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Summaxry

This research has been concerned with the physical characteristics
of microbial aggregates and their liquid suspensions; most of the

experimental work being carried out with Aspergillus Niger and various

flocculent yeasts. The aim,where possible,has been to quantify the
structure and behaviour of microbial aggregates and broths such that their
properties may be predicted in various situations, To simplify the
presentation, each topic has been examined in a seperate chapter,and
attempts have been made to illustrate the interaction of the topics and how
the information may be used to obtain a better understending of fermenter
operation,especially tower systems.

The variability of aggregate structures has made precise
quantitative work difficult. Comparison with the behaviour of conventional
materials has been hindered by the difficulty of estimating the liquid
content of individual cells and cell aggregates . However, fluidisation
and sedimentation studies indicated that for microbial suspensions the
voidage to the power "n" equalled the ratio of settling/fluidising velocity
to aggregete terminal velocity.The value of "n" varied over a considerable
range of 5 to 40, and was controlled by morphology , environmental
conditions and stratification effects.These values of "n" were much greater
than for conventional materials. Microbial suspension viscosities were
found to be Bingham plastic at low concentrations and Pseudoplastic at
high concentrations. Mycelial suspensions were found to have very high
viscosities due to the interaction of mycelial networks.

Mathematical models of microbial aggregates are proposed which
provide insight into structural and physical property variations. The

strong influence of suspension concentration forms the basis of predictions

of biomass yields and tower fermenter performance.




This thesis is dedicated to the Count of St.Germain,the
greatest of all alchemists,"who knows everything,and who never

dies." ( Voltaire )
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OF MICROBES , MAN AND RESEARCH

1.1 The Use of Fermentation

Microorganisms have played an important role in shaping the
history of civilisation. In addition to their disease-inducing qualities,
microorganisms have been exploited by man ,often mwittingly, for many
centuries. Within the last fifty years man has found an increasing use
for microorganisms and their ability to perform complex chemical syntheses
or decompositions.The production of some industrial organic chemigals
such as citrie,lactic and gluconic acids still involves microbess’

However, the use of microbes in the production of edible materials has
been, still is and probably will be , a most important onei although the
use of them in waste treatment is rapidly rivaling the food uses.

Yeasts are used for brewing, winemaking and baking and as a food
supplement. Bacteria are used in vinegar production and together with
filamentous fungi in cheese & yogurt manufacture. Whilst these uses will
continue many see them as an answer to a potentially disasterous situation

ji,e., over=population and its resulting food shortages.

1.2 Single Cell Protein

The rapid growth in the population of this planet has only
recently received the pulicity and attention it merits, despite the gloomy
predictions of Malthus over 200 years ago. In many respects this sudden
interest has been detrémental to the cause e.g. to quote the American
Presidents Science Advisory Committee (1967) " ..the large amount of
published and oratory material has caused the subject to be obscured by
rhetorical overkill .." The author is not gualified, nor is it his
intention, to contribute further to this overkill. However, this topic is

asgsociated with the raison d’8tre for this thesis and as such deserves some




=D
discussion.

Yeasts ond mushrooms have been eaten for many years, but it is
only recently that the concept of using the protein in microorganisms
as a food has been considered seriously. Bacteria consist of 80 % protein
and yeasts of 53 % protein and as such are protein-rich when compared to
some traditional food sources. The U.N., Economic & Social Council(1967)
stated " If microorgenisms can be processed to yield products which will
be safe, nutrious,acceptable and within the economic resources of the
developing countries, then they could supply a large part of the protein
requirements in these areas......producing and utilising, on a large scale,
protein from single cells offers the best hope for major new protein
supplies independent of agricultural land use., "

Microbisl protein or "single eell protein "(SCP) as it has
become known would serve as a supplement to the diet of both humans and
animals. There are many papers relating to this subject. Two recent and
fine reviews are by Snyder (1970) end Mateles &Tannenbaum (1968).

The main attraction of SCP is its rapid production , which may be
illustrated by the following figures,

Basiss; one day's growth;

1000 1b. cow produces 1 1b. protein

ecesses S0yDEANS sees 80 seessese

eososoe FEