186

4.4.4

Coalescence by agitation

186

CHAPTER 5

193

GENERAL DISCUSSION
5.1

Introduction

194

5.2

Implications for cell and solvent selection

194

5.3

Process implications

195

5.4

Implications for reactor design and operation

196

5.5

Implications for downstream processing designand operation

197

5.6

Considerations in the development of a two-liquid phase
biotransformation

CHAPTER 6

202
204

CONCLUSIONS
APPENDICES

207

APPENDIX 1

208

SEPARATION TEST DEVELOPMENT
ATI

Rationale for test development

208

A1.2

The Standard Separation Test (SST)

208

A1.2

The EI/2 Test

209

APPENDIX 2

213

SOLVENT TOLERANCE TEST DEVELOPMENT
A2.1

Introduction

213

A2.2

Effects of conductance on dielectric spectra

213

A2.3

Low frequency measurements

216

A2.4

Measurement at a frequency of IMHz

216

A2.5

Capacitance measurements for two-liquid phasemixtures

223

A2.6

Effect of environment on measurements

223

APPENDIX 3

226

NUMERICAL SOLUTIONS FOR TURBULANCE INDUCED
COALESCENCE
APPENDIX 4

228

EQUIPMENT, CHEMICALS AND MEMBRANE SUPPLIERS
REFERENCES

232

List of Figures

Figure 1.1
Reaction classification

24

Figure 1.2
Centrifugal separation of an emulsion

42

Figure 1.3
Downstream processing from a two-liquid phase biotransformation reactor
based on density. Distribution of insoluble biocatalyst, a single product and a
single reactant in a reactor

45

Figure 1.4
Phase separation based on density (adapted from Lilly et al, 1987a)

47

Figure 3.1
Schematic of an LPS molecule

63

Figure 3.2
Partial structure of the LPS of P. aeruginosa PACIR and its defective mutant
PAC610

63

Figure 3.3
Fermenter dimensions

67

Figure 3.4
P. putida ML2 standard growth profile

68

Figure 3.5a
P. aeruginosa PACIR standard growth profile

70

Figure 3.5b
P.

70

PACIR growth profile. Oscillating DOT profile

Figure 3.5c
P. aeruginosa PAC610 standard growth profile

71

Figure 3.6
A. simplex standard growth profile

74

Figure 3.7
S. cerevisiae standard growth profile

76

Figure 3.8
Standard Separation Test set-up

79

Figure 3.9
Conductivity and dye methods for determining phase continuity

80

Figure 3.10
Capacitance monitoring set-up

82

10

Figure 3.11
The effect of contact time on emulsion formation for P. putida exposed to test
solvents

86

Figure 3.12
The effect growth and storage conditions on emulsion formation for P. putida
exposed to toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3)

87

Figure 3.13
The effect o f storage conditions on emulsion formation for A. simplex exposed
to toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3)

88

Figure 3.14
The effect growth and storage conditions on emulsion formation for
P. aeruginosa PACIR exposed to toluene, nonanol, tetradecane and hexane (as
described in 3.2.2.3)

89

Figure 3.15
The effect of storage conditions on emulsion formation for S. cerevisiae
exposed to toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3)

90

Figure 3.16
The effect of cell concentration on emulsion formation for P. aeruginosa
PACIR exposed to tetradecane (elsewise as described in 3.2.2.3)

91

Figure 3.17
The effect of the organic phase ratio on emulsion formation at constant initial
aqueous phase cell concentration. The experiment was performed with
P. putida and tetradecane (elsewise as described in 3.2.2.3)

92

Figure 3.18
The effect of the organic phase ratio on emulsion formation at constant reactor
cell concentration. The experiment was performed with P. putida and
tetradecane (elsewise as described in 3.2.2.3)

93

Figure 3.19
Volume of emulsion formed and biomass lost from the aqueous phase when an
A. simplex suspension exposed to solvents (as described in 3.2.2.3)

95

Figure 3.20
The affect of whole cells and soluble cell components on emulsion formation

96

Figure 3.21
Dielectric spectra of A. simplex (Gram positive), S. cerevisiae (yeast) and
P. putida (Gram negative) harvested immediately after cessation of rapid
growth, and resuspended in phosphate buffer

99

Figure 3.22
Dielectric spectra of Gram negative test organisms; P. putida,
P. aeruginosa PACIR and P. aeruginosa PAC610 harvested immediately
after cessation of rapid growth, and resuspended in phosphate buffer

100

11

Figure 3.23
S. cerevisiae (bought Bakers' Yeast) resuspended to varying concentrations in
phosphate buffer at 0.5MHz and l.OMHz. The buffer conductivity was
adjusted to 2.6mS using 3M KCl solution

101

Figure 3.24
Dielectric spectra of P. putida resuspended in phosphate buffer to 14g/L and
subsequently diluted 1:1 in phosphate buffer

102

Figure 3.25
S. cerevisiae (bought Bakers' Yeast) resuspended in phosphate buffer exposed
to dissolved toluene in Lewis Cell style reactors at various cell concentrations

104

Figure 3.26
The effect of harvest and storage conditions on rate of change of capacitance of
S. cerevisiae suspensions (lOg/L) when exposed to dissolved toluene in
Lewis Cell style reactors
105
Figure 3.27
The effect o f the rate of transfer of solvent to the aqueous phase. S. cerevisiae
(bought Bakers' Yeast) was resuspended to twice the test concentration in
phosphate buffer and subsequently diluted to the test concentration in either
buffer or buffer pre saturated with solvent

106

Figure 3.28
S. cerevisiae (bought Bakers' Yeast) resuspended in phosphate buffer (to
25g/L), and exposed to various dissolved solvents in Lewis Cell stylereactors

107

Figure 3.29
Fresh S. cerevisiae resuspended in phosphate buffer (15g/L) and exposed to
discrete and dissolved toluene

110

Figure 3.30
Stored S. cerevisiae resuspended in phosphate buffer (15g/L) and exposed to
discrete and dissolved toluene

111

Figure 3.31
Frequency scans during the course of exposure of "fresh" S. cerevisiae

112

Figure 3.32
A. simplex resuspended in phosphate buffer (15g/L) and exposed to discrete and
dissolved toluene. The decrease in capacitance was monitored intermitently
117
Figure 3.33
Frequency scans during the course of exposure of A. simplex

118

Figure 3.34
P. putida resuspended in phosphate buffer (15g/L) and exposed to discrete and
dissolved toluene. The decrease in capacitance was monitored intermitently
123
Figure 3.35
Frequency scans during the course of exposure o f P. putida
12

124

Figure 3.36
P. aeruginosa PACIR (harvested at cessation of rapid growth) resuspended in
phosphate buffer (15g/L) and exposed to discrete and dissolved toluene. The
decrease in capacitance was monitored intermitently

129

Figure 3.37
P. aeruginosa PACIR (harvested at cessation of rapid growth) resuspended in
phosphate buffer (15g/L) and stored at 4 C for 72 hours before exposure to
discrete and dissolved toluene. The decrease in capacitance was monitored
intermitently

130

Figure 3.38
P. aeruginosa PACIR (harvested 13 hours after the cessation of rapid growth)
resuspended in phosphate buffer (15g/L) and exposed to discrete and dissolved
toluene. The decrease in capacitance was monitored intermitently

131

Figure 3.39
P. aeruginosa PAC610 (harvested 13 after cessation of rapid growth)
resuspended in phosphate buffer (15g/L) and exposed to discrete and dissolved
toluene. The decrease in capacitance was monitored intermitently

132

Figure 3.40
Frequency scans during the course of exposure of P. aeruginosa PACIR,
harvested at cessation of rapid growth

133

Figure 3.41
Frequency scans during the course of exposure of P. aeruginosa PAC610,
harvested 13 hours after cessation of rapid growth

137

Figure 3.42a
Hydrophilic membrane

147

Figure 3.42b
Lewis Cell

148

Figure 3.42c
STR - emulsion formed

149

Figure 3.42d
STR - no emulsion formed

150

Figure 4.1
Stirred ultrafiltration cell detail

155

Figure 4.2
Flow induced coalescence equipment

158

Figure 4.3
Characterisation of test emulsion 2 by centrifugation at 3000rpm

160

Figure 4.4
Flux of tetradecane and buffer mixture through hydrophobic and hydrophilic
membranes at 200kPa

163

13

Figure 4.5
Separation of tetradecane / buffer mixture through hydrophobic and hydrophilic
membranes, showing that separation is possible, even at low volumetric
concentration
164
Figure 4.6
Separation of test emulsion 2 using a hydrophilic FSMl membrane at several
pressures

165

Figure 4.7
Separation of test emulsion 2 using hydrophilic Supor and FSMl membranes at
200kPa
166
Figure 4.8
Separation of test emulsion 1 at 30kPa using a hydrophilic FS040 membrane
(100 OOODalton)

168

Figure 4.9
Polypropylene membranes (Accurel, hydrophobic) used to separate
test emulsions 1 and 2 at 30kPa

169

Figure 4.10
Phase separation using F 108 treated polypropylene (Accurel) membrane at
30kPa 170
Figure 4.11
Phase separation using PTFE membranes at 30kPa

171

Figure 4.12
Phase separation using FSMl membranes at 400kPa

174

Figure 4.13
Phase separation using PTFE membranes at 400kPa

176

Figure 4.14
Coalescence by agitation

179

Figure 4.15
Breakthrough pressure as a function of pore radius and interfacial tension

182

Figure 4.16
Prevention of protein binding by steric hindrance by block copolymer bound to
hydrophobic surface (Schroen, et al 1993)

184

Figure 4.17a
Rate of coalescence as a function of shear rate and phase ratio

189

Figure 4.17b
Rate of coalescence as a function of shear rate and drop size

190

Figure 4.17c
Rate of coalescence as a function of shear rate and operating temperature

191

14

Figure 4.18
Coalescence by agitation
Figure 4.14 replotted. Lines by linear regression

192

Figure 5.1
Membrane reactor

198

Figure 5.2
External contactor

199

Figure 5.3
Continuous operation

200

Figure 5.4
Considerations in the development of a two-liquid phase biotransformation

203

Figure A l.l
Volume of emulsion as a function of time of exposure and time of separation

210

Figure A 1.2
Outline of E 1/2 test

212

Figure A2.1
A. simplex resuspended in phosphate buffer

214

Figure A2.2
The influence of conductivity on capacitance

215

Figure A2.3
Dielectric spectra of P. aeruginosa PAC610 suspensions after exposure to
dissolved toluene in a Lewis Cell style reactor

217

Figure A2.4
Electrode polarisation

218

Figure A2.5
Conductance of buffer solutions meaured at 0.5 and l.OMHz

219

Figure A2.6
Capacitance as a measure of cell concentration at various frequencies at a
suspension conductance of 2.6mS

220

Figure A2.7
Capacitance as a measure of cell concentration at various frequencies at a
suspension conductance of 4.5mS

221

Figure A2.8
Capacitance as a measure of cell concentration at IMHz and 2.6 and 4.5mS

222

Figure A2.9
Dielectric spectra of two phase suspensions of toluene and buffer

224

Figure A2.10
The influence of temperature on capacitance and conductance

225

15

List o f Tables

Table 1.1

Advantages of two-liquid phase biotransformations

22

Table 1.2

Solvent selection criteria

24

Table 1.3

Phase toxicity

31

Table 1.4

Phenomena enabling and influencing separation

38

Table 1.5

Separation processes and phenomena on which they are based 39

Table 1.6

A comparison of the effectiveness of various physical methods
of emulsion separation (Based on Menon and Wasan, 1983)

40

Table 1.7

Phase separation based on density

48

Table 2.1

Cell component / phenomena and influence on solvent
tolerance and phase separation

58

Table 3.1

Biotransformation reactor design variables

61

Table 3.2

P. putida media and growth conditions

66

Table 3.3

P. aeruginosa media and growth conditions

69

Table 3.4

A. simplex media and growth conditions

73

Table 3.5

S. cerevisiae media and growth conditions

75

Table 3.6

E l/2 values for 15g/L cell suspensions exposed to toluene in an

STR

97

Table 3.7

C l/2 for S. cerevisiae suspensions exposed to solvents

103

in a Lewis ceil

Table 3.8

C l/2 for cell suspensions exposed to toluene in an STR, Lewis
cell and unexposed (control). Values by linear interpolation 108

Table 3.9

C l/2 and El/2 for cell suspensions exposed to toluene in an
STR, Lewis cell and unexposed (control)

144

Table 4.1

Filters tested

156

Table 4.2

Breakthrough pressures and permeation rates for clean
tetradecane and buffer for test membranes

16

161

Nomenclature
interfacial surface area
Hamaker constant
capacitance
constant (equation 1.8)
C3
bulk concentration
Cb
equilibrium concentration
C*
diameter of droplet of particle
d
dR/dt molar rate o f diffusion of reactant
measuring frequency
fm
acceleration due to gravity
g
G
conductance
k
probe constant
k
defined equation 1.9
mass transfer coefficient
Kl
n
number of droplets / unit volume
P
pressure
r
mean distance of centrifuge tube from axis of rotation
R
defined equation 1.12
radius
of maximum membrane pore
^max
sedimentation velocity in gravitational field
Ug
settling velocity in centrifugal field
Ucf
settling velocity in electrical field
Ue
V
defined equation 1.9
X
electrostatic field

m2 m"-

a
A
C

Y
AC
G
G'
Go

e:
n
l^d
p

PL
Pi
a
a'
^o\v
G)

0.

shear rate
minimum breakthrough pressure
power input / unit volume
relative permitivity
permitivity of free space
receding contact angle of membrane wetting phase
continuous phase viscosity
droplet viscosity
density
liquid density
sphere density
surface charge density
conductivity
oil / water interfacial tension
angular velocity
capillary number (equation 1.8)

17

-

F
-

kmol r
kmol r
m
kmol r
MHz
m s'2
S
m s‘^
m’2
Pa
m
m
m s"^
m s"^
m s'l
Vm-1
s-l
Pa
Wm-3
-

Fm-l
N s m‘N s m‘‘
kg m"3
kg m-^
kg m"^
C m-2
S m’l
N m’l
s'l
-

Abbreviations

CF

collision frequency

CP

coalescence probability

DOT

dissolved oxygen tension

H+

hydrophilic

H-

hydrophobic

L

liquid

LPS

lipopolysaccharide

PLE

pig liver esterase

PTFE polytetrafluoroethylene
S

solid

STR

stirred tank reactor

TBP

tributyl phosphate

vol/vol volume / volume
organic phase
aqueous phase

18

CHAPTER 1
INTRODUCTION

19

CHAPTER 1
1.1

INTRODUCTION

Biocatalysts have been used in the production of a wide variety of chemicals
including primary metabolites such as alcohols and acetate, as well as proteins and
enzymes. Increasingly, biocatalysts are being investigated for use in the production
of chemicals where the structural configuration is important. Although these
compounds can be made chemically, the regio and stereo specificity is poor, and
complex techniques are required to direct their manufacture. Biocatalysts make this
synthesis possible often in single step stages, whereas with traditional chemistry
multistep manufacture is required.
Increasingly, biocatalysts are also being investigated for possible replacement of
chemical catalysts, in the drive for more environmentally friendly processes (eg the
acrylamide process described by Nagasawa et al, 1993) and as they allow the
production of a large range of compounds using mild reaction conditions (often near
at ambient temperatures and pressures).
The biocatalyst may be a whole cell, or an isolated enzyme. There will be
advantages in considering a whole cell biocatalyst where
i) cofactor regeneration is required,
ii) the biotransformation is a multienzyme process,
iii) enzyme isolation is difficult or expensive (Bucke and Wiseman, 1981),
iv) the enzyme required is a multicomponent complex requiring a specific three
dimensional configuration (eg Crutcher and Geary, 1979).
This thesis is concerned with the separation of insoluble biological material
downstream from a whole cell biotransformation and as such further discussion is
primarily concerned with the use of whole cell biocatalysts.
A common factor in many biocatalytic processes is the extremely dilute nature of the
product compound. This may be due to the toxicity of the compound, requiring that
it be produced in low concentrations, or due to the low solubility of the substrate and
/ or product in an aqueous environment. Alternatively, many biologically catalysed
reactions are controlled by concentration of product, with high product
concentrations inhibiting their synthesis. In all instances, the major problem facing
the engineer is the separation of the product compound from a dilute solution, which
may also contain a large amount of contaminatin g material.
The addition of a second liquid (organic) phase can be used to increase reactor
concentration of product. The organic phase has in some instances been described to
20

act as a solvent to increase the reactor concentration of poorly water soluble
compounds, acting as a substrate reservoir and / or a product sink. In other cases the
organic phase has been reported to act as a reservoir for the toxic substrate,
controlling its aqueous phase concentration. The organic phase also has various
effects on the biocatalyst - affecting stability, activity and the reaction catalysed per
sé. In addition to necessitating different separation techniques, the solvent may also
effect separation by concentrating the product in the organic phase, simplifying
downstream processing, and facilitating integration with chemical syntheses.
Disadvantages of adding solvent to a reactor utilising whole cells as biocatalyst,
however, may include the degradation of the biocatalyst resulting in reduced activity
and formation of a stable dispersion with associated liquid phase and biocatalyst
separation difficulties.
This thesis investigated the impact of the addition of a second organic phase in a
whole cell biocatalytic reactor, in the associated areas of catalyst stability and
separation requirements. Methods of separation of the whole cell biocatalyst were
also considered.

1.2

TWO LIQUID PHASE BIOCATALYSIS

1.2.1

Advantages of two-liquid phase biocatalysis

A number of advantages of biocatalysis in a two liquid phase environment have been
quoted. These advantages are summarised in Table 1.1.
Lilly and Woodley (1985) suggest that a particular advantage of two liquid phase
biotransformations is the possibility of operating the reactor such that the product is
concentrated in the organic phase, which can be easily separated, thus overcoming the
need to work with dilute aqueous solutions with the associated problems of product
recovery.
Apart from the benefit of concentrating the product in the organic phase, with
associated downstream processing benefits, examples abound which show a perceived
increase in biocatalyst activity (ie productivity) due to removal of end product
inhibition, by keeping aqueous concentrations of product below critical levels (eg
Bruce and Daugulis, 1991).
Similarly, the aqueous concentrations of toxic substrates can be kept below critical
levels by selection of an appropriate solvent and phase ratio such that only a subcritical concentration of substrate partitions to the aqueous phase (eg Hack, 1992).
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Advantage

Reference

high reactor concentrations of poorly water soluble

Woodley and Lilly 1990,

organic compounds (reactants and / or products)

Khmelnitsky et al 1988

ease of product recovery

Lilly and Woodley 1985,
Klibanov 1986

ease of integration into chemical processes

Woodley and Lilly 1990

control of concentration of xenobiotic reactants /

Fukui and Tanaka 1985

products
increased activity / stability of biocatalysts

Klibanov 1986

shift thermodynamic equilibrium in favour of

Antonini et a l\9 ^ \.

desired products

Koike 1988

contamination control

Klibanov 1986

ease of biocatalyst separation

Klibanov 1986

Table 1.1

Advantages of two-liquid phase biotransformations

Though many papers refer to "ease of product recovery" and "ease of separation of
biocatalyst", little work would appear to have been performed in the investigation of
these statements, though a number of authors have recognised the need for
investigation (eg Lilly et al, 1987a) while others have suggested process integration
techniques to minimise difficulties associated with biocatalyst and product
separation, eg immobilisation of biocatalyst in gels (eg Frank and Sirkar, 1986), and
membranes (eg Catapano et al, 1988, Larrson et al, 1989).

1.2.2

Reaction classification

It is useful when considering processes involved with biocatalytic reactors to
consider the various reaction configurations available.
A number of classification systems can be made, depending on the nature of the
biocatalyst, the product and substrate distribution between aqueous and organic
phase, and the nature of the aqueous and organic phases.
The biocatalyst may be insoluble - as is the case with whole cells, immobilised whole
cells and immobilised enzymes. Alternatively, the biocatalyst may be soluble - as is
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the case when enzymes are dissolved in the aqueous phase. Lilly and Woodley (1985)
distinguish between three types of aqueous phase in two phase systems:
i) discrete continuous aqueous phase
ii) discrete discontinuous aqueous phase
iii) no discrete aqueous phase
A further possibility exists, and that is
iv) no discrete organic phase.
On this basis, Lilly and Woodley (1985) prepared the classification system presented
here as Figure 1.1, to which has been added the possibility o f no discrete organic
phase present. Lilly et al (1987b) also distinguish between the possibility of the
organic phase as solvent or as a reaction component.
Lilly and Woodley (1985) also examined the distribution between aqueous and
organic phases of reactant and product. A reaction component (ie product or
reactant) may be predominantly soluble in either the aqueous or organic phase,
although the possibility of similar solubility in both phases cannot be ruled out, (eg Oj
solubility). The distribution of reaction components is critical for downstream
processing / integrated bioreactor design. The further possibilities of gaseous and
solid substrates and reactants further complicates any attempt to produce general
design equations to describe biotransformation systems. In examining the possible
distributions of up to two reactants and two products, where reaction components are
predominantly soluble in either the aqueous or organic phase (ie components are not
solid, gaseous nor equally soluble in both phases), 25 distribution possibilities exist.
17 of these possibilities show a distribution between each phase, and 4 possibilities
each for a distribution of all reaction components into either the aqueous phase or the
organic phase. From a downstream processing angle, those systems in which product
and reactant are soluble in different phases may be preferable. In the situation
considered, 8 possibilities show such a distribution. This allows the possibility of
continuous product removal and complete substrate conversion. Those systems in
which all reactants partition into the aqueous phase can be performed in a traditional
aqueous phase reactor (unless any of the other benefits of using an organic phase are
applicable, eg enhanced oxygen transfer, removal of toxic by-products, partitioning
to an organic phase to allow protection from xenobiotic compounds, or product
inhibition). Those systems in which all reactants partition into the organic phase only,
require sufficient water to maintain the stability and activity of the catalyst.

Figure 1.1
Reaction classification
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1.2.3

Solvent selection criteria

It is possible to increase the solubility of poorly soluble organic compounds by the use
of water miscible solvents or surfactants. Solvents may also be used to alter reaction
equilibria by reducing water activity. However, the use of such solvents only
increases reactor capacity to a limited extent, and control of solvent concentration is
in many cases critical, with small variances from the optimal being catastrophic
(Butler, 1979).
A more broadly applicable approach is the use of water immiscible organic solvents.
The criteria on which a solvent may be chosen are listed in the Table 1.2.

distribution coefficient for product
selectivity for substrate / product
emulsion forming tendency
aqueous solubility
chemical and thermal stability
properties for product recovery
non biodegradability
non hazardous
inexpensive
availability in bulk quantities
biocompatibility____________________________
Table 1.2

Solvent selection criteria (adapted from Bruce and Daugulis, 1991)

More broadly, these characteristics can be split into three areas;i) engineering
ii) safety
iii) biocompatability
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1.2.4

Engineering aspects of solvent selection

Engineering aspects can be further grouped into those concerned with reaction
component distribution, reactor operation and downstream processing.

1.2.4.1 Reaction component distribution

To maximise the rate of a reaction it will usually be desirable to saturate the aqueous
phase with reactant (this is, of course, not the case with all reactions, eg in the
bioconversion described by Hack (1992) toluene is toxic at saturation concentrations,
and bioconversion of toluene requires close control of toluene concentration. Four
factors affect the levels of reactant in the organic phase; by understanding these, the
concentration of reactant in the reactor can be controlled. These factors are:

i)

partition coefficient of reactant = ---------- ]org^
[reactan t]^ ^

Equation 1.1

If maximum reaction rate occurs at maximum reactant concentration (non-zero order
kinetics), then a low partition coefficient is desirable. The partition coefficient for
product should be high to remove the product from the aqueous phase, thus creating
more favourable thermodynamics - "pulling" the reaction.

...
ii)

,
organic phase volume
phase ratio = ---------total reaction volume

_
.
Equation 1.2

By manipulating the phase ratio, the volume of reactant in the reactor can be varied.
At low phase ratios the aqueous phase is continuous, which allows control of this
environment, and concentrates an organic soluble product in the organic phase.
However at higher phase ratios, higher levels of reactant can be dissolved in the
reactor. At higher values again, the aqueous phase becomes discontinuous, with
associated reactor control and downstream processing implications.

....

111)

reactant consumed
specific reaction rate = -------------------------[biocatalyst] * hour

_
Equation 1.3

The specific reaction rate of the biocatalyst affects the rate of consumption of
reactant. This rate must be known to be able to contol the level of reactant in the
reactor.
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iv)

mass transfer coefficient :

dR

= KLa (C * - Cy)

Equation 1.4

The mass transfer coefficient (K J influences the rate of transfer of the reactant
(dR/dt) from the organic phase to the biocatalyst, where Cy is the bulk aqueous phase
concentration of the reactant and C* is the saturation concentration. By controlling
the agitation rate and phase ratio, interfacial area 'a' may be varied, to vary K^a.
By knowledge and control of these variables, the concentration of reactant in the
aqueous phase can be controlled.
Bruce and Daugulis (1991) investigate solvent selection on the basis of extractive
capability, and argue that a reaction can be "pulled" forward by removing (extracting)
inhibitory products from the aqueous phase (with a suitably biocompatible etc
solvent), as opposed to "pushing" the reaction forward by saturating the aqueous
phase with substrate (Lilly, 1982). Bruce and Daugulis (1991) suggest the use of
solvent mixtures so that the extractive benefits of low molecular weight solvents with
appropriate downstream processing properties can be combined with biocompatible
solvents to yield a mixture of enhanced extractive properties while remaining
biocompatible.
1.2.4.2 Reactor operation

Factors which affect solvent selection, from a reactor operations perspective, include
density, viscosity and surface tension, which will affect power input requirements to
the reactor, to achieve a given interfacial surface area. Boiling points and freezing
points must also be suitable for reaction conditions.
1.2.4.3 Downstream processing

Solvent properties which will affect downstream processing include those factors
which affect biocatalyst degradation, as well as those factors important in selection for
reactor performance, ie density, viscosity, surface tension, boiling point and freezing
point.
These factors are important for a number of different reasons. Density, viscosity and
surface tension will affect the solvent's tendency to form an emulsion. Boiling points
and freezing points will determine the method of processing suitable for separation of
an organic product from a solvent. A low boiling point is desirable if distillation is to
be used for separation of higher molecular weight compounds.
Process economics require that the solvent be poorly soluble in water, for maximum
recovery and recycle. Solvents should also be thermally and chemically stable, nonbiodegradable, inexpensive and freely available in large quantities at the required
purity.
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1.2.5

Safety

The choice of solvent, with respect to environmental and operator safety aspects, is of
particular concern (Kirshner, 1994) and the following factors must be considered;
i) carcinogenicity
ii) flammability
iii) toxicity

1.2.6

Solvent biocompatibility

The solvent choice will influence catalyst stability and degradation. The two affects
may be related with degradation leading to a decrease in stability. Innate toxicity of
the solvent to the catalyst may cause a decrease in the activity without leading to cell
degradation. If cell degradation does occur, it will lead to downstream processing
difficulties.

1.2.6.1 Solvent selection and stability / activity
Solvent affect on enzymes

Laane et al (1987a and b) reported that biocatalyst activity in a solvent was related to
the solvent hydrophobicity, as measured by log P (ie the logarithm of the partition
coefficient of the solvent in a standard octanol-water two phase system where the
partition coefficient is given by P = [solventJoctanol / [soIvent]^ater) . They reported
that relatively hydrophilic solvents (log P < 2) supported low catalytic activity; that
solvents with log P between 2 and 4 supported moderate catalytic activity, and that
only in solvents with log P greater that 4 was catalytic activity likely to be high.
A distinction between 'activity' and 'stability' is necessary in examining productivity of
a catalyst, the former referring to an instantaneous reaction rate, and the later to
changing of activity with time.
A solvent may act non-specihcally to dehydrate and distort a cell bound enzyme. In
addition the solvent may act as a specific inhibitor to an enzyme (Mattiason and
Adlercreutz, 1991), may bind specifically to the enzyme or compete with the
substrate. The solvent may dissociate multimers or shift equilibrium between two
enzyme conformations (Butler, 1979). In these instances, it is unlikely that log P will
give any indication of solvent toxicity.
Williams et al (1987) report on another aspect, that is, the effect on productivity in
the presence of a liquid / liquid interface. It is reported that pig liver esterase (PLE)
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acts as a surfactant at the liquid / liquid interface, and that productivity decreases
with increased interfacial area. The decrease in productivity was considered to be
due to a decrease in stability, as productivity decreased with time. This is an
example of phase toxicity on an enzyme. Cremonesi et al (1973) also reports that phydroxysteroid dehydrogenase activity in two phase systems was maintained over
long periods in the presence of some organic solvents, but not others. This suggests
that not only the interfacial area of the organic phase, but the nature of the phase
itself, is important in phase toxicity. Though Laane (1987b) reported that solvent
log P was also an indication of catalyst activity of whole cells, the mechanism of
solvent toxicity on whole cells is not completely understood.
Solvent affect on a whole cell biocatalyst

A further distinction is required when looking at productivity of whole cell
biocatalysts, ie cell viability. With some whole cell biocatalyst systems, the viability
of the cell may be required for the continuous regeneration of co-factors. For
example, Hocknull and Lilly (1988) differentiate between the

dehydrogenation

ability of Arthrobacter simplex, which requires co-factor regeneration and its
dehydrogenase activity. Other enzyme systems may not require cell viability for
activity, and there is no effect of the solvent on catalyst productivity.
Having made this distinction, it is useful to consider the effect of solvents on whole
cell catalyst productivity (ie activity, stability, and viability).
Bar (1987) distinguishes between toxicity of the solvent on the whole cell catalyst at
the molecular (dissolved) level and at the phase level where a discrete organic phase
is present. The mode of toxicity may not only have an impact on reactor
productivity, but also on the separation downstream of the reactor, or concomitantly,
on the design of the reactor, to facilitate downstream processing.
Molecular toxicity, which may be apparent in aqueous solutions containing a solvent
up to saturation levels, is caused by dissolved solvent molecules. Toxicity will be
dependent on the nature of the solvent and its concentration in the aqueous phase,
and the nature of the catalyst itself. Eg toluene is toxic at approximately 50%
aqueous phase saturation (approximately 0.25g/L) to Pseudomonasputida UV4
(Brazier et al, 1990) whereas it is not toxic at 50% v/v to P. putida 1H2000 (Inoue
and Horikoshi, 1989, Inoue et al, 1991).
Factors influencing the affect of a solvent on a whole cell biocatalyst

The affect of the solvent on the catalyst may also be related to the growth conditions
of the catalyst. Cells grown at higher temperatures will have a higher membrane
fluidity, and be more tolerant to solvent when subsequently used as a catalyst at a
lower temperatures (Eglin, 1994). The DOT during fermentation may also effect
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membrane structure, and influence solvent tolerance (van Uden, 1985). Similarly
divalent magnesium and calcium ion concentration affect solvent tolerance, as they
bind with lipopolysaccharide (LPS) in the outer membrane of Gram negative cells,
enhancing membrane stability and increasing solvent tolerance. LPS concentration
and composition in the outer membrane would also appear to affect solvent tolerance,
with hydrophilic

0

-antigen acting as a hydrophilic 'picket fence' to prevent solvent

penetration, conferring some degree of solvent tolerance (Costerton et al, 1974).
Site of action of the solvent on a whole cell

Lilly et al (1987a) hypothesised that the lipid membranes of the cell absorb some of
the dissolved solvent, causing modifications to its permeability, which may result in
enzyme inhibition, protein deactivation or breakdown of transport mechanisms.
Osborne et a l { \ 990) provide evidence to suggest that it is the solvent concentration
in the membrane which renders a solvent toxic. Further, they extend the concept of
anaesthetic potency on cells, to show that complete loss of bioactivity oîRhizopus
nigricans was at a membrane solvent concentration of 200mM, independent of the
solvent for most solvents tested. This concentration was termed the critical
concentration.
As the log P term for solvents is a measure of the partition of the solvent in an octanol
water system, an equivalent partition coefficient exists for partition of a solvent
between an aqueous phase and a cell membrane. Thus, as log P i s a measure of the
tendency of a solvent to partition to an aqueous phase, so it is also a measure of the
tendency of the solvent to partition to the cell membrane (Laane, 1985).
Osborne et al (1990) suggests that it is the increase in membrane fluidity due to
solvent which may be the primary cause of loss in cell activity, and suggests that, at
levels above critical concentrations, membrane fluidity prevents the maintenance of
protein complexes.
Phase toxicity

The above discussion deals primarily with the affect of the solvent on cell viability,
however, there is evidence to suggest that catalyst stability and activity is also affected
by solvents, as would be expected from the enzyme discussion earlier. Bar (1987)
describes another mode o f toxicity for solvent on a cell ie phase toxicity. He suggests
three mechanisms for phase toxicity (Table 1.3).
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extraction of nutrients
disruption of cell wall - extraction of outer-cellular components
limited access to nutrients
- cell attraction to interface
- emulsion formation
- cell coating
Table 1.3

Phase toxicity

Various components required in a biotransformation may partition to some degree to
the organic phase, thus reducing their availablity to the cell. Cho and Schuler (1986)
have noted this affect in extractive fermentation systems, where nutrients partitioned
into the organic phase. The affect can be countered by increasing the initial aqueous
phase concentration.
Cho and Schuler (1986) reported discrete refractile tributyl phosphate (TBP) layers
around yeast when TBP was used as a solvent in extractive fermentation, limiting
access to the cells of the nutrients in the aqueous phase, due to shielding by coating or
émulsification in the organic phase. In a similar manner access to biotransformation
reaction components may be limited. Further, cells may aggregate in the presence of
a solvent thus leading to mass transfer problems for components. Similar mass
transfer affects may be observed when an emulsion is formed, bringing cells in close
contact with one another, or when cells are attracted to an interface.
Bar (1987) also suggests that solvents may extract cell wall components thus bringing
about cell wall / outer membrane disruption and possible disintegration and / or loss of
viability. He suggests that the problem is exacerbated by cells being attracted to the
liquid / liquid interface, and further enhanced by vigorous agitation. He therefore
suggests that cell immobilisation will protect from phase affects, as would the use of
membranes to separate organic solvent and biocatalyst.
Mass transfer affects

Mass transfer affects can sometimes be mistaken for phase effects, eg in the case of
organic phase substrates, where increased agitation, and therefore increased K^a, may
increase the rate of dissolution of the substrate to such an extent that rate of supply
exceeds rate of uptake by the cell, thus allowing toxic concentration to be reached.
Thus the decrease in reaction rate would be due to increased substrate concentrations
and not increased K^^a.
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Harbron et al (1986) in a study of the epoxidation of 1,7-octadiene by P. putida
showed that at a higher agitation rate, the initial reaction rate increased, followed by a
rapid early decline in activity - this would seem to be explained by mass transfer
affects.
Similarly, Brooks et al (1986), in a study of hydrolysis of d,l-menthyl acetate by
Bacillus subtilis, showed that the rate of reaction increased with agitation speed, until
a plateau value was reached.
In growing systems, where cell numbers are increasing, the solvent may also be
adsorbed by cells to sub-critical concentrations, with no effect. However, if increased
agitation leads to a higher rate of supply of solvent to the aqueous phase than is
absorbed by newly forming cells, again toxic levels may be exceeded.
Other explainations of the phase affect

Hocknull and Lilly (1988) provide evidence to suggest that the phase affect is toxic to
cells in a similar way as dissolved organic solvent. Solvent dissolved in the aqueous
phase is in equilibrium with solvent dissolved in the cell membrane, as described by a
partition coefficient. Similarly, the solvent concentration in the membrane, in contact
with that solvent phase, will be at an equilibrium concentration as described by a new
partition coefficient. Due to the nature of the membrane and solvent phase (both
more hydrophobic than water), the solvent concentration in the membrane will be
higher than the concentration in equilibrium with an aqueous phase saturation with
that solvent. Thus, when the organic solvent is present as a discrete liquid phase,
solvent is transferred to the cell more rapidly. The rate of uptake by the cell will be
dependent on the frequency of impact with the organic interface, and the length of
time of that interaction (Woodley, 1992)
This argument, however, would seem to be in conflict with evidence given by Hack
(1992) in which toluene droplets were not toxic to cells, as long as the bulk aqueous
concentration was less than 50% saturation. Collins (1994), however, describes
experiments where toluene is dissolved in tetradecane at

10%

and

this organic phase is toxic to P. putida, with toxicity greater at

20%

20%

vol / vol, and

toluene. These

discrepancies may be explained by the average time cells are exposed to the organic
interface. On this basis, hydrophobic cells may be expected to exhibit greater phase
damage; these cells however, are also likely to have adapted to contact with the
organic phase which would reverse this observation.
The evidence provided suggests that protection of the catalyst from the liquid / liquid
interface would bring about an increased stability in the biocatalyst. Ample evidence
of such a result is available for both whole cells (Hocknull and Lilly, 1990) and
enzymes (Tanaka and Sonomoto, 1990). The catalyst may be immobilised in a gel,
within a membrane or between membranes.
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By immobilising A. simplex in a calcium alginate bed, Hocknull and Lilly (1990)
were able to increase the tolerance of the catalyst to solvents of lower log P. Free
cells showed decreased activity in the range 3 < log P < 10, whereas immobilised
cells showed full activity at log P > 4.
The logP concept is a valuable tool in examining solvent interactions with the
catalyst. However LogP cannot describe all factors involved; for example inate
toxicity of a solvent, unexpected toxicity of structural isomers, toxicity due to
functional groups and differing toxicity to cells and enzymes. Other factors may be
involved which are not related to LogP, including shielding by envelopment and
physical damage.
1.2.6.2 Solvent selection and downstream processing

As seen in the above discussion, exposure to solvent may lead to degradation of the
cell. Apart from the problems with stability, these degradation products will also
lead to problems with downstream processing. These problems will be either
associated with separation of these components per sé, or with the components
having surface active properties, and stabilising the aqueous / organic interface.
Solvents which best solubilise organic compounds, will also best solubilise lipid
containing compounds within the cell. Osborne (1990) showed lipid release from R.
nigrans increased with a decrease in logP of 9 solvents tested. Niklova and Ward
(1992) determined for Saccharomyces cerevisiae that exposure to various solvents
caused physical damage to the cells, and that where damage occurred, phospholipids
were detected in the reactor medium. Scanning electron microscopy showed no
damage on exposure to discrete hexane, decane or toluene, but damage on exposure
to chloroform, butylacetate and ethylacetate.

1.2.7

Catalyst selection

1.2.7.1 Bases for selection

As previously indicated the catalyst of interest is the whole cell. The most important
basis for catalyst selection is its ability to perform the required biotransformation.
This will not be further considered, except that the desired activity may be transferred
to the whole cell of choice, using recombinant DNA techniques (Fukui and
Tanaka, 1985)
Keshavarz et al (1987) report that Gram positive cells are more resistant than Gram
negative cells to disruptive forces, such as liquid freezing, freeze pressing, agitation
and sonication. This is reflected in the rate constant for protein release in a high
pressure homogeniser being also significantly higher for Gram negative as opposed to
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Gram positive cells (eg the rate constants for Gram negative P. putida and Escherichia
coli are 0.41 and 0.39, whereas that for Gram positive Bacillus brevis is 0.28).
The effect of these Keshavarz observationss on cell processing downstream from a
two liquid phase bioreactor have not been considered.
From a solvent tolerance viewpoint the catalyst must be selected to maintain its
activity on exposure to solvent. This has been discussed in the previous section.
Immobilisation of a whole cell biocatalyst may protect the catalyst from contact with
an organic interface (Woodley et al 1990), and immobilisation in a hydrophilic
support may offer some protection from dissolved solvent (Steinert et al, 1987).
Immobilisation will benefit downstream separation, by obviating the need for a solid
/ liquid separation stage. It may also limit loss of cell compounds to the liquid
environment, which cause problems discussed earlier.
The other major factor in catalyst selection is catalyst degradation. This will be
reflected in catalyst stability, and in the downstream processing requirement from the
reactor. Degradation product removal is itself an issue, but more significantly
degradation products may act as surfactants to stabilise the liquid / liquid interface,
with emulsion formation implications.
1.2.7.2 Surface active agents produced by cells

Fiechter (1992) makes the distinction between surfactant and emulsifier. The former
having a defined structure - with a hydrophobic and a hydrophilic portion in the same
molecule, whereas the term emulsifier is an application oriented term used to
describe those surface active compounds which, in the case of a cell, are excreted to
facilitate uptake of insoluble substrate or may be extracted in a two-liquid phase
process. He classifies biosurfactants into four main groups. In each instance the
hydrophobic portion consists of the hydrocarbon chain of a fatty acid. The
hydrophilic portion consists of:i) the ester of alcohol function of neutral lipids
ii) the carboxylate group of a fatty acid or amino acid
iii) the phosphate-containing portion of phospholipids
iv) the carbohydrate moiety of glycolipids.
Glycolipids include the rhamnolipids of P. aeruginosa, some of which are produced
only by resting cells (Syldatk et al, 1985). Rhamnolipid production is genetically
controlled, and mutants that are unable to produce rhamnolipids have been isolated
(Ochsner et al 1994). Production may be induced by the presence of hexadecane, but
not by glucose, overproduction can be caused by nitrogen -limitation (Syldatk et al.
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1985). Small amounts of crude Rhamnolipid 1 and 2 ( 1 5 - 80mg/L) were reported to
be sufficient to reduce the surface tension between n-hexadecane and aqueous
solutions from 42 to ImN/m (Syldatk et al, 1985). Arthrobacter species have also
been reported to produce glycolipid surfactants.
Fiechter (1992) reports that B. subtilis produces surfactin, a seven amino acid ring,
which is highly active surfactant.
Lipopolysaccharide (LPS) is primarily located in the outer cell membrane of Gram
negative bacteria, and has a high surfactant activity due to the lipophilic lipid and
hydrophilic saccharide. LPS has also been isolated in the yeast Candida tropicalis
(Fiechter, 1992).
Protein acting as surfactant have also been isolated in many organisms, such as
Pseudomonas aeruginosa and Pseudomonas fluor escens.
1.2.7.3 Factors influencing surfactant production

In studies on the production of biosurfactants for commercial purposes, the
parameters influencing the production of surfactants have been examined. Factors
include
i) nature of carbon source
ii) nutritional limitations
iii) aeration, temperature and pH.
Changing the substrate often alters the structure of the surfactant, changing its
properties. For example supplementation of defined media with desired fatty acid led
to its uptake and expression in the phospholipid fraction in the fermentation of
Clostridium acetobutylicum. These factors will also influence the solvent tolerance
of the organism (Linden, 1987). Divalent magnesium ions are responsible for the
configuration of LPS in the outer membrane of Gram negative cells, and its presence
in the growth medium is a strict requirement. Not only do growth conditions directly
influence the surfactants produced, but by altering solvent tolerance, the level of cell
lysis and hence level of surfactant in the bulk media (Costerton et al, 1974).
The selection of organisms exhibiting high levels of solvent tolerance, for example
P. putida capable of growing in the presence of discrete toluene, is not necessarily a
good basis for selection for use in a two-liquid phase bioreactor, as, in this instance,
solvent tolerance is associated with shedding of outer membrane into the media,
which will act as surfactant (Cruden et al, 1992).
In the selection of a catalyst the surface binding properties of the organism per sé
must also be considered. Rosenburg et al (1980) reported on the hydrophobic nature
of the external surface of Gram negative bacteria, which leads to its adhesion to an
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organic interface. This not necessarily related to growth on an insoluble
hydrocarbon, but potentially influenced by time of harvest. P. aeruginosa grown to
late exponential phase did not adhere to test hydrocarbons, whereas Acinetobacter
calcoaceticus adhered strongly. Conversely cells harvested during early exponential
growth behaved in the reverse manner. Crabbe et al (1986) reported on S. cerevisiae
binding to the organic interface during solvent extraction of alcohol, in this instance
leading to a decrease in mass transfer of ethanol to the solvent.

1.1.6

Reactor design

As can be ascertained from the previous discussion, direct contact with an organic
interface, or with dissolved organic phase, may cause a loss in activity of the catalyst,
whether due to cell disruption or innate toxicity, and a cell disruption leading to
separation problems.
In some instances careful selection of catalyst and solvent may be sufficient to
maintain high activity and not lead to separation difficulties. In other instances
control o f contact between the catalyst and solvent may reduce problems, such as by
immobilisation in calcium alginate (Woodley et al 1990), or at least obviate the need
for separation of the liquid phases by using membrane systems (eg Jeong et al 1991).
In other instances process requirements may require the separation downstream from
a two-liquid phase whole cell catalysed stirred tank reactor.
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1.3

SEPARATION METHODS

1.3.1

Separation requirements from a two-liquid phase biotransformation

The major components in the reactor are the aqueous phase, organic phase, the
catalyst, including catalyst debris, the reactant and the product. The primary
downstream requirement is the separation of the product, however recycle of
unreacted substrate may also be required. Under ideal conditions the catalyst,
aqueous and organic phases would be recycled to the reactor. In practical instances it
is more likely that the catalyst and aqueous phases will be discarded, and only the
organic phase recycled.
Reaction component separation may be directly from the biocatalytic reactor liquor
eg by solid sorption techniques or membrane techniques, either before or after
catalyst separation (Nigam et al, 1988). However it is likely that reaction component
separation will be from either the aqueous or organic phase, after removal of the
catalyst. In this case removal of catalyst must be done so as to minimise further
liquid phase contamination. Even in those cases where liquid / liquid / solid
separation is not required for reaction component separation, it is required for re-use
of the catalyst, organic or aqueous phase, or for cleanup of organic and / or aqueous
phase before disposal. Again removal of the catalyst must be done to minimise
liquid phase contamination. It is liquid / liquid / solid phase separation which is
considered further.

1.3.2

Phase separation from a two-liquid phase biocatalytic reactor.

As previously discussed biological material may act to stabilise an organic / aqueous
phase dispersion, to produce an emulsion. Here an emulsion refers to a relatively
stable dispersion. Thus phase separation from a two-liquid phase biocatalytic reactor
can be broken into a number of areas :i) liquid / liquid separation
ii) solid / liquid separation
iii) emulsion breakage.
Emulsion separation can be further split into two cases
i) liquid / liquid separation where the emulsion is stabilised by soluble material
ii) liquid / liquid / solid separation where the emulsion is stabilised by or contains
insoluble material.
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There are a number of chemical, electrical, and physical phenomena on which
separation may be based or which will influence separation obtained. These are listed
in Table 1.4. Separation processes based on these phenomena are listed in Table 1.5.

Phenomena

enabling

influencing

separation

separation

1

Density

LS*

LS

2

Size

LS

LS

3

Viscosity

4

Behaviour in an electrical field

LS
LS

LS

(surface charge / chargability / polarity)
5

Hydrophobicity / hydrophilicity

LS

LS

6

Magnetic moment

S

S

7

Response to ultrasound

S

S

8

Surface tension of liquid phases

9

Temperature

10

Surface activity of biological material

11

Freezing / boiling point

12

Time of storage / processing

L
L

LS
LS

L

LS
LS

* S- solid / liquid separation; L -liquid / liquid separation
Table 1.4

Phenomena enabling and influencing separation

Centrifugation and filtration techniques are most widely used and best studied for
biological solid / liquid separation.
Centrifiigation, gravitational separation and filtration are widely used and best studied
for liquid / liquid separation.
Menon and Wasan (1983) review the literature on various methods for emulsion
separation. The effectiveness of various physical methods are compared in Table 1 .6 .
Electrical and chemical methods are not investigated further.
Before continuing with a description of separation methods, the various modes of
emulsion breakdown are considered.
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Phenomena (Table 1.4)
Ch

Processes

separation

1

2

3 4 5

X

X

0

6

7

8

9

10

11

12

*

1 .2

4 gravitational and

LS

0

0

enhanced settling
5 membrane filtration
- membrane hydrophobicity

LS

0

0

X

- size exclusion

S

X

0

3 droplet flocculation

L

0

0

emulsion creaming

L

X

0

X

droplet coalescence

L

X

0

0

0

0

X

X

0

6

7 two aqueous phase separation
and solvent extraction
8

electrokinetic processes

9 high gradient magnetic

S

X

0

0

0
0

X

0
0

0

0
0

X

0
0

0
0

0

0

0

0

0

0

0

s
LS

0

0

0

L

0

0

0

LS

X

0

0

0

0
X

0

separation processes
10

interface aggregation reliant

0

0

0

0

properties - foaming

11

12

freezing

L

auto-aggregation

S

0

0

0

X

X

0

0

0

0

0

precipitation

P

0

0

0

X

X

0

0

0

0

0

distillation / crystallisation

P

X

0

X

/R O
Table 1.5

Separation processes and phenomena on which they are based

X separation reliant upon;

o separation influenced by.

* S- solid / liquid separation;

L -liquid / liquid separation.
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0

Effectiveness with phase dispersion as:
Separation technique

free

primary

secondary

emulsion

emulsion

gravity separation

Table

settlers

A

C

NA

tilted plate type

A

B

NA

filter coalescence

A

A

A

centrifugal separation

A

A

C /N A

granular filtration

A

A

B

ultrafiltration

A

A

A

dissolved air flotation

A

A

B

freezing

A

A

C/NA

1 .6

A comparison of the effectiveness of various physical methods of
emulsion separation (Based on Menon and Wasan, 1983)

A - excellent separation

B - average separation

C - poor separation

N A not applicable
Free - dispersed phase that has separated from the continuous phase.
Primary em ulsion - consists o f coarse droplets o f the dispersed phase.
Secondai}' em ulsion - made up o f droplets o f less than 10p.m.

1.3.3

Emulsion breakdown processes

Tadros and Vincent (1983) describe five ways in which the characteristics of an
emulsion may change. These are;i) droplet sedimentation
ii) droplet flocculation
iii) droplet coalescence
iv) droplet ripening
v) phase inversion.
In practical systems i) to iv) may occursimultaneously orsequentially, depending on
the relative rate constants for the processes with the exception of coalescence,which
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can only occur after interdroplet contact by sedimentation or flocculation. Of course
the rate constants are not independent as for example rate of sedimentation dependent
on the amount of flocculation, coalescence and ripening. Droplet breakdown may be
hindered by any of the following:i) charge stability
ii) steric stabilisation and by
iii) adsorption of particles at the liquid / liquid interface.
Droplet sedimentation

The sedimentation phenomena describes the creation of a concentration profile, under
an external force - gravitational, centrifugal, or electrical. Droplet size does not
change during sedimentation. 'Creaming' describes the case where droplets collect at
the top of an emulsion under the force of gravity.
Where the external force is gravity, sedimentation velocity (Ug) is predicted, in the
case of an isolated sphere, diameter d, by Stoke's law ie
Ug

=

g Apd 2/ 1 8| i

Equation 1.5

where p is the continuous phase viscosity, and Ap the density difference of the two
liquids. For droplets settling in a centrifugal field, the acceleration due to gravity (g)
is replaced by a factor for angular velocity and the enhanced sedimentation velocity
(U^f) becomes
Ugf

=

m^ r Ap cP/ l Sp

Equation 1.6

where r is the mean distance of the centrifuge tube from the axis of rotation, and co is
the angular velocity.
For charged particles, the application of an external electrical force X will result in a
settling velocity (U^) on a droplet having a uniform surface charge a,
Ug

=

2 d a X / 3p

Equation 1.7

This equation holds for point charges in an undisturbed electrical field.
From equation 1.5 the rate of sedimentation can be increased by increasing Ap, or by
decreasing the continuous phase viscosity (p). Stoke's law clearly does not fully
describe an emulsion, as droplets deform, interact and are not smooth.
The equilibrium distance between droplets in an emulsion, and hence the volume of
the 'cream', is determined by a balance of the external forces and interdroplet forces
(electrostatic and / or steric forces associated with the interfacial layer).
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After separation of an aqueous / organic emulsion in a pot centrifuge three layers have
been observed (Figure 1.2); ie clear aqueous, an opaque phase of distorted polyhedra
of the organic droplets and a clear organic phase, resulting from coalescence of the
polyhedra. The degree of emulsion stability has been expressed by the volume of the
opaque phase after a defined time at defined separation conditions (Rehfeld, 1974).

Figure 1.2
Centrifugal separation of an emulsion

clear, separated organic phase
opaque phase of distorted
polyhedral organic droplets
clear aqueous phase

Droplet flocculation

Droplet flocculation describes the aggregation of droplets, without a change in droplet
size, due to an interaction of interdroplet forces, ie long range London van der Waals
forces and electrostatic forces associated with overlap of electrical double layers of
charged droplets (Tadros and Vincent, 1983). Flocculation is reliant on Brownian
collisions and collisions induced by the application of an external force (eg shear,
ultrasonic or centrifugal forces). An increase in the external force will lead to more
collisions, but may also lead to a decrease in floe stability.
Droplet ripening (Ostwald ripening)

Ripening refers to the phenomena by which larger droplets grow at the expense of
smaller droplets in a polydisperse emulsion, due to the difference in chemical potential
o f drops of different sizes. Droplet growth is by uptake of dissolved molecules.
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Inversion

Inversion is the phenomena in which the continuous phase becomes discontinuous,
and the discontinuous becomes continuous. It may be induced by a temperature
change, or change in concentration of one of the phases, or by addition of a new
component to the system. It is a composite of effects of coalescence and ripening.
Clearly an emulsion still remains after inversion, but one with different properties.
Coalescence

Coalescence refers to the elimination of the film between droplets in a sediment or
after flocculation, to form a new drop of larger diameter. Coalescence thus requires
the thinning of the film between the droplets, and its rupture (Menon and Wasan,
1983). In the absence of an external force, coalescence is reliant on interdroplet
forces. Chesters (1991) considers the case for flow driven collisions, and proposes
that film rupture will occur at a critical thickness, and that if droplet interaction time
(ti) exceeds the time required to achieve the critical thickness (tc) , then rupture will
occur. For flow driven collisions ti and tc will depend on collision force. He derives
the probability of a collision (CP) resulting in coalescence for a deformable, partially
mobile drop in viscous simple shear as

CP

= exp

Equation

1.8

where
C3

= constant of order unity

jLid

= droplet viscosity

A

= Hamaker constant

y

= shear rate

and Cl is the capillary number, which for droplet breakup is greater than 1 , and
concludes that coalescence is greatly favoured by low dispersed phase viscosity. For
flow driven collisions, the collision frequency is given by

CF

= k v d 'n ^

Equation 1.9

where
V

={£dY^

k

=(8W3)'^^

u

= number of droplets per unit volume

£

= power input per unit mass
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These predictions were based on systems free of surfactants.
Surfactants will influence the rate of draining of the film between droplets by
decreasing the interfacial tension and increasing the viscosity of the surfactant
containing phase (Lobo et al, 1993). The surfactant will be primarily soluble in the
continuous phase - alternatively the phase in which the surfactant is most soluble will
be continuous except in extremes of phase ratio (Walstra, 1993).
The presence of macromolecular species, such as proteins and LPS, and solid
particles, in this case microbiological cells, influence flocculation and film rupture.
A combination of primarily water soluble and primarily organic soluble surfactants
greatly enhance stability to coalescence (Tadros and Vincent, 1983). This
combination is likely to be found in the membrane of biological material.
Tadros and Vincent (1983) describe the hindering of flocculation due to
macromolecules by steric hindrance. They describe the equilibrium situation as a
monolayer of adsorbed molecules with loops and tails extending into the solution
phase these tails act to repel droplets from one another. The macromolecules also act
as a mechanical barrier to coalescence, by increasing viscosity and elasticity of the
interfacial film. They report on the effect of pH on the rigidity of a protein film.
Film elasticity and viscosity values are at a maximum and coalescence rate at a
minimum, at the isoelectric point of the protein.
Tadros and Vincent (1983) suggest that solid particles at the interface play a role in
preventing the thinning of the liquid film between the droplets, and act as a barrier to
film rupture. They explain this by describing the increase in free energy required to
displace solids from the interface to the bulk phase, or to distort the droplet to
increase surface area to accommodate them.

1.3.4

Separation based primarily on density differences

The density of the aqueous phase, excluding catalyst, will be approximately
1OOOkg/m^ depending on composition of soluble components (such as salts,
dissolved product / reactant). The density of the catalyst will be generally slightly
higher than the aqueous phase depending on the system, but approximately
1 lOOkg/m^. The density of the organic phase may vary widely, eg from 684kg/m^
for n-heptane to 1940kg/m^for fluorinated hydrocarbon FC-40.
Figure 1.3 below shows the possible distributions of an insoluble biocatalyst and a
single product and reactant in a two liquid phase (three phase) mix where the density
of the catalyst components, is less than the density of the aqueous phase. From this
figure it can be seen that an organic phase density significantly less than that of
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Figure 1.3
Downstream processing from a two-liquid phase biotransformation reactor based on
density. Distribution of insoluble biocatalyst, a single product and a single reactant in
a reactor.
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the aqueous phase may be desirable, so that in a three phase (two liquid and solid)
separation the biocatalyst would be separated with the aqueous phase, and lessening
possible damage by contact with the organic phase.
Lilly et al (1987a) describe the possible phase separation schemes using phase density
as a separation criteria where the density of the catalyst is assumed to be greater than
the density of the aqueous phase, with some modifications these are reproduced as
Figure 1.4 and Table 1.7.
From this analysis it is clear that differences in density can be utilised for separation of
both solid and liquid phases. On the basis of the Stoke's equation for settling of a
sphere of density pj, diameter d, in a liquid the sedimentation velocity (Ug) is given in
Equation 1.5 re-written as
Ug

=

(Pl - P i) d ^ / I S p

Equation 1.10

The sphere may be a solid or a droplet. For particles settling in a centrifugal field, the
gravitational force is replaced by a factor for angular velocity and the enhanced
sedimentation velocity (U^f) is given in Equation 1.6, re-written as
^cf

^

(Pl * Pi) d2/18p (o^r

Equation 1.11

From these equations it can be seen that separation can be enhanced by increasing the
density difference between the phases to be separated or by separating in a centrifugal
device. Alternatively, by decreasing the viscosity of the continuous phases, or
increasing the diameter of the sphere, the separation may be enhanced. In real
situations these equations only offer an approximation as they were derived for
isolated spheres in an infinite volume.
Settling tanks, centrifuges and cyclones utilise density differences to facilitate
separation.
From the analysis of emulsion breakdown processes, separation based on density
differences would seem to be only suitable for sedimentation of an emulsion, and not
enhance coalescence which is controlled by interdroplet forces. This is not fully true as
i) droplet contact is increased in a sediment, thus allowing coalescence
ii) the flow of the two liquids in opposite directions leads to shear at the interface,
promoting film drainage and coalescence as predicted by Chesters (1991). This
effect will be maximised in a high speed, high shear, continuous disc stack
centrifuge.
A high shear centrifuge will also induce maximum biocatalyst damage, and a careful
trade-off will be required.
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Figure 1.4
Phase separation based on density (adapted from Lilly et al, 1987a)
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Assumptions:-

reaction
components

notes

Pcat^Paq

immiscible aqueous and organic phases

:if phase separation not possible
Y

Yes, possible

N

No, not possible

Notes
I.

undesirable as catalyst separated with organic sluny.

2.

undesirable as catalyst separated with organic phase into organic slurry.

3.

possible, but unnecessary unless organic phase / catalyst required for separate recycle or
rejection of the catalyst.

4.

As the aqueous phase is not required, preferable to use sy stem II rather than run the catalyst
through the centrifuge twice (VI), as this is more likely to damage the catalyst, and cause
release of intracellular compounds.

5.

scheme V preferable if O & C recycled together or rejected. Else wise II.

6.

scheme II preferable, rather than run the catalyst through the centrifuge twice.

7.

scheme V preferable if O & C recycled or rejected together, elsewise preferable as catalyst
separated in organic phase.

8.

scheme III preferable if A & C recycled or rejected together, elsewise preferable as catalyst
separated in organic phase.

9.
10 .

IV preferable as catalyst separated in aqueous phase.
scheme III preferable if A & C recycled or rejected together, elsewise II preferable as catalyst
put through centrifuge once only.

11.

as note 6 unless three phase centrifuge available, then single pass may ease separation,

12 .

three stage centrifuge may be useful if recycle catalyst and other phase, elsewise no benefit.

Table 1.7

Phase separation based on density
Suitability for separation of phase(s) containing reaction components.
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Woodley (1988) found that in separation based on density difference the continuous
liquid phase separated better than the discontinuous liquid phase, regardless of
whether the continuous phase was aqueous or organic. This would be expected on
the grounds that only a minimum volume of the continuous phase would be trapped
within the discontinuous polyhedra of the discontinuous phase, which may not
coalesce under the separation conditions used.

1.3.5 Membrane filtration

Membrane filtration technology theoretically allows the separation of phases via the
schemes depicted in Figure 1.4, excluding VII, by a combination of size and
hydrophobic / hydrophilic effects.
Separation based on membrane hydrophobicity / hydrophilicity

Separation based on membrane hydrophobicity allows the separation of liquid phases.
The non wetting phase will only permeate a non-fouled membrane when the operating
pressure exceeds the Laplace pressure.

APT= ^
where
APb7 = minimum breakthrough pressure
R
= r ^ l s\n9t
- receding contact angle of the wetting phase,
maximum 90® for non fouled membrane
= radius of maximum pore
cr^
= interfacial tension (oil / water)

Equation 1.12

Problems may occur when membranes foul, severely reducing the membrane flux.
More particularly a hydrophobic membrane will bind protein and other biocatalyst
debris changing the character of the membrane and allowing water wetting and
subsequent penetration (Schroen e/a/, 1993).
Separation based on membrane pore diameter

Separation based on membrane pore diameter allows the separation of the biocatalyst
from liquid phases. At a pressure greater than the breakthrough pressure, liquid
phases will permeate through the membrane, and biocatalyst greater than the pore
diameter will be withheld. Again membrane fouling is a major problem.
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1.3.6

Filter coalescence

Coalescence of emulsion can be induced by passing it through a granular bed, across
plates, or through a fibrous bed. The mechanism involves the capture of a number of
droplets, their subsequent coalescence and release of the larger droplet. Capture is
reliant on the hydrophobic / hydrophilic nature of the support or its roughness.
Coalescence is enhanced by the proximity of the droplets, and increased shear to
which they are exposed (Menon and Wasan, 1983).

1.3.7

Two aqueous phase separation and solvent extraction

A third liquid phase may be added to extract the product from both existing phases, in
which case this phase may be removed as previously discussed. The third phase
selected need not be biocompatible if recycle of biocatalyst is not required, and may
be selected on extractive capability and separation characteristics, thereby lifting many
of the restrictions which were applicable in the choice of the second liquid phase.
Alternatively, the third liquid phase may be selective, to remove cellular and
intracellular material, rather than the product, this may be useful as an additional
clean-up stage, although use in a regime which requires cell recycle would presumably
be limited. The exception to this may be if intracellular components can be
preferentially removed, to allow whole cell recycle only. An alternative would be to
add a solvent which is immiscible in the aqueous or organic phase to aid product
separation or biocatalyst removal.
Clearly, however, the addition of yet another phase further complicates the system, as
it, in turn, must be removed and processed. This observation also applies to other
processing technologies which involve the addition of components. As a rule of
thumb, additions should be minimised.

1.3.8

Electrokinetic processes

Electrokinetic processes may be suitable for separation of both catalyst and liquids.
The process relies on charge or chargeability of catalyst surface, polarity of liquid
phase or on the charge of droplets of the discontinuous liquid phase. Use of
electrokinetic techniques will place additional limitations on the choice of solvents.
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1.3.9

High gradient magnetic separation (HGMS) processes

HGMS processes are suitable for catalyst separation, magnetic moment may be
utilised by first making the catalyst magnetically active, by bioafFinity labelling, metal
ion accumulation or by manipulation of cellular heme proteins, followed by separation
onto a magnetic gel (Bowden et al, 1987).

1.3.10 Interface aggregation reliant processes

Surface active components (eg proteins and lipids) will be attracted to and will
accumulate at an interface. Sparging a gas through a liquid containing such
compounds will collect them and take them to the surface, and deposit them as a foam
layer which may be separated mechanically. Efficiency of flotation will be dependent
on collision between bubble and components, thus flocculation to increase component
size or a larger bubble diameter may be beneficial. Hydrodynamic forces on the
bubble and efficiency of attachment of the component to the interface will also affect
flotation performance (Bowden et al, 1987).
In a flotation system for phase separation of two liquid phases, droplets of the
discontinuous phase attach to the air bubbles and are carried to the surface, where
they can be skimmed off. Coalescence will be enhanced by close proximity of
droplets, but the rate constant for coalescence will not be altered.

1.3.11 Flocculation of the biocatalyst

Stokes equation indicates that particle size is an important parameter in sedimentation.
It is also an important factor in dead end filtration, where larger particles pack less
tightly in a filter case allowing greater voidage. Autoaggregation o f cells has been
considered in fermentation processes, to enlarge cell aggregated and enhance
separation. This method avoids the use of flocculants for separation of cells after
fermentation, thus avoiding possible complications in downstream processing.
Autoaggregation may be achieved by genetic manipulation (Wame and Bowden,
1987) and subsequent triggers.
Cell flocculation has been discussed at length elsewhere (eg Warne and Bowden,
1987), but is summarised below:
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Charge neutralisation

Cell surfaces are negatively charged. By dissipating surface charge, eg by addition of
metal ions, attractive van de Waals forces may bind cells together.
Hydrophobic interaction

Water molecules tend to bind to a cell surface due to their generally hydrophilic
nature - thus, the water shell acts as a thermodynamic barrier to aggregation. Altering
growth media or genetically manipulating the cells may change the hydrophilic nature
o f cells allowing aggregation.
Polymer bridging

The addition of high molecular weight toxic and non-toxic polymers has been
observed to induce flocculation. It has been suggested that single polymer chains
adsorb to numerous cells surfaces, forming an attractive bridge between cells. A
mechanism of charge neutralisation, whereby a polymer binds to small areas of a cell,
neutralising its charge allowing aggregation, has also been postulated.
High molecular weight polymers, however, will also increase the viscosity o f the
broth, potentially reducing separation effectiveness. The removal of flocculants may
also be a difficulty in later stages of downstream processing. Weeks et al (1983) also
examine the use of inert material and pH changes to induce flocculation.

1.3.12 Distillation, crystallisation and reverse osmosis

Distillation, crystallisation and reverse osmosis may be suitable for removal of
dissolved organic solvent, or products from the liquid phase, but only after separation
of liquid or solid phases per sé. These separation methods are not further considered.
Although distillation is possible for two-liquid phase separation (Davies et al, 1987),
it, too was not considered.

1.4

SUMMARY

In this introduction, two-liquid phase whole cell biocatalysis, and separation
downstream from a whole cell two-liquid phase biotransformation have been
reviewed. Factors affecting cell disruption and and stability have been considered,
with a view to determining the downstream process requirements. Chapter 2 gives
the rationale for the experimental approach adopted.
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CHAPTER 2
RATIONALE FOR STUDY
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CHAPTER 2
RATIONALE FOR STUDY
2.1

Targets for study

Targets set for this study were:i) increase the understanding of factors influencing separation downstream from a
two liquid phase whole cell biocatalytic reactor and
ii) develop guidelines for
•

solvent and cell selection such that downstream processing is facilitated

•

reactor design and operation such that downstream processing is facilitated

•

downstream processing design and operation.

These guidelines were considered in context of the overall development of two liquid
phase biocatalysis. Parallel areas of consideration were the retention of catalyst
activity, and the suitability of the solvent for the partition of the reaction components
required.
Solvents with desirable partitioning characteristics may be those which have
deleterious effects on catalyst activity and stability (Laane et al 1987b). Thus the
initial focus of this study was to examine the relationship between solvent tolerance
and biological particle separation.
Two types of reactor can be envisaged; those in which the biocatalyst is exposed to a
discrete second (solvent) phase, and those in which it is exposed to dissolved solvent.
In the case of dissolved solvent exposure, liquid / liquid phase separation is not
required. However in the case of both discrete and dissolved contact solid / liquid
separation is required.
Solvent tolerance has been reported to be a function of a number of different criteria.
These are summarised in Table 2-1.

2.2

Biological material separation

Biological material separation from a whole cell two liquid phase biotransformation
reactor has been poorly studied, though a large body of literature exists on two liquid
phase separation, emulsion formation and separation in the absence of biological
material. Woodley (1988) reported on phase separation from an enzyme catalysed
two-liquid phase biotransformation and Lennie et al (1990) reported that emulsion
formation in antibiotic extraction was a problem. Separation of penicillin from
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fermentation broth using extraction with water immiscible solvents has been reported
upon - however little detail is given, presumably due to the proprietary nature of the
processes (Likidis et al, 1989). Likidis et al, (1989) reported the use of a counter
current extraction decanter for direct extraction of penicillin from a fermentation
broth using n-butyl acetate, with no difficulties from emulsion formation. This may
have been a peculiarity of the system as a 50 - 100% increase in protein content was
observed in the fermentation broth after passing through the extractor. He reported
that it was more usual to remove the cellular material before solvent extraction.
The addition of a demulsifier, accompanied by three phase separation, may be
suitable to separate an emulsion, however its addition may be deleterious for later
product isolation.
The use of a coalescer may be considered for the separation of an emulsion.
However coalescers are usually utilised for the removal of a small volume fraction of
a dispersed phase, and operate by enlarging droplet size to initiate coalescence. The
presence of a large volume fraction of cellular material is likely to cause problems
with fouling of many proprietary designs. High stabilisation of the emulsion by
cellular material in the biotransformation reactor is also likely to minimise the utility
of the coalescer. A coalescer cannot separate cellular material from a liquid phase.
Membrane separation of immiscible organic components has been reported in the
offshore oil industry, and for oil wash water applications. Scott et al (1992)
examined the use of charged and hydrophilic membranes in the concentration of
emulsified suspensions of organics up to 40% v/v. Phase inversion at this point
halted further concentration, though a change of membrane hydrophobicity at this
point may allow further concentration. Koike (1988) and Kise (1988) both reported
the use of hydrophobic membranes for the separation of organic phases in the
presence of enzymes.
A three phase mixture which can be separated centrifugally does not cause any
problems; when an emulsion is formed which cannot be simply separated, both liquid
/ liquid phase separation and liquid / solid separation are a problem. Cellular
material may be involved in emulsion formation, and can also be trapped in a
emulsion.

2.3

Solvent tolerance and emulsion formation

Cell components and phenomena involved in the formation of an emulsion are listed
in Table 2.1. An examination of the table indicates that many of those factors
conferring solvent tolerance to an organism, may be involved in emulsion formation
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(eg LPS) and / or lead to the inclusion of the biological material in an emulsion (eg
cell wall hydrophobicity).

2.4

Reactor design

Although various cell components have been demonstrated to act as surface active
agents, by definition these components must be at the surface to act. Thus the initial
study examined under which conditions the surface active agents had access to an
interface, and the result of such contact. The relative effects of phase and dissolved
toxicity was also examined for implications in reactor design, eg if catalyst can be
protected from an aqueous / organic interface phase toxicity may be prevented. A
number of items in Table 2.1 appear to affect either separation or tolerance, eg sterol
composition in yeast and appear to be able to be manipulated individually. In
addition, the relative effect, and thresholds of effects are poorly understood.
Information gained from these studies enabled guidelines to be developed for cell and
solvent selection for facilitation of downstream processing. Further, information
regarding reactor operation and design was gleaned; for example cells which adhere
to an interface causing a liquid / liquid phase separation problem, and a problem of
cell separation per sé, may be separated from contact with the liquid interface by
membrane or immobilisation techniques. If it is cell components which cause
separation problems, and these are leached or released only on direct contact with an
organic interface, then again the same solution may apply. However if the
components are released in the presence of dissolved levels of solvent, then dissolved
solvent must be kept away from the cell. Immobilisation in hydrophilic matrices may
be a solution, however the supply of poorly water soluble reactants will be a problem,
though not the release of poorly water soluble product. As an alternative, the surface
active material may be kept away from the interface in which case a membrane may
be the solution.
Finally, it may be possible in any of the above situations to minimise problems while
still using an STR, by using less harsh operating conditions - whether this be lower
agitation rate, or a shorter period of operation. This solution may be part of an
overall optimisation stage where lower reactor output is justified by reducing
downstream processing difficulties, thus enhancing overall output. This may also be
the case where cell / solvent / reactor type are fixed in the short term, but operating
conditions are variable.
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2.5

Downstream processing design

This leads to the next issue of developing downstream processing guidelines for a
given cell / solvent / reactor combination. Such a situation may exist when the
"solvent" is actually the product, and in the short or medium term the cell and reactor
type are fixed. Further if the downstream processing hardware is fixed, guidelines for
operation are desirable. Examples of guidelines may be using a three phase separator
if the dispersion formed is easy to break, perhaps with the addition of a demulsifier,
where it's presence is not deleterious further downstream. Membrane techniques may
be useful to remove material from the organic phase and or aqueous phase, or indeed
for the separation of the liquid phases per sé.

2.6

Process analysis

With this information a number of process scenarios can be examined, these include:i) determine a standard solvent / cell / reactor / downstream processing combination
system and insert the desired enzyme system for the required reaction components
ii) determine reactor and downstream processing design and operating conditions
given a cell / solvent combination (eg catalyst available and solvent required for
extraction of product)
iii) determine how to proceed when a reaction component is an organic liquid - select
cell / reactor / downstream processing
iv) determine operating conditions when the reactor and downstream processing, cell
and solvent are specified
ie any / all of the cell / solvent / reactor / downstream processing may be fixed in the
short / medium term (though variable in the long term) - what are the guidelines for
proceeding in each case, and what information is required. Simple tests to ascertain
this information have also been developed:

57

cell component /
phenomena

influence on solvent tolerance

influence on separation

LPS

acts as hydrophilic picket fence to
enhance tolerance (3)

acts as surface active agent (5)

hydrophobicity of may indicate solvent tolerance
especially if organism isolated
cell wall
using solvent as sole carbon source
(2, 4,11)

hydrophobic cells attached to an
interface will be difficult to separate
and may stabilise dispersion (12)

G+/G-/yeast

G- more solvent tolerant (6, 7)

-G- outer membrane components act as
surface active agents (5)
- G+ more robust in separation (8)

membrane
fluidity

increase in fluidity leads to
increased tolerance (13)

- phospholipid
composition

branched / unsaturated fatty acids
increase fluidity and tolerance (9)

(5)

- sterol
composition

ergosterol increases fluidity and
tolerance (1)

increase in tolerance leads to decrease
in disruption and less cell debris

growth phase

time of harvest affects cell surface
hydrophobicity in Acinetobacter
calcoaceticus RAG-1(10)

early exponential RAG-1 cells no
affinity for interface late exponential
cells exhibit strong adherence (10)

growth medium

see hydrophobicity

examples of P. aeruginosa cells which
only adhered to interface when grown
in presence of solvent (10)
affect surfactant production (5)

Mg2+, Ca2+ stabilise LPS (3)
growth conditions - positive correlation between
temperature and fluidity (14)
- DOT effects tolerance (1)
Table 2.1

phospholipids are surface active agents

DOT and temperature effect surfactant
production (5)

Cell component / phenomena and influence on solvent tolerance and
phase separation

1

A gudo, (1992)

2

Syldatk et a l (1985)

3

Costerton e t al, (1974)

4

Cruden e t al, (1992)

5

Fiechter, (1992)

6

Harrop e ta l, (1989)

7

Inoue and Horikoshi, (1989)

8

Kesharvarz et al, (1987)

9

Linden, (1987)

10 Rosenburg e t al, (1980)

11 Sikkema e ta l, (1992)

13 Thom as and Rose (1979)

14 van Uden, (1985)
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12 Tadros and Vincent (1983)
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C H A PTERS
AN INVESTIGATION OF FACTORS INFLUENCING SOLVENT
TOLERANCE AND PHASE SEPARATION
3.1

RATIONALE FOR APPROACH

3.1.1

Introduction

In Table 2.1 a number of factors reported to influence solvent tolerance and phase
separation were listed. In this chapter a number of these facors were investigated.
These can be grouped into a number of areas, ie:i) cell type
ii) fermentation / harvest / storage conditions (carbon source, temperature, DOT)
To these can be added
iii) solvent type
iv) contact of the biocatalyst and solvent (dissolved, discrete).
Solvent selection will influence biocatalyst activity retention and phase separation
per sé. The surface tension of the solvent (or more correctly the interfacial tension
between the solvent and the aqueous phase), and the solvent viscosity and density
will affect the size of the droplets in the dispersion formed in an STR, and the
subsequent coalescence of the droplets and hence ease of separation.
When centrifugal phase separation is used, the density of the solvent is the basis for
separation. When the solvent density is less than the aqueous phase density, and less
than the density of the biocatalyst, and where the catalyst is not trapped within an
emulsion, then the biotransformation reactor effluent will separate into a top layer of
solvent, an intermediate aqueous phase, and a lower biocatalyst phase; the biocatalyst
separated from direct contact with the solvent. When the solvent is more dense than
the aqueous phase, but less dense than the catalyst, then the solvent is separated with
the biocatalyst entrained, with subsequent intimate contact. The third possibility, the
organic phase of higher density than both the bulk aqueous and the biocatalyst,
means that the biocatalyst will not be separated with either phase, or that large
amounts of the aqueous and / or organic phase will be entrained to ensure that the
catalyst is removed - partially defeating the purpose of the separation.
A further effect of the solvent selected will be to interact with the biocatalyst to form
a more or less stable dispersion. This may be concomitant with biocatalyst activity
reduction, but may be a distinct effect.
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O f the factors reported to influence phase separation and solvent tolerance a number
were selected for study in further detail to gather data from which guidelines for cell
and solvent selection and reactor operation and design could be proposed,
A number of cell types and solvents were examined. A number of contacting
methods were utilised to provide information for biotransformation reactor design.
Biocatalyst storage was also considered (see Table 3.1).
Cell types

Solvents

A. simplex

toluene

P. aeruginosa

tetradecane

P. putida

nonanol

S. cerevisiae

hexane

Storage conditions

Reactor configurations

immediate use

Lewis cell

4 C in buffer

STR

25 C in buffer_________________________________________
Table 3.1

Biotransformation reactor design variables

The bases of these selections are discussed below. Fermentation and harvest criteria,
though clearly having great effect on solvent tolerance and phase separation, were
not considered for a number of reasons
i) it was considered that in examining various cell types and solvents that a full
range of separation requirements would be generated, and that any differences
due to fermentation and harvest conditions would be reflected.
ii) time considerations - clearly to elucidate fully the effects of fermentation
conditions is an onerous task
iii) a primary objective of this work was to develop a set of tools, which could be
used along with guidelines for cell and solvent selection and reactor operation and
design. Clearly with the tools and guidelines, cell types showing different
features could be examined for utility.
iv) by looking at a range of cell types, with attributes reported to influence solvent
tolerance, guidelines for genetic engineering of cells could be formed.
Having made these points, however, during the fermentation development, various
solvent tolerance and separation tests were done for a number of fermentations, and
results are included.
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3.1.2

Rationale for organism selection

Work has shown that Gram negative P. putida to be more solvent tolerant than Gram
positive A. simplex and it was speculated that the outer membrane of Gram negative
cells was involved in the greater level of solvent tolerance of P. putida (Harrop et al,
1989) Yeast have neither the outer membrane of Gram negative cells, nor the cell
walls of bacteria. Work has been reported on the solvent tolerance of S. cerevisiae
(Eglin, 1994). Thus P. putida (Gram negative), A. simplex (Gram positive) and
S. cerevisiae (yeast) were selected as representative organisms to investigate
differences between these cells types. The materials of the outer membrane are the
first to be affected by solvents, and an examination of these materials on phase
separation was considered important.
The presence of lipopolysaccharide (LPS) in the outer membrane of Gram negative
bacteria has been implicated in solvent tolerance. The LPS molecule (Figure 3.1) has
the characteristics of a surface active agent, ie hydrophilic and hydrophobic portions.
It was considered desirable to test this hypothesis, and strains of P. aeruginosa (Gram
positive) were obtained with differing expressions of LPS. P. aeruginosa PACIR, the
smooth parent organism, has full expression of LPS; PAC610 is a deep rough mutant,
with hydrophilic

0

-antigen removed (Figure 3.2).

The ease of phase separation is in part determined by the solvent selected (Chapter
3.1.3) and operating conditions (Chapter 3.1.4), but also by the stabilisation of the
liquid / liquid interface. The interface may be stabilised by the cells themselves or by
molecules released by the cells. In addition cells which adhere to the interface will be
more difficult to separate by centrifugation.
Many organisms which are able to metabolise solvents adhere to the liquid / liquid
interface and produce emulsifying agents when grown on discrete solvent as sole
carbon source, but do not when grown on soluble substrate (Rosenburg et al, 1980).
These issues were not addressed with the organisms chosen, and non solvent
substrates were used in fermentation, so as to simplify interpretation of results.

3.1.3

Rationale for selection of solvents

The biocompatibility of a solvent has been reported to be dependent on the logP of a
solvent, with higher logP solvents having a higher biocompatibility (Laane et al,
1987b). Eglin (1994), however, reported that solvent structure also influenced
toxicity, with analogs of octanol (1,2 and 3 octanol) having differing toxicities, but
having the same logP. It was unclear if this was due to mass transfer effects,
solubility effects, or intrinsic toxicity. The solvents in this study were chosen to cover
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Figure 3.1
Schematic of an LPS molecule

0

-antigen

core polysaccharide

lipid A

Figure 3.2
Partial structure of the LPS of P. aeruginosa PACIR and its defective mutant PAC610
(Adapted from Rowe and Meadow, 1983)
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the range of logP values; toluene (logP 2.6) falls in the low range, tetradecane
(logP 7.6) in the high range and in the intermediate range nonanol (logP 3.45) and
hexane (logP 3.52). Nonanol and hexane have similar logP values, but different
structures, and were used to examine the suitability of logP as an indicator of toxicity.
The solvents chosen have different densities, viscosities and surface tensions. These
factors will influence separation per sé, as well as indirectly by altering solvent contact
and biocatalyst degradation. The differences in physical properties are unavoidable,
and make interpretation of the results more difficult.
3.1.4

Rationale for selection of operating conditions.

Solvents have been considered to influence cell activity, stability and viability by two
mechanisms, ie at
i) dissolved levels and as a
ii) discrete phase.
The solvent may cause gross damage to the cells, either by damaging the membranes
at a dissolved level, or physical damage by impact with a liquid-liquid interface, or by
a combination of the two mechanisms. In both cases the damage may lead to release
of surface active agents, making phase separation difficult.
Operating conditions were selected to examine the mechanism for release of surface
active agents, and give guidelines for the design of STR's.
The reactors which can be used for two phase biotransformation fall into two
categories, ie those which allow direct phase contact, and those which don't. Of those
which don't, it may be possible to design systems which also limit contact with
dissolved solvent. It is these possibilities which were considered in the selection of
operating conditions.
STR's and Lewis Cells were selected as being able to provide data for elucidation of
the mechanisms of solvent damage - from a biocatalyst inactivation and phase
separation viewpoint. A description of these reactors and conditions is given in 3.2
3.1.5

Rationale for selection of fermentation / harvest conditions.

