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Optical absorbance

Alcohol dehydrogenase
Adenosine 5'~diphosphate
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Adenosine 5'-triphosphate
Cell free extract

Coenzyme A

Cell recycle fermentation (or fermenter)
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Guanosine 3'diphosphate 5'triphosphate
Inorganic phosphate

Proton motive force

Phosphotransferase system

Ribonucleic acid

Ultrafiltration

Growth medium based on Vick Roy et al. (1982, 1983).



APTM

Q

glucose
Qlactate
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qglucose

qlactate

Symbols used in this thesis

Solute concentration in bulk phase

Solute concentration in gel layer
Critical dilution rate

Flow rate

Filtrate flux rate

Mass transfer coefficient
Michaelis constant

Monod (saturation) constant
Statistical probability
Lactic acid concentration

Filtrate back pressure

Pressure at culture inlet

Pressure at culture outlet

Pressure differential along filter surface
Transmembrane pressure

Volumetric rate of élucose consumption
Volumetric rate of lactic acid formation
Specific rate of ATP formation

Specific rate of glucose consumption
Specific rate of lactic acid formation
Specific maintenance rate of glucose consumption
Recycle ratio

Hydraulic resistance of gel layer
Hydraulic resistance of filter membrane
Maximum rate of biomass output

Rate of acid production at time zero

Rate of acid production at time t

Substrate concentration in culture

Substrate concentration in feed stream



ta Batch culture lag/down time

td Culture doubling time

vl Specific growth rate

umax(or um) Maximum specific growth rate

V Culture volume or culture circulation velocity
Vmax Maximum rate of enzymic reaction

X Biomass concentration

X Maximum attainable biomass concentration
X Initial biomass concentration

Y(or ¥x/s) Growth yield (i.e. biomass from substrate)
YATP Yield of biomass from ATP

Ymax Maximum growth yield

Yp/s Yield of lactic acid from substrate

Yp/x Yield of lactic acid from biomass

N.B. A tilde (e.q. x) denotes a steady state value,
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The Physiology of Lactic Acid Production by

Lactobacillus delbreuckii in a Cell Recycle Fermenter

Nicolas C. Major, Ph.D. Thesis, University of Kent, July 1987.
Abstract
The physiology of lactic acid production by Lactobacillus delbreuckii
NRRL B-445 in a continuous fermenter with partial cell recycle has been
studied and compared with that observed in a conventional chemostat.

Increased formation of ethanol and acetate occurred in the recycle
fermenter although lactic acid remained the major product. The yield
of lactic acid from biomass and the molar product ratio, lactate:
ethanol + acetate, decreased with increasing recycle ratio. The
volumetric productivity of lactic acid was enhanced in the recycle
fermenter due to the complete utilization of glucose, the greatest
productivity (12.1 ':;L-1 h“1 at D = 0.3 h-l) being achieved using the
lowest recycle ratio (0.5). The change in product profile was pheno-
typic in nature and due to glucose limitation. The specific activity
of lactate dehydrogenase and the specific rate of ATP formation were
mgintaine@ during cell recycle fermentation. The cellular content of
polysaccharide, protein, carbon and nitrogen also remained constant

and culture viability was maintained. The biomass growth yield was
reduced with increasing recycle ratio. A simple mathematical model

was derived which described the biomass concentration produced in the
recycle fermenter at steady state over a five-fold range of concentrating
gffch: The derived model included a constant specific rate of glucose
consumption for non-anabolic (e.g. maintenance) functions. The results

suggest that catabolism and anabolism were less closely coupled in the

cell recycle fermenter than in the conventional chemostat.




CHAPTER 1

INTRODUCTION

1.1 Impetus for Process Intensification

Current commercial processes which produce a product by the
mass culture of microorganisms are diverse 1in product range and
considerable in terms of world trade. Stanbury & Whitaker (1984)

classified these microbial processes into four groups: (a) those which
produce microbial cells (biomass) as the product; (b) those which
produce microbial enzymes; (c) those which produce microbial metabolites;
and (d) those which involve specific microbial transformations.

Bull, Holt & Lilly (1982) classified microbial processes on the basis

of the volume and value of the process. High volume, low value
processes included the production of methane, ethanol and biomass
(single-cell protein). High volume, intermediate value processes included
the production of amino and organic acids, acetone and butanol,

bakers' yeast, and polymers. Low volume, high value processes

included the production of antibiotics, steroids, enzymes, vitamins,
vaccines and other fine biochemicals. The current commercial value of
these processes has recently been outlined by Bull et al. (1982) and
Dunnill & Rudd (1984). 1In the latter report, the world market for
biological products 1in 1981 was estimated to be £47,330 million.

The market distribution of these products is shown in Figure 1l.1. The

latter authors estimated the total sales of U.K. fermentation products



Bakers' Yeast

Figure 1.1 World markets for biological products (£ million): Data
from Dunnill & Rudd (1984).




in 1982 to be £5,000 million with a net surplus of trade in these

products of £550 million. Bull et al. (1982) estimated the U.S.A.

fine biochemicals-via-biotechnology market to be of the order of

$8,000 million of which antibiotics comprised greater than 50 per cent.
The current commercial interest in these processes is reflected

in the number of small, new companies recently established in the broad

field of biotechnology. These companies number about 40 1n the U.K.

and include independent enterprises and joint ventures between

universities and industry. The number of these small, new companies

in the U.S.A. is estimated to be at least 200 (Dunnill & Rudd, 1984).
The activities of these companies are diverse and include general
consultancy, molecular biology, protein technology and fermentation
plant sales and service.

Another reflection of current commercial interest in microbial
product-forming processes may be found in an analysis of the patent
literature (Bull et al., 1982). The number of patents relating to
all aspects of the production of microbial products has risen
sharply over the last two decades with major upswings in those concerning
enzymes, antibiotics, pharmaceuticals and fine biochemicals in the
years 1974 to 1975. Patenting activity was especially high in amino

acids, peptides and proteins, carbohydrates, and organic acids in the

years 1975 to 1979.

