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Abstract

Conventional crossflow microfiltration systems rely on high liquid velocities to
generate shear at the liquid—-membrane interface. Shear is necessary in order to
maintain acceptable flux and product transmission levels especially when processing
fluids with a high solids loading. PallSep is a new technology that uses mechanical
energy generated by vibration to create high intermittent shear rates at the
membrane surface thus decoupling shear and liquid crossflow velocity. High

“permeate fluxes can then be maintained over extended periods of operation at low

retentate flow-rates. This work considers the use of a PallSep PS10 (0.2 m?

membrane area) for the recovery of both proteins and low molecular weight
molecules from complex biological feedstreams.

For the optimisation of protein recovery it is necessary to understand how flux and
transmission levels vary as a function of membrane operation. In this work, a model
system of baker’s yeast (Saccharomyces cerevisae) and BSA is used to study the
effect of membrane operation on permeate flux and protein transmission. Similarly,
the recovery of polyketide antibiotics from whole fermentation broths is a particularly
challenging application for membrane technologies. Such broths typically have both a
high viscosity and solids loading and the economics of the process require >95 %
w/w product recovery with a minimum of diafiltration. In this work the interactions
between fermentation and microfiltration operations are investigated, examining the
recovery of the polyketide antibiotic erythromycin from Saccharopolyspora erythraea
fermentation broths.

The results for both systems indicate that flux and transmission levels are
independent of liquid crossflow velocity but critically dependant on membrane head
amplitude and hence shear rate, membrane spacing, transmembrane pressure and
the solids concentration of the process stream. The study has shown PallSep
technology to be a viable alternative to conventional filtration technology for the
processing of feed streams particularly those with a viscous nature or containing high

levels of suspended solids.
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Figure 1.6 — Plan view of an individual PallSep membrane disc.

Figure 1.7 — Exploded view of PallSep head showing the fluid flow

pattern with a single membrane.

Figure 1.8 — Sinusoidal motion of PallSep membrane head stack.
The y axis shows distance moved from the central point, 0, with
negative values showing movement to the left of this central point
and positive values showing motion to the right. Amplitude is defined
as total peak to peak head amplitude, in this case 19.5 mm. Data

shown for operation at a frequency of 56 Hz.

Figure 1.9 - Schematic representation of the PallSep PS10 VMF
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mass B, in the opposite direction to rotation. To create an oscillation
of the masses, mass A is rotated back and forth by the motor with a
specific amplitude and this motion is translated through the torsion
spring to the filter housing. The motion established in this way is
angular simple harmonic.

Figure 2.1 - Schematic layout of the PallSep PS10 pumping and
data collection rig. The inlet, outlet and permeate pressure gauges
are denoted by P4, P, and P; respectively. Retentate and permeate
flow meters are denoted by F, and F, respectively.

Figure 3.1 — Saccharomyces cerevisae cells dispersed in phosphate
buffer (560 mM KH,PO, at pH 6.5) suspension prepared as described
in Section 2.2 and image obtained at 400x magnification. Bar

represents ~ 40 um.

Figure 3.2 — Size distribution of Saccharomyces cerevisae cells
dispersed in phosphate buffer (50mM KH,PO, at pH 6.5).
Suspension prepared ‘as described in Section 2.2 and size
distribution measured as described in Section 2.5.5. The distribution
represents the average of triplicate readings.

Figure 3.3 — Rheology of Saccharomyces cerevisae suspensions in
phosphate buffer (50mM KH,PO, at pH 6.5) across the range of
concentrations used in this study. Suspensions prepared as
described in Section 2.2. Rheological measurements made using the
technique described in Section 2.5.4. Error bars represent standard
error of the mean.

Figure 3.4 - Influence of BSA on permeate flux during the
processing of S. cerevisae at 500 gL' in total recycle mode.
Permeate flux (H) with and (@) without BSA present. Experimental
conditions: BSA concentration 0.75 gL', membrane head amplitude
19.5 mm, APy 0.65 bar, crossflow rate 1 Lmin™ and membrane gap
width 1.4 mm.
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Figure 3.5 — Influence of S. cerevisae on BSA transmission during
the processing of BSA at 0.75 gL' in total recycle mode.
Transmission (H) with and (®) without S. cerevisae. Experimental
conditions: yeast concentration 500 gL', membrane head amplitude
19.5 mm, APy 0.65 bar, crossflow rate 1 Lmin” and membrane gap
width 1.4 mm.

Figure 3.6 — Sinusoidal motion of PallSep membrane head stack. 78
The y axis shows distance moved from the central point, 0, with

negative values showing movement to the left of this central point

and positive values showing motion to the right. Amplitude is defined

as total peak to peak head amplitude throughout this work, in this

case 19.5 mm, and is indicated by the arrow. Data shown for
operation at a frequency of 56 Hz.

Fig. 3.7 — Sinusoidal motion of PallSep PS10 membrane head stack 81
with corresponding shear rates. () maximum shear rate as
calculated using Equation [1.16], (®) average shear rate as
calculated using Equation [1.17], (¥) average shear rate as
calculated using Equation [1.18]. Shear rates are calculated at a
frequency of approx. 56Hz corresponding to a PallSep PS10 head
amplitude of 26 mm, the maximum amplitude used in this work.

Figure 3.8 — Influence of vibration during the processing of 200 gL™ 82
S. cerevisae in total recycle mode. Permeate flux (A) with and (l)
without vibration. Experimental conditions: Membrane head
amplitude 19.5 mm, APqy 0.9 bar, crossflow rate 1 Lmin" and

membrane gap width 1.4 mm.