Fermentation and harvest conditions were standardised as far as possible to avoid
confusing results. Hence a growth temperature of 30 C was selected as at higher
temperatures P. putida growth rate decrease rapidly. Harvest at cessation of peak
growth rate prevented problems with lysis of cells. Near optimal pH was selected for
growth, and thus varied with organism grown. It was not possible to grow all cells on
simple media, and the effect of this factor was not assesed.
P. putida was utilised in an associated research programme, for its ability to convert
fluorobenzene to fluorocatechol. This capability was not used in this work, none-theless the culture storage and fermentation procedures were those used to maintain
catalytic activity (Lynch, 1994).
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3.2

MATERIALS AND METHODS

3.2.1

Biomass production

Four cell types were prepared.

3.2.1.1 P. putida ML2

i) Source and maintenance
P. putida ML2 was supplied as freeze dried ampoules by Shell Research,
Sittingbourne. Working cultures were prepared as follows. A colony was selected
from a nutrient agar (NA) plate and inoculated into 50mL medium (SOOmL
Erlenmeyer (E) flask) whose sole carbon content was benzene (medium and growth
conditions Table 3.2). This culture was used to inoculate NA plates for future
preparation o f working cultures. This procedure was performed at two weekly
intervals.
ii) Fermentation
ImL culture from the benzene E-flask above was used to inoculate 50mL medium
(500ml E-flask) with fructose as the carbon source (medium and growth conditions
Table 3.2). This culture was used to inoculate a 2.5L MBR fermenter or a 5L LH
(medium and growth conditions Table 3.2). The fermenter configurations are given in
Figure 3.3. A standard growth profile is given in Figure 3.4.

3.2.1.2 P. aeruginosa PACIR and PAC610

i) Source and maintenance
Both P. aeruginosa strains were supplied by the Biochemistry Department at UCL.
Working cultures were prepared as follows. A colony was selected from a NA plate
and inoculated into 50mL medium (SOOmL E-flask) (medium and growth conditions
Table 3.3). This culture was used to inoculate NA plates for future preparation of
working cultures. This procedure was performed at two weekly intervals.
ii) Fermentation
SOmL o f culture from the E-flask above was used to inoculate a 2L MBR or a 2.5L
LH fermenter (medium and growth conditions Table 3.3). The 2L MBR fermenter
configuration is given in Figure 3.3. Growth profiles are given in Figure 3.5.
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p. putida shake flask growth
Autoclave 50mL Basal Medium lin SOOmL E-flask (ISmin, 121 C).
Asceptically add either SOpL benzene or 8mL sterile fructose solution.
Inoculate and incubate (30 C, 200rpm orbital shaker).
Basal Medium 1
(NH4)2S04
MgS 0 4 7 H 2 O
FeCl2
Na 2 HP0 4
KH 2 PO4
CaCl2 H 2 O
Trace element solution
RO water

Fructose solution
fructose
RO water
autoclave 15min,
121 C

l.Og
0.2g
0.016g
3.0g
3.0g
O.OlSg
2. OmL
l.OL

375g
IL

P, putida fermenter medium
Sterilise 2.3L (4.6L) Basal Medium 2 in situ in 2.5L (5L) LH fermenter.
Sterile filter 1OmL (20mL) MgSO^ and FeSO^ 7 H2 O solutions and
3.8mL (7.6mL) trace elements and asceptically transfer 200mL
(400mL) sterile fructose solution (above) into the fermenter once
cooled.
Basal Medium 2
(NH4 )2 S0 4
K 2 HPO4
KH 2 PO4
antifoam
RO water

MgS 0 4
FeS 0 4 7 H2 O
Fructose solution

Trace elements
HCl concentrated
ZnO
FeCl] 6 H 2 O
MnCl2 4 H2 O
CuCl2 2 H2 O
C0 CI2 6 H2 O
H 3 BO4
RO water

9.13g
1.89g
L48g
2.2mL
l.OL

230g/L
20g/L

P. putida fermentation conditions
temperature
pH (controlled using 10% NH 4 OH solution)
agitation

Table 3.2

P. putida media and growth conditions
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30
7.0
1400rpm

5mL
2.04g
27.0g
lO.Og
0.85g
2.38g
0.31g
5L

Figure 3.3
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Figure 3.4
P. putida ML2 standard growth profile
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p. aeruginosa shake flask growth
Autoclave 200mL Nutrient Broth (Oxoid # CMl) in 2L E-flask (15min,
121 C).
Inoculate and incubate (30 C, 2Q0rpm orbital shaker).
P. aeruginosa fermenter medium
Sterilise 2.3L (2.0L) Basal Medium in situ in 2.5L LH fermenter (2L
MBR fermenter). Sterile filter lOmL (12.25mL) MgSO^ and FeSO^t
7 H 2 O solutions and 3.8mL (4.75mL) trace elements and 200mL
glucose solution into the fermenter once cooled.
Basal Medium
(NH 4 )2 S0 4
Na2 HP 0 4
KH 2 PO 4
antifoam
RO water

10.9g
1.89g
1.15g
2.2mL
2.3L

MgS 0 4
FeS0 4 7 H 2 O

230g/L
2 0 gA.

Trace elements
as used for P. putida
Glucose solution
glucose
RO water
autoclave 15min,
121 C

P. aeruginosa fermentation conditions
temperature
30
pH (controlled using 10% NH4 OH solution)
7.0
agitation_________________________________ MOOrpm

Table 3.3

P. aeruginosa media and growth conditions
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Figure 3.5a

P. aeruginosa P A C IR standard growth prot'ile.
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Figure 3.5b
P. aeruginosa PACIR growth profile. Oscillating DOT profile.
The oscillating DOT profile resulted from a fermentation in which the air
inlet filter blocked after cessation o f rapid growth.
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P. aentginosa PAC610 standard growth profile
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3.2.1.3 Æ simplex

i) Source and maintenance
A. simplex was purchased as freeze dried ampoules from the NCIMB (# 8929).
Working cultures were prepared as follows. A colony was selected from a enriched
NA plate (1.2% NA in growth medium) and inoculated into 5OmL medium (SOOmL
E-flask) (medium and growth conditions Table 3.4). This culture was used to
inoculate enriched NA plates for future preparation of working cultures. This
procedure was performed at two weekly intervals.
ii) Fermentation
SOmL of culture from the E-flask above was used to inoculate a 2L MBR fermenter
(medium and growth conditions Table 3.4). A standard growth profile is given in
Figure 3.6.
3.2.1.45. cerevisiae

i) Source and maintenance
S. cerevisiae was isolated from DCL Bakers' Yeast on NA plates, and working
cultures were prepared as follows. A colony was selected from an enriched NA plate
(12% NA, 6 % mycological peptone, Oxoid # L40) and inoculated into SOmL medium
(SOOmL E flask) (medium and growth conditions Table 3.S). This culture was used to
inoculate NA plates for future preparation of working cultures. This procedure was
performed at two weekly intervals.
ii) Fermentation
SOmL of culture from the E-flask above was used to inoculate a 2L MBR fermenter
(medium and growth conditions Table 3.S). A standard growth profile is given in
Figure 3.7
3.2.1.5 Harvest

The fermentations were harvested (except where indicated) at cessation of rapid
growth phase as indicated by the a rise on DOT (arrowed on growth profile). The
cell suspension was decanted into 300mL pots, and centrifuged (6000rpm, 2S C,
30min, MSE High Speed 18).
3.2.1.6 Biomass determination

Biomass was determined by dry weight analysis. lOmL samples were dispensed into
pre-weighed test tubes (dried 24hr,
dried (24hr,

100

100

C), centrifuged, supernatant discarded, and

C). Fermentations were followed at OD670nm (Pye Unicam PU

8600 spectrophotometer). Samples were diluted 1:50 in potassium phosphate buffer
(20mM, pH 7.0, 25 C).
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A. simplex shake flask growth
Autoclave 200mL Shake flask medium in 2L E-flask (15min, 121 C).
Inoculate and incubate (30 C, 2G0rpm orbital shaker)
Shake flask medium
Yeast extract (Oxoid #L21)
(NH4)2S04
MgCl2
RO water

10.Og
3.0g
0.1 Og
IL

A. simplex fermenter medium
Sterilise 2.0L Fermenter medium in situ in 2L MBR fermenter. Sterile
filter lOmL MgCl2 solution into the fermenter once cooled.
Fermenter medium
Yeast extract
(NH4)2S04
RO water

10.Og
3.0g
IL

MgCl2

20.0g/L

A. simplex fermentation conditions
temperature
30
pH (controlled using 2.5M H 2 SO4 solution)
7.0
agitation________________________________ SOOrpm____________

Table 3.4

A. simplex media and growth conditions
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Figure 3.6
A. simplex standard growth profile

♦ DOT(%), ■ pH, • temperature ( C), oagitation (rpm), o OD (670nm).
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s. cerevisiae shake flask growth
Autoclave 200mL Growth medium in 2L E-flask (15min, 121 C).
Inoculate and incubate (30 C, 2G0rpm orbital shaker)
Growth medium
Yeast extract
glucose
RO water
pH to 5.5

20.Og
10. Og
IL

S, cere\nsiae fermenter medium
Sterilise 2.0L Growth medium in situ in 2L MBR fermenter.
S. cerevisiae fermentation conditions
temperature
30
pH (controlled using 2.5M H2 SO4 solution)
5.7
agitation_________________________________ SOOrpm_______

Table 3.5

S. cerevisiae media and growth conditions
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Figure 3.7
S. cerevisiae standard growth profile

♦ DOT(%), ■ pH, # temperature ( C), oagitation (rpm), o OD (670nm).
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3.2.2

Phase separation

3.2.2.1 Introduction

The issues associated with separation of biological material from a two-liquid phase
biotransformation reactor are the
i) separation of biological material from the aqueous phase after the two liquid
phase dispersion has broken into its constituent parts, and
ii) separation of biological material from a suspension containing a stabilised
dispersion.
The first case is similar to separation from a single liquid phase bioreactor, though
the catalyst may be somewhat weakened by contact with the organic phase, making
its separation without further disruption more difficult.
In the second case, centrifugation may be sufficient to break an emulsion into it's
component parts. However literature reports indicate that in various instances when
a solvent is contacted with a whole cell suspension that an emulsion may be formed
which is difficult to break (Lennie et al, 1990).
Separation of insoluble biological material from the aqueous phase is well studied,
and is essentially easily achieved. This separation was not considered to be an issue,
and was not considered further.
Separation of the material from an emulsion is less well studied, and more difficult to
achieve. Thus tests were required;i) to charactererise the emulsion forming tendency of a cell / solvent combination and
ii) to quantify the difficulty of separation of this emulsion.
Two methods were developed to allow comparison between various cell /solvent
combinations. The first method - termed the Standard Separation Test (SST)- allows
a rapid comparison between various cell / solvent combinations The second method
- termed the E l / 2 test - quantifies the difficulty of separation likely to be encountered
in an two-liquid phase STR, by measuring the time taken for the emulsion volume to
reach half the initial organic phase volume. The development of these tests is given
in Appendix 1.
3.2.2.2 Preparation of cell suspension for separation tests

The cell pellet from the harvested fermentation was immediately resuspended in
potassium phosphate buffer (20mM, pH 7.0, 25 C) and diluted to the required
concentration. Bought Bakers' Yeast was similarly resuspended, after storage at 4 C.
Suspensions were tested immediately unless otherwise indicated.
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3.2.2.3 The Standard Separation Test

30mL cell suspension (lOg/L) and lOmL solvent were dispensed into a 50mL
centrifuge tube (Dow Coming #25335-50) and an agitator ( 6 blade, 24mm diameter
Rushton turbine) positioned centrally at the 17.5mL mark in the tube (Figure 3.8).
The tube was then agitated (1 SOOrpm, 25 C, Smin) and centrifuged (12 OOOg, 25 C,
15min, MSE High Speed 18) and the phase distribution noted.
3.2.2.4 The E l/2 test

60mL cell suspension (15g/L) was added to a lOOmL Duran with 25mm magnetic
follower. 20mL solvent was added and the Duran capped with a tight fitting lid. The
vessel was stirred (1 SOOrpm), and maintained at 30 C using a water jacket. At
suitable time intervals the dispersion was transferred into two 50mL centrifuge tubes
(Dow Coming #25335-50) and centrifuged (12 OOOg, 25 C, 60min, MSE High Speed
18). The phase distribution was noted, the suspension mixed, retumed to the Duran
and stirring continued. The emulsion volume as a fraction of the initial organic
phase volume versus time was plotted. This procedure was repeated until the volume
fraction exceeded 50% (ie until the El/2 value was exceeded).

3.2.2.5 Determination of phase continuity
Dye test

Phase continuity was observed (by eye) after the aqueous phase was dyed with
methylene blue. The method was useful when both phases were clear, but not
practical in the presence of biological material.
Conductivity

The relationship between the electrical conductivity of the two-phase dispersion and
phase continuity was examined by varying the phase ratio in a tetradecane /
potassium phosphate buffer (20mM, pH 7.0, 25 C) mixture free of biological
material and observing changes in conductivity, using the biomass monitor. These
observations were made in conjunction with dye test observations. A drop in
conductivity to the conductivity of a pure tetradecane solution, coincided vrith visual
observations of phase inversion and continuity of the tetradecane phase (Figure 3.9).
Thus by determining the conductivity of a mixture, it was possible to ascertain the
continuous phase.
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Figure 3.8
Standard Separation Test set-up
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Figure 3 .9
Conductivity and dye methods for determining phase continuity
The phase ratio in a tetradecane / potassium phosphate buffer (20mM, pH 7.0, 25 C)
mixture free of biological material was varied and the electrical conductivity
monitored using the biomass monitor. These observations were made in conjunction
with dye test observations
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3.2.3

Solvent tolerance

3.2.3.1 Introduction

Dielectric spectroscopy was used to examine the solvent tolerance of cell suspensions.
Cells with an intact membrane exhibit electrical properties which are frequency
dependent, whereas the suspending media, and cells without an intact membrane
exhibit properties which are only poorly dependent on frequency (Harris et al, 1987).
Since only a cell with an intact membrane is capable of metabolism, the rate at which
the capacitance of cell suspension decreases, is related to the rate of cell membrane
disruption.
Solvent tolerance can thus be quantified by determining the time taken to reduce the
capacitance due to cells in a suspension to half the original value (the Cl/2 value).
The development of the method for monitoring the change in capacitance with time
is given in Appendix 2.
3.2.3.2 Preparation of cell suspension for solvent tolerance tests

The cell pellet from the harvested fermentation was immediately resuspended in
potassium phosphate buffer (20mM, pH 7.0, 25 C) and diluted to the required
concentration. Bought Bakers' Yeast was similarly resuspended, after storage at 4 C.
Suspensions were tested immediately unless otherwise indicated. In certain indicated
experiments cell suspensions were prepared to twice the required final cell
concentration, and diluted to final concentration with buffer pre-saturated with
solvent before testing.
3.2.3.3 Exposure of cell suspension to dissolved solvent

Cell suspensions were exposed to dissolved solvent in a Lewis Cell style contactor
(Woodley et al, 1990), in which the interfacial area was defined. Two methods were
used.
i) In situ probe placement
SOmL cell suspension was added to a lOOmL Duran with a 25mm cylindrical
magnetic follower and the biomass probe inserted centrally (Figure 3.10). lOmL
solvent was dispensed on top of the cell suspension with a needle and syringe so as
not to disturb the interface. The probe was then locked in position with captive nut.
The vessel was then stirred at 200rpm (sufficient for continued suspension of the
cellular material) and kept at 30 C using a water jacket. An Ikamag Reo magnetic
stirrer was used for this and for subsequently reported procedures. The liquid / liquid
interfacial area with this configuration was well defined, with a value of 0.0015m^.
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Figure 3.10
Capacitance monitoring set-up

probe

O

O

O

biomass monitor

o
magnetic stirrer

chart recorder
water bath

82

ii) Intermittent measurement
Set-up as described above with the exception that the probe was not inserted and the
Duran was capped with a tight fitting lid. Capacitance measurement proceeded as
follows. At suitable time intervals the Duran lid was removed and a syringe with
needle attached was inserted below the organic phase and used to withdraw the
aqueous phase. This cell suspension was dispensed into another lOOmL Duran with
25mm magnetic follower, the probe inserted centrally and locked in position with
captive nut. After measurements the suspension was retumed to the original Duran
below the organic phase using the syringe method. The liquid / liquid interfacial area
with this configuration was 0 .0 0 2 0 m^.
5.2.3.4 Exposure of cell suspension to discrete solvent

Cell suspensions were exposed to discrete solvent in an STR. Only intermittent
measurements were made.
60mL cell suspension was added to lOOmL Duran with 25mm magnetic follower.
20mL solvent was added and the Duran capped with a tight fitting lid. The vessel was
stirred at 1SOOrpm, and maintained at 30 C using a water jacket. Intermittent
measurement was performed by placing the biomass probe centrally in the Duran and
locking in place. Stirring was maintained at 1SOOrpm.
3.2.3.5 Aqueous control

Control suspensions containing no solvent were monitored. Only intermittent
measurements were made.
SOmL cell suspension was added to lOOmL Duran with 25mm magnetic follower.
The Duran was capped with a tight fitting lid, stirred at 1SOOrpm, and maintained at
30 C using a water jacket. Intermittent measurement was performed by placing the
biomass probe centrally in the Duran and locking in place. Stirring was maintained at
1SOOrpm.
3.2.3.Ô Measurement of dielectric properties

The Biomass Monitor (Model 216) and 25mm probe used were supplied and
manufactured by Aber Instruments. Two types of measurement were made continuous and intermittent.
i) Continuous measurement
This method was only used for monitoring S. cerevisiae exposed to dissolved solvent.
The frequency was set at 0.5 MHz, and the capacitance and conductance logged on a
chart recorder.

S3

ii) Intermittent measurement
After probe insertion a frequency scan was performed in the range 0.22 - lOMHz and
capacitance and conductance logged manually. In all cases extreme care was required
to ensure that no air bubbles or organic droplets had adhered to the probe. A set of
readings was considered reliable when upper and lower limits of the scan were
repeatable.
iii) Instrument settings and maintenance
The "low" sensitivity range, the single frequency mode of operation, and cleaning
pulse "off' settings were selected. The Monitor was left on continuously, and if the
power supply interrupted, allowed to steady for 24 hours before use. The probe and
pins were cleaned manually and allowed to dry between measurements.
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3.3

RESULTS

3.3.1

Characterisation of the emulsion forming tendency of a cell / solvent
combination

A number of factors which were believed to influence the volume of emulsion formed
were examined.
3.3.1.1 Time of exposure

The effect of agitation time and solvent on the volume of emulsion formed was
examined, by exposing P. putida (lOg/L in the aqueous phase) for varying periods of
time (Figure 3.11). A positive correlation was observed between time of exposure
and volume of emulsion formed, until all the organic phase had been consumed in the
formation of the emulsion, at which time the emulsion volume did not further
increase. Toluene and nonanol caused the most rapid increase in emulsion formation.
3.3.1.2 Cell and solvent type

Experiments (described in 3.2.2.3) compared the effect of solvent type on a selection
of cell types; details of preparation and storage are given in the legends. These results
are illustrated for
P. putida in Figure 3.12
A. simplex in Figure 3.13
P. aeriigitiosa PACIR in Figure 3.14
S. cerevisiae in Figure 3.15.
Bought Bakers' Yeast behaved similarly to freshly grown S. cerevisiae.
S. cerevisiae was observed to cause the least emulsion formation. Storage and
growth conditions were also observed to affect the volume of emulsion formed.
3.3.1.3 Cell concentration

The influence of cell concentration on volume of emulsion formed was also studied.
This was examined for varying aqueous phase cell concentrations of P. aeruginosa
PACIR when exposed to tetradecane (Figure 3.16). An increase in cell concentration
caused an increase in the volume of emulsion formed, which plateaued once the bulk
of the organic phase had been consumed in the emulsion.
3.3.1.4 Phase ratio

The affect of phase ratio of organic phase on emulsion formation was also examined.
The results are presented for P. putida exposed to tetradecane at constant aqueous
phase cell concentration and constant reactor cell concentration. (Figure 3.17 and
3.18). Phase continuity was determined by the conductivity method.
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Figure 3.11
The effect of contact time on emulsion formation for P. putida exposed to
♦ toluene ■ nonanol «tetradecane and □ hexane (elsewise as described in 3.2.2.3)
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Figure 3.12

The effect growth and storage conditions on emulsion formation for P. putida
exposed to toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3).
Cells were grown on fructose and succinate and either tested immediately, or after
storage for 72 hours at 4 C
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Figure 3.13
The effect of storage conditions on emulsion formation for^. simplex exposed to
toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3)
Cells were tested immediately, or after storage for 24 hour at either room
temperature or 4 C
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Figure 3.14
The effect growth and storage conditions on emulsion formation for P. aeruginosa
PACIR exposed to toluene, nonanol, tetradecane and hexane (as described in
3.2.2J)
Cells were from either a standard fermentation or from the fermentation
with oscillating DOT profile (Figure 3.5b) and were either tested
immediately, or after storage for 72 hours at 4 C or room temperature.
The fermentation with the oscillating DOT profile resulted from a
fermentation in which the air inlet filter blocked after cessation of rapid
growth.
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Figure 3.15
The effect of storage conditions on emulsion formation for S. cerevisiae exposed to
toluene, nonanol, tetradecane and hexane (as described in 3.2.2.3)
Cells were tested immediately, or after storage for 120 hours at either room
temperature or 4 C
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Figure 3.16
The effect of cell concentration on emulsion formation for P. aeruginosa PACIR
exposed to tetradecane (elsewise as described in 3.2.2.3)
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Figure 3.17
The effect o f the organic phase ratio on emulsion formation at constant initial aqueous
phase cell concentration. The experiment was performed with P. putida and
tetradecane (elsewise as described in 3.2.2.3)
Figure 3.17a
♦ tetradecane and o aqueous phase recovery as fraction of the initial volume
■ cell concentration in the vessel □ initial cell concentration in the aqueous phase
• conductivity (mS)
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Figure 3.17b
□ volume emulsion / volume original tetradecane, ♦ volume emulsion / original aqueous
phase volume, • volume emulsion / total volume, ■ volume emulsion / cell volume.
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Figure 3.18
The effect o f the organic phase ratio on emulsion formation at constant reactor cell
concentration. The experiment was performed with P, putida and tetradecane
(elsewise as described in 3.2.2.3)
Figure 3.18a
♦ tetradecane and o aqueous phase recovery as fraction of the initial volume
■ cell concentration in the vessel □ initial cell concentration in the aqueous phase
• conductivity (mS)
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Figure 3.18b
□ volume emulsion / volume original tetradecane, ♦ volume emulsion / original aqueous
phase volume, • volume emulsion / total volume, ■ volume emulsion / cell volume.

<

1.4

I,':

1

l h >

I

I

&

06
0.4
0 .2
0

0.4

0.45

0.5

0.55

0.6

phase ratio

93

0.65

0.7

0.75

0 .8

Phase inversion (to organic continuous) was only observed to occur at a high phase
ratio and high aqueous phase cell concentration (0.8 and 30g/L respectively), as
determined by conductivity methods. The phase inversion point for a clean
tetradecane / buffer mixture was observed at an phase ratio of 0.6. Biological
material clearly affects the point of inversion.
At low organic phase ratio all the tetradecane was consumed in the emulsion. At
phase ratio above 0.6 this was no longer the case. This perhaps suggests that the
conductivity method was a poor method to determine phase continuity, however the
conductivity tests were corroborated by the observation that aqueous continuous
emulsions could be resuspended in aqueous phase, but not tetradecane.
Further it was observed that in both experiments that the actual volume of emulsion,
also peaked at an organic phase ratio of 0 .6 .
The recovery of the aqueous phase was not grossly affected by an increase in phase
ratio.
3.3.1.5 Cell component

No direct correlation was observed between volume of emulsion formed and the
amount of insoluble cellular material in the emulsion when exposed to different
solvents (A. simplex Figure 3.19). This suggested that soluble cell components may
be partially or fully responsible for the emulsion.
To examine this suggestion a P. aeruginosa PACIR suspension was exposed to
dissolved levels of nonanol in a Lewis Cell style contactor for 30 minutes, the cells
were then removed by centrifugation, and the cell free suspension contacted in the
standard manner with nonanol in an STR. The volume of the emulsion formed was
equal to that formed when the whole cell suspension similarly treated, was contacted
with nonanol. Supernatant of a cell suspension not exposed to dissolved nonanol
formed a lower volume of emulsion (Figure 3.20). Resuspended cells from a
suspension exposed to nonanol in an STR formed an emulsion of volume predicted
by cells not pre-exposed to nonanol, suggesting that cells stabilised the emulsion, or
that further surfactants were extracted from the cells to stabilise the emulsion.

3.3.2

Quantification of emulsion separation difficulty

The El/2 test was used to determine the length of time taken for the emulsion volume
to reach half the initial organic phase volume when cell suspensions were exposed to
toluene as described in 3.2.2.4. These tests were performed in parallel with the Cl/2
tests reported in 3.3.7, and details are given there. The test results are recorded in
Table 3.6.
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Figure 3.19

Volume of emulsion formed and biomass lost from the aqueous phase when an
A. simplex suspension exposed to solvents (as described in 3.22.3)
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Figure 3.20
The affect of whole cells and soluble cell components on emulsion formation
As controls the volume of emulsion the supernatant of a suspension of P. aeruginosa
PACIR unexposed to dissolved nonanol, and the whole cell case were also examined
(elsewise as described in 3.2.2.3)
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supernatant

Organism (conditions)

Time taken for emulsion volume to
reach half the original solvent volume
(El/2)

A. simplex

< 30min

P. putida

< 5min

P. aeruginosa PACIR (harvested at

~ 2 0 hr

peak growth and tested immediately)
P. aeruginosa PACIR (harvested past

»

1 2 0 hr

peak growth and tested immediately)
S. cerevisiae (fresh Bakers' Yeast)

»

2 0 hr

S. cerevisiae (stored Bakers' Yeast)

»

2 0 hr

Table 3.6

3.3.3

El/2 values for 15g/L cell suspensions exposed to toluene in an STR

Calculation of biomass probe constant

The yalue of the biomass probe constant is required for comparison of results
collected with different probes.
The formulae relating conductance (G, in Siemens) as measured by a particular
biomass probe, to conductivity (a', in Siemens m"^) which is not probe dependent, is
given in Equation 3.1. The relationship between capacitance (C, in Farads) as
measured by the probe and relative permitivity (s', dimensionless) which is not probe
dependent, is given in Equation 3.2.
o' = G k

Equation 3.1

e' = C k / 8 q

Equation 3.2

where k is the probe constant of the electrode system (m"^) taking into account
geometry and range settings, and Sq is the permitivity of free space (equal to
8.854 X 1 0 “12 Fm’^). The constant was calculated by measuring the conductance of a
lOmM KCl solution at 20 C (o' = 0.1278 S m"^). G was measured at 1.16mS. Thus
the value of the probe constant was 1. Icm'k (Calculations based on those presented
by Davey (1992)).
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3.3.4

Dielectric spectra of test organisms

The dielectric spectra of test organisms was recorded immediately after resuspension
in phosphate buffer (Figure 3.21 and 3.22). The spectra can be seen to be dependent
on the type of organism (yeast, Gram status) (Figure 3.21), but show little variation
with the Gram negative organisms tested (Figure 3.22).