Despite the great commercial interest in microbial product forming
processes, these processes remain much less reaction intensive than
many comparable commercial chemical reactions (Bull et al., 1982;
Cooney, 1983). The reasons for this include the following:
(a) concentrations of biocatalyst tend to be low and restricted by
mass and heat transfer limitations; (b) products may be growth

inhibitory;and (c) substrates may be inhibitory to product formation




at high concentrations. In addition to low reaction intensity, most
commercial processes endure the economic penalties of high product
recovery costs and discontinuous production. Product recovery costs

vary greatly depending on the nature of the process involved and the

scale of production but in general there are two main components to
the cost; removal of microbial biomass and the handling of large volumes

of dilute aqueous product solution.

Large centrifugation plant is often used to remove cells from
fermentation broths but this approach 1s expensive in terms of plant
depreciation, return on capital, maintenance, and energy consumption.
Atkinson & Mavituna (1983) estimated that depreciation, maintenance
and poor return on capital can account for over 80% of the overall
cost of a large scale centrifugation plant. Tutunjian (1984) estimated
that, for the industrial harvesting of bacterial cells, the capital
and annual operating costs of a continuous disc-type centrifuge were
of the order of $150,000 and $34,000 respectively. The latter author
concluded that for bacterial harvesting, hollow-fibre ultrafiltration
required 30% of the capital cost and 70% of the operating cost of a
continuous centrifuge system but that for harvesting larger yeast cells,
centrifugation was more cost effective. Thus, although separation
costs may be reduced by using filtration, the reduction possible
depends on the nature of the process to which it is applied.

In all commercial microbial processes the concentration of
product in the harvested broth is low, of the order of 0.2 to 20%

(w/v) (Cooney, 1983). Vitamins and enzymes are produced at the léwer
end of this range, ethanol and organic acids at the upper end
(Atkinson & Mavituna, 1983). This is a serious problem as the cost

of water removal is high, being roughly proportional to the quantity
of water present (Bull et al., 1982; Cooney, 1983). This cost is

endured in several forms: unused reagents and substrates, although




dilute in spent broth, constitute a large loss as broth volumes are
great; drying to reduce process liquid volume is energy intensive, a
fuel cost of about El3m_3 water evaporated in a spray drier (Atkinson
& Mavituna, 1983); the cost of transporting a large volume of dilute
product (Bull et al., 1982).

In addition to the relatively low reaction intensity and high
product recovery costs, most commercial microbial processes incur
the penalties of discontinuous operation. The industrial potential of
continuous culture processes has been outlined regularly for at least
25 years and, with the same regularity, it has been concluded that these
processes have not found wide acceptance. Gerhardt & Bartlett (1959)
reported that continuous culture processes were to be found only 1in

traditional bulk manufacture such as vinegar and bakers' yeast and 1in

waste treatment. Righelato & Elsworth (1970) concluded, "It 1is
evident that continuous culture has not gained a foothold in pharmaceutical
or organic chemical production". Most recently, Bull (1982) concluded

that although continuous culture has been deployed in the waste

e

treatment, bakers' yeast, and brewing industries, "The impact on the
production of pharmaceutical and other chemicals has been negligible”.
The value of continuous culture to the study of microbial
physiology and process development is widely recognized and the impact
of the technique in these areas has been extensively reviewed (e.g.
Tempest, 1970; Pirt, 1975; Herxbert, 1976; Bull & Brown, 1979).
In brief, this value 1lies in the ébility to maintain steady state
cultures at defined sub-maximal growth rates with defined growth
limiting substrates. Thus, the effect of the physico-chemical
environment can be systematically evaluated independently of growth rate
and the manipulation of growth rate is possible without varying the
growth medium composition or growth conditions. In terms of

production processes however, the value of continuous culture lies in




the ability to maintain highly productive cultures over long periods

of time. Mathematical treatments comparing the output of biomass

from batch and continuous cultures have been presented by Bull (1982)

and Pirt (1975). Continuous culture is generally advantageous as
biomass can be produced at close to the maximum growth rate without

the growth lag and 'down time' associated with a batch culture. Pirt
(1975) defined the ratio of the maximum output rate of biomass from a
continuous culture to that from a batch culture (Rm(chemostat)/Rm(batch))
in terms of the maximum attainable biomass concentration (xm),

the initial biomass concentration (xo), the culture doubling time

at maximum specific growth rate (td) and the batch lag/down time (ta)

as shown in Equation 1.1.

Rm(chemostat)/ = ln x /X + 0.693ta

R (batch) m o
m

Equation 1.1

Bull (1982) outlined some of the real and perceived disadvantages
of continuous culture in production processes. These disadvantages
centred on anticipation of problems concerning the necessary capital

investment, possible contamination, unreliability of equipment, organism

stability, and product quality. Cooney (1983) highlighted the concern

that although the volumetric productivity of a continuous culture may
be greater than that of a batch process, the product concentration

is often lower being inversely proportional to the flow rate of the
system. This reduction in product concentration serves to enhance
the product recovery problems outlined earlier in this Section. This
difficulty must be overcome by increasing the specific activity and
concentration of the microorganisms in the reactor system.

In summary, it is proposed that the impetus towards the intensif-

ication of commercial microbial product-forming processes exists in




the following terms: {a) current and potential commercial interest

in microbial processes 1s great; (b) current processes are of low
reaction intensity compared with competing chemical processes;

(c) product recovery 1is problematic in terms of biomass harvesting

and handling of bulk dilute product; (d) the deployment of continuous
processes remains very limited with consequent under-utilization of
process capaclity due to batch lag and down times; and (e) the disfavour
of continuous processes 1s partly due to the low product concentrations
resulting from biocatalysts inadequate in activity, stability and

concentration.

1,2 Cell Recycle Fermentation

1.2.1 Theorx

Cell recycle fermentation (CRF) is an approach to the production
of microbial metabolites which has been developed in response to the
impetus for microbial process intensification outlined in Section 1l.1.
In essence, a CRF is one in which all, or a proportion of, the cells are
retained internally or are recycled back to the fermentation vessel.
The result is an accumulation of cells in the fermenter and the
generation of a stream of cell-free or cell-depleted culture broth
leaving the system. The concept and theory of CRF is not new. A
chemostat with cell recycling was first represented by Herbert (1961)
and this initial treatment was subsequently developed by Powell &

Lowe (1962) and Pirt (1969). The theory was further extended and
experimentally tested for the first time by Pirt & Kurowski (1970).
In the latter study, theoretical studies were presented for four
possible cases of CRF. These latter encompassed both the internal

retention and the external recycling of cells and allowed for cell-

depleted and cell-free ocoutflow streams. The studies of Pirt &




Kurowski (1970) remain the most comprehensive applied to CRF. Bull &

Young (198l) presented a theoretical treatment of a CRF in which there
were two outflow streams from the fermenter, one which was completely
cell-free, the other containing the same concentration of cells as the

culture in the fermentation vessel. This latter type of system has

been analysed in the present study.

The cell recycle fermenter is shown schematically in Figure 1.2.
The ratio of the flow rate of the cell-free stream to the total outflow

rate 1s a measure of the fraction of the cells in the combined outflow
streams that 1is returned to the fermentation vessel. This ratio of the
cell-free to the total outflow is called the recycle ratio, R. The range
of possible values of R is 0 < R 1. When R = 0, the total outflow of
the system contains cells and the fermenter is a conventional chemostat.
When R = 1, the total outflow is cell-free, no cells leave the fermenter,
and recycle is total. The behaviour of the specific growth rate (u),

growth limiting substrate concentration (s), biomass concentration (x),

critical dilution rate (Dcrit)' and volumetric biomass production rate

(Lx) for this particular CRF system are modelled as follows (Bull & Young,

1981; Pirt, 1975).

(1) Specific growth rate ()

The biomass balance for the fermenter may be written as:

net increase in biomass = Growth - Output

For the whole culture (volume, V) in an infinitely small time interval,

dt, this becomes:

V.dx = V.ux.dt - (1-R)F.x.dt Equation 1.2

Dividing throughout by V.dt, and as D = F/V, equation 1.2 becomes:

dx/dt = [ - (1-R)D]x Equation 1.3

dx

At steady state / = 0 and so

dt

M= (1-R)D Equation 1.4
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Fiqure 1.2 Schematic Diagram of a Cell Recycle Fermenter




It follows from equation 1.4 that when R =1, p = 0, The biomass

production at R=1 1s a measure of maintenance energy (Beyeler, Rogers

& Fiechter, 1984).

(11) Growth limiting substrate concentration (s)

If the relationship between specific growth rate and growth
limiting substrate concentration can be taken as being represented by

the Monod equation then:

s =K 4 (L - u) Equation 1.5
S m

where Ks 1s a saturation constant and um 1s the maximum specific growth
rate. At steady state, substituting for 4 from equation 1.4,

equation 1.5 becomes:

S = KS (l—R)D/[um - (1-R)D] Equation 1.6

Equation 1.6 predicts that for a given value of D, s will be

lower in a cell recycle culture than in a conventional chemostat.

(iil1) Biomass concentration (x)

The biomass concentration is the product of the substrate consumed
and the growth yield, Y. The concentration of biomass in the fermenter
is equal to the concentration in the combined outflow streams divided

by (1-R). Thus, at steady state:

X =Y (s - s)/ (1 - R) Equation 1.7

where S 1s the concentration of growth limiting substrate in the feed

stream. When S, 1s very much greater than s, equation 1.7 approximates

to:

X = Ys0 / (1-R) Equation 1.8

Equation 1.8 may be used to estimate predicted biomass concentrations

in the cell recycle fermenter.




(iv) Critical dilution rate (Dcrit)

Dcrit is defined as the dilution rate at which s becomes equal

to S, and culture washout occurs. Substituting for H with D from

equation 1.4, the Monod equation becomes:

D = (ums/KS + s) / (1-R) Equation 1.9
D . 1is given by substituting s for s in equation 1.9:
crit O
L, = + - ion 1.10
D . (b s / K_ S,.) / (1=R) Equation 1
When S, is very much greater than KS, equation 1.10 approximates
to:
: = -R E tion 1.1l
D sy h / (1-R) qua
Equation 1.1l states that for any value of R above zero, Dcrit will

exceed um, At values of R approaching unity, the culture may be operated
at dilution rates considerably 1n excess of h without approaching

D s and when R =1, D

crit’ equals infinity and the culture cannot

crit

be washed out.

(v) Volumetric cell growth rate (uXx)
UX is given by multiplying equation 1.7 (giving X) by eguation
1.4 (giving u):

ux = DY (s0 - 8) Equation 1.12

The magnitude of uX for a given value of R is given by substituting

for s in equation l.12 by equation 1.6:

uxX = DY (so - [KS(I-R)D/um - (1-R)D]) Equation 1.13

Equation 1.13 states that at values of D below M the increase in uX
achievable by cell recycling is marginal, being due to the reduction
in the value of s, the degree of which is determined by the value of
K . However if D exceeds W ., as allowed for by equation 1.11, then

S

ux may be greatly increased beyond that achievable in a conventional




chemostat.

Throughout this theoretical treatment, the primary assumption
made is that the Monod relationship applies. In addition, the following
secondary assumptions are made: (a) the retention time of culture
in the external recycling loop is negligible; (b) there is no loss of
culture viability in the recycle loop; (c) growth limitation is the
same in the recycle fermenter as in a chemostat; (d) maintenance effects
are negligible; and (e) product limitation of biomass production 1is
negligible.

In summary, the theoretical treatment of the Bull & Young (1981)

model of CRF predicts: (a) reduced specific growth rate (equation 1.4);

(b) reduced growth limiting substrate concentration (equation 1.6);
(c) increased biomass concentration (equation 1.8); (d) increased
critical dilution rate (equation 1.11); and (e) increased volumetric

cell production rate, particularly at dilution rates in excess of

M (equation 1.13). The potential benefit inferred from this model

is that any metabolite, the rate of production of which is a strong
positive function of biomass concentration, rate of biomass production
or both, should be produced faster in a cell recycle fermenter than

in a conventional batch or continuous culture, all other factors being
equal. Other potential benefits of CRF, outlined recently by Bull
(1982) , Hamer (1982), and Rogers et al. (1982), arise from the extreme
resistance of the system to washout and may be listed as follows:

(a) transformation of, or growth in the presence of, inhibitory
materials may be achieved; (b) unavoidably dilute substrate streams
may be utilized at high flow rates (e.g. brewing and waste water
treatment); and (¢) growth inhibitory products, such as ethanol,

may be produced in high concentration but rapidly washed from the

culture. Perhaps the most important potential benefit of CRF 1s that




at high recycle ratios a large proportion of the total fermenter
outflow is cell-free thereby reducing costs of downstream

processing.

l.2.2 Applications

An examination of reports describing the application of CRF to
the intensification of microbial processes reveals a literature which
is diverse 1in approach, procedure and terminology vet comparatively
restricted in terms of products formed and substrates and organisms
utilized. Since the concept of CRF was first realized experimentally
by Pirt & Kurowski (1970), interest in cell recycling has increased

steadily. The majority of applications by CRF have been reported

in the current decade with interest gradually increasing such that at
least four different applications were reported in the first six months
of 1986. An overview of reports of CRF applications is presented in
Table 1.1.

l.2.2.1 Approaches and Procedures

An examination of the literature outlined in Table 1.1
reveals a wide range of different approaches taken and procedures
followed to achieve CRF. A detailed analysis of this breadth of
approach is hampered by a lack of common terminoclogy and by inconsistency
in the precision with which tﬂe procedures are described. However, it

is possible to classify the approaches taken and procedures followed

into four broad groups.

(A) Chemostats with partial cell recycle

Examples of studies following this approach are those by Pirt
& Kurowski (1970), Bull & Young (198l), Limtong et al. (1984), Damiano
et al. (1985), Kuriyama et al. (1985) and Pierrot et al. (1986). These
six studies are characterized by the maintenance of defined dilution

rates, statements of defined degrees of partial cell recycle, and by
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Reference

Pirt & Kurowski
(1970)

Cysewski &k Wilke
(1977)

Rogers, Lee &
Tribe (1980)

Lece et al.
(1980)

Bull & Young
(1981)

Bull & Young
(1981)

Nishizawa et al.
(1983)

Cheryan & Mehalia
(1983)

Charley et al.
(1983)

Vick Roy et al.
(1983 )

Cheryan & Mehaia
(1984)

Limtong et al.
(1984)

Janssens,
Bernard &

Bailey (1984)

Kuriyama et al.
(1985)

Damiano et al.
(1985)

Afschar et al.
(1985)

Holst et al.
(1985)

Schlote &
Gottschalk
(1986)

Enziminger &
Asenjo (1986)

Pierrot, Fick &k
Engasser (1986)

Mchain &
Cheryan (1988)

Table 1.1

Organism

Saccharomyces
cerevigiqe

Saccharomyces
ocerevieaiqe

Zymomonas
mobiltie
Zymomonas
mobilis

Gluconobacter
oxydana

Serratiaq
marcesens

Saccharomyoes
cerevisiae

Kiluyveromyoes
fragilis

Zymomonas
mobilie

Lactobactllus
delbreuckii

Saccharomyces
cerevisiae

Saccharomyocas
cerevisiae

Kluyveromyoces
fragtite

Saccharomycee
oerevisiae

Saccharomyces
oerevisiae

Clostridium
acetobutylioum

Streptococcus
lactis

Clostridium
acetobutylicum

Saccharomyces
lipolytica

Clostridium
acetobutylioum

Lactobacillus
bulgariocus

Substrate

Glucose

Glucose

Glucose

Glucose
Sorbitol

Glucose

Glucose

Lactose
(whey
waste)
Glucose
Glucose
Glucose

Glucose

Lactose

Glucose
(simulanted
SUgar cane

Juice)
Glucose

Glucose

Galactose

Glucose

GClucose

Glucose

Lactose
(whey
permeate)

Product

Biomass

Ethanol

Ethanol

Ethanol
Sorbose

2-keto-
gluconic
acid
Ethanol

Ethanol

Ethanol

Lactic Acid

Ethanol
Ethanol

Ethanol

Ethanol

Ethanol

Acetone-
butanol

Biomass

(superoxide
dismutase)

Acetone=
butanol

Citric acid

Acetone~
butanol

Lactic acid

Method of
Concentration

Internal filter
on outflow

Settling tank &
vacuum feruwent-
ation

Flat membrane
ultrafiltration

Flat membrane
ultratiltration

Hollow fibre -
ultrafileration

Hollow fibre -
ultrafiltration

Hollow fibre
ulctrafiltration

Hollow fibre
ultrafiltration

Hollow fibre
ultrafiltration

Flat membrane =

ultrafiltration

Hollow fibre ~
ultratiltration

Settling tank

Flat membrané'
ultrafiltraztion

Settling tank

Hollow fibre -
ultrafiltration

Hollow fibre
ultrafiltration

Hollow fibre
ultrafiltration

Flat membrane
ultrafiltration

Hollow fibre
ultrafiltration

Hollow fibre
ultrafiltraction

Hollow fibre
ultrafiltrazion

Survey of Reports of Cell Recycle Fermentation

Degree of recycle

varied?

Yes

Yes

No

No

Yes

Yes

No

No

No

No

Yes

Yes

No

NO

Yes

Yes

NO

No

NO

No

No
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biomass concentrations which were allowed to respond to the regime
of dilution rate and recycle imposed. Even within this broad group,
differences in terminology and procedure are apparent. In five of

the six studies, the degree of recycle imposed was defined and expressed

in a different way. Bull & Young (198l1), Limtong et al. (1984) and
Damiano et al. (1985) each described the recycle imposed in terms of
a 'recycle ratio' but these ratios were each calculated differently
and were not directly comparable with each other. Three different
procedures for establishing and controlling the degree of partial
cell recycle were used. Pirt & Kurowski (1970) controlled the rate
of cell-free flow; Bull & Young (198l1), Damiano et al. (1985), and

Pierrot et al. (1986) set the cell-free flow to a constant rate and

established the degree of recycle by controlling the rate of cell-
rich flow; Limtong et al. (1984) and Kuriyama et al. (1985), used
settler tanks to concentrate flocculating yeast and established the

degree of recycle by controlling the extent of the separation taking
place in the settler. The studies of Pirt & Kurowski (1970),

Bull & Young (1981) and Limtong et al. (1984) are distinguished as
being the only studies within the literature outlined in Table 1.1

in which experimental data were compared with those predicted by
stated theory. The general lack of comparison of experiment with
theory i1s one of the criticisms which may be made of the CRF literature
as a whole. The study of Damiano et al. (1985) addressed the

physiological considerations of an ethanol-producing fermentation

under cell recycle conditions. Physiological aspects of CRF are

discussed in Section l.2.3 of this thesis.

(B) Chemostats with total cell recycle

Examples of studies following this approach are those by Vick Roy
et al. (1983) and Holst et al. (1985). 1In both studies the dilution

rate was defined and it was stated that recycle was complete and that




no cells left the fermenter. The biomass concentration was allowed to
respond to the dilution rate and cell recycle imposed.
(C) Recycle fermenters with constant biomass; 'Recycle turbidostats',
Examples of studies following this approach are those by
Nishizawa et al. (1983), Cheryan & Mehaia (1984), Afschar et al.
(1985) and Mehaia & Cheryan (1986). These four studies were
characterized by the maintenance of defined biomass concentrations.
The control of biomass concentration was not achieved by manipulation
of the growth medium feed rate as i1is a conventional turbidostat, but
by manipulation of either the initial inoculum size or the rate of
removal of cells. Nishizawa et al. (1983) established particular
concentrations of biomass by controlling the initial inoculum size
and performing total recycle of non-growing cells in a nitrogen
deficient medium. Cheryan & Mehaia (1984) operated a fermenter in
which the substrate feed and cell-free flow rates were equal and
periodically adjusted the biomass concentration to de%ined values
by controlled bleeding of cells from the recycle loop. Afschar
et al. (1985) were the only authors to describe their fermenter in
terms of turbidostatic control, with control of the biomass

concentration being achieved via continuous photometric measurement
of cell concentration and the regulated bleeding of culture. No
such continuous measurement of cell concentration was described by

Cheryan & Mehaia (1984).

(D) Other approaches

This group of approaches to CRF consists of those which cannot
be classlfied into any of the other three groups and includes the
studies of Cysewski & Wilke (1977), Lee et al. (1980) and Charley
et al. (1983). Cysewski & Wilke (1977) controlled the concentration
of cells by the combination of an external settling tank and vacuum

fermentation. This latter feature provided the benefit of relief from




product (ethanol) inhibition. Lee et al. (1980) applied cell

recycle to fed-batch cultures. Neither the biomass concentration
nor the degree of recycle were set to defined values and the rate
of flow of cell-free filtrate was allowed to fall continuously
throughout the course of the cultures. Charley et al. (1983) applied
cell recycle to a twin-stage fermenter in order to produce large
concentrations of cells 1n the second stage vessel.

A review of the methods used for concentrating cells for CRF
as outlined in Table 1.1 emphasises the dominance of cross-flow
filtration as the method of choice. Apart from the study of Pirt &
Kurowski (1970), in which the restrictions of internal cell retention
were described, all the applications of CRF have involved external
recycle loops. Those studies which did not use cross-flow filtration
to concentrate cells (Cysewski & Wilke, 1977; Limtong et al., 1984;
Kuriyama et al., 1985) used settling tanks for the separation of
cultures of Saccharomyces cerevisiae, an approach which proved
especlially effective with selected flocculating strains used in the
latter two studies. Amongst the studies in which cross-flow filtration
was used to concentrate cells, hollow fibre membrane systems have

been more widely used than flat membrane systems. The hollow fibre

filters used included novel laboratory-made units (e.g. Bull &
Young, 1981) and commercially produced units (e.g. Amicon HIP100-20;
Charley et al. 1983). The scale of the units has ranged from that
used by Holst et al. (1985), 220um ID; to the twin in-series filters
used by Damiano et al. (1985), each filter being 2.5cm ID and 1.8m
in length.

1.2.2.2 Organisms and Substrates

Table 1.1 shows that the range of organisms and substrates
utilized in cell recycle fermentations has been somewhat restricted.

The majority of the applications of CRF have been to anaerobic




fermentations performed by obligately or facultatively anaerobic

organisms. Exceptions to this trend were the studies of Bull & Young
(1981) and Enziminger & Asenjo (1986). In the study of Damiano

et al. (1985), the fermenter was well aerated but the authors reported
a shift to anaerobiosis with high recycle rates. The bacterium

Zymomonas mobilis and the yeasts Saccharomyces cerevisiae and

Klugveromyces fragilis have each been used to produce ethanol in

cell recycle fermentations.- Cell recycling has also been applied to
the culture of another yeast, Saccharomycopsis lipolytica, for the
production of citric acid (Enziminger & Asenjo, 1986). Other bacteria
which have been utilized in cell recycling fermentations are
Clostridium acetobutylicum and the lactic acid bacteria Lactobacillus
(L.)delbreuckii, L. bulgaricus and Streptococcus lactis.

The substrate of choice for the majority of CRF applications
has been glucose contained in salts media, often supplemented with
complex nitrogen sources. Interestingly, a number of authors
(Cheryan & Mehaia, 1983; Janssens et al., 1984; Kuriyama et al.,
1984; Mehaia & Cheryan, 1986) have applied CRF to processes utilizing
actual or simulated waste materials as the feedstock. Cheryan &
Mehaia (1983) and Janssens et al. (1984) used CRF to ferment lactose
in whey waste to ethanol; Mehaia & Cheryan (1986) used a similar
feedstock for a lactic acid producing culture. Kuriyama et al. (1985)
used glucose contained in a simulated waste sugar cane juice as the
feedstock for ethanol production by CRF.

l.2.2.3 Products and Productivities

The comparatively restricted range of substrates and
organisms utilized for cell recycle fermentations is reflected in
a similar lack of diversity in the products. The majority of the

products which have been investigated are primary metabolites classified

as high volume, low/intermediate value by Bull et al. (1982).




Exceptions to this trend include the studies of Bull & Young (1981)
and Holst et al. (1985). The latter study was especially interesting
as an example of the application of CRF to the production of a non=-bulk

product of high added value, the intracellular enzyme superoxide

dismutase .CRF has most regularly been applied to the production of

ethanol but interest has been shown in applying the technique to the
production of lactic acid and butanol/acetone, products in which the
fermentative route of production competes with chemical synthesis
(Vick Roy et al., 1983 ;Pierrot et al. 1986).

There have been no reports of CRF being applied to processes

on a pilot plant or production scale except for waste waker treatment.

Nevertheless, the improvements in fermenter performance which have been
reported on a laboratory scale have been impressive. As stated
in Section 1l.2.1, the theory of CRF predicts that the greatest
increases 1in productivity result from the operation of fermenters at
high dilution rates and especially in excess of the maximum specific
growth rate of the organism under culture. This prediction has been
confirmed 1n practice as the studies which operated at high dilution
rates also reported the greatest increases in fermenter productivity.
As the majority of applications of CRF have been to ethanol
production, a body of literature exists describing improvements in
performance of ethanol producing fermentations under cell recycling
conditions. In a review of this literature, Cheryan & Mehaia (1984)
compared the ethanol production from batch, conventional continuous,
and immobilized microbial cell cultures with those from CRF cultures.
This latter review included data obtained from Zymomonas mobilis,
Saccharomyces cerevisiae and Kluyveromyces fragilis, each grown at
a range of feed concentrations of glucose or lactose. The conclusion

drawn was that although CRF did not significantly increase ethanol

concentrations, the volumetric productivity of high dilution rate




(2.0h-1) CRF cultures was far greater than that of other systems

for each organism and feed concentration quoted. On average, the
volumetric productivity of the CRF cultures was 30 times greater than
batch culture, 14 times greater than conventional continuous culture,
and 3 times greater than cultures of immobilized cells. Cysewskl &
Wilke (1977) and Charley et al. (1983), in studies not reported

by Cheryan & Mehaia (1984), presented data showing significantly
increased ethanol concentrations (> llOgL-l) from CRF linked, in

the former study to vacuum fermentation and, in the latter study to
a twin-stage fermentation. Despite the high concentrations of ethanol
produced in the latter two studies, the volumetric productivities
were not as great as those reported by Cheryan & Mehaia (1984) due
to the relatively low dilution rates used.

The production of lactic acid in different fermenter systems
has been reviewed by Vick Roy et al. (1983) and Mehaia & Cheryan
(1986), and is discussed in Section 1.4.3. of the present study.
In brief, both the latter authors reported volumetric productivities
of lactic acid from high dilution rate (s 2h-1) CRF to be 10 to 40 times
greater than from previously reported batch, continuous and immobilized
cell cultures. Butanol/acetone production has not been widely

evaluated by CRF and dilution rates analysed have been moderate
(< 0.7h_l). However, Schlote & Gottschalk (1986) reported a four~-fold
increase in productivity of butanol whilst operating CRF at recycle
ratios between 0.8 and 0.9 (estimated fram latter report) at a
dilution rate of 0.l1h .

In conclusion, it may be stated that the data presented in the
literature strongly suggest that, for a comparatively limited range

of products, substrates, and organisms, on a laboratory scale, the

potential of cell recycle fermentation as an approach to microbial

process intensification has been confirmedin practice.




1.2.3 Incentive for a Physiological Study

Microbial physiology has been described as the relationship
between the metabolic capability of a microorganism and the environment
within which it exists (Bull, 1982). Phenotypic changes in
physiology in response to changes in environment are recognised as
widespread phenomena within microbial cultures. Virtually every aspect
of microbial structure and function has been shown to be variable 1in

response to changes in such environmental parameters as nutrient

status, temperature, pH, redox potential and growth rate. Amongst
the variations reported in response to such changes are alterations
in substrate uptake affinities, cell wall and membrane structure and
permeability, the regulation of carbon source metabolism and cofactor
recycling, the efficiency of coupling of ATP generation to anabolic
processes, the excretion of extracellular macromolecules, and the

content of intracellular amino acid pools. Continuous culture

techniques have been instrumental in the illumination of the relationship
between microorganism and environment and much of this work has been
reviewed by Dean, Pirt & Tempest, (1972); Dean, et al., (1976);

Dean, Ellwood & Evans (1984) and Neijssel & Tempest, (1979). 1In a
biotechnological context, changes in physiology in response to changes
in microbial environment may be a potential source of exploitation

in the fine tuning of process parameters to produce the desired
physiological result. Equally, such variability may become a source
of difficulty. Alterations of process parameters during, for instance,
scaling=-up of laboratory experiments to pilot or production scale may
result in the depletion or total loss of the desired activity or
product due to the alteration of regulatory or excretory mechanisms

promoted by changes in the growth environment (Bull, 1982).

In Section 1.2.2.3 of the present study it was suggested that,

on a laboratory scale, cell recycle fermentation has displayed promise

!
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as an approach to the intensification of commercial microbial

processes. However, the growth environment within a CRF is likely

to be very different from that within a conventional batch or continuous
culture. In addition, further changes in growth environment may

result from alteration in the degree of recycle imposed. Theoretical
treatments of CRF may be used to predict some of the changes in growth
environment which may be experienced by microorganisms under cell

recycle conditions.

The most striking effect of CRF is to substantially increase the
concentration of biomass present in a culture. The magnitude of this
increase is described by Equation 1.7 (Section 1.2.1). It is
intuitive that unless the concentration of the growth limiting
substrate in the feed stream is increased by the same proportion as
that by which the biomass has been concentrated, the amount of

substrate available per cell must decrease as the biomass accumulates.

In the model of Bull & Young (198l), the concentration of the growth
limiting substrate decreases under recycle conditions according to
Equation 1.6. Thus, one environmental change brought about by the

recycling of cells 1s a reduction in the nutrient status of the culture.

Furthermore, it follows from Equation 1.7 that the concentrating effect
experienced by the culture is equal to l/(l-R) (where R is the

recycle ratio) and thus as recycle approaches totality (i.e. as R

tends to 1), very small changes in the recycle ratio result in
disproportionately large changes in the concentrating effect and hence
in the nutrient status of the culture. 1In addition to enhancing
biomass and reducing substrate concentrations, Bull & Young's
theoretical treatment of CRF also predicts that the growth rate should
be reduced in such cultures. As described by Equation 1.4, the growth

rate tends to a value equal to the dilution rate multiplied by the

factor (1-R). Thus at degrees of recycle approaching totality, the




growth rate tends to very low values and tends to zero under total
cell recycle.

In theory therefore, cell recycle fermentations are likely to
produce growth environments very different from those produced by
conventional cultures. Specifically, the CRF environment will be
of extremely low nutrient status and will impose very low growth rates.
In addition, large changes in the growth environment may be produced
by small changes in the degree of recycle imposed, especially when
the degree of recycle is near totality. Given the capacity of
microorganisms for phenotypic change of structure and function 1in
response to the growth environment and the importance of physiological
stability to commercial microbial processes, it is pertinent to
investigate the effect of the particular growth environment produced
under CRF on the physioclogy ¢of microbial product forming processes.

A review of the applications of CRF shows that such physiological
considerations have not been addressed in a systematic or comprehensive
manner. The following criticisms may be made of the literature in this
regard:

(a) Whilst most reports have quoted yield coefficients and specific
rates of product formation and/or sugar consumption, very 1little
mention has been made of the significance of these terms as indicators
of the underlying metabolism. In many cases yield and specific rate
values have not been compared with those obtained from batch and
chemostat experiments using the same organism and growth conditions.
(b) Very few studies have compared product profiles in CRF and conventional
culture. Previous studies of a wide range of organisms have shown
product profiles to be powerful indicators of physiological state (e.gq.

DeVries et al., 1970; Neijssel & Tempest, 1975; Tempest & Neijssel,

1978) .

(c) No studies have been made of the activity or stability of




enzymes of importance to product formation 1in microbial cells under
recycle conditions.
(d) No studies have been made of the chemical composition of microbial
cells under recycle conditions.

Of the studies listed in Table 1.1 (Section l1.2.2), two are worthy
of comment with regard to physiological study. Damiano et al. (1985)
addressed the physiological considerations of ethanol production by
recycled Saccharomyces cerevisiae cells. The latter study covered
aspects of product inhibition, substrate utilization and apparent
maintenance requirements under different recycle ratios. However,
despite the thorough approach adopted by the latter authors, a question
may remain as to the validity of some of the mathematical treatments
used. It was stated that the concentration of glucose in the feed
stream was varied with the recycle ratio so that the concentration
of the substrate would not become "too low to be limiting”; yet subsequent
treatments of data (calculation of true growth yields, ATP yields,
maintenance requirement) were made on the basis that glucose was
the growth limiting substrate. Schlote & Gottschalk (1986) applied
cell recycle to cultures of Clostridium acetobutylicum. These authors
reported changes 1n product profile and substrate utilization in cell
recycle culture compared with chemostat culture and reported further
changes in product profile on changing the dilution rate of the cell
recycle culture. Unfortunately, they did not discuss the possible
physiological implications of their observations and, surprisingly,
concluded that no change in activity of the cells was observed under
recycle conditions.

In conclusion, there is an incentive for the study of the

physiology of microbial product formation under cell recycle conditions,
for such an understanding is essential if microbial processes are

to be optimized as CRF is developed towards a production scale.
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1.3 Cross~Flow Filtration

As described in Section 1.2.2.1, cross-flow filtration has
been the method of choice for the separation of non-flocculating
microbial cultures in previous studies of cell recycle fermentation.
This Section outlines some of the principles of cross-flow filtration
and the apparatus which has been developed for the operation of the
process. The potential and realized applications of cross-~flow

filtration within the field of biotechnology have been recently reviewed

by Tanny, Mirelman & Pistole, (1980); Short (1983); Kroner et al.
(1984); Gabler (1984); Tutunjian (1984, 1985); and Strathman (1985).
These applications include the harvesting and washing of cells, the
harvesting of cell debris following lysis, and the concentration of
recovered products. The present discussion focuses on the application
of the technique to the separation of microbial cultures for use in

cell recycle fermentation systems.

l.3.1 Principles

Cross-flow filtration is a relatively new approach to the
separation of suspensions and solutions which has been developed to
overcome the restrictions of conventional 'dead-end' filtration.

In dead-end filtration, the direction of suspension flow is
perpendicular to the filter medium which results in the accumulation

of retained material (filter cake) at the filter surface. The

cake acts as a secondary filter which has properties that are independent
of those of the filter medium and leads to a reduction in filtrate

flow. In cross-flow filtration, the flow of suspension is parallel

to the filter medium and the retained material is carried along

with the flow. The parallel flow greatly reduces the accumulation of

retained material at the filter surface, resulting in higher filtrate




flow rates and overall throughput, with more efficient harvesting of
retained material (Gabler, 1984).

Several theoretical models exist for characterizing the performance
of a cross-flow filtration operation including models of gel
polarization, fluid dynamics, and dynamic cake formation. It has been
claimed that these models do not fit experimental results very closely
and that optimum conditions for cross-flow filtration are usually
determined empirically (Kroner et al., 1984). Despite these
considerations, the gel polarization model has found a measure of
acceptance as a description of cross-flow filtration processes (Gabler,
1984; Tutunjian, 1984, 1985). This latter model may be outlined
as follows (Tutunjian, 1984, 1985). The rate of filtrate flux
(filtrate flow per unit area) 1s largely determined by the development
of a solute gradient with the maximum solute concentration at the filter
surface. This phenomenon is known as gel polarization and the layer
of maximum solute concentration 1s called the gel layer. Such a
concentration gradient is shown diagramatically in Figure 1.3. During
cross-flow filtration, gel polarization occurs to a certain degree
at all but the most dilute solute concentrations and, in most

operating conditions, flux rates are determined by gel polarization.

Under such conditions the flux rate (J) is defined as

J = K 1ln g% Equation 1.14

where Cg is the solute concentration in the gel layer, Cb is the bulk
solute concentration (see Figure 1.3), and K is a mass transfer
coefficient. K has been shown to be a function of the nature of the
flow (i.e. laminar or turbulent), the velocity of the suspension

across the filter surface (V), and the viscosity of the suspension.

K has been found to increase with the square root of V under laminar

flow conditions, and to increase linearly with V under turbulent flow
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Figure 1.3 Solute concentration gradient durin el larization.




conditions. Under laminar flow conditions, the flux during the

separation of cell and particle suspensions has been found to be

even more dependent on V than during the processing of solutes of
molecular size. This has been attributed to the tubular pinch effect
(Segre & Silberberg, 1961), which enhances the movement of particles
away from the fluid boundary layer and reduces polarization. The rate
of particle movement away from the wall is dependent on the square

of the velocity of circulation. As a result of the tubular pinch
effect, flux remains relatively constant up to moderately high cell
densities, at which point culture viscosity increases sharply and
becomes a major factor in determining filtrate flux. As viscosity
increases, V must be reduced if operating pressure 1s not to exceed
the maximum allowed for the system. This reduction in V causes the
flux to fall due to the close relationship between V and K stated
above. Furthermore, since most highly concentrated cell suspensions
exhibit pseudoplastic behaviour, reduction in V will give rise to

a further increase 1in viscosity. The overall result of high culture
viscosity 1s thus a substantial fall in filtrate flux.

Another key factor in determining the flux is the transmembrane
pressure (APTM) which is defined by the pressure differential along
the filter and the back pressure of the filtrate. A diagram showing
fluid pressures during cross-flow filtration is presented in Figure
1.4. The pressure differential (AP) along the filter surface is

defined as

AP Pi - PO . Equation 1.15

and the average APTM as

APTM = Pi - (PO - Pf)/2 Equation 1.16
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The filtrate flux (J} is determined by APTM as follows

J = Eﬁ2§§§5 Equation 1.17
where Rm is the hydraulic resistance of the filter membrane (considered
to be constant except where filter compaction occurs at very high
pressures); and Rg is the hydraulic resistance of the gel layer,
determined by the degree of gel polarization. It follows from Equation
1.17 that so long as Rg remains constant, J increases linearly with
APTM. However, high APTM favours the formation of a gel layer thus
increasing Rg and the resistance to flow. Thus, above a certain
value of APTM, further increases in pressure do not increase J and the

circulation velocity must be increased to reduce polarization.

1.3.2 Filtration Equipment

Two types of filter membrane have been used for the cross-flow

filtration of microbial cultures; microfiltration or microporous (MF)
membranes, and ultrafiltration (UF) membranes. The two types of
membrane are similar in that they both separate particles and cells
and the basis of size exclusion and thus all retained particles
are separated with the same efficiency and throughput (Strathman, 1985).
Filter membranes are classified as being either MF or UF primarily
on the basis ofpore size. The pore sizes of MF membranes are of the
order of 0.1 to 10um, whilst those of UF membranes are of the order
of 1 to 50nm in size. The pore size of a UF membrane is usually
described in terms of the maximum molecular weight of a globular
protein which may be retained (Gabler, 1984). UF membranes are
commercially available with nominal molecular weight cutoff (MWCO)

2 5

values in the range 5 x 10 to 3 x 10 and thus may be used for

the retention of macrosolutes as well as cells and particles.




MF and UF membranes generally differ in structure. Most MF
membranes possess an open tortuous structure which 1s symetrical
from top to bottom (isotropic) and made of one continuous interlocking
polymer. MF membranes, made in a variety of materials such as
polypropylene,cellulose esters, polyvinylidine fluoride, and poly-
carbonate, are between 100 and 200um in thickness (Gabler, 1984)
and act as depth filters retaining particles within the structure
(Strathman, 1985). By contrast, UF membranes are anisotropic in
structure. Figures 1.5 and 1.6 show magnified cross-sections of
UF membranes in a hollow fibre configuration (Romicon PM100,X 50
and 200 respectively), in which the structure may be seen. The surface
of the membrane at which separation takes place (the inner surface
of the héllow fibre) is a very thin, smooth layer which carries
pores of a size which determines the nomihal MWCO of the membrane.
The filter surface is supported by a very open structure of polymer
with a large proportion of spaces or 'macrovoids'. The outer surface
of the membrane is a very thin layer which carries pores which are very
much larger than those on the inner membrane surface. Due to the
anisotropic structure of the UF membranes, the separation of suspensions
by size exclusion occurs solely at the inner membrane surface and
particles are not trapped or retained by the membrane. The size of
the macrovoids and the pores in the outer layer allows the free flow
of permeate away from the inner filter surface. UF membranes are
manufactured in a range of materials including polysulfone,
cellulosics, fluoropolymers, polyamide and vinyl/acrylic copolymers
and are generally hydrophillic and susceptible to organic chemical
attack. Fluoropolymer UF membranes are hydrophobic in nature and
offer greater organic resistance. Some newer MF membranes (e.g.
MPCl membrane, O.lum pore; Amicon Ltd., Stonehouse, Glous.) also

possess an anisotropic structure and, like UF membranes, do not retain
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Figure 1.6 Romicon PM100 UF hollow fibre X 200 magnification




particles within the structure of the membrane.

Both MF and UF membranes are commercially available in a variety
of configurations and arranged in a variety of modules. The two main
configurations are flat sheets and tubes or hollow fibres. Flat sheet
membranes have been arranged in different ways to form filtration

modules. One arrangement is a simple stack of square or circular

membranes, usually separated by spacer screens, held in a frame. Up

to 4.6m2 filter area may be accommodated in a single unit. Newer

high performance systems, designed for large scale cell harvesting,
do not have spacer screens and offer less resistance to flow (Gallantree
& Docksey, 1983). Flat membranes have also been arranged in modules
in which the membranes, separated by spacer screens, are pleated or
rolled into a spiral. Pleated and spiral modules form cylindrical
units of relatively high filter area density.

The other common configuration for MF and UF membranes is as
tubes or hollow fibres. Whole culture is circulated along the lumen
of the membrane tubes and filtrate is collected from around the outside
of the tubes. The distinction between the two tubular types is largely
on the basis of lumen diameter. The lumen diameters of 'tube’
filters are of the order of 1 to 3 cm whereas those of 'hollow fibres®
are of the order of 0.5 to 1.5mm. The two types of tubular membrane
are usually arranged into different filtration modules. The tube
filters are larger and rigid in structure and are arranged in series
(Strathman, 1985). Hollow fibres are more delicate in structure and
are not self supporting. The fibres are arranged in parallel in
bundles of 50 to 1000 fibres sealed into a rigid outer casing made of
polymer or stainless steel. Falling between the tube and hollow
fibre types are anisotro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>