Figure 3.9 - Permeate flux and BSA transmission as a function of 83
PS10 head amplitude during processing of 400 gL S. cerevisae in
total recycle mode. (M) BSA transmission, (V) experimental
permeate flux, (—) predicted permeate flux obtained using Equations
[1.15] and [1.16]. Dashed line represents the line used to obtain
Equation [3.1]. Experimental conditions: APy 0.9 bar, crossflow rate

1 Lmin™ and membrane gap width 1.4 mm. Error bars represent

11
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standard error of the mean.

Figure 3.10 — Influence of solids concentration during the processing
of S. cerevisae and BSA suspensions in total recycle mode. Steady
state (M) permeate flux and (¥) BSA transmission. Experimental
conditions: BSA concentration 0.75 gL', head amplitude 19.5 mm,
APy 0.65 bar, crossflow rate 1 Lmin™ and membrane gap width 1.4
mm.

Figure 3.11 — Variation of steady state permeate flux with increasing
APty during the microfiltration of S. cerevisae suspensions (M)
300gL", (®) 400gL™ and (A) 500gL" in total recycle mode.
Experimental conditions: Membrane head amplitude 19.5 mm and
1.4 mm membrane gap width.

Figure 3.12 — Variation of steady state BSA transmission with
increasing APry during the microfiltration of S. cerevisae
suspensions in total recycle mode. Yeast concentration (M) 300 gL™,
(®) 400 gL' and (&) 500 gL™ and BSA concentration 0.75 gL™.
Experimental conditions: Membrane head amplitude 19.5 mm,

crossflow rate 1 Lmin™ and membrane gap width 1.4 mm.

Figure 3.13 - Permeate flux as a function of volumetric concentration
factor during the processing of 500 gL' S. cerevisae (initial
concentration) in concentration mode. Permeate flux (l and ®)
1.4mm gap width (& and V) 4.2mm gap width. Experimental
conditions: Membrane head amplitude 19.5mm, APty 0.7 bar and

crossflow rate in the range of 0.3 to 2 Lmin™.

Figure 3.14 — Influence of crossflow rate during the processing of S.
cerevisae in total recycle mode. Steady state () permeate flux and
(&) BSA transmission at 300 gL™ and (®) permeate flux and (V)
BSA transmission at 500 gL™. Experimental conditions: Membrane
head amplitude 19.5 mm, APqy at 0.65 bar and membrane gap
width 1.4mm.
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@ Figure 4.1 — Data from experimental run No. 5 as detailed in Table 100

| 4.1, (W) Permeate flux and (A) BSA transmission. Experiment run in

[ concentration mode to steady state Experimental conditions:

- Membrane head amplitude 19.5 mm, APqy at 0.7 bar, S. cerevisae

| concentration 500 gL™, crossflow rate 1 Lmin™ and membrane gap

' width 1.4 mm. Experiment designed by Design Expert 5 software as

described in Section 2.7.

Figure 4.2 — Experimental permeate flux data against predicted 102
permeate flux data. Experiments designed by Design Expert 5
software as outlined in Table 4.1 and run to steady state as
described in Section 4.2. Predicted data calculated using the

engineering model described by Equation [4.1].

Figure 4.3 — Influence of operational variables on steady state 103
permeate flux. (a) shows the influence of head amplitude and APy

at 400 gL™ yeast. (b) shows the influence of solids loading and APy

at membrane head amplitude of 19.5 mm. (c) shows the influence of

head amplitude and solids loading at APty of 1.0 bar. Membrane

spacing 1.4 mm and BSA 0.75 gL™ throughout. Data to construct

response surfaces taken from Table 4.1.

Figure 4.4 — Experimental BSA transmission data against predicted 106
BSA transmission data. Experiments designed by Design Expert 5

software as outlined in Table 4.1 and run to steady state as
described in Section 4.2. Predicted data calculated using the
engineering model described by Equation [4.2].

Figure 4.5 — Influence of operational variables on steady state BSA 107
transmission (w/w). (a) shows the influence of head amplitude and

APy at 400 gL yeast. (b) shows the influence of solids loading and

APmv at membrane head amplitude of 19.5 mm. (¢) shows the

influence of head amplitude and solids loading at APy of 1.0 bar.
Membrane spacing 1.4 mm and BSA 0.75 gL™ throughout. Data to

construct response surfaces taken from Table 4.1.
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Figure 4.6 — Perturbation plot showing the influence of the individual
operational variables on permeate flux whilst holding the others at
their 0 value. (A) APty (bar), (B) membrane head amplitude (mm),
(C) solids load (gL™). The reference point refers to the zero value
displayed in Table 4.1. Figure constructed from response surfaces
displayed as Figure 4.3.

Figure 4.7 — Perturbation plot showing the influence of the individual
operational variables on BSA transmission whilst holding the others
at their 0 value. (A) APy (bar), (B) membrane head amplitude (mm),
(C) solids load (gL™). Reference point refers to the zero value
displayed in Table 4.1. Figure constructed from response surfaces
displayed as Figure 4.5.

Figure 4.8 — Ramp display showing the factor settings and response
predictions for optimisation of permeate flux as predicted by Design
Expert 5 software. The figure shows a APqy of 1.3 bar, head
amplitude of 26 mm and solids load of 300 gL™ giving a predicted
permeate flux of 129 Lmhr™.

Figure 4.9 — Permeate flux data obtained during the processing of S.
cerevisae and BSA in total recycle mode of operation. Experiment
performed at the conditions predicted for the optimisation of
permeate flux as given in Figure 4.8. Figure shows a steady state
permeate flux of 132 + 6 Lm?hr"'. Experimental conditions: 300 gL
yeast, APy 1.3 bar, 26 mm amplitude, 0.75 gL™ BSA and membrahe

spacing 1.4 mm.

Figure 4.10 — Ramp display showing the factor settings and
response predictions for the optimisation of protein transmission as
predicted by the Design Expert 5 software. Figure shows a APy of
0.7 bar, head amplitude of 13 mm and solids load of 357 gL™ giving
a predicted protein transmission level of 87 % w/w.

Figure 4.11 — Protein transmission data obtained during the
processing of S. cerevisae and BSA in total recycle mode of
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operation. Experiment performed at the conditions predicted for the
optimisation of protein transmission as given in Figure 4.10. Figure
shows a steady state protein transmission of around 81 + 3 % w/w.
Experimental conditions: 357 gL' yeast, APry 0.7 bar, 13 mm
amplitude, 0.75 gL™" BSA and membrane spacing 1.4 mm.

Figure 4.12 — Ramp display showing the factor settings and
response predictions for optimisation of permeate flux and protein
transmission as predicted by the Design Expert § software. Figure
shows a APy of 1.3 bar, head amplitude of 26 mm and solids load of

1

300 gL' giving a predicted permeate flux of 129 Lm?hr' and a

predicted protein transmission level of 87 % w/w.

Figure 4.13 — (M) Permeate flux and (@) protein transmission data
obtained during the processing of S. cerevisae and BSA in total
recycle mode of operation. Experiment performed at the conditions
predicted for the optimisation of both permeate flux and protein
transmission given by Figure 4.12. Figure shows a steady state
permeate flux of 132 + 6 Lmhr" and protein transmission of around
84 + 3 % w/w. Experimental conditions: 300 gL™' yeast, APty 1.3 bar,

26 mm amplitude, 0.75 gL™ BSA and membrane spacing 1.4 mm.

Figure 5.1 - Schematic diagram of the feedstream entering the
PallSep PS10 membrane head showing vibration induced liquid
boundary layers and solids being retained in the proposed central

core region.

Figure 5.2 - Schematic of feedstream entering PallSep PS10
membrane head. (a) At a medium solids concentration, solids
concentration in the core region is increasing. Solids remain in the
core region between the liquid boundary layers. (b) At a high solids
concentration, solids concentration in the core region has exceeded
the value of random close packed spheres (64 % solids) or closest
packed spheres (74 % solids). Solids have leaked into the boundary
layers causing a drop in permeate flux due to membrane fouling.
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Figure 5.3 — Estimated velocity profile showing the speed of
movement of the fluid across the membrane as a fraction of the
membrane plate oscillation as the distance from the membrane plate
is increased. Velocities were calculated using Equation [1.13] and
assuming a membrane head amplitude of 19.5 mm.

Figure 5.4 — Estimated boundary layer thickness as a function of
frequency of vibration of the PallSep PS10 membrane head.
Boundary layer thickness calculated using Equation [1.13] and
defined as the distance from the membrane at which the magnitude
of the angular velocity of the fluid was 10 % of the velocity of the

plate.

Figure 5.5 — Influence of membrane gap width during the processing
of 300 gL™ S. cerevisae in concentration mode. Membrane gap width
(V) 1.4 mm (M) 4.2 mm. Experimental conditions: Membrane head
amplitude 19.5 mm and APy 0.65 bar. The arrows indicate the range
of solids concentrations at which cells in the core region would be
expected to be forced into the liquid boundary layers assuming both

(—) random and ( 3 closest packed spheres models apply.

Figure 5.6 — Influence of membrane gap width during the processing
of Bacillus and Aspergillus fermentation broths in concentration

)

1.4 mm (A) 4.2 mm and an Aspergillus broth with membrane gap

mode. Permeability of Bacillus broth with membrane gap width (&

width (@) 1.4 mm (@) 4.2 mm. Experimental conditions: Membrane
head amplitude 19.5 mm and APy 0.4 bar.

Figure 5.7 — Influence of membrane gap width during the processing
of S. erythraea CA340 fermentation broth (11.55 gL' DCW) in
concentration mode. Permeability with membrane gap width (l) 1.4
mm (®) 4.2 mm. Experimental conditions : Membrane head
amplitude 19.5 mm and APy 0.65 bar.

Figure 5.8 — Influence of membrane gap width on protein and

erythromycin transmission during the processing of S. erythraea
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Figure 6.7 - Permeate flux and total protein and erythromycin
transmission as a function of PS10 head amplitude during
processing of S. erythraea CA340 (11.1 gL DCW) in total recycle
mode. (®) Total protein transmission, (¥) total erythromycin
transmission, (M) permeate flux. The dashed line represents the line
used to obtain Equation [6.1]. Experimental conditions: APy 0.9 bar,
crossflow rate 1 Lmin™" and membrane gap width 1.4 mm. Error bars
represent standard error of the mean.

Figure 6.8 — Variation of permeate flux with increasing APy during
the microfiltration of S. erythraea CA340 (12.5 gL™ DCW) in total
recycle mode. (H) permeate flux, (®) protein and (A) erythromycin
transmission. Experimental conditions: Membrane head amplitude
19.5 mm, crossflow rate 0.1 - 2 Lmin™ and membrane gap width 1.4

mm.

Figure 6.9 — Influence of crossflow rate during the processing of S.
erythraea CA340 (12.5 gL' DCW) in total recycle mode. Steady
state (M) permeate flux, (@) total protein and (A) erythromycin
transmission. Experimental conditions: Membrane head amplitude

19.5 mm, APy at 0.65 bar and membrane gap width 1.4mm.

Figure 6.10 — Membrane permeability as a function of fermentation
harvest time during the processing of S. erythraea CA340 in
concentration mode. Broth harvested after (M) 48 hours (7.8 gL™
DCW) and broth harvested after (@) 72 hours (12.5 gL' DCW).
Experimental conditions: Membrane head amplitude 19.5 mm, APy
at 0.65 bar, crossflow rate in the range of 2 to 0.3 Lmin™ and
membrane gap width 1.4mm. Figure shows the VCF achieved after
70 minutes processing for both fermentations.

Figure 6.11 — Total protein transmission as a function of
fermentation harvest time during the processing of S. erythraea
CA340 in concentration mode. Broth harvested after (ll) 48 hours
(7.8 gL DCW) and broth harvested after (®) 72 hours (12.5 gL
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DCW). Experimental conditions: Membrane head amplitude 19.5
mm, APy at 0.65 bar, crossflow rate in the range of 0.3 to 2 Lmin™

and membrane gap width 1.4mm.

Figure 6.12 — Influence of APqy during the processing of S.
erythraea CA340 in total recycle mode. Variation of steady state (H)
permeate flux, (®) total protein transmission and (4A) total
erythromycin transmission. (a) broth harvested after 48 hours (7.8
gL DCW). (b) broth harvested after 72 hours (12.5 gL' DCW).
Experimental conditions: Membrane head amplitude 19.5 mm,
crossflow rate in the range of 0.3 to 2 Lmin™ and membrane gap
width 1.4mm.

Figure 6.13 — Influence of fermentation harvest time during the
processing of S. erythraea CA340 in total recycle mode. Variation of
steady state (a) permeate flux and (b) total protein transmission. ()
MF runs carried out using Minitan TFF system, (®) MF runs carried
out using PallSep VMF system at membrane head amplitude 19.5
mm, APy at 0.65 bar, crossflow rate 1 Lmin' and membrane gap
width 1.4 mm. Minitan data adapted from Davies (2003) APy in the
range of 1.25 to 7.6 bar.
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1. INTRODUCTION

1.0 Socio-economic context _
Infectious diseases account for half of the deaths in developing countries, more than
13 million deaths each year world-wide. In developing countries, about one third of
the population (1.3 billion people) live on less than $1 per day, almost one in three
children are malnourished, one in five are not immunised by their first birthday and
lack access to essential drugs (www.who.int. December 1999). This list of appalling

statistics is compounded by the huge increase in world population movements
spreading infectious disease into new areas. The growth of densely populated cities

with their poor sanitation and widespread poverty has created an ideal environment
for the growth and spread of disease. The outbreék of war in the former Yugoslavia
in the 1990s led to hundreds of thousands of people fleeing their homes for the
refugee camps of Albania, Greece and the former Yugoslavia. The ensuing outbreak
| of Polio showed how easy it is for disease to be introduced once standards of living
and health care are allowed to drop.

This problem is amplified by the growing resistance of organisms to existing anti-
microbial drugs. In the early 1940s, it was estimated that more than 90 % of the
strains of S. aureus were susceptible to penicillin. Almost 50 % of the strains showed
some degree of resistance by the late 1950s and resistance in the strains
approached 90 % in the 1990s (Kotra. 2000).

The containment of infectious disease through programmes of treatment and
immunisation has long been the aim of organisations such as the World Health
Organisation, and with the cost to the tax payer of treating these diseases estimated
at more than $20 billion annually in the United States alone (Persidis. 1999),
concerted and systematic programmes of drug discovery and development are in
place. In 1998 there were 27 antibiotics, 12 antifungals and 14 vaccines in various
stages of development in the US alone (Persidis. 1999), emphasising the efforts
being made to develop novel treatments to the vast array of infectious microbial
diseases in the world.

Despite the increasing market demand for antimicrobial drugs, the past twenty years

has witnessed a slow and steady decline in productivity bought about by a
consolidation in the European antibiotics industry (Barber, 1999). From around 1980
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onwards, the number of antibiotic producers has declined rapidly. Table 1.1

illustrates this clearly.

Companies Total Europe Europe Reduction (%)
Producing 1976 1976 1999 99/76
Tetracycline 38 24 4 20 -85
Erythromycin 18 10 4 6 -60
Streptomycin 12 5 1 4 -80
Totals >200 118 35 83

Table 1.1 - The decline in antibiotic producing companies (Table adapted from
Barber, 1999).

Despite this apparent decline in the antibiotic production industry research into the
development of novel antibiotics has not stagnated. The traditional method of
combating microbial resistance has been to develop new drugs. There are currently
seven major classes of antibacterials in clinical use; B-lactams, aminoglycosides,
sulphonamides, tetracyclins, macrolides, glycopeptides and quinolones (Kotra et al.
2000). One new class of antibiotics is the oxazolidinones. Linezolid, developed by
Pharmacia and Upjohn, was the first member of this class to be approved by the FDA
in May 2000. Even before Linezolid was approved however, some degree of bacterial
resistance over time was observed (Henry. 2000).

With the high demand for anti-microbial drugs, and the sequencing of the human
genome completed, the number of new drugs entering clinical trials has never been
higher. The cost of putting a new drug through clinical trials is so expensive that
producers are constantly searching for new and improved production regimes to go

with the new drugs, in an attempt to keep costs down whilst improving product yields.

Saccharopolyspora erythraea and the production of polyketide antibiotics

One of the most widely used families of antimicrobials are the polyketide antibiotics,
the erythromycins. They are produced as secondary metabolites by Streptomyces
spp. of which Saccharopolyspora erythraea is an example (Minas et al. 1998).
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1.1.1 Erythromycin — a polyketide antibiotic
The erythromycins are known to be among some of the safest antibiotics used in
human medicine. The WHO is currently investigating the use of erythromycins in the
treatment of pneumonia in the USA, Cholera in Somalia and Shigella in Guinea
(www.who.int). Erythromycin A is the main product of the fermentation with
erythromycins B, C, D, E and F produced as minor components (10 — 15 % w/w). All
the components display antimicrobial properties although that of Erythromycin A is by
far the strongest. Erythromycin A is a white or slightly yellow crystalline powder
slightly soluble in water, soluble in alcohol, in chloroform, and in ether. It is practically
odourless, is active in a pH range between 8.0 and 10.5 and has a molecular weight
in the region of 718 — 750 (Hahn. 1972).

1.1.2 S. erythraea

S. erythraea is a member of the actinomycetes group and grows through the
formation of long multi-cellular hyphae with a diameter of 0.4 — 0.8 um, developed as
branched septate (Labeda. 1987). Like other filamentous actinomycetes the
submerged culture media of S. erythraea requires considerable aeration and
agitation for adequate oxygen transfer and maximum growth (Davies. 2003). In order
to avoid pellet formation and achieve heavy dispersed growth, it is necessary to
inoculate the shake flask or fermenter with high numbers of spores or hyphal
fragments (Davies. 2003).

1.1.3 Choice of fermentation media for the growth of S. erythraea

Fermentation media can be divided into two broad categories; chemically defined
(synthetic) or undefined (natural, complex) (Zhang et al. 1999). Chemically defined
media are often preferred in the research laboratory as they allow media
development trials for a specific organism. It is possible to examine the limiting
effects of individual components with minimal complicated medium interactions and
reproducible culture conditions. In contrast, the media used to support high antibiotic
productivities in commercial fermentations are predominantly formulated using
readily available, inexpensive complex carbon and nitrogen sources such as oils and
flours (Miller et al. 1986).

For obvious reasons, antibiotic producers are unwilling to divulge information relating
to the composition of their media or the antibiotic titres produced. In a study by
Davies et al (2000), the characteristics of S. erythraea fermentations in two types of
media, an undefined soluble complex media (SCM), and an oil based media (OBM),
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and their consequent affects on downstream processing (microfiltration) were
examined. The authors showed a maximum titre of erythromycin A of 700 mgL™ in
the OBM, three times higher than that seen using the SCM. Although the product
titres were seen to be higher, it was observed that this was achieved at some cost,

namely longer fermentation times and higher broth viscosities.

The authors also looked at the subsequent down stream processing of the
fermentation broths, using microfiltration to recover the erythromycin and separate
the biomass and undissolved solids. The authors showed that when using the OBM,
permeate flux and erythromycin transmission were significantly lower (12.8 Lmhr”
and 89.6 % w/w respectively) than those seen when using the SCM (35.9 Lmhr”
and 96.7 % respectively). This was attributed to the higher solids loading and
apparent viscosity of the OBM.

From this it is clear that in terms of antibiotic titres, less well defined media are
preferable, hence their use in industrial fermentations. The increased fermentation
times and subsequent problems with down stream processing however present

serious draw backs to their use.

Selection of clarification operations

During the fermentation of S. erythraea, raw materials are altered by reactions
occurring within the vessel to give the desired product, erythromycin. Once this
reaction is completed or run to a desired end point, the antibiotic product needs to be
isolated and removed from the fermentation liquor. This isolation and the subsequent
purification is know as downstream processing or DSP. In order for a process to be
economically viable, production costs must be kept to a minimum. DSP operations
account for a significant proportion of the production costs and can be reflected as a
percentage of the selling price, in the case of bulk penicillin production for example
this has been estimated at 30 % and for enzyme production greater than 60 %
(Hacking. 1986). For this reason it is imperative that the correct unit operations are
chosen.

One of the earliest steps used in the recovery of erythromycin is the clarification of
the fermentation broth and the removal of any unwanted cells and associated cell
debris together with insoluble medium components. This is traditionally performed by
either centrifugation, membrane filtration or a combination of the two (Doran 1998).
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In producing the maximum yield of product, the fermentation also produces a large
fraction of biomass which has an affect on the rheology of the fermentation liquor
(Warren et al. 1994; Karsheva et al. 1996). During the production of polyketide
antibiotics such as erythromycin, a large amount of filamentous biomass (S.
erythraea) is produced. This broth is both biochemically and rheoclogically complex
with broth viscosities that range from 100 cp to several thousand cp (Warren et al.
1995; Karsheva et al. 1997). As a result of this, the broth is often very difficult to
process leading many manufacturers to use a dilution and centrifugation step
followed by a dead-end rotary vacuum filtration (RVDF) step to recover the product in
sufficiently high yield (Leach. 2000).

A preliminary economic analysis by Sheehan et al (1988) has indicated that
microfiltration is twice as cost effective as centrifugation. However, advances in
filtration technology have been held back by a number of challenges limiting their use
on a wider scale; unreliability and low permeate fluxes to name but two.

Membrane separation and its use as a clarification operation

Membrane separation is a pressure driven process during which a solid-liquid
separation is achieved via a selectively permeable membrane. The feed is pumped
either towards or across the membrane depending upon the mode of operation
employed.

1.3.1 Normal flow filtration - NFF

In normal flow filtration (NFF) or dead-end filtration, a membrane is placed directly in
the path of the feedstream flow as shown in Figure. 1.1. As the liquid phase passes
through the membrane, a cake of solid particles builds up on the membrane. This
cake build up causes a decrease in the permeate flux so higher pressures are often
required to allow an effective process to be run. NFF is not the subject of the current
study and is described in detail elsewhere (Davies and Grant. 1992; Bacchin et al.
2002; Viadero and Noblet. 2002; Gwon et al. 2003;). '

1.3.2 Tangential flow filtration - TFF

In tangential flow filtration (TFF) or crossflow filtration, the feed flows tangentially to
the membrane surface as shown in Figure 1.2 (Reismeier et al. 1989; Hernandez —
Pinzon and Bautista. 1992; Parnham and Davis. 1995). TFF systems employ high
crossflow velocities which, through mechanisms described in Section 1.7.2, reduce
the accumulation of materials on the membrane surface, allowing the filtration
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process to continue beyond the point that would be possible using NFF (Lin and
Coller. 1998; Ravetkar et al. 2001).

Flow Flow
o
® ®
®
® o ® [ o [ ) b
. o® °

—e — o Membrane -steesesssse

l l

High Flux Low Flux

Figure 1.1 — Schematic of flow patterns in normal flow filtration (NFF). Figure
adapted from Davies. 2003.
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Figure 1.2 - Schematic of flow patterns in tangential flow filtration (TFF). Figure

adapted from Davies. 2003.

1.4 Membrane classification based on pore size
Dependant on the application, there are three classes of membrane which are widely
employed in the bioprocess industry: Reverse osmosis (RO), ultrafiltration (UF) and

microfiltration (MF).
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Reverse osmosis

Reverse osmosis is a separation process that utilises semi-permeable membranes to
achieve the extraction of low molecular weight solutes from a solvent (Hoornaert.
1984). The process works using elevated system pressures in excess of the osmotic
pressure of the solution being treated.

Like most membranes, a typical reverse osmosis membrane consists of a very thin
skin layer supported by a thicker more porous layer. This asymmetric structure
makes it possible to combine good salt rejection with a high water flux. The active
skin layer is dense and responsible for the salt rejection, but also very thin to allow a
reasonable water flux to be maintained. The thicker more porous layer provides the
mechanical support needed to withstand the high pressures used in the separation
process.

Reverse osmosis has its main use in the desalination of sea water and the
preparation of RO water for laboratory work. In recent years, the pressure on industry
to clean up industrial effluent prior to discharge has seen the use of reverse osmosis
become more popular. The technology provides a means by which the amount of
industrial effluent discharged from a site can be reduced whilst also reducing the
water demands of the site. (Winston Ho and Sirkar. 1992).

Nanofiltration

Nanofiltration (NF) membranes display excellent rejection of divalent ions while
allowing a majority of monovalent ions to pass. Organic molecules in the 200 — 300
molecular weight range are also highly rejected. The unique separation capability of
NF provides the opportunity to selectively concentrate either valuable or undesirable
substances from a process stream with greater effectiveness, consistency, reliability
and economy (www.membraneonline.com. October 2003). NF is particularly well
established for the removal of ions associated with scaling from water as well as for
cheese — whey desalting in the dairy industry. Other growing markets are in RO pre-
treatment; pharmaceutical concentration; kidney dialysis units and maple sugar

concentration.

Ultrafiltration
Ultrafiltration (UF) is a low pressure fractionation of selected components by size.
The technique is used mainly in the separation of macromolecular materials, such as

proteins, that are smaller than 0.1 um. It is often used as a concentration step, during
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which time the volume of process solution is decreased by removing fluid but
retaining the required product. (Winston Ho and Sirkar. 1992).

Microfiltration

Microfiltration (MF) is essentially the separation of a solid — liquid mixture and is used
to recover particles in the range of 0.05 — 10 pm. MF processes can be operated in a
number of ways, the choice of which will depend on the nature of the product, the
characteristics of the feed and the desired process objectives. They include batch,
fed-batch, feed and bleed, continuous and diafiltration. Typical materials removed

- include starch, bacteria, moulds, yeast and emulsified oils. (Winston Ho and Sirkar.

1992).

Membrane system operating techniques

As stated in Section 1.4.3, the most common configurations used in filtration
processes are batch concentration, feed and bleed and diafiltration (Winston Ho and
Sirkar. 1992).

Batch concentration

Batch concentration is the simplest configuration and requires the least membrane
area to achieve a given separation. The removal of the permeate causes an increase
in the concentration of the retained species in the retentate stream. This is
particularly useful during the processing of large volumes of feed, such as antibiotic
fermentations, in order to reduce diafiltration buffer requirements later in the

purification process (Leach. 2000).

Feed and bleed

The feed and bleed configuration is commonly used for continuous operation
especially in the food industries (Winston Ho and Sirkar. 1992; Leach. 2003).
Permeate is removed from the system, as is a small portion of the retentate, referred
to as the bleed. Most of the retentate is recycled however to maintain a high
crossflow velocity across the membrane surface.

Diafiltration

Diafiltration involves the addition of buffer to the retentate and continuing filtration in
order to overcome low fluxes at high concentrations or to get better removal of
permeable species. As the permeate is removed during concentration, the

concentration of the retained species within the retentate increases, causing changes
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in the process stream viscosity which has implications for the filtration performance
(as discussed in Section 1.7.3). Diafiltration involves replacing the removed permeate
with buffer thus keeping process stream viscosity at levels acceptable for processing
(Sessa et al. 2003; Goulas et al. 2003).

Microfiltration models

A number of models have been developed to predict the flux in typical membrane
systems and are used to estimate membrane areas required for particular duties.
Two of the more important models are the concentration polarisation model and the

fouling model.

1.6.1 Concentration polarisation

In the concentration polarisation model, material is transported towards the
membrane by convection. A concentration gradient at the membrane is developed as
soon as filtration starts, and as filtration progresses, a boundary layer, or gel layer, of
high concentrations of solutes, including proteins, builds up on the membrane
surface. Porter (1972) assumed that this gel layer forms the limiting resistance to flow
and that it is possible to calculate the transport rate of water through the membrane
(flux) on the basis of the mass transfer of membrane retained species from the
membrane surface back into the bulk stream. He stated that this was so because the
gel layer is assumed to have a fixed concentration (Cg) but is free to vary in terms of
thickness and porosity. In such a system, the flux is independent of the membrane
permeability since the dynamic boundary layer resistance to permeate flow will adjust
itself until the convective transport of material to the membrane surface equals the
back transport to the bulk stream. He proposed that permeate flux can be predicted

J=k lngl"—
Cb

Where J is the permeate flux (Lm?hr"), k is the mass transfer coefficient, C,, is the

using Equation [1.1].

[1.1]

wall concentration of cells (% w/w) and C; is the bulk concentration of cells in the

feed stream (% w/w). Taken from Porter (1972).

The mass transfer coefficient can be calculated using the heat-transfer correlation
described by Dittus and Boelter (1930) and is shown in Equation [1.2].
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Q Jo-s D0.66

k= Kp(bwL v

[1.2]

Where K, is the proportionality constant, Q is the volumetric flow rate (m®s™), D is the
diffusion coefficient (m?s™), b is the channel height (m), w is the channel width (m), L
is the channel length (m) and v is the kinematic viscosity of the broth (m?s™). Taken
from Dittus and Boelter (1930).

The diffusion coefficient is described by the Stokes-Einstein relationship for diffusivity
shown in Equation [1.3].
D= k, T
omur,

[1.3]
Where k; is the Boltzman constant, p is the viscosity (Pa.s) and r, is the radius of the
diffusing particle (m). Taken from Davies (2003).

Porter (19725 stated that by assuming that the cells at the membrane surface
resemble a layer of closely packed spheres, having 65 — 75 % solids by volume, the
experimental values to calculate K, can be used to predict the steady state permeate
flux. The concentration polarisation theory has been used by many investigators in
an attempt to describe microfiltration behaviour (Wakeman and Williams. 2002,
Mignard and Glass. 2001). Mikulasek (1994) reported that permeate flux may be as
low as 2 — 10 % of that of pure water as a result of concentration polarisation.

1.6.2 Membrane fouling

In membrane fouling, molecules from the feed stream physically block the membrane
pores. The resulting total hydrodynamic resistance can be used to predict the flux
using Equation [1.4].
o APy
MR,

[1.4]
Where APy is the transmembrane pressure (Pa) and R; is the total hydrodynamic
resistance defined for a given membrane and a pure solvent (water). Taken from
Davies (2003).
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Davies (2003) states that R; is defined as the sum of the membrane resistance (Rn),
the cake resistance (R.) and the resistance due to the blocking of the pores (Ry)
which are related by Equation [1.5].

R =R, +R +R, [1.5]

Davies (2003) goes on to state that membrane resistance can be measured using
clean water flux data. When using pure water, Equation [1.4] can be rewritten as

Equation [1.6].
APp,

HR,, [1.6]

J=

The resistance of the membrane can then calculated by plotting flux against APy,

the gradient of the graph being 1/Rnp.

Factors influencing conventional TFF performance

A number of factors influence the performance of any filtration system.

1.7.1 Transmembrane Pressure

As stated in Section 1.3, membrane filtration is a pressure driven process. Any
increase in pressure on the upstream side of the membrane with reference to the
downstream side, will result in process fluid being forced through the membrane
(permeate). This pressure difference is known as the transmembrane pressure (APtu

or TMP) and for crossflow filtration is defined by Equation [1.7].

~5 [1.7]

Where P, is the pressure at the feed inlet, P, is the pressure at the retentate outlet
and P; is the pressure at the permeate outlet. Taken from Davies (2003).

The process stream contains a solid phase as well, so as the fluid is forced through
the membrane, these solid particles will either pass through the membrane or will be
retained on the membrane surface, depending on the membrane pore size. At the
same time as material is deposited on the membrane, it is being removed by back
transport (mechanisms that have been proposed include Brownian diffusion and
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inertial lift) (Davies et al. 2000). As the APy is increased, the rate of solute
convection towards the membrane will eventually exceed the rate of back transport
away from it. At this point the flux will be unchanged by any further increases in APy
and the membrane is said to be concentration polarised This point is described as
the critical transmembrane pressure or cTMP. This effect was first noticed in UF
(Porter. 1972) but has been reported in MF applications (Frenander et al. 1996,
Davies et al. 2000; Gesan-Guiziou et al. 2000).

1.7.2 Crossflow velocity
The flow of feed tangential to the membrane surface in TFF can be used to minimise
the build up of any fouling layer deposited by the mechanisms described in section
1.6. Increased crossflow velocity creates the shear necessary to remove the
deposited material and maintain permeate flux at an acceptable level. Removal of the
fouling layer by increasing crossflow has been demonstrated by a number of
investigators (Mikulasek. 1994; Culkin et al. 1998; Su et al. 2000).

Mikulasek (1994) reports that in the turbulent regime, flow rate is proportional to the
pressure drop across the length of the membrane squared. Higher velocities bring
about higher pressure drops through the membrane module, which in turn bring
about lower pressures available for the filtration process. In a study of the fouling of
ceramic membranes by albumins, Su et al (2000) demonstrated that permeate flux
dropped faster at elevated cross flow velocities, although the extent of protein
deposition inside the membrane pores was found to be similar to that exhibited at
lower velocities. The authors concluded that pore blockage at the front, outer surface
of the membrane is intensified by a higher flow velocity. Higher flow velocities also
necessitate bigger, and thus more expensive, circulation pumps and higher energy
consumption. An important factor with regards to the processing of biological
molecules is the incidence of shear damage bought about by increased flow rates.
This is dealt with in more detail in Section 1.11.

1.7.3 Process stream viscosity
D’arcy’s filtration law states that permeate flux is proportional to APry and inversely

proportional to liquid/broth viscosity and is shown in Equation [1.8].

Jor = APy
7

[1.8]
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Viscosity changes will occur as a result of biomass concentration changes (Warren et
al 1994; Karsheva et al. 1997; Davies et al. 2000) with implications for the

downstream processing of the fermentation broth.

1.7.4 Modes of operation
Regardless of the type of membrane used or the system that it is employed in, there
are two main modes of operation employed in the bioprocess industry; constant
pressure mode and constant flux mode.

1.7.4.1 Constant pressure mode
In constant pressure mode, flux is allowed to decline over time. Pump speed is

varied to maintain constant APy (Defrance and Jaffrin. 1999).

1.7.4.2 Constant flux mode
In constant flux mode, a pump is placed on the permeate line and permeate is drawn
through the membrane at a constant flux. APy is allowed to vary within specified
limits. It is this later method that seems to be more popular in industrial processes as

it minimises membrane fouling thus reducing operating costs (Field et al. 1995;
Defrance and Jaffrin. 1999).

1.7.5 Membrane types and surface chemistry interactions
Membrane surface chemistry determines such important properties as hydrophilicity
or hydrophobicity, presence or absence of ionic charges, chemical and thermal
resistance, binding affinity for solutes or particles and bio-compatibility all important in
determining the performance of the membrane application. The interactions between
the surface of the membrane and the process feed stream play an important part in
determining the flux characteristics of the membrane, and as such, membrane
surface chemistry can be modified to improve filtration performance in targeted
applications. Childress et al (1998) reported that the alteration of the ionic charge of
reverse osmosis membranes had a significant influence on the salt rejection of the
membrane at low pH. A study by Ma et al (2000) emphasised the importance of
membrane surface charge. Using modified polypropylene membranes (0.22 um), the
authors studied permeate fluxes during the MF of 0.14 gL (DCW) E. coli. They
showed that permeate volumes were greater using hydrophilic, charged membranes
than for hydrophobic neutral polypropylene membranes, but less than those for
hydrophilic neutral membranes. This work is supported by several other studies
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which have shown the importance of using hydrophilic membranes to reduce protein
adsorption and thus prevent flux decline (Kroner et al. 1984; Fane et al. 1987).
Bowen et al (1999) have reported that electrostatic double-layer interactions can
have a strong influence on rejection at the pores of both MF and UF membranes.

The importance of .process stream pH and the resulting interactions with the
membrane has been emphasised by Su et al (2000). In a study on the fouling of
ceramic membranes (nominal pore diameter 200 A) by the albumins bovine serum
albumin (BSA) and human serum albumin (HSA), the authors reported a rapid
decline in permeate flux at pH 5 and a slower decline at pH 3 and pH 7 associated
with increased levels of protein deposition observed within the membrane pores at
pH 5 and lower levels at pH 3 and pH 7. The authors conclude that as the pH is
shifted away from the iso-electric point of BSA and HSA (pH 4.8 for both), the extent
of adsorption decreases as does the level of protein deposition observed within the
membrane. A similar pattern of fouling was observed for membranes with different
pore diameters. The authors also concluded that this may be true for different

membrane types although the levels of adsorption and deposition would vary.

Membrane Product Membrane
material example properties
Polysulphone Pall Gelman HT Hydrophilic
Polypropylene | Pall Gelman GH Hydrophilic
Low protein binding
PTFE Pall Gelman TF Hydrophobic
Good resistance to solvents
PVDF Millipore GVHP | Can be modified to render surface hydrophilic

Good resistance to solvents

Nylon Pall Ultipor Hydrophilic

Table 1.2 — Some properties of different microfiltration membranes (Information from
Pall Gelman and Millipore).

Use of membrane design to combat membrane fouling

As described in section 1.3, conventional TFF systems rely on feed stream crossflow
velocity to provide the shear forces necessary to combat membrane fouling. The size
of the pumps required to maintain these cross flow rates has obvious implications for





















































































































































































































































































































































































































































