3.3.5

Capacitance as a measure of cell concentration

Literature reports abound showing the linear relationship between capacitance and
cell concentration (Harris et al, 1987; Kell et al 1990; Eglin, 1994). The correlation
was shown to hold for S. cerevisiae resuspended to varying concentrations in
phosphate buffer (Figure 3.23). Dilution of a concentrated P. putida suspension
showed a proportional decrease in capacitance up to a frequency of 4MHz
(Figure 3.24). Stoicheva et al (1989) and Eglin (1994) also examined the decrease in
capacitance on exposure to solvent and correlated this with a decrease in viability
using the methylene blue uptake test. Capacitance was found to reflect closely the
viability of cells determined by methylene blue staining.
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Figure 3.21

Dielectric spectra of • A. simplex (Gram positive), ♦ S. cerevisiae (yeast)
and ■ P. putida (Gram negative) harvested immediately after cessation of rapid
growth, and resuspended in phosphate buffer
Delta Capacitance normalised at 0.5MHz, ie ACj = (Ci-Cio)/Co 5
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Figure 3.22

Dielectric spectra of Gram negative test organisms; ■ P. putida, ♦ P. aeruginosa
PAC IR and # P. aeruginosa PAC610 harvested immediately after cessation of rapid
growth, and resuspended in phosphate buffer
Delta Capacitance normalised at 0.5MHz, ie ACj = (Cj-CioVCoj
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Figure 3.23
S. cerevisiae (bought Bakers' Yeast) resuspended to varying concentrations in
phosphate buffer at ■ 0.5MHz and • 1.OMHz. The buffer conductivity was
adjusted to 2.6mS using 3M KCl solution
Delta capacitance calculated as ACj = (Ci-Cj jjuger)
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Figure 3.24
Dielectric spectra of P. putida resuspended in phosphate buffer to 14g/L (•) and
subsequently diluted 1:1 (♦) in phosphate buffer. The ratio of the two values at a
given frequency is also plotted (■).
Delta capacitance calculated as ACj = (Cj-Cio)
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Exposure of S. cerevisiae to dissolved solvent

3.3.6

Variously prepared and stored S. cerevisiae suspensions were exposed to dissolved
solvents in a Lewis Cell, at a range of cell concentrations and in buffers partially and
fully presaturated with solvent. Capacitance was measured in situ as described in
3.2.3.3 (Figure 3.25 to 3.28). These results are summarised in Table 3.7. Details of
exposure conditions are given in the legends.

source

exposure

Cl/2

cell cone

(storage)

method

(hr)

(g dry wt/L)

BYi

LC/unsat^

1 0 .0

3.5

toluene

BY

LC/unsat

1 1 .0

10

toluene

BY

LC/50% sat^

1 1 .2

10

toluene

early harvest

LC/unsat

37

10

toluene

late harvest

LC/unsat

25

10

toluene

4 C / 120hr

LC/unsat

16.5

10

toluene

RTV 120hr

LC/unsat

6

10

toluene

BY

LC/unsat

1 2 .2

25

toluene

BY

LC/unsat

30

25

nonanol

BY

LC/50% sat

28.5

25

nonanol

BY

LC/unsat

>50

25

tetradecane

BY

LC/unsat

>50

25

hexane

BY

LC/unsat

>50

25

no solvent

Table 3.7

solvent

Cl/2 for S. cerevisiae suspensions exposed to solvents in a Lewis cell

* - bought Bakers' Yeast
2

- cells suspended in an unsaturated buffer

3 - cells suspended in buffer at 50% solvent saturation
4 - room temperature

From these results it can be seen that the rate of transfer of solvent to a cell affects
the C l / 2 value determined, with exposure at low cell concentration leading to a lower
C l / 2 value, and with exposure to partially pre saturated buffer suspensions to lowere
Cl/2 values in the case of nonanol. Further analysis of the results is left to the
discussion at the end of this chapter.
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Figure 3.25

S. cerevisiae (bought Bakers' Yeast) resuspended in phosphate buffer exposed to
dissolved toluene in Lewis Cell style reactors at various cell concentrations. The
results presented do not take into account the relative age of the Bakers' Yeast (in
brackets) on testing.
■ 3.5g/L (0 day), ♦ lOg/L (13 day) and # 25g/L (22 day).
The Y-axis was calculated from capacitance values at 0.5MHz thus:fraction of original delta

= (C^-C^=25hrV(Ct=o-(^t=25hr)

(note different basis for delta C calculation, assumed capacitance at 25hr is total
disruption)
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Figure 3.26
The effect of harvest and storage condtions on rate of change of capacitance of
S. cerevisiae suspensions (lOg/L) when exposed to dissolved toluene in Lewis Cell
style reactors
■ bought Bakers' Yeast, □ harvested

8

hours after cessation of rapid growth,

♦ harvested at cessation of rapid growth, and o stored at room temperature for
• stored at 4 C for

1 2 0 hr

1 2 0 hr

in phosphate buffer before testing.

The Y-axis was calculated from capacitance values at 0.5MHz thus:ffaction of original delta

= (Ct-Cbuffer)/(Ct=o-Cbuffer)
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Figure 3.27
The effect of the rate of transfer of solvent to the aqueous phase. S. cerevisiae
(bought Bakers' Yeast) was resuspended to twice the test concentration in phosphate
buffer and subsequently diluted to the test concentration with either buffer or buffer
pre-saturated with solvent (to lOg/L), before exposure to the solvent in a Lewis Cell
style reactor
diluted with buffer ■, and diluted with toluene saturated buffer□, before

exposure

to dissolved toluene in a Lewis Cell style reactor.
diluted with buffer •, and diluted with nonanol saturated buffer o,before exposure
to dissolved nonanol in a Lewis Cell style reactor.
The Y-axis was calculated from capacitance values at 0.5MHz thus:ffaction of original delta

= (Ct-Cbu£fery(Ct=o-Cbu£fer)
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Figure 3.28
S. cerevisiae (bought Bakers' Yeast) resuspended in phosphate buffer (to 25g/L), and
exposed to various dissolved solvents in Lewis Cell style reactors
□ aqueous control, ■ toluene, ♦ hexane, • nonanol and o tetradecane.
The Y-axis was calculated from capacitance values at 0.5MHz thus:fraction of original delta

= (Ct-C5 uffer)/(Ct=o-Cbu£fer)

u

I
■g 0.6

I

0.2 f

0

5

10

15

20

25

exposure time (hr)

107

30

35

40

45

3.3.7

Exposure of test organisms to toluene

3.3.7.1 Introduction

Toluene was selected to perform further experiments, its relatively rapid affect (shown
in 3.3.6) being suitable for experiments and allowing differentiation between age and
solvent affects. It was not selected on the basis of suitability as an industrial solvent!
Test organisms at 15g/L were exposed to discrete and dissolved toluene and the Cl/2
values determined as described in 3.2.3. The results are summarised in Table 3.8.
Frequency scans during the course of exposure were seen to reflect the level of cell
disruption (delta C), and mode of disruption (normalised delta C), and are also
included. Details are given below.

C l/2 (hr)
STR

LC

control

S. cerevisiae (fresh Bakers' Yeast)

12

25

>37

S. cerevisiae (stored Bakers' Yeast)

9

15

>32

A. simplex

32

26

29

P. putida

30

6

38

P. aeruginosa PACIR (harvested at peak

24

16

>117

15

13

>40

18

33

>140

32

>144

Organism (conditions)

growth, and tested immediately)
P. aeruginosa PACIR (harvested at peak
growth, and stored 4C/72hr)
P, aeruginosa PACIR (harvested 13 hr
past peak growth, and tested immediately)
P. aeruginosa VAC6\0 (harvested 13 hr
past peak growth, and tested immediately)
Table 3.8

Cl/2 for cell suspensions exposed to toluene in an STR, Lewis cell and
unexposed (control). Values by linear interpolation
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3.3.7.2 S. cerevisiae
S. cerevisiae was exposed to dissolved and discrete toluene as previously described.
The S. cerevisiae (bought Bakers' Yeast) was used

8

days prior to use-by date

(termed "fresh"). Two experiments were performed twelve hours out of phase and
the decrease in capacitance monitored intermittently (Figure 3.29).
To assess reproducibility, and to examine the effect of rate of aqueous phase solvent
dissolution this set of experiments was repeated, this time including two Lewis cells,
one agitated as previously described with a magnetic flea at

2 0 0 rpm,

the other

agitated at 500rpm using a top driven 25mm Rushton turbine (Figure 3.9). The
S. cerevisiae used was from the batch previously described, but used 7 days after the
use-by date (termed "stored"). Again two experiments were performed twelve hours
out of phase and the decrease in capacitance monitored intermittently (Figure 3.30).
The affect of the rate of dissolution, and hence uptake by cells to critical membrane
levels, is indicated by the delay in the onset of rapid decrease in capacitance in the
Lewis cell agitated at a lower rate (Figure 3.30). A lower rate of dissolution led to an
increase in the observed Cl/2 value. The rate of decrease in capacitance, during the
stage of rapid decrease, appeared to be constant for both exposure to discrete and
dissolved toluene, suggesting the same method of toluene uptake by the cell, through
the aqueous phase, and subsequent disruption. That this rate of rapid decrease ceased
earlier in the case of exposure to dissolved solvent perhaps indicates a change in the
method of disruption. This would not be unexpected with the very much higher levels
of shear in an STR.
Frequency scans during the course of exposure of "fresh" S. cerevisiae (Figure 3.29)
were recorded (Figure 3.31). The scans show an essentially unchanged normalised
delta C profile during the course of exposure to discrete and dissolved toluene, adding
credance to the suggestion that the modes of disruption was similar.
The results also indicate the affect of storage on S. cerevisiae, with large decreases in
the C l72 values.
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Figure 3.29
Fresh S. cerevisiae resuspended in phosphate buffer (15g/L) and exposed to discrete
and dissolved toluene
Two experiments were performed twelve hours out of phase (closed symbols 12hr
delay) and the decrease in capacitance monitored intermittently. S. cerevisiae sourced
as bought Bakers' Yeast, and used

8

days prior to use-by date.

♦ aqueous control, no solvent present.
■ exposed to dissolved solvent in a Lewis Cell style reactor
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta

= (Ct-Cbug-erV(Ct=o-Cbuj3 er)

u
«2

s

•

0 .6

2?

o

*o
§
o

0.4 ■

^ 0.2 -

0

10

20

30

exposure time (hr)

110

40

50

Figure 3.30
Stored S. cerevisiae resuspended in phosphate buffer (15g/L) and exposed to discrete
and dissolved toluene
Two experiments were performed twelve hours out of phase (closed symbols 12hr
delay) and the decrease in capacitance monitored intermittently. S. cerevisiae sourced
as bought Bakers' Yeast, and used

8

days prior to use-by date.

♦ aqueous control, no solvent present.
■ exposed to dissolved solvent in a Lewis Cell style reactor, standard (slow) stirring
Aexposed to dissolved solvent in a Lewis Cell style reactor, stirred rapidly
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C, = (Ct-CbuggrV(CM)-Cbua'er)
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Figure 3.31
Frequency scans during the course of exposure of "fresh" S. cerevisiae
Figure 3.31a
Discrete exposure in an STR
Delta capacitance calculated as AC, = (Ci-Cj buffgj)
Scan at:- o 0 hours; o 12 hours;

a 16

hours; 0 36 hours.
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Figure 3.31b
Discrete exposure in an STR
Delta Capacitance normalised at IMHz, ie ACj = (Ci-Ci buffer)/Ci
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Figure 3.31 (ctd)
Frequency scans during the course of exposure of "fresh" S. cerevisiae
Figure 3.31c
Dissolved exposure in a Lewis Cell style reactor
Delta capacitance calculated as AC^ = (Ci-Ci buffer)
Scan at:- « 0 hours; # 28 hours; ♦ 36 hours.
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Figure 3.3Id
Dissolved exposure in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie ACj = (Ci-Cj bufferVCi
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Figure 3.31 (ctd)
Frequency scans during the course of exposure of "fresh" S. cerevisiae
Figure 3.3 le
Aqueous control, no solvent present
Delta capacitance calculated as ACj = (Cj-Cj buffer)
Scan at:- x 0 hours; + 13 hours; - 33 hours.
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Figure 3.3 If
Aqueous control, no solvent present
Delta Capacitance normalised at IMHz, ie ACj = (Ci-Ci jjufferV^l
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Figure 3.31 (ctd)
Frequency scans during the course of exposure of "fresh" S. cerevisiae
Figure 3.31 g
STR, Lewis Cell and Aqueous control results
Delta Capacitance normalised at IMHz, ie ACj = (Ci-Cj buggrV^l
Scan at:

x 0 hours, aq Ctrl; - 36 hours, aq Ctrl; ♦ 36 hours, LC; A 16 hoursSTR.
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3.3.7.3Æ simplex

A. simplex was fermented, harvested and resuspended as previously described.
Suspensions were immediately exposed to discrete and dissolved toluene. The
resulting decrease in capacitance was monitored intermittently (Figure 3.32). The
initial rates of decrease in capacitance appear similar, but there are too few data points
for this to be conclusive. However it does appear that for exposure to discrete
toluene, that the period of rapid decrease is for a shorter period.
Frequency scans during the course of exposure were recorded (Figure 3.33), and
show dramatic differences with exposure to discrete and dissolved solvent, and with
storage, suggesting different modes of disruption.
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Figure 3.32
A. simplex resuspended in phosphate buffer (15g/L) and exposed to discrete and
dissolved toluene. The decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present.
■ exposed to dissolved solvent in a Lewis Cell style reactor
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta

= (Ct-Cbuffer)/(Ct=o-Cbuffer)
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Figure 3.33
Frequency scans during the course of exposure of A simplex
Figure 3.33a
Discrete exposure in an STR
Delta capacitance calculated as ACj = (Ci-Cj
Scan at:- □ 0 hours; o

21

hours; a 44 hours.
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Figure 3.33b
Discrete exposure in an STR
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Ci bufferVCi
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Figure 3.33 (ctd)
Frequency scans during the course of exposure of A. simplex
Figure 3.33c
Dissolved exposure in a Lewis Cell style reactor
Delta capacitance calculated as ACj = (Ci-Cj buggr)
Scan at:- ■ 0 hours; • 21 hours; ♦ 44 hours.
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Figure 3.33d
Dissolved exposure in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie AC^ = (Cj-Cj 5 uger)/Ci
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Figure 3.33 (ctd)
Frequency scans during the course o f exposure o f A. simplex
Figure 3.33e
Aqueous control, no solvent present
Delta capacitance calculated as ACj = (Cj-Ci buffer)
Scan at:- xO hours; + 21 hours; - 4 4 hours.
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Figure 3.33f
Aqueous control, no solvent present
Delta Capacitance normalised at IMHz, ie AC, = (Cj-Cj buger)/Ci
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Figure 3.33 (ctd)
Frequency scans during the course o f exposure of/4, simplex
Figure 3.33g

STR, Lewis Cell and Aqueous control results
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Ci bufferVCi
Scan at;
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3.3.7.4 P. putida

P. putida was fermented, harvested and resuspended as previously described.
Suspensions were immediately exposed to discrete and dissolved toluene. Two Lewis
cell contactors were examined; one was agitated as previously described with a
magnetic flea at 200rpm, the other agitated at 500rpm using a top driven 25mm
Rushton turbine. The resulting decreases in capacitance were monitored
intermittently (Figure 3.34). No significant difference was observed with the different
Lewis Cell agitation methods, however the rate of decrease in capacitance on
exposure to discrete toluene, was very much lower than for exposure to dissloved
toluene.
Frequency scans during the course of exposure were recorded (Figure 3.35) and again
show differences in the normalised dielectric spectra, indicating different modes of
disruption. The change in the dielectric spectra with exposure to discrete toluene
changes least, also suggesting least disruption.
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Figure 3.34
P. putida resuspended in phosphate buffer (15g/L) and exposed to discrete and
dissolved toluene. The decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present.
■ exposed to dissolved solvent in a Lewis Cell style reactor, standard (slow) stirring
Aexposed to dissolved solvent in a Lewis Cell style reactor, stirred rapidly
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C^ = (Ct-CbufferV(Ct=o-Cbu£Fer)
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Figure 3.35
Frequency scans during the course of exposure of P. putida
Figure 3.35a
Discrete exposure in an STR
Delta capacitance calculated as AC, = (Ci-C, buggr)
Scan at:- □ 0 hours; o 38 hours;

a 112

hours.
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Figure 3.35b
Discrete exposure in an STR
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Ci 5 uger)/Ci
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Figure 3.35 (ctd)
Frequency scans during the course of exposure of P. putida
Figure 3.35c
Dissolved exposure in a Lewis Cell style reactor
Delta capacitance calculated as ACj = (Ci-Cj buffer)
Scan at:- « 0 hours; e 38 hours; +112 hours.
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Figure 3.35d
Dissolved exposure in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie AC, = (Cj-Cj bufferV^l
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Figure 3.35 (ctd)
Frequency scans during the course of exposure of P. putida
Figure 3.35e
Aqueous control, no solvent present
Delta capacitance calculated as ACj = (Cj-Cj buffer)
Scan at:- x 0 hours; +38 hours; - 112 hours.
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Figure 3.35f
Aqueous control, no solvent present
Delta Capacitance normalised at IMHz, ie ACj = (Ci-Ci bugerV^i
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Figure 3.35 (ctd)
Frequency scans during the course of exposure of P. putida
Figure 3.35g
STR, Lewis Cell and Aqueous control results
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Cj bug*er)/Ci
Scan at:

x 0 hours; -112 hours, aq Ctrl; ♦ 112 hours, LC;

a 112

hours, STR.
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3.3.7.5 P. aeruginosa

P. aeruginosa PACIR was fermented, harvested at cessation of rapid growth (as
indicated by an increase in DOT) and resuspended as previously described. The
suspension was immediately exposed to discrete and dissolved toluene. The resulting
decreases in capacitance were monitored intermittently (Figure 3.36).
To examine the effect of storage of the biocatalyst before use a further experiment
was performed using cells harvested at cessation of rapid growth, but stored at for 72
hours at 4 C before exposure to solvent (Figure 3.37).
To examine the effect of time of harvest, this experiment was repeated using cells
harvested 13 hours after cessation of rapid growth, but otherwise treated identically
(Figure 3.38).
Storage at 4 C and late harvest were both shown to cause a decrease in the observed
C l/2 value when exposed to discrete toluene. Likewise storage caused a decrease in
observed C l/2 value for exposure to dissolved toluene. Late harvest increased the
observed C l / 2 value.
To examine the effect of LPS on solvent tolerance P. aeruginosa PAC610 was
exposed to toluene. P. aerugitiosa was fermented, harvested 13 hours after cessation
of rapid growth (as indicated by an increase in DOT) and resuspended as previously
described. The suspensions were immediately exposed to dissolved toluene and
tetradecane. The resulting decreases in capacitance were monitored intermittently
(Figure 3.39). The Cl/2 value for PACIR and PAC610 similarly treated, were
similar, however in the case of PAC610, the capacitance continued to decrease rapidly
after the Cl/2 value, unlike PACIR.
Frequency scans during the course of exposure were recorded for P. aeruginosa
PACIR, harvested at cessation of rapid growth and exposed to toluene immediately
(Figure 3.40), and for P. aeruginosa PAC610 harvested 13 hours after cessation of
rapid growth, and exposed to solvent immediately (Figure 3.41). These results are
discussed in more detail in 3.4.
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Figure 3.36
P. aeruginosa PACIR (harvested at cessation of rapid growth) resuspended in
phosphate buffer (15g/L) and exposed to discrete and dissolved toluene. The
decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present
■ exposed to dissolved solvent in a Lewis Cell style reactor
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C^ = (Ct-CyugerV(Ct=o-Cbuger)
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Figure 3.37
P. aeruginosa PACIR (harvested at cessation of rapid growth) resuspended in
phosphate buffer (15g/L) and stored at 4 C for 72 hours before exposure to discrete
and dissolved toluene. The decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present
■ exposed to dissolved solvent in a Lewis Cell style reactor
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C^ = (Ct-Cbuffer)/(Ct=o-Cbuffer)
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Figure 3.38
P. aeruginosa PACIR (harvested 13 hours after the cessation of rapid growth)
resuspended in phosphate buffer ( 15g/L) and exposed to discrete and dissolved
toluene. The decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present
■ exposed to dissolved solvent in a Lewis Cell style reactor
• exposed to discrete toluene in an STR
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C^ = (Ct-Cbu£fer)/(Ct=o-Cbuffer)
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Figure 3.39
P, aeruginosa PAC610 (harvested 13 after cessation of rapid growth) resuspended in
phosphate buffer (15g/L) and exposed to discrete and dissolved toluene. The
decrease in capacitance was monitored intermittently
♦ aqueous control, no solvent present
■ exposed to dissolved toluene in a Lewis Cell style reactor
□ exposed to dissolved tetradecane in a Lewis Cell style reactor
The Y-axis was calculated from capacitance values at IMHz thus:fraction of original delta C^ = (Ct-Ci,ufier)/(Ct=o-CbufiFer)
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Figure 3.40
Frequency scans during the course of exposure of P. aeruginosa PACIR, harvested at
cessation of rapid growth
Figure 3.40a
Discrete exposure in an STR
Delta capacitance calculated as ACj = (Ci-Cj buffer)
Scan at:- □ 0 hours; o 17 hours;

a 40

hours.
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Figure 3.40b
Discrete exposure in an STR
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Cj buffer)/Ci
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Figure 3.40 (ctd)
Frequency scans during the course of exposure of P. aeruginosa PACIR
Figure 3.40c
Dissolved exposure in a Lewis Cell style reactor
Delta capacitance calculated as AC, = (Cj-Cj buggr)
Scan at:- ■ 0 hours; # 17 hours; ♦ 40 hours.
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Figure 3.40d
Dissolved exposure in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie ACj = (Cj-Cj 5ugej)/Ci
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Figure 3.40 (ctd)
Frequency scans during the course of exposure of P. aeruginosa PACIR
Figure 3.40e
Aqueous control, no solvent present
Delta capacitance calculated as ACj = (Cj-Ci buffer)
Scan at;- x 0 hours; +17 hours; - 40 hours.

16
i

4-

14

i

1

12

i

!
!

f

i
!
!

!

1

I

!

i

1

10

i
i
i

1

+
1

I

M

l
ft»

«

I

1

1

!

1

!

1

■

1
1

0.1

10

1

frequency (MHz)

Figure 3.40f
Aqueous control, no solvent present
Delta Capacitance normalised at IMHz, ie AC, = (Cj-Cj bufferVC 1
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Figure 3.40 (ctd)
Frequency scans during the course of exposure o ff. aeruginosa PACIR
Figure 3.40g
STR. Lewis Cell and Aqueous control results
Delta Capacitance normalised at IMHz, ie AC, = (Cj-Cj 5 ugej.)/Ci
Scan at:

x 0 hours, aq Ctrl; - 40 hours, aq Ctrl; ♦ 40 hours, LC,

a 40

hours.
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Figure 3.41
Frequency scans during the course of exposure of P. aeruginosa PAC610, harvested
13 hours after cessation of rapid growth
Figure 3.41a
Dissolved exposure to toluene in a Lewis Cell style reactor
Delta capacitance calculated as ACj = (Ci-C| y^ggJ
Scan at:- □ 0 hours; o 24 hours;

a 48

hours; 0 144 hours.
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Figure 3.41b
Dissolved exposure to toluene in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie AC, = (Ci-Ci bugerV^^l
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Figure 3.41 (ctd)
Frequency scans during the course of exposure of P. aeruginosa PAC610
Figure 3.41c
Dissolved exposure to tetradecane in a Lewis Cell style reactor
Delta capacitance calculated as ACj = (Ci-Cj buffer)
Scan at:- « 0 hours; • 48 hours; ♦ 144 hours.
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Figure 3.4Id
Dissolved exposure to tetradecane in a Lewis Cell style reactor
Delta Capacitance normalised at IMHz, ie AC^ = (C^-Cj buffer)/Ci
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Figure 3.41 (ctd)
Frequency scans during the course of exposure of P. aeruginosa PAC610
Figure 3.4ie
Aqueous control, no solvent present
Delta capacitance calculated as ACj = (Cj-Cj
Scan at;- x 0 hours; + 48 hours; - 144 hours.
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Figure 3.4If
Aqueous control, no solvent present
Delta Capacitance normalised at IMHz, ie A C j = (Cj-C, y^gg^V^^l
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Figure 3.41 (ctd)
Frequency scans during the course o f exposure o f P. aerugitiosa PA C 610
Figure 3.41 g

STR, Lewis Cell and Aqueous control results
Delta Capacitance normalised at IMHz, ie ACj = (Ci-C, buger)/Ci
Scan at:

x 0 hours; - 144 hours, aq Ctrl;

a 48

hours, LC, toluene;

0 144 hours, LC, toluene; ♦ 144 hours, LC, tetradecane.
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3.4

DISCUSSION OF RESULTS

3.4.1

Introduction

As previously discussed (Chapter 2), it was considered that the primary separation
issue associated with the contact of solvent and a cell suspension in a two-liquid phase
biotransformation reactor would be one of emulsion formation. The experiments
performed examined the relationship between emulsion formation and cell and solvent
type, and examined those factors involved in emulsion formation with a view to
minimising emulsion formation, and hence the need for its separation (3.3.1 and
3.3.2). However due to the concomitant requirement of a biotransformation for a
stable, active catalyst, emulsion formation was not examined in isolation but in
association with catalyst stability (3.3.6 and 3.3.7). The results from these
experiments are now discussed.

3.4.2

Analysis of emulsion formation

Affect of solvent and time of exposure

The volume of emulsion formed on exposure of P. putida to various solvents was
shown to be dependent on the solvent used and the time of exposure. (Figure 3.11).
Toluene and nonanol were shown to cause the formation of an emulsion consuming
the bulk of the organic phase in less than five minutes under test conditions.
Conversely the volume of emulsion formed on exposure to tetradecane and hexane
was less than 2 0 % of the original organic phase volume in the same time period.
Affect of cell type, growth, harvest and storage conditions

Cell type, growth, harvest and storage conditions were also shown to affect the
volume of emulsion formed, in some instances more so than the solvent (Figures 3.12
-3.15). The test results are illustrative of the use of the standard separation test for
ascertaining the emulsion forming tendencies of various cell solvent combinations.
They do not purport to be an exhaustive examination of the optimal cell solvent
combination, and catalyst preparation conditions, but are indicative of the value of the
test in ascertaining relative difficulty of separation. However a number of
observations can be made.
S. cerevisiae was shown to be the least likely organism to form an emulsion for all
conditions tested. Emulsion formation with storage at 4 C was shown to decrease
with P. putida for all solvents tested, to be solvent dependent for P. aerugitiosa and
A. simplex and to have little effect on emulsion formation for S. cerevisiae. Storage
at 4 C as opposed to room temperature for A. simplex seemed to exacerbate emulsion
forming tendencies, whereas the effect of storage temperature on P. aerugitiosa was
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dependent on the solvent used. The level of DOT during a P. aeruginosa
fermentation was shown to influence the level of emulsion formation; cell suspensions
from a fermentation with an oscillating DOT profile showed higher levels of emulsion
formation on exposure to tetradecane and hexane, but a lower level of formation on
exposure to nonanol. P. putida grown on succinate showed a lower tendency to form
an emulsion than cells grown on fructose.
A major conclusion to be drawn from these results was the importance of growth and
storage conditions on the emulsion forming properties of cell suspensions. No simple
correlation between solvent type and emulsion formation could be drawn; test
conditions increased emulsion formation with some solvents, but caused a decrease in
formation with other solvents; whether an increase or a decrease was also dependent
on the cell type.
A major importance of these results was in the testing of the tools.
Affect of biological material

Although it was observed that the cell concentration was an important factor in the
volume of emulsion formed (Figure 3.16) it was clear that the volume of the emulsion
formed was not a reflection of the amount of insoluble biological material in the
emulsion (Figure 3.19). Further examination showed that emulsion formation may
rely on soluble cell components as well as whole cells (Figure 3.20). Nonanol
appeared to leach emulsion forming components from the cells exacerbating the
problem of emulsion formation, though emulsion forming components were leached
into the aqueous phase in the absence of any solvent.
It was also shown that neither aqueous phase nor reactor cell concentration alone
determined the volume of emulsion formed (Figure 3.17 and 3.18). Rather that
emulsion volume was maximised at an organic phase ratio of 0 .6 , and that organic
phase recovery increased dramatically at organic phase ratios greater than 0 .6 .
Conclusions

The results from these experiments, and experiments such as these with organisms of
interest, are important in aiding the selection of cells and solvents to minimise
separation problems downstream from a two-liquid phase biotransformation reactor from a separation viewpoint, cells and solvents which cause separation difficulties
should be avoided. The results also have implications for reactor design, which are
discussed in Chapter 5.
The results also suggest that it may be desirable to genetically engineer desired
activity into cell lines which cause least separation difficulties. Alternatively it may be
desirable to engineer cells to create less emulsion causing problems. These last two
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solutions are particularly desirable considering that solvent selection may be pre
determined by solubility and catalyst toxicity requirements. In addition, solvent
selection is likely to be further constrained by safety considerations with respect to the
operator and consumer.
The El/2 values given in Table 3.6 indicate the likely difficulty in separation
resulting from the contact of the test organisms with toluene. The El/2 test takes into
account the rate of emulsion formation and the ease with which an emulsion is
separated.
Low El/2 values indicate a difficult separation, higher values indicate an easier
separation. A. simplex and P. putida were shown to produce difficult emulsions to
separate in a short contact time. S. cerevisiae and P. aeruginosa were shown to
cause less difficulties. The difficulty of separation of P. aeruginosa was shown to be
dependent on harvest timing. As with the SST the results are indicative of the value
of the test developed, but none-the-less provide a starting point for organism
selection.

3.4.3

Analysis of catalyst stability

Capacitance as a measure of cell viability has been propounded for fermentation
systems (Harris et al, 1987) and for the monitoring of loss of cell viability during
exposure of cells to solvent (Eglin, 1994 and Stoicheva et al, 1989). The basis of the
proposition is that cells with an intact membrane can be considered viable, and that
only cells with an intact membrane exhibit a capacitance (Kell et al, 1990).
Exposure of S. cerevisiae to dissolved solvent

The exposure of S. cerevisiae to dissolved solvent, showed toluene to cause the most
rapid rate of decrease in capacitance of the solvents tested (Cl/2=12.2hr); nonanol
also caused a rapid decrease in capacitance (Cl/2=30hr), whereas tetradecane and
hexane were relatively benign (C l/2 » 3 5 h r). If the hypothesis that the rate of
decrease in capacitance is a measure of stability of the catalyst (Eglin, 1994), then it
follows that, of the solvents tested, toluene is the most toxic, followed by nonanol
and hexane. The Cl/2 test would appear to be a better predictive method than log?
values, as gross differences predicted by Cl/2 values are not predicted based on logP
values (logP nonanol = 3.4, logP hexane = 3.5). None-the-less the general rule
proposed by Laane et al (1987b) holds ie that low logP solvents (logP < 2) are
generally unsuitable for use in biocatalytic systems, that solvents having a logP
between 2 and 4 affect biological activity in an unpredictable way, and that solvents
with logP > 4 leave the catalyst in an active state.
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Eglin (1994) suggests that the functional groups of a solvent play an important role in
determining toxicity, and in particular that isomers with functional groups at differing
positions may have widely differing toxicities. Isomers with terminal alcohols were
shown to have toxicities higher than isomers with non-terminal alcohols. This may
explain the high observed level of toxicity of nonanol.
Freshly grown and harvested S. cerevisiae was shown to have very much higher C l / 2
value than stored or bought Bakers' Yeast (Table 3.7). In addition harvest and
storage conditions were shown to affect Cl/2 values. These observations are in
accordance with general outlines highlighted in Table 2.1.
Exposure of test organisms to discrete and dissolved toluene

Exposure o f test organisms to discrete and dissolved toluene showed major
differences in degradation profile of the organisms tested, as indicated by the
dielectric spectra. Also shown were differences in the Cl/2 values dependent on the
organism tested, the harvest and storage of an organism before testing, and the mode
of exposure to toluene. The Cl/2 and El/2 values are brought together in Table 3.9.

E l/2

C l / 2 (hr)
STR

LC

control

S. cerevisiae (fresh Bakers' Yeast)

12

25

>37

»

2 0 hr

S. cerevisiae (stored Bakers' Yeast)

9

15

>32

»

2 0 hr

A. simplex

32

26

29

<30min

P. putida

30

6

38

<5min

P. aeruginosa PACIR (harvested at peak

24

16

>117

~ 2 0 hr

15

13

>40

18

33

>140 »

32

>144

Organism (conditions)

growth, and tested immediately)
P. aeruginosa PACIR (harvested at peak
growth, and stored 4C/72hr)
P.

PACIR (harvested 13 hr

1 2 0 hr

past peak growth, and tested immediately)
P. aeruginosa PAC610 (harvested 13 hr
past peak growth, and tested immediately)
Table 3.9

Cl/2 and El/2 for cell suspensions exposed to toluene in an STR,
Lewis cell and unexposed (control)
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The shape of the dielectric spectra

The shape of the normalised dielectric spectra of S. cerevisiae did not vary
significantly with a decrease in absolute values of the spectra, independent of
whether the decrease was due to exposure to dissolved or discrete toluene, or simply
age (Figure 3.3Ig). This suggests that decrease in capacitance was due to
permeabilisation of the membrane without release of cell components with a dipole
moment, as the dielectric spectra showed no interference due to cell components.
The low El/2 values and low emulsion formation of S. cerevisiae support this
observation.
Gram positive A. simplex showed very different results. The shape of the normalised
dielectric spectra changed significantly with exposure to toluene and age of
suspension. The magnitude of change was most significant at low frequency; this
can be partially attributed to an increase in conductivity of the aqueous phase, but the
magnitude of change indicates release of cell components. The change in spectra is
greatest for exposure to dissolved toluene and for the aqueous control, where the
capacitance at 0.2MHz is 12 - 16 times the value at l.OMHz after 44 hours. In the
case of exposure to discrete toluene the capacitance at 0.2MHz is 4 times the value at
1.OMHz. It could be argued that the relatively smaller change in dielectric spectra on
exposure to discrete toluene may be attributed to uptake of material in the organic
phase, where it will not contribute to the spectra. However the higher value for Cl/2
for exposure to discrete solvent suggests that the relatively smaller increase was at
least partially due to a lower level of degradation. The extremely low El/2 value is
also indicative of rapid cell degradation, with cell components leading to emulsion
formation, as illustrated in Figure 3.19.
The Gram negative organisms tested showed intermediate levels of degradation as
determined by the shape of the normalised dielectric spectra and the capacitance at
0.2MHz was 1.2 - 2.8 times the value at l.OMHz. Again, however, the normalised
dielectric spectra for P. putida, which was shown to exhibit a low El/2 value, was
shown to be least distorted for exposure to discrete toluene.
A general observation, from the above discussion is that in cases where the El/2
value was low, there was an associated distortion in the dielectric spectra, and that
the distortion was less for exposure to discrete rather than dissolved toluene.
Emulsion formation and protection from the toluene interface

It was also oberved that in those cases in which the El/2 value was low, the Cl/2
value of the cells exposed to discrete toluene was higher than the Cl/2 value of those
exposed to dissolved toluene. The converse could also be stated, ie in those case in
which no emulsion was formed, the Cl/2 value of cell suspensions exposed to
discrete toluene was lower than that of suspensions exposed to dissolved toluene.

145

This suggested that when an emulsion was formed, that cells in the bulk aqueous
phase were protected from direct contact with the interface (Figure 3.42). The level
o f protection would thus be expected to be dependent on the cell concentration, and
the proportion of cells adhered to the interface. Williams et al (1987) showed a
similar affect when they decreased the rate of pig liver esterase (PLE) inactivation at
a liquid / liquid interface by loading the interface with bovine serum albumin (BSA).
This explanation, however, does not explain the reason for apparent binding of the
cells to the dynamic interface of an STR when an emulsion is formed, but apparent
absence of binding of cells to the interface under the same conditions to the quiescent
Lewis Cell interface.
Seemingly contradicting this hypothesis, the results for S. cerevisiae suggested that
the rate of decrease in capacitance was simply related to the toluene concentration in
the aqueous phase, as the rates of decrease in capacitance were similar, after a period
in which it seemed the aqueous phase was saturated with toluene.
It would thus seem that the mode of toxicity varies with different cell types, with
some cells affected by contact with the interface, and others not. These findings are
in accordance with those of Ghatorae et al (1994) which showed enzyme (urease)
inactivation consistent with inactivation of a complete adsorbed monolayer of protein
with exposure to discrete hexane; however when exposed to octan-2 -one, degradation
was due to dissolved solvent.
The implications of these results are discussed in Chapter 5.
Magnitude of capacitance decrease

The decrease in capacitance at l.OMHz of bacterial suspensions was to a final value
of between 20% and 40% of the original value, with the exception of P. aeruginosa
PAC610, whereas for S. cerevisiae and PAC610 the final capacitance value
decreased to less than 10% of the original value. This has a number of implications.
The capacitance of a resuspended pellet of P. putida after complete disruption by
homogenisation, showed a residual capacitance (Matthew, 1994) and it was
suggested that this was due to cell material. It was further shown, however, that
when the capacitance of the supernatant was taken into account, that there was no
residual capacitance. These conclusions were drawn for monitoring at 0.4MHz,
where it has been shown (described above and in Appendix 2) that soluble biological
material contributes to capacitance; the results are therefore as expected, and show
that disrupted, insoluble biological material contributes no significant capacitance.
This is in accordance with the theory of dielectric spectroscopy which requires that
only cells with an intact membrane will have a capacitance and in accordance with
observation that at 1.OMHz the capacitance of insoluble biological material was not
due to soluble cell components, as shown by resuspension of a pellet in fresh buffer.
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Figure 3 ,42a
Hydrophilic membrane
ie no contact o f anv ceils with discrete solvent.

organic phase
hydrophilic membrane j

slope =
100%

0

aqueous concentration
such that critical membrane
concentration can be reached
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a

T3
time

The magnitude o f’d’ increases with agitation of the bulk aqueous phase as
mass transfer across the hydrophilic membrane improves
Similarly time ’e’ decreases
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Figure 3.42b
Lewis Cell
ie intermitent contact o f cells with discrete solvent at defined interface.

Case 1 - cells adhere to interface
organic phase

• • • • • • • • ##**
Case 2 - cells bounce off interface
organic phase

rapid ’death’ of cells at interface
aqueous concentration
such that critical membrane
concentration can be reached

100%

slope = a

I

CL

lower ’death’ rate as cells only
contact interface intermitently
time

The magnitude of ’b’ approaches ’a’ as agitation is increased and improves
mass transfer across the interface, but will not reach ’a’
as all cells will not be in continuous contact with an interface.
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Figure 3.42c

STR - emulsion formed
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Figure 3 .42d
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permanent contact with the interface
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aqueous phases mass transfer increases.
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This leads to the conclusion that the residual capacitance was due to either a
percentage o f the cells retaining a fully intact membrane, or due to the retention of a
proportion of the charged species within a partially permeabilised membrane. The
later suggestion derives support from the observations of de Smet et al (1978) that
although toluene caused considerable damage to the cytoplasmic membrane of E. coli,
that it left the outer membrane relatively intact. However damage was such that the
partially permeabilised cell, though losing malate dehydrogenase, retained the glucose6 -phosphate

dehydrogenase and glutamate dehydrogenase. They suggest that toluene

renders bacteria permeable to low molecular weight compounds, while allowing
retention of molecules larger than 50 000 Daltons. Jackson and de Moss (1965) also
observed this permeabilisation, and noted the retention of the terminal respiratory
chain.
That S. cerevisiae (a yeast, having no outer membrane) and P. aeruginosa PAC610
(the LPS defective mutant) showed an essentially complete loss of capacitance, gives
credence to the suggestion that toluene caused considerable damage to the
cytoplasmic membrane but only partial permiabilisation to the outer membrane,
allowing the efflux of only small molecules. The loss of the hydrophilic 0-antigen
from the LPS molecule in PAC610 seems to have rendered the outer membrane
susceptible to disruption. This would be expected based on the observations of
Costerton et al (1974) who suggest that the cross linking of 0-antigen provided
structural strength, as well as a hydrophobic barrier.
The reduction in capacitance of Gram positive A. simplex (also without an outer
membrane) was to a lower value than the Gram negative organisms tested (approx
20% as opposed to 30 - 40%), but not to the low observed for PAC610 and
S. cerevisiae. This may be due to the thickness and density of the cell wall of Gram
positive organisms (Wistreich and Lechtman, 1988) acting to retain larger proteins.
Thus the observation that there was no significant difference in the C l / 2 values of
P. aeruginosa PACIR and PAC610, must be viewed with this discussion in mind.
Conclusions

Thus the suitability of measuring changes in capacitance to monitor the catalytic
stability of an organism is dependent on the desired catalytic activity and the organism
and would need to be developed on a case by case basis, with the possible exception
of a case were the catalyst is a yeast, and the desired activity is reliant on metabolic
activity. However the monitoring of capacitance, and changes in dielectric spectra,
remains a useful tool in the prediction of likely relative solvent tolerance, in
comparison of relative affects of discrete and dissolved solvent, and in examination of
cell disruption.

151

CHAPTER 4
ANALYSIS OF DOWNSTREAM PROCESSING OPTIONS FROM A TWOLIQUID PHASE BIOTRANSFORMATION REACTOR.
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CH APTER 4
ANALYSIS OF DOWNSTREAM PROCESSING OPTIONS FROM A TWOLIQUID PHASE BIOTRANSFORMATION REACTOR
4.1

INTRODUCTION

The issues associated with separation of insoluble biological material downstream
from a two-liquid phase biotransformation reactor are:
i) separation for re-use / recycle of the biocatalyst
ii) separation of the biocatalyst and debris from the liquid phases as as initial stage of
downstream processing and clean-up before
a) re-use / recycle or disposal
b) for product removal or reactant recycle
In the case of downstream processing for catalyst recycle, separation conditions
should be used which minimise catalyst damage. Damage minimisation is also
important to limit contamination in liquid phase clean-up.
Two further issues associated with separation of biological material are:i) separation of biological material from the aqueous phase after the two liquid phase
dispersion has broken into its component parts, and
ii) separation of biological material from a suspension containing a stabilised
dispersion.
The first case is similar to separation from a single phase reactor, although the catalyst
may be somewhat weakened by contact with the organic phase, making its separation
without further disruption more difficult. This case is not considered further.
In the second case, the results recorded in Chapter 3 indicate that in some instances
centrifugation may be sufficient to break an emulsion into it's constituent parts.
However the results also indicate that under certain circumstances, when a solvent is
contacted with a whole cell suspension, or even an aqueous phase containing soluble
biological material, an emulsion may be formed which cannot be broken by pot
centrifugation. In this chapter results are presented from experiments studying a
range of physical methods of separating an emulsion into its constituent liquid and
solid phases.
Based on results from Chapter 3 P. putida suspensions were selected to form test
emulsions with tetradecane.
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4.2

MATERIALS AND METHODS

4.2.1

Test emulsion preparation

Emulsions were stored at room temperature before testing. Centrifugal separation
tests showed no change in separation characteristics of the emulsion during storage
for a period of up to two weeks. Two different emulsion formulations were tested.
Test emulsion 1

P. putida was cultivated as described in 3.1.1.1 and resuspended to 13g/L in
potassium phosphate buffer (20mM, pH 7.0, 25 C) in a 2.5L LH bioreactor (Figure
3.3) to a volume of 760mL. 1240mL tetradecane was added and the bioreactor
agitated (ISOOrpm, 30 C, 24hr, IL/min air).
Test emulsion 2

This test emulsion was donated by A. Collins (UCL). It was generated from a twoliquid biotransformation of toluene to toluene czj-glycol using the enzymatic activity
of P. putida. Toluene was supplied to the reaction environment via the tetradecane
phase. The initial concentration of toluene in the organic phase was 20% at the start
of the biotransformation. The emulsion supplied was free of toluene. The
composition of the emulsion supplied was 62% tetradecane, 38% P. putida
suspension (13g/L in 50mM potassium phosphate buffer, 50mM, pH 7.5).

4.2.2

Centrifugation

40mL emulsion was dispensed into a 50mL centrifuge tube (Dow Coming #2533550) and spun at 1 lOOg (MSB Centaur 2). At suitable time intervals the centrifuge
was stopped and the volume of emulsion, clear organic and aqueous phase measured.

4.2.3

Filtration

4.2.3.1 Apparatus

All filtration experiments were performed in a stirred cell (Gyrosep 300), illustrated
in Figure 4.1. 76mm diameter filters were cut and fitted in the housing. Where
required the discs were supported on coarse woven polypropylene filters (Enka) to
allow permeate drainage. The cell was stirred using a magnetic follower held 2mm
above the filter surface by a support. The stirrer speed was 700rpm except where
specified. The cell could be pressurised with nitrogen from 10 to 450kPa.
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Figure 4.1

Stirred ultrafiltration cell detail
Gyrosep 300
F IL L E a P P E S S U B E
RELIEF CAP AND
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STIRRING BAR G R IP
G RIP SC R EW
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CY UNDER

STIRRING BAR

0 -R IN G X 2
(GLASS C Y U N D ER SEAL)

FUNNEL

FILTRATE
TU BE X 0 . 5 M
BOTTOM
PLATE

FILTRATE
PO R T

Specification

Cell capacity

SOOmL

Dimensions:

Minimum volume
Membrane diameter

lOmL

base diameter

1 1 0 mm

76mm
0.004m:
ImL

height

165mm

Effective membrane area
Filtrate hold-up volume
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The stirred cell approximates cross flow filtration, by continually sweeping the surface
of the filter with the stirrer bar. As a test system a stirred cell has the advantage of
being able to alter crossflow rate and operating pressure independently.
4.2.3.2Determination of breakthrough pressure

The filter was washed for 10 minutes at lOkPa overpressure in the housing.
Hydrophilic membranes were washed with 50mL potassium phosphate buffer (20mM,
pH 7.0, 25 C), and hydrophobic membranes with 50mL tetradecane. After washing,
100 mL of non wetting liquid (tetradecane / buffer)was poured into the housing, and
the pressure increased stepwise (at

2

minute intervals) until permeation was observed.

4.2.3.3Determination of clear liquid flowrate

The filter to be tested was fitted in the Gyrosep housing and washed as described
above. After washing, lOOmL of test liquid was added to the Gyrosep housing, and
the pressure increased to the test pressure. The flowrate was then measured. When
the flowrate of a two phase mixture was measured the lOOmL of test liquid consisted
o f 50mL of each phase.
4.2.3.4£mulsion separation

The filter to be tested was fitted in the Gyrosep housing and washed as described
above. After washing, lOOmL of test emulsion was added to the Gyrosep housing,
and the pressure increased to the test pressure. The flowrate was then measured and
separation carried out to completion, when a volumetric balance was performed.
4.2.3.5Filters tested

membrane

material

Accurel

polypropylene

Celgard 2500

polypropylene

0.075x.25pm

H-

Hoechst

TF

PTFE

0 .2 pm

H-

Gelman

H+

Hoechst

ClOO

maximum pore hydrophobicity^ manufacturer
size
HEnka
0.3 pm

modified cellulose 100 OOODalton

FS40

fluoropolymer^

100 OOODalton

H+

Dow

FSMl

fluoropolymer

1 pm

H+

Dow

Supor

polyether sulfone

0 .2 pm

H+

Gelman

polysulfone

0 .2 pm

H+

Hoechst

PS
Table 4 .1

0 .2

Filters tested

^ H '/H '*' hydrophobic / hydrophilic
2 Fluoropolymer membranes were supplied in an aqueous solution.
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4.2.3.6Membrane treatment with block copolymer
Block copolymers were used to adjust the surface properties of hydrophobic
membranes to prevent the binding of biological material (eg protein), and thus prevent
water wetting of the membrane. The method was adapted from that described by
Schroen et al (1993).
Membrane modification was carried out as follows:
•

the membrane was pre-wetted by rinsing with tetradecane for lOmin, at a pressure
such that tetradecane permeated the membrane.

•

6 g/L

of block copolymer (Synperonic, F 108) was added to 200mL of an emulsion

of 50%v/v of tetradecane / potassium phosphate buffer (0.2M, pH 7.0), and
allowed to dissolve. This emulsion was then used to wash the membrane for 30
minutes at a pressure such that tetradecane permeated the membrane. Permeate
was periodically returned to the emulsion.
•

the membrane was rinsed with buffer.

4.2.4 Flow induced coalescence
In separate experiments the emulsion was poured into a 250mL glass beaker (75mm
diameter) and stirred using a Rushton turbine, a cylindrical 25mm magnetic follower,
a cylindrical 60mm magnetic follower with a centre ring of diameter 1 mm greater than
the cyclinder, or a triangular pyramid 60mm magnetic follower (Figure 4.2). Clarified
organic phase was intermittently withdrawn using a glass syringe and needle, and the
volume recorded.
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Figure 4.2
Flow induced coalescence equipment

55mm
14mm

pyramidal magnetic follower
1.5mm

40mm

5mm
15mm

1.5mm
2 0 mm

Rnshton turbine

75mm
250mL beaker
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4.3

RESULTS

4.3.1

Emulsion characterisation

The test emulsions were characterised by centrifugation as described in 4.2.2.
Centrifugation of test emulsion 1 showed virtually complete separation after 30
minutes, with less than 0. ImL emulsion remaining. Results for test emulsion 2 are
illustrated in Figure 4.3 and show a 55% recovery of tetradecane from the dispersion
after a period of 2 hours with a further 7% recovered in the subsequent 13 hours of
centrifugation. 87% of the aqueous phase was recovered within ten minutes
centrifugation, but this fraction did not increase with further centrifugation time. The
emulsion remained aqueous continuous throughout the separation period, as
determined by conductivity measurements (method described in 3.2.2.5). (This was
in agreement with the observation that the emulsion was easily resuspended in buffer,
but insoluble in tetradecane.)

4.3.2 Membrane selection and initial evaluation

Membranes were selected based on their likelihood of tolerance to toluene. This
tolerance was tested by fitting the membrane in the Gyrosep housing, washing with
toluene as described in 4.2.3.2, and observing any gross changes is flowrate through
the membrane, along with any visual damage. All membranes selected were tolerant
to toluene based on this method of testing. This method was not designed to
determine changes in average pore diameter, which may be altered by membrane
swelling on exposure to solvent.
The breakthrough pressures for clean liquids, (ie no biological material present), were
determined as described in 4.2.3.2. Early emulsion separation experiments showed
permeation of the aqueous phase through a polypropylene membrane (hydrophobic)
at a pressure well below the breakthrough pressure, presumably due to a change in
the membrane characteristics due to protein binding (Schroen et al, 1993). Thus a
low operating pressure (30kPa), well below the breakthrough pressure, was adopted
for evaluation of liquid phase separation. Schroen et al (1993) described a method of
membrane treatment with F 108 block copolymer, to prevent protein binding to
hydrophobic membranes, and this treatment was applied to PTFE and polypropylene
membranes as described above. Hydrophilic ClOO, PS0.2 and Supor membranes had
breakthrough pressures of 200kPa and above, so 200kPa was also selected as a
standard operating pressure. The test apparatus was capable of a maximum operating
pressure of 450kPa, and hence 400kPa was adopted for high pressure work.
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Figure 4.3
Characterisation of test emulsion 2 by centrifugation at SOOOrpm
• volume fraction of total clarified liquid recovered
■ volume fraction of aqueous phase recovered
♦ volume fraction of tetradecane recovered
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Clear liquid permeation rates at 30 and 200kPa were tested as described in 4.2.3.3,
and are recorded in Table 4.2.

membrane

material

clean liquid flowrate breakthrough
(L h r'^ m '^ )

pressure

30kPa

200kPa

(kPa)

Hvdrophobic membranes
Accurel
(untreated)

polypropylene

320

1260

65-70

Accurel
(F I08 treated)

polypropylene

440

1330

160-180

TF
(untreated)

PTFE

240

950

150-160

TF
(F I08 treated)

PTFE

270

1040

160-175

FIvdrophilic membranes
ClOO

modified cellulose

41

410

200-250

FS40

fluoropolymer

56

556

70-80

FSMl

fluoropolymer

270

1340

0-30

Supor

polyether sulfone

631

2360

2 0 0 -2 1 0

PS 0.2

polysulfone

460

300-350

Table 4.2

Breakthrough pressures and permeation rates for clean tetradecane
and buffer for test membranes

4.3.3

Membrane separation based on hydrophobicity / hydrophilicity

4.3.3.1 Introduction

Results are reported as volume fraction of liquid permeated. Flux values are also
reported, although as the composition of the retentate was continually changing, the
results reflect changes due to changing composition of the emulsion, as well as
changed filter characteristics. In addition flux values can be somewhat misleading as
the operating pressure cannot be considered as a true variable since it must be kept
below the breakthrough pressure, and the conditions chosen reflect operating
conditions.
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Hydrophilic and hydrophobic membranes will only allow permeation of aqueous and
organic phases respectively at pressures less than the breakthrough pressures for the
other phase. This was illustrated for a clean tetradecane / aqueous dispersion using a
hydrophobic polypropylene (Celgard 2500) membrane and a hydrophilic modified
cellulose (ClOO) membrane (Figure 4.4).
The results show that for phase ratios between 0.13 and 0.73 flux through the
membrane was independent of phase ratio, and not dependent on which phase was
continuous. Outside this range separation continued at a greatly decreased rate and
was dependent on phase ratio. Illustrative results using a hydrophilic polyether
sulfone (Supor) membrane and a hydrophobic PTFE membrane (TF) are presented in
Figure 4.5. Fouling of the membrane by protein was expected to alter these
observations, by changing the selectivity of the membranes and hindering flow rates.
4.S.3.2Hydrophilic membrane evaluation
The possibility of using hydrophilic membranes for separation of an emulsion, by

allowing permeation of the aqueous phase, was investigated using a selection of
membranes. Fluoropolymer (FSMl) membranes were evaluated at 30, 200 and 400
kPa for the separation of test emulsion 2 as previously described (Figure 4.6). Only
at 30kPa did buffer alone permeate the membrane, at higher pressures aqueous and
organic phases permeated. This was expected based on the breakthrough pressure
value determined.
Despite a smaller pore diameter (0.2pm) the polyether sulfone (Supor) membrane
effected a much more rapid separation of the aqueous phase at 200kPa than the
fluoropolymer (FSMl) membrane with a pore diameter of 1pm (Figure 4.7). In the
case of the Supor membrane 97% of the buffer permeated the membrane at
200kPa within two hours, with an average flux for the initial 25% of the aqueous
permeate of 37.4L hr"l m"^ bar"^. In the case of the fluoropolymer membrane 82% of
the buffer permeated the membrane at 200kPa within two hours, with an average flux
for the initial 25% of the aqueous permeate of 20.0L hr’ ^ m"^ bar"l. After the bulk of
the aqueous phase had permeated the membrane, 30mL of buffer was added to the
membrane housing to ascertain whether the observed decrease in flux was due to a
change in phase ratio, or due to fouling of the membrane. On addition of the buffer the
flux increased, but not to the initial rate suggesting both phenomena were in play . It
was expected that operating just below the breakthrough pressure (200 - 210kPa) only
aqueous phase would permeate. This was observed for the first nine hours of
operation, after which time the organic phase also permeated the membrane
(Figure 4.7b).
The polyether sulfone membrane was not further evaluated as the low clean phase flux
rates measured suggested that it was less suitable.
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Figure 4.4

Flux of tetradecane and buffer mixture through hydrophobic and hydrophilic
membranes at 200kPa
♦ flux of organic phase through hydrophobic Celgard membrane
■ flux of aqueous phase through hydrophilic ClOO membrane
Only membrane wetting liquid permeated the membrane.
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Figure 4.5
Separation of tetradecane / buffer mixture through hydrophobic and hydrophilic
membranes, showing that separation is possible, even at low volumetric
concentration.
♦ volume fraction of organic phase permeated through hydrophobic
TF membrane at 30kPa
■ volume fraction of aqueous phase permeated through hydrophilic
Supor membrane at 200kPa
Only membrane wetting liquid permeated the membrane.
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Figure 4.6
Separation of test emulsion 2 using a hydrophilic FSMl membrane at several
pressures
At 30kPa only aqueous phase permeates. At higher pressures, both phases permeate.
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Figure 4.7
Separation of test emulsion 2 using hydrophilic Supor and FSMl membranes at 200kPa

Figure 4.7a
A comparison of separation using Supor and FSMl membranes
Supor;
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Figure 4.7b
Separation and flux over an extended period. 30mL buffer was introduced at 2hr.
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A lower molecular weight cut-off fluoropolymer membrane (FS040, 100 OOODalton)
was also evaluated for separation. A smaller pore diameter allows the retention of
higher molecular weight species. FS040 membrane was evaluated at 30kPa for the
separation of test emulsion

1

(Figure 4.8).

4.3.3.3Hydrophobic membrane evaluation

The use of hydrophobic membranes to effect liquid / liquid phase separation from an
emulsion was evaluated. Polypropylene (Accurel) membranes were used to evaluate
differences in separation between test emulsion

1

(easily separated by centrifugation)

and test emulsion 2 (stable to centrifugation). Results are illustrated in Figure 4.9.
An operating pressure of 30kPa was selected below the breakthrough pressure of the
membrane (65kPa) as protein fouling changing the specificity of the membrane had
been observed at earlier trials (results not presented). This, however was not
sufficient to stop permeation of the organic phase, beginning between 48 and

88

hours.
Membrane modification using block copolymers has been reported to prevent
membrane fouling and subsequent wetting (Schroen et al, 1993). To evaluate this
process the polypropylene (Accurel) membrane was treated as described in 4.2.3.6 ,
and then used in the separation of the organic phase from test emulsion 2 (Figure
4.10). The separation was very much lower than for a clean mixture of tetradecane
and buffer mixture similarly tested.
The observed failure of the procedure to prevent wetting led to the evaluation o f a
PTFE membrane (TF). Treated and untreated membranes were evaluated using test
emulsion 2, at an operating pressure of 30kPa. (Figure 4. 1 1). In all cases the TF
membrane allowed selective permeation of the organic phase. In another test
separation, (no figure) the organic phase permeated an untreated TF membrane at
lOOkPa after 2 hours. In the case of the untreated membrane, 99% of the tetradecane
permeated the membrane within 100 hours with an average flux for the initial 25% of
the tetradecane permeate of I .IL hr"^ m“2 bar"^. For the treated membrane the flux
was higher. 99% of the tetradecane permeated the membrane within 42 hours with an
average flux for the initial 25% of the tetradecane permeate of 2.2L hr"l m’^ bar“V
Flux was very much lower than for the separation of a clean mixture of tetradecane
and buffer mixture.
In the case of both treated and untreated membranes an increase in flux after the
permeation of 55 -65% of the tetradecane. This suggests a phenomena based on
phase ratio, as the separation time at which this occured was grossly different in each
case.
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Figure 4.8
Separation of test emulsion 1 at 30kPa using a hydrophilic FS040
membrane (100 OOODalton)
■ flux of aqueous phase, □ volume fraction of aqueous phase permeated
No organic phase permeated.
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Figure 4.9
Polypropylene membranes (Accurel, hydrophobic) used to separate test
emulsions 1 and 2 at 30kPa
Volume fraction of tetradecane permeated
♦ test emulsion 1 ,

0

test emulsion 2

Volume fraction of aqueous phase permeated
■ test emulsion 1 , □ test emulsion 2
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Figure 4.10
Phase separation using F I08 treated polypropylene (Accurel) membrane at 30kPa

Figure 4.10a
Separation of test emulsion 2 using treated polypropylene membrane
♦ volume fraction of tetradecane permeated
■ volume fraction of aqueous phase permeated
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Figure 4.10b
Separation of a clean 50% v/v tetradecane in buffer mixture using a treated membrane
♦ volume fraction of tetradecane permeated
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Figure 4.11
Phase separation using PTFE membranes at 30kPa

Figure 4.11a
Separation of test emulsion 2 using untreated PTFE membrane
♦ volume fraction of tetradecane permeated
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Figure 4.1 lb
Separation of test emulsion 2 using F 108 treated PTFE membrane
• volume fraction of tetradecane permeated
o flux of tetradecane
No aqueous phase permeated
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Figure 4.11c
Separation of a clean 50% v/v tetradecane in buffer mixture using a FI 08 treated PTFE
membrane
♦ volume fraction of tetradecane permeated
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Figure 4. lid
Separation of test emulsion 2 using F 108 treated and untreated PTFE membranes
untreated membrane ♦ volume fraction of tetradecane permeated
0

treated membrane
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o flux of tetradecane
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4.3.4 Membrane separation based on pore diameter

Without the restriction of remaining below the breakthrough pressure, higher
pressures can be used to effect separation at a more rapid rate. Both aqueous and
organic phases will pass through the membrane and material of size greater than the
pore diameter will be withheld. Both hydrophilic and hydrophobic membranes were
examined.
The low APm of the FSMl membrane (hydrophilic) suggested a good permeation of
both phases and was examined for separation (Figure 4.12). The average flux for the
initial 25% of the (total) permeate was 4.0L hr"l m“^ bar"^ A clean buffer and
tetradecane mixture was also separated for comparative purposes.
The apparent low protein binding of the TF membrane (hydrophobic) compared to
polypropylene membranes, suggested that it was a good membrane for separation and
was examined (Figure 4.13). The average flux for the initial 25% of the (total)
permeate was 5.6L hr“^ m"^ bar"^. Again a clean buffer tetradecane mixture was
separated for comparative purposes.
In the case of both membranes it was observed that for systems containing biological
material, the aqueous phases permeated in preference to the organic phase.
Again an increase in flux was observed after 50% of the tetradecane had permeated,
(as observed with separation at 30kPa), but this time buffer too, had permeated, thus
the increase occurred at a different phase ratio than previously observed.
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Figure 4.12

Phase separation using FSMl membranes at 400kPa

Figure 4.12a
Separation of a clean 50% v/v tetradecane in buffer mixture
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Figure 4.12b
Separation of test emulsion 2
• volume fraction of liquid permeated
■ volume fraction of aqueous phase permeated
♦ volume fraction of tetradecane permeated
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Figure 4.12c
Separation of test emulsion 2 - flux
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Figure 4.13
Phase separation using PTFE membranes at 400kPa

Figure 4.13a
Separation of a clean 50% v/v tetradecane in buffer mixture
• volume fraction of liquid permeated
■ volume fraction of aqueous phase permeated
♦ volume fraction of tetradecane permeated
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Separation of a clean 50% v/v tetradecane in buffer mixture - flux of
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Figure 4.13c
Separation o f test emulsion 2
• volume fraction of liquid permeated
■ volume fraction of aqueous phase permeated
♦ volume fraction of tetradecane permeated
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Figure 4.13d
Separation of test emulsion 2 - flux of
o total liquid permeated
□ aqueous phase permeated
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4.3.5 Coalescing membranes
A woven polypropylene membrane (Hoechst) nominally rated at 5|im was examined
for coalescing properties at 200kPa. The flux through the membrane rapidly
decreased and only clear liquids permeated (results not presented). A loosely woven
polypropylene membrane (Enka) effected only poor coalesence, the bulk of the
emulsion remaining unseparated.

4.3.6

Coalescence by agitation

In those membrane filtration cases where the aqueous phase permeated at a greater
rate than the organic phase, it was observed that tetradecane had coalesced in the
membrane housing. This phenomenon was examined further by removing the bulk
aqueous phase by membrane or centrifugation techniques, and exposing the
remaining emulsion to shear in a stirred vessel (agitation SOOrpm) with a 60mm
magnetic follower as described in 4.1.4. After an initial rapid rate of coalescence, the
rate decreased rapidly. At this stage the shear was reduced by decreasing the rate of
agitation to 125rpm. This led to an increased rate of coalescence for a period of time
as predicted by theory (described 1.3.3). Further decreases in agitation rate did not
promote further coalescence. Once coalescence had ceased the remaining emulsion
was centrifuged (60min, 11 OOg, MSE Centaur 2) and free buffer removed. Emulsion
remaining after centrifugation was again agitated, and coalescence continued
(Figure 4.14).
As a control, the original emulsion was similarly agitated, and no coalescence
observed. Agitation with other magnetic followers and a Rushton turbine (described
in 4.1.4) did not qualitatively affect these observations.
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Figure 4.14
Coalescence by agitation
Agitation reduced from 300 to 125 rpm as indicated on figure. At 20 hours the
remaining emulsion was centrifuged, free aqueous phase removed, and then agitation
continued. After this agitation essentially only cell paste remained.
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4.4

DISCUSSION OF RESULTS

4.4.1

Introduction

Emulsion characterisation (4.3.1) showed distinct differences in the test emulsions.
Test emulsion 1 was easily separated into its constituent parts using a pot centrifuge.
Conversely test emulsion 2 was not able to be separated fully into its component
parts, even after prolonged centrifugation. On this basis, test emulsion 1 could in
practical terms be termed a dispersion, and test emulsion 2 an emulsion. Thus a
working definition for a dispersion becomes "a two-liquid phase mixture which is
easily separated by centrifugation", and for an emulsion is "a two-liquid phase
mixture which is not easily separated by centrifugation". These definitions are
deliberately non specific, as the possibility of separation of a two-liquid phase
mixture into component parts using centrifugation is dependent on the equipment
available. Equipment with sufficiently large centrifugal forces and high shear rates
will separate an emulsion. Such equipment may not be available, or its use not
desirable due to damage to the biocatalyst. In these cases other methods for
emulsion separation are required.
Membrane separation of two-liquid phase mixtures has been reported in the oil
industry (Yokes, 1990), and biotechnology industry (Scott et al, 1992; Schrôen et al,
1993). It would appear, however, (using the definitions formulated above), that these
mixtures were dispersions. The separation of an emulsion using membrane systems
does not appear to have been given serious consideration in the literature. However
the results presented in this thesis show membrane separation to be an option.
Various proprietary coalescing devices for separation of two-liquid phase mixtures
are in extensive use. Those devices which rely on density differences suffer the same
limitations of centrifugation, and were not considered. Devices which rely on
surface properties of the coalescing materials are unsuitable for separation of droplets
less than 100pm (Berger, 1989). The coalescence of smaller droplets can be effected
by thick packings of fine fibres, whose pore diameter is of similar size to the droplet
size. Thus fibres need to be closely packed to ensure droplet collision and adhesion
to effect coalescence and subsequent separation. If voidage is too high droplets will
pass through the coalescer. Akagi et al, (1988) examined a selection of fibre
coalescers, and was able to coalesce droplets down to 10pm. If voidage is too low
blockage of the coalescing media with biological material will ensue. The
examination of coalescing devices was not extensive, and looked only at coalescing
filters. However it illustrated both the extremes described, ie permeation of
uncoalesced droplets at higher voidage and blockage of nominally rated 5 pm filter
with biological material.
Another method to induce coalescence is to cause collisions between the droplets
with sufficient force. The energy for this can, for example, be provided by agitation.
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Literature analysis of "flow driven collisions" (Chesters, 1991) does not extend to
cases in which biological material is present, but does provide some basis for
selection of operationg conditions. The results of experiments investigating
"coalescence by agitation" will be considered.
The third approach to emulsion separation that was considered, was the removal of
biological material by high pressure membrane separation. Here the use of
membranes was for the retention of insoluble biological material, while the liquid
phases permeated the membrane with concomitant coalescence across the membrane.
Results using high pressure membrane separation will be discussed.
In all the emulsion systems tested in this chapter, independent of emulsion
concentration, it was observed that the aqueous phase remained continuous.

4.4.2

Membrane separation of two-liquid phase mixtures

A two-liquid phase mixture can be separated using a membrane preferentially wet
with either the organic or aqueous phase, with the wetting phase permeating the
membrane, and other phase retained. However when the transmembrane pressure
exceeds a certain value both phases will permeate the membrane. The minimum
pressure at which both phases permeate is termed the breakthrough pressure ( A R b t )•
A P b t o f clean membranes is dependent on pore diameter {2r ), the interfacial tension
( Y o w ) between the liquids and the wetability of the membrane (1.3.5)

Equation 4.1

To utilise this observation for liquid phase separation of the clean tetradecane /
aqueous phase dispersion, which has an interfacial tension of 6 xlO"^Nm"^
(calculated using Sugden's Parachor and the Antonoff rule - Perry and Chilton, 1983),
a pore diameter of less than 0.5|am is required to allow an operating pressure greater
than 50kPa. Thus the pore diameters required to effect liquid phase separation will
also necessarily withhold the bulk of insoluble biological material.
A smaller pore diameter is required when surface active components are introduced
as these will lower the interfacial tension. In the case of hydrophobic membranes the
hydrophobic portion of the surface active agent will bind to the membrane surface
and alter its wetting characteristics. These effects are described by Equation 1.12.
The effect on breakthrough pressure of altering interfacial tension is illustrated in
Figure 4.15. Interfacial tension can be altered by the action of surface active
compounds, and is dependent on the solvent used.
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Figure 4.15
Breakthrough pressure as a function of pore radius and interfacial tension
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Figure 4.15 illustrates that for phase separation of a pure solvent / aqueous phase
mixture, at an operating pressure of 50kPa, a pore diameter less than 1.6|im is
required for toluene separation, 1.0pm for hexane separation, 0.5pm for tetradecane
separation and 0.15pm required for nonanol separation. The solvent used, however,
will also affect the release of surface active components from biological material
(3.4.2), so the breakthrough pressure for pure liquids are not necessarilly indicative of
systems containing biological material.
Block copolymer F 108 has been used to prevent protein binding to hydrophobic
polypropylene membranes, thus preventing a decrease in APbt (Schrôen et al, 1993).
The mechanism for prevention of binding of protein has been attributed to steric
hindrance provided by the binding of block copolymer (Figure 4.16).
In Table 4.2 the A P ^ for a selection of membranes was reported. The calculated
value for A P bt of a 0.3 pm diameter membrane is SOkPa, compared to the observed
value for the polypropylene (Accurel) membrane of 65 - 70kPa. The discrepancy for
the PTFE (TF) membrane was larger, with a calculated A P ^ of 120kPa, and an
observed value of 160-175kPa. The observed value suggests that the actual
maximum pore diameter of the membrane was 0.15pm as opposed to the value of
0.2pm quoted. The increase in A P ^ for F 108 treated membranes can be attributed
to binding of block copolymer in the pores, effectively reducing /'max- The increase
in A P ^ for the polypropylene membrane was very much larger than the increase for
the PTFE membrane, suggesting a higher take-up of F 108. The calculated value of
A P ^ for the FSMl membrane of 24kPa correlates well with the observed value of 0
- 30kPa (30kPa was the lowest measurable pressure). The calculated values for
hydrophilic polyether sulfone (Supor) and polysulfone (PS 0.2) are lower than the
observed values, again suggesting a conservative estimate of pore diameter by the
manufacturers. Calculation of pore diameters for the modified cellulose (Cl 00) and
fluoropolymer (FS040) ultrafiltration membranes using Equation 4.1 suggest pore
diameters of 0.12pm and 0.34pm respectively. This error can be attributed to the
invalidity of the assumption that the receding contact angle for the aqueous phase was
90° and thus Equation 1.13 must be used. It would appear that some surface
modification of the membrane was used in manufacture.
The operating pressure for liquid phase separation using hydrophilic membranes was
selected at slightly below A P^ • The operating pressure for hydrophobic membranes
was selected well below the APbt to allow for membrane wetting by proteins.
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Figure 4,16

Prevention of protein binding by steric hindrance by block copolymer bound to
hydrophobic surface (Schrôen, et al 1993).
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The utility of membranes for liquid phase separation was illustrated for clean
tetradecane / buffer mixtures (Figure 4.4), in which it was shown that flux through
the membrane was not affected by phase ratio in the range 0.13 - 0.73, and not
affected by the phase continuity. Further it was shown that even outside this range,
membranes were effective for liquid phase separation; flux, however, decreased
dramatically (Figure 4.5).
The practical application of hydrophilic membranes for separation of an emulsion by
allowing selective permeation of the aqueous phase below the breakthrough pressure
was shown using fluoropolymer membranes. At a low pressure (30kPa) only
aqueous phase permeated, and organic phase and insoluble biological material was
retained. At higher pressure clarified organic and aqueous phase permeated the
membrane (Figure 4.6).
Membrane selection was shown to be important to maximise flux; the polyether
sulfone membrane (Supor), out performed the fluoropolymer membrane (FSM l)
with flux rates for the first 25% of permeate of 37 and 20L
m '^ bar”l
respectively at 200kPa (Figure 4.7a). This flowrate compares favourably with a
value of 60L hr“^ m"^ bar“^ for an aqueous phase cell suspension tested in the same
manner.
In each separation the flux decreased dramatically as separation progressed. This
was shown to be partially reversed by the addition of buffer solution, indicating that
flux reduction was due to the low volumetric fraction of the aqueous phase, as well
as fouling of the membrane (Figure 4.7). Continued operation was also shown to
affect the wetting characteristics of the polyether sulfone membrane, as tetradecane
permeated after extended operation (Figure 4.7b). Operation with a hydrophilic
membrane of smaller pore diameter was also shown to be possible using the 1 0 0 0 0 0
molecular weight cut-off fluoropolymer membrane (FS040). This has implications
for retaining lower molecular weight proteins with the biocatalyst during separation.
Separation by the selective permeation of organic phase through a hydrophobic
polypropylene membrane (Accurel), from a two-liquid phase mixture in the presence
of biological material, was shovm. The selectivity of the membrane, however, was
lost before complete separation (Figure 4.9). The separation of both a dispersion
(test emulsion 1 ) and an emulsion (test emulsion 2 ) was examined; permeation rates
of organic phase were more rapid in the former case.
Treatment of the polypropylene membrane with F 108 was not effective in preventing
aqueous phase permeation through the membrane. This was presumably due to
protein fouling and not simply a reduction in the surface tension due to the presence
of biological material, as penetration was not immediate (Figure 4.10a). Further,
separation of a clean two-liquid phase mixture was not hindered (Figure 4.10b),
again suggesting protein adsorption causing water wetting of the membrane.
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PTFE membranes (TF) were shown to be effective in selective separation of the
organic phase, with the retention of aqueous phase and insoluble biological material.
Treatment of the PTFE membrane with F 108 increased the rate of organic phase
permeation through the membrane, the affect of a reduction in protein fouling
overriding any reduction in flowrate due to a decrease in pore diameter
(Figure 4.11c).
Permeation rate was very much slower for organic phase through hydrophobic
membranes than aqueous phase through a hydrophilic membranes. For the
separation of test emulsion 2, the time taken for permeation of 90% of the organic
and aqueous phases respectively was 27 hours (through a FIGS treated TF membrane
at 30kPa) and less than 1 hour (through a Supor membrane at 200kPa). In terms of
flux for the first 25% of the wetting phase permeated, these values were 2.2 and
37L h r'l m"2 bar~^ respectively. These values were 0.24% and 3.1% of the clean
phase separation fluxes reported in Table 4.2, indicating that organic phase
permeation was more hindered by biological material.

4.4.3

High pressure membrane separation

Separation of the liquid phases from the insoluble biological material was shown to
be effective with both hydrophilic and hydrophobic membranes at 400kPa (Figure
4.12 and Figure 4.13). The flux of a clean two-liquid phase mixture of tetradecane
and buffer through the larger pore diameter hydrophilic membrane (FSMl, 1pm) was
greater than that through the hydrophobic PTFE membrane (TF, 0.2pm). This
situation was reversed, however, when separation of the emulsion was examined, and
the flux through the PTFE membrane was greater (5.6 compared to 4.0L hr"^ m”^
bar"l) - presumably due to a lower degree of fouling of the hydrophobic membrane.
The fouling of the PTFE membrane was easily observed after separation was
complete, with the PTFE membrane rinsing clean, whereas the hydrophilic
membranes were impossible to clean.
Clarified liquid permeated the membrane and immediately coalesced in the
collection vessel.

4.4.4

Coalescence by agitation

During membrane separation in which the aqueous phase permeated at a higher rate
than the organic phase, the emulsion remaining in the separation vessel began to
coalesce, and clear organic phase was observed. Coalescence was shown to be a
result of increased phase ratio rather than removal of surface active compounds, (for
example by binding to the membrane), in a number of ways.
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i) Concentrated emulsion from centrifugation coalesced similarly to concentrate
from filtration in a glass coalescence vessel.
ii) Unconcentrated emulsion failed to coalesce in the presence and absence of
filtration media.
iii) As coalescence progressed, and phase ratio decreased the rate of coalescence
decreased. The rate increased again only after centrifugation and removal of free
aqueous phase (Figure 4.14).
It was shown that the rate of shear also greatly affected the rate of coalescence.
Initial coalescence was at a SOOrpm (a maximum shear rate of 2000s"calculated
from tip speed), and decreased rapidly. The rate was increased by a reduction in
shear rate by a reduction in agitation to 125rpm (maximum shear rate 800s" ^).
These observations are in accordance with qualitative predictions from theory.
Theoretical predictions were developed for coalescence of monodisperse droplets of
pure liquids in the absence of biological material, and were therefore unable to
provide quantitative solutions. The affect of biological material was allowed for in a
qualitative manner as described in Appendix 3 The predictive tools used were taken
from Chester (1991), and were detailed in 1.3.3.
Theory also indicated that temperature of separation was important, due to the effect
on viscosity of the continuous phase.
Theoretical predictions for the affect of phase ratio, shear rate, droplet size and
temperature on the volume rate of coalescence are plotted in Figure 4.17. Numerical
bases for these plots are detailed in Appendix 3.
Figure 4.17a indicates that the optimal shear rate is independent of phase ratio, but
that if operating above that optimum shear rate , a reduction will increase the rate of
coalescence. Similarly a reduction in shear below the optimum v^ll lead to a
decrease in the rate of coalescence. Both these cases were observed ie a reduction in
agitation was observed to increase the rate of coalesence (Figure 4.14), and shear
below the optima was observed to effect only poor coalescence, in the case of pot
centrifugation (low shear) and bench storage (shear afforded by gravitational forces
only). By replotting Figure 4.14 as rate of coalescence verses time of coalescence
(Figure 4.18), different rates of decrease in coalescence are observed, again as
qualitatively predicted in Figure 4.17a.
Figure 4.17b indicates that the rate of coalescence is most rapid at smaller drop size,
and that the optimum shear for coalescence decreases with increasing drop size.
These predictions were not examined, but have implications for industrial practice.
A positive correlation is shown between operating temperature and rate of
coalesence. Further, as the operating temperature is increased the optimal shear rate
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also increased, however too large a shear rate will lead to a decrease in coalescence
(Figure 4.17c).
These observations and predictions suggest that the rate of coalescence is maximised
by operating at a high phase ratio and temperature. Implications for process design
are discussed in Chapter 5.
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Figure 4.17a
Rate of coalescence as a function of shear rate and phase ratio
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Figure 4.17b
Rate of coalescence as a function of shear rate and drop size
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Figure 4.17c
Rate of coalescence as a function of shear rate and operating temperature
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Figure 4.18
Coalescence by agitation
Figure 4.14 replotted. Lines by linear regression
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CH APTER 5
GENERAL DISCUSSION
5.1

Introduction

The results presented can be viewed at a number of levels;
Firstly, the results are themselves of interest. They indicated, for example, that

S. cerevisiae was a good organism for a two-liquid phase biotransformation based on
C l/2 and El/2 values, which suggested a high level of solvent tolerance and an easy
phase separation.
The results also highlighted a number of options for separation of an emulsion, for
example membrane and coalescence methods. At this level the results have been
discussed at the end of Chapters 3 and 4.
At a second level the tools developed allow the investigation of other cell /
solvent combinations to provide assistance in a particular case, and to create a
database covering cell and solvent types, growth and storage conditions.

The tools developed reflect solvent tolerance (Cl/2 values) and separation difficulty
(El/2 values). The use of these tools was illustrated in Chapters 3 and 4.
At a third level the results have implications for process design, and it is at this
level that this Chapter is targeted.

5.2

Implications for cell and solvent selection

As indicated previously, the aim of this project was to examine separation of
insoluble biological material. However, from a process viewpoint, separation of
insoluble biological material is only one of the variables which needs to be
considered. Ideally an easy separation is desirable, but solvent selection and
operating conditions must also be considered with a view to maintaining the stability
of the biocatalyst, as without an active catalyst no product will be produced.
However, not only must the catalyst maintain its activity, but must also have a high
level of productivity - that is its activity must be high in the reactor.
Thus an active, stable catalyst, which can be easily separated, in a reactor
configuration which allows high productivity is required for a two-liquid phase
biotransformation. Similarly the solvent selected should reflect these requirements.
The tools developed in this thesis give bases for cell and solvent selection. The Cl/2
value is a measure of solvent tolerance, and hence reflects catalyst stability; a high
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value indicates a high level of stability. The El/2 value is a measure of the emulsion
forming tendency of a cell / solvent combination; a high value indicates an easy
phase separation. Likely reactor productivity can be evaluated from a theoretical
perspective; as a general rule systems with good mass transfer characteristics for
reaction components are desirable. This need not be the case; in some instances the
control of the concentration in the aqueous phase below saturation levels may be
desirable.
As a measure of the integrity of the cell membrane(s), the Cl/2 value is likely to
reflect the metabolic activity of the cell, though not necessarily the desired catalytic
activity. For a specific reaction system the retention of the desired catalytic activity
would be measured, however for the purposes of developing guidelines the Cl/2
value is a suitable measure.
Thus in general a system which has a high Cl/2 value, high El/2 value and allows a
high mass transfer is desirable.

5.3

Process implications

At the most basic level a trade off may be required in cell and solvent selection
between maximising the Cl/2 value, and minimising emulsion formation. For
example S. cerevisiae has a low emulsion forming tendency, but also a lower Cl/2
value, whereas P. putida has a higher Cl/2 value, but also a higher emulsion forming
tendency.
The trade off may lead to a cell solvent combination which would lead to the
formation of an emulsion if brought together in an STR. A number of options are
then available
1. develop an STR based process and downstream processes to separate the
emulsion
2. develop an STR based process with operation conditions which minimise
emulsion formation, at the expense of catalyst utility; for example a short
reaction period may reduce emulsion formation at the expense of poor catalyst
utility
3.

develop reactor configurations which obviate the need for downstream emulsion
separation (eg membrane reactors and immobilisation systems)

4. develop catalyst production and storage methods to minimise emulsion formation
and extend catalyst C 1 /2 values
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5. in the longer term to develop the catalyst using molecular biology techniques to
increase El/2 and Cl/2 values. This could be done by inserting the desired
catalytic activity into good hosts (high El/2 and Cl/2 values), and by developing
the desired traits of the host.
Points 1 and 3 above are discussed further.

5.4

Implications for reactor design and operation

In Chapter 3 it was observed that in those cases in which an emulsion was formed,
the C l/2 value for exposure to discrete solvent was greater than the C l/2 value for
exposure to dissolved solvent, and it was hypothesised that formation of an emulsion
protected the bulk of the cells from contact with the liquid / liquid interface.
Emulsion formation, and the subsequent protection of the bulk of the cells from the
liquid / liquid interface, may be beneficial in a number of instances:1.

where direct contact with the interface per sé causes damage (eg physical
damage),

2

. where the solvent is acting as reservoir for toxic substrate (where the aqueous
phase concentration is designed to be less than toxic concentration based on
equilibrium considerations), or where the "solvent" is itself toxic, and where
contact with the interface means contact at higher than toxic concentrations
(Figure 3.42).

However protection from the interface will reduce the transfer rate across the
membrane of substrate (ie reduce the K^^a), reducing the rate of reaction for reactions
with non-zero order kinetics, or, alternatively may reduce the rate of transfer of
poorly water soluble product (or toxic by-product) thus hindering the process (eg
Crabbe et al, 1986).
In cases where an emulsion provides beneficial protection from the organic interface,
it would seem desirable to examine other methods for protecting cells from the
interface which concomitantly reduce the need for emulsion separation, such as
immobilisation or supported liquid membranes.
Thus immobilisation may be considered to perform two functions, ie increase the
C l / 2 value by protecting from the liquid / liquid interface, and obviating, or reducing
the need for emulsion separation downstream. Immobilisation in a hydrophilic
matrix may also offer protection from dissolved solvent, further extending Cl/2
values, and reducing emulsion formation due to solvent leaching of surface active
components.
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Various membrane configurations can also be utilised to either keep organic and
aqueous phases separate in a membrane reactor (Figure 5.1) or external contactor
(Figure 5.2), or to increase the utility of the catalyst by allowing continuous
operation (Figure 5.3).
In cases where no emulsion is formed, it appears that good mass transfer is possible,
in some cases aided by direct contact with the interface. In those reaction systems in
which these characteristics are desirable, selection, mutation or molecular biology
techniques could be used to obtain a catalyst with the required activity.
It is clear from the results presented in Chapter 3 that emulsion volume is not
necessarily determined by the amount of cells in an emulsion, or that whole cells per
sé are required to create an emulsion. This has two implications
1.

exposure to dissolved solvent may enhance leaching of emulsion forming
components (discussed in 3.4.2), which may be detrimental to further
downstream processing, whether from the view point of extra contaminating
material per sé, or from the view point of causing emulsion in a solvent
extraction process further downstream.

2

. emulsion volume per sé is not a measure of likely protection from the liquid /
liquid interface.

5.5

Implications for downstream processing design and operation

Separation of insoluble biological material downstream from a whole cell catalysed
two-liquid phase biotransformation reactor is required where the three phases have
been contacted in an STR. Immobilisation will obviate the need for solid separation
in the case of a sandwich membrane reactor, or a bed packing of the immobilised
catalyst, but liquid / liquid separation will still be required, and the liquid phase
dispersion may be stabilised by bioemulsifiers. Where an external contactor is used,
with cells excluded from the contactor, only catalyst / aqueous phase separation is
required. Further discussion will be limited to cases which involve separation of
insoluble biological material from a two-liquid phase mixture.
The separation method of choice for liquid / liquid separation is gravitational
settling. Were this to be possible, subsequent biological material removal from the
aqueous phase could be effected by the same means as from a fermentation process,
eg centrifugation or filtration, and is not further considered. In none of the systems
investigated was liquid / liquid separation able to be effected in this manner.
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Figure 5.1
Membrane reactor
The aqueous phase is circulated through compartment 1 and the organic phase
through compartment 2. The two compartments are separated by an ultrafiltration
membrane (from Luthi and Hatton, 1991).
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Figure 5.2
External contactor
The organic phase is retained in the contactor, and the biocatalyst in the reactor; no
contact of the catalyst with discrete organic phase is possible.

U L separatiorj"
membrane

reactor

© 0
©
O contactor
0 r)
o
^

©o C3 0 ©
0

pump
S/L separation
membrane
biocatalyst
organic phase

O

199

aqueous phase

Figure 5.3
Continuous operation
Hydrophilic and hydrophobic membranes utilised to retain the catalyst, and separate
the organic and aqueous phases for product removal and/or reactant addition.
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Enhanced rates of liquid separation can be effected by application of centrifugal
forces, for example in a cyclone or centrifuge. In systems where the dispersion is only
poorly stabilised by biological material, three phase separation is possible, with
clarified aqueous and organic phases, and a catalyst paste collected, for example from
the three phase double-cantered decanter described by Suzuki (1989). Such a
separation may be possible for S. cerevisiae systems reported in Chapter 3.
More usually the effluent form a centrifuge was observed to consist of four phases - a
cell paste; a partially clarified aqueous phase; a clarified organic phase; and an organic
rich, but aqueous continuous emulsion.

Separation of such bioreactor effluents using physical methods was the subject of
Chapter 4. Membrane separation based on the hydrophobicity / hydrophilicity of the
membrane was shown to be effective for separating the liquid phases, with subsequent
biological separation able to be performed by further processes. Separation utilising
membranes at high pressure effected separation by coalescence of the liquid phases
across the membrane, and retention of insoluble biological material.
Separation was also effected from an oil rich emulsion by agitation, after initial
concentration using centrifugal and membrane methods. The method of coalescence
was described as shear induced coalescence. The rate of coalescence was observed to
be greater at a higher organic phase concentration and at higher shear rates, as
theoretically predicted; theory also predicts a higher rate of coalescence at a higher
temperature. From these observations the following conclusions can be drawn:separation should be carried out at
1.
2

a high (but optimised) shear

. a high organic phase ratio

3. a high temperature
Two separation protocols based on these observations are described.
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Protocol one

Centrifuge the bioreactor effluent to effect initial phase separation to minimise
emulsion volume and increase the organic phase ratio in the emulsion. Heat the
remaining emulsion and subject to (optimised) shear by agitation while removing free
aqueous phase using a hydrophilic membrane to maintain the high organic phase ratio.

Protocol two

Centrifuge the bioreactor effluent to effect initial phase separation to minimise
emulsion volume and increase the organic phase ratio in the emulsion. Heat the
remaining emulsion and subject to shear passing through a high shear centrifuge.

In protocol two the rate of shear applied in the centrifuge is not easily optimised.
High shear rates, as well as being sub optimal from coalescence viewpoint, will also
increase the level of cell damage (Hornby, 1994), which may cause further separation
problems downstream, and eliminate the possibility of catalyst recycle. Clearly high
temperature will also not be compatible with heat labile products, and hence
temperature of operation also needs to be optimised.

5.6

Considerations in the development of a two-liquid phase

biotransformation

Some of issues considered in this chapter regarding the development of a two-liquid
phase biotransformation, are outlined in Figure 5.4.
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Figure 5.4
Considerations in the development of a two-liquid phase biotransformation
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4. is it possible to develop the catalyst to
allow a high reaction rate, high stability
and easy phase separation in an SIR?
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1.
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conditions.

. use molecular biology techniques.
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contact of the liquid phases is avoided
without productivity being severely
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immobilisation techniques.
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separate the emulsion using protocol 2 .
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CHAPTER 6
CONCLUSIONS
1. The change in capacitance of a cell suspension, measured at an appropriate
frequency, can be used to monitor the affect of a solvent, reflecting the cells'
solvent tolerance. The time taken to reduce the capacitance of the cell suspension
to half the original value (termed the Cl/2 value), can be used to quantify the
affect of a solvent on cell stability by measuring the decrease in capacitance.
2. The change in shape of the dielectric spectra of a cell suspension on exposure to a
solvent, reflects the level of cell disintegration; a change in shape of the spectra
being observed concomitantly with the formation of emulsion.
3. As predicted, emulsion formation was the major issue in downstream processing
from a two-liquid phase biotransformation reaction in an STR.
4. The affect of solvent / cell on emulsion formation was quantified by measuring the
time taken for the emulsion volume to reach half the initial organic phase volume
(termed the E l / 2 value).
5. S. cerevisiae is a suitable organism for two-liquid phase biotransformations based
on E 1/2 and Cl/2 values. P. putida, P. aeruginosa and A. simplex were shown to
be more prone to form an emulsion when contacted with an organic phase, and a
trade of between stability and emulsion formation required in their use.
6

. There is evidence to suggest that when an emulsion is formed, the biological
material stabilising the emulsion also protects cells in the bulk aqueous phase from
direct contact with the organic phase; hence emulsion formation confers stability.
However emulsion formation has negative downstream and mass transfer
implications. This suggests that reactor configurations which protect the catalyst
from contact with an organic interface will be desirable for some catalyst / solvent
combinations.

7. There is evidence to suggest that cell disruption by solvents punctures holes in the
cytoplasmic membrane. In cells without an outer membrane [S. cerevisiae
(yeast), A. simplex (Gram positive), and P. aeruginosa PAC610 (Gram negative
with LPS defective outer membrane)] cell contents leak to the bulk aqueous
phase, whereas for cells with an outer membrane [P. putida and P. aeruginosa
(Gram negative)] leakage is less, as seen in higher residual capacitance.
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8

. Emulsion formation was shown to occur in the absence of insoluble biological
material; supernatant from a whole cell broth was sufficient to form an emulsion
when contacted in an STR with an organic phase.

9. Emulsions were found to be aqueous continuous, even at a very high organic
phase ratio.
10. Emulsions formed on contact of an aqueous cell suspension with an organic phase
in an STR can be separated centrifugally into zones of biological pellet, clarified
aqueous phase, emulsion and clarified organic phase. The relative volume of each
zone is dependent on the biocatalyst, solvent, contact and separation conditions.
11. Industrial and standard bench centrifugation is not always able to separate an
emulsion.
12. Hydrophilic and hydrophobic membranes operating at pressures lower than their
breakthrough pressure, have been shown to effect separation of emulsions into
component parts where centrifugation was not effective. Hydrophilic membranes
allowed the permeation of aqueous phase and hydrophobic membranes the
permeation of organic phase (tetradecane).
13. At high pressure hydrophilic and hydrophobic membranes act as coalescing
membranes; they retain the biological material, and clear organic and aqueous
phases permeate.
14. At high organic phase ratio coalescence can be induced by applying shear to the
emulsion, and separation into component parts occurs; the same emulsion was
stable when exposed to centrifugal separation.
15. With a combination of hydrophilic and hydrophobic membranes a two-liquid
phase biotransformation in an STR can be operated continuously, with product
(including by products toxic to the catalyst) removed from separated organic and
aqueous phases, and recharged with reactant.
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APPENDIX 1
SEPARATION TEST DEVELOPMENT

Al l

Rationale for test development

The issues associated with separation of biological material from a two-liquid phase
biotransformation reactor are the separation of biological material from
i) the aqueous phase after the two liquid phases dispersion has broken into its
constituent parts, and
ii) a suspension containing a stabilised dispersion.
The first case is similar to separation from a single phase bioreactor, though the
catalyst may be somewhat weakened by contact with the organic phase, making its
separation without further disruption more difficult.
In the second case, centrifugation may be sufficient to break an emulsion into it's
component parts. However literature reports indicate that in various instances when
a solvent is contacted with a whole cell suspension that an emulsion may be formed
which is difficult to break (Lennie et al, 1990).
Separation of insoluble biological material from the aqueous phase is well studied,
and is essentially easily achieved. This separation was not considered to be an issue,
and was not considered further.
Separation of the material from an emulsion is less well studied, and more is difficult
to achieve. Thus tests were required to:i) characterise the emulsion forming tendency of a cell / solvent combination and
ii) quantify the difficulty of separation of this emulsion.

A1.2

The Standard Separation Test (SST)

The SST was based on a batch settling test, (eg Rehfeld, 1974) and developed to
characterise the emulsion forming tendency of a cell / solvent combination.
The contact and separation conditions adopted were selected to reflect operating
conditions, so as to ensure that only real problems with emulsion formation were
being considered. In addition a system in which exposure and separation could be
performed in the same vessel was required in order to minimise errors involved in the
transfer of the dispersion from the exposure vessel to the separation vessel. 50mL
Dow Coming centrifuge tubes were selected as the contact and separation vessel as
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they were tolerant to the solvents to be tested, and were of appropriate volume. The
agitator used was a 25mm Rushton turbine (Figure 3.9), powered by a mixer capable
of ISOOrpm. With this equipment a power input of approximately 3W/m^ was
possible, a value similar value to that used industrially (Woodley, 1990). Separation
was observed after centrifugation in a MSE High Speed 18.
Initial experiments were performed to establish contact and separation conditions
which would allow differentiation depending on cell and solvent combination
examined.
The volume of emulsion measured when P. putida (lOg/L in the aqueous phase) was
exposed to solvent, and then centrifuged, varied depending on the time of exposure
the solvent, and the time of separation (Figure A l l ) . Similar contact of S. cerevisiae
suspensions produced emulsions of less than

10%

of the volume of the organic phase.

Results are reported in terms of the volume of emulsion as a fraction of the initial
organic phase volume. This was based on the observation that it was the organic
phase which was primarily consumed in the formation of the emulsion. From these
results, contact conditions of agitation for eight minutes at ISOOrpm, and
centrifugation at 3000rpm for 30 minutes were selected to allow differentiation
between solvent type and cell type.

A1.2

The E l/2 Test

The E l/2 test was designed to quantify the difficulty of separation of an emulsion
formed for a given cell / solvent combination when contacted as for the C l / 2 solvent
tolerance test.
Emulsion separation requires contacting of droplets of the discontinuous phase,
followed by their coalescence (a more detailed description is given in Chapter 1.3).
A centrifugal settling test was chosen to quantify emulsion separation difficulty for
two reasons
i) industrially the method of choice for liquid / liquid separation would be gravity
settling. If this was not effective enhanced settling by centrifugal means would be
attempted. Only if these methods were not effective would other methods be
considered. Thus a test method which reflected separation practice (Szabo, 1992)
was considered appropriate.
ii) contact of the droplets in the sediment formed by centrifugation would allow
coalescence to occur without the need for collision, thus the volume of emulsion
remaining after centrifugation will reflect coalescence difficulty.
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Figure Al. l
Volume o f emulsion as a function o f time o f exposure and time o f separation
♦ toluene ■ nonanol «tetradecane and □ hexane (elsewise as described in 3.2.2.3).
Figure A l.la
30 minute separation time.
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After exposure of a P. putida suspension to the organic phase and subsequent
centrifugation (described above) it was observed that the emulsion consisted primarily
of droplets of organic phase, along with a small amount of buffer and biological
material. This was generally observed with other cell solvent combinations.
These observations led to the practical method of evaluating the relative difiBculty of
phase separation by determining the time taken for the emulsion volume to increase to
half of the original organic phase volume, under a set of defined exposure and
separation conditions. The time taken was termed the El/2, and the test the E l/2
test. The test is outlined in Figure A1.2.
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Figure A l . 2
Outline o f E 1/2 test
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APPENDIX 2
SOLVENT TOLERANCE TEST DEVELOPMENT
A2.1

Introduction

In this appendix the development of a method to ascertain the stability of a
biocatalyst, and hence its solvent tolerance, when exposed to dissolved and discrete
solvent, is reported.
Dielectric spectroscopy was used to examine solvent tolerance. Cells with an intact
membrane exhibit electrical properties which are frequency dependent, whereas the
suspending media, and cells without an intact membrane exhibit properties which are
only poorly dependent on frequency (Harris et al, 1987).
Since only a cell with an intact membrane is capable of metabolism, the rate at which
the capacitance of cell suspension decreases, is related to the rate of cell membrane
disruption.
Solvent tolerance can thus be quantified by determining the Cl/2 value, the time
taken to reduce the capacitance due to cells in a suspension to half the original value.
To ensure the ubiquity of the method adopted, it was tested using a range of
microorganisms. Reproducibility to within 5% was observed in Cl/2 tests.

A2.2

Effects o f conductance on dielectric spectra

To ascertain an appropriate measuring frequency (f^ ) the dielectric spectra of an
A. simplex suspension (prepared as described in 3.1.2.1) was analysed over a period
of 120 hours. Figure A2.1a shows capacitance and conductance over this time period
measured at a fixed frequency (0.5MHz). The dielectric spectra changes with time of
exposure (Figure A2.1b). Clearly the conductance changes and hence it is important
to know the precise effect of this on capacitance measurement. This is likely to be a
frmction of f^ . Therefore to examine the effect of changing conductivity on the
spectra, the dielectric spectra of solutions of various conductivities in the range 2 14mS were examined (Figure A2.2a). Clearly at high and low frequency
measurements and high conductivities, capacitance measures are distorted.
Replotted (Figure A2.2b) indicates that in the range 2.65 - 13.96mS, the capacitance
reading is unaffected by conductance at 0.42MHz. At first sight this would then
appear to be an appropriate measuring frequency.
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Figure A2.1
A. simplex resuspended in phosphate bufifer
Figure A2.1a
Capacitance and conductance measured at 0.5MHz
■ capacitance, ♦ conductivity
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Figure A2.1b
A. simplex resuspended in phosphate bufifer
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Figure A 2.2

The influence of conductivity on capacitance
Conductivity of buffer solution altered using KCI solution
Figure A2.2a
Capacitance measured at several frequencies
■ 0.22 MHz, •0.3MHz, ♦ 0.5MHz, □ l.OMHz, o 5.0MHz, 0 8.0MHz,
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Figure A2.2b
Dielectric spectra of KCI solutions of varying ionic strength
■ 2 .6 mS, •4.0mS, ♦ 6.0mS, aS.lm S, o 11.4mS, 0 14.0mS, a 14.7mS.
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A2.3

Low frequency measurements

At low frequencies there appears to be a "tip up" of the spectra, presumably the a dispersion described by Harris et al (1987). This "tip-up" becomes more pronounced
with culture degradation.
To examine low frequency effects P. aeruginosa PAC610 was exposed to dissolved
toluene in a Lewis Cell style reactor. These results are displayed in Figure A2.3a
where the "tip-up" at day 16 is dramatic. On day 8 the supernatant was removed, and
the pellet re suspended in fresh phosphate buffer. The spectra of the original cell
suspension, the supernatant free of whole cells, and the whole cells resuspended in
(fresh) buffer are graphed in Figure A2.3b. Clearly the material in the supernatant is
influencing the spectra of the original cell suspension. At frequencies above 0.8MHz
the discrepancy appears to be minimal.
A further difficulty with monitoring capacitance at low frequencies is illustrated in
Figure A2.4, for P. aeruginosa PACIR in which the effect of electrode polarisation is
clear. At low frequencies in particular, leaving the probe immersed in the sample
causes the observed capacitance to increase dramatically, perhaps due to charging of
the leached molecular species. The conductivity of the suspension was observed to be
unaffected, and was 5.1mS.
Thus a continually immersed probe, as has been reported for use in fermentation
systems (Matthew, 1994), is not useful for monitoring solvent tolerance of
P. aeruginosa PACIR and perhaps other microorganisms, though this effect was not
observed for Gram positive A. simplex and the yeast S. cerevisiae.
Thus monitoring at a frequency of 1.OMHz would seem to be appropriate from the
viewpoint of low frequency "tip-up" and electrode polarisation.
A2.4

M easurement at a frequency of IMHz

Data from Figure A2.2a for l.OMHz and 0.5MHz are replotted (Figure A2.5) and the
relationship between capacitance and conductance is linear at IMHz in the range 2.5 14mS, with a ImS change in conductance leading to a 0.26 change in capacitance.
To examine this further suspensions of varying concentrations of S. cerevisiae were
prepared at 2.6mS and 4.5mS and the linearity of response at various frequencies
demonstrated (Figures A2.6 and A2.7). The capacitance due to the cells in
suspension (AC) is not dependent on conductance in the range 2.6mS to 4.5mS, but
rather solely dependent on cell concentration, (Figure A2.8); capacitance changes due
to to conductance are dwarfed by capacitance due to cells.
Thus an f^ o f l .OMHz is an appropriate f ^ providing conductance is in the range 2.5
- 4.5mS.
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Figure A2.3
Dielectric spectra of P. aeruginosa PAC610 suspensions after exposure to dissolved
toluene in a Lewis Cell style reactor
Figure A2.3a
dielectric spectra ■ on resuspension, • after 170hr, ♦ after 360hr, and □ of buffer
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Figure A2.3b
dielectric spectra at 170hr of:■ cell suspension, □ supernatant of cell suspension, • cells resuspended in fresh buffer
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Figure A 2A
Electrode polarisation
P. aeruginosa PACIR exposed to toluene in a Lewis Cell style reactor, and
capacitance monitored intermitently at several frequencies:■ 0.22 MHz, •0.5M Hz, ♦l.OMHz, □ 1.5MHz, o 2.0MHz, 0 5.0MHz,
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Figure A2.5
Conductance of buffer solutions meaured at 0.5 and l.OMHz
Conductivity of buffer solution altered using KCI solution
♦ 0.4MHz
■ 0.5MHz,

C = 28.44 - 0.102G

• l.OMHz,

C = 28.88 - 0.257G

where C is capacitance (pF) and G is conductance (mS).
Line fits using data from 2.6mS to 12.6mS.
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Figure A2.6
Capacitance as a measure o f ceil concentration at various frequencies at a suspension
conductance of2.6mS

S. cerevisiae (bought Bakers' yeast) resuspended to various concentrations in 20mM
phosphate buffer, adjusted to 2.6mS using KCI solution.
Figure A2.6a
Capacitance measured at>
■ 0.22 MHz, •0.5M H z, ♦l.OM Hz,

a

1.5MHz, □ 2.0MHz, o 5.0MHz, 0 lO.OMHz
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Figure A2.6b
Dielectric spectra o f S. cerevisiae suspensions
Spectra o f solutions at:- ■ 24.2g/L, • 21.8g/L, ♦ 19.3g/L, o 16.6g/L,
o 13.7g/L, 0 10.6g/L, A7.3g/L, i3 .8g/L , +O.Og/L
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Figure A 2 .7

Capacitance as a measure of ceil concentration at various frequencies at a suspension
conductance of 4.5mS.
S. cerevisiae (bought Bakers' Yeast) resuspended to various concentrations in 20mM
phosphate buffer, adjusted to 4.5mS using KCI solution.
Figure A2.7a
Capacitance measured at:■ 0.22 MHz, •0.5M H z, ♦l.OMHz,

a 1.5MHz,

□ 2.0MHz, o 5.0MHz, 0 lO.OMHz

25

20
15

I

10

B

5

0
0

5

10

15

20

25

[cell] (g/L)

Figure A2.7b
Dielectric spectra of S. cerevisiae suspensions.
Spectra of solutions at:■ 24.2g/L, ol3.7g/L ,

a

7.3g/L, i3.8g/L, +O.Og/L
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Figure A2.8
Capacitance as a measure of cell concentration at IMHz and 2.6 and 4.5mS
■ 2.6mS, □ 4.5mS
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A2.5

Capacitance measurements for two-liquid phase mixtures

For two-liquid phase mixtures (organic / aqueous) it has been reported that since the
organic phase will neither conduct nor hold charge, it will change the capacitance of
a suspension due only to its diluting effect. To examine this assertion, samples of
various phase ratios of toluene / buffer were prepared, and the dielectric spectra
recorded (Figure A2.9a). Clearly the capacitance is dependent on phase ratio, with
the spectra shifting down a uniform amount with increasing dilutions by toluene.
The change in capacitance in the range 1 - 5 MHz was averaged and plotted versus
phase ratio (Figure A2.9b). Any changes in phase ratio can thus be taken into
account. This is important with the continual insertion and withdrawal of the probe
required to avoid results being affected by electrode polarisation as discussed
previously. Experiments indicated that, in the setup used, the phase ratio decreases
by 0.05 with each measurement in the phase ratio range 0.8 to 0.6.
The dielectric spectra of a buffer suspension was not altered by saturating with any of
the solvents used.

A2.6

Effect of environment on measurements

Both capacitance and conductance are temperature dependent (Figure A2.10). Thus
temperature was controlled in all experiments at 30 C.
In addition sealed pots must be used for agitation purposes for two-phase work as
pots with an orifice of only 30mm^ will loose 20mL toluene over a period of 60
hours at an initial phase ratio of 0.2 toluene at 30 C agitated at ISOOrpm with a six
bladed Rushton Turbine.
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Figure A2.9
Dielectric spectra of two phase suspensions of toluene and bufifer
Figure A2.9a
Delta capacitance calculated as ACj = (Cj buffer-Cj)
Toluene phase ratio >
■ 0.25, •0 .1 9 , 4 0.13, □ 0.063
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Figure A2.9b
The relationship between phase ration and capacitance.
Delta capacitance averaged in the range 1 to 5MHz plotted against phase ratio.
Delta capacitance calculated as AC =

-C j/8.
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The influence of temperature on capacitance and conductance
o cacpacitance, □ conductance
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APPENDIX 3
NUMERICAL SOLUTIONS FOR TURBULANCE INDUCED COALESCENCE

The spreadsheet used for the coalescence calculations is reproduced on the following
page.
The relative rate of coalescence was calculated for shear rate varied in the range 0 to
5 500 s’l for
•

operating temperatures in the range 253 - 323K (droplet diameter at 5p,m, volume
fraction dispersed phase at 0.95)

•

volume fractions of dispersed phase in the range 0 -0 .9 8 (operating temperature
299 K, droplet diameter 5 pm)

•

droplet diameters in the range 0.5 - 256pm (operating temperature 299 K, volume
fraction dispersed phase at 0.95).

The value of the Hamaker constant was estimated using the method of Visser (1972),
for droplets of organic phase stabilised by bacterial cells.
Viscosity calculations were based on pure liquid correlations from Coulson et al
(1983).
Interfacial tension calculations were based on pure liquid correlations from Perry and
Chilton (1983), and a reduction by a factor of 10 applied for the presence of
biological surfactant, a reduction of the order of magnitude of that observed by
Walstra (1993) for the surfactant sodium dodecyl sulphate.
Numerical values calculated were used to analyse trends with changing temperature,
volume fraction of emulsion, drop size and shear rate. Calculations were based on
theoretical models for pure liquids of uniform drop size, and therfore the values were
not suiable for numerical predictions.
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collision frequency (C)
=2/3 * shear rate * d^3 * n^2 =

3.51139E+19

shear rate (s^-1)) =
droplet diameter - d (um) =
vol fr dispersed phase =
vol droplet (m^3)
n (number of drops/m'^3)

2000
5
0.95
6.54498E-17
1.45149E+16

5.00E-06

probability of coalescence (P)
= exp[-c3*(viscosity droplet/viscosity cts phase)*
(omega'll .5)*(8*pi*interfacial tension*droplet radius^2/A)^.33
omega(O)
=viscosity cts*shear rate*droplet radius/interfacial tension
cts phase viscosity (Nsm‘^-2)
temp(K)
cts VISA(C&R6)
cts V1SB(C&R6)

0.000884129 water
299
658.25
283.16

droplet viscosity (Nsm^-2)
cts VISA(C&R6)
cts VISB(C&R6)

0.001353963 tetradecane
689.85
344.21

A (Hamaker constant)(=2e-19,protein to el-21 .cells)
c3(constant =1)
interfacial tension(N/m)

1.00E-21
1
0.0006
0.007367741

O(omega) =

1

P=
P*C*drop vol=coalescence(m^3/s/m'~3)/2000
mL/min/100mL

1.149098689
6.89E+03
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APPENDIX 4
EQUIPMENT, CHEMICALS AND MEMBRANE SUPPLIERS
Equipment:
Biomass Monitor

Aber Instruments Ltd
Unit 4
Aberystwyth Science Park
Cefh Llan
Aberystwyth
Dyfed SY22 3AH

Magnetic stirrer

Ikamag reo
Drehzahl Electronics
From BDH Ltd

Ultrafiltration cell

Gyrosep
Intersep Ltd
Crane House
Molly Millars Lane
Wokingham
Berks. RGl 1 4PF

Spectrophotometer

Pye Unicam PU 8600 UVAIS Philips
Pye Unicam Ltd
York Street
Cambridge CB 2PX
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Fermenter

LH

MBR

LH Fermentation Ltd

Alfa Laval Engineering Ltd

10 Nimrod Industrial Estate

Great West Road

Elgar Road South

Brentford

Reading

Middlesed TW 8 9BT

Berkshire RG2 GEE

Centrifuge

MSE Centaur 2
MSE Highspeed 18
Measuring and Scientific Equipment Ltd
Manor Royal
Crawley Sussex
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Chemicals:
Aldrich Chemical Co.
The Old Brickyard
New Road
Gillingham Dorset SP8 4JL

Difco Laboratory
Detroit
Michigan
USA

BDH
PC Box 15
Freshwater Road
Dagenham
Essex RM 8 IRF

FSA (Fissons) Laboratory Supplies
Bishop Meadow Road
Leicteshire L E llO R G

Sigma Chemical Co. Ltd
Fancy Road
Poole
Dorset BH17 7NH
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Filters:
Gelman
Gelman Sciences Ltd
Bravkmills Business Park
Caswell Road
Northampton NN4 7EZ

Enka
Wuppertal
Germany

Hoechst
Intersep Ltd
Crane House
Molly Millars Lane
Wokingham
Berks. R G ll 4PF

Dow
Niro Limited
1&2 The Quadrant
Abingdon Science Park
Barton Lane
Abingdon
Oxon 0X14 3YS

Nadir
Intersep Ltd
Crane House
Molly Millars Lane
Wokingham
Berks. RGl 1 4PF
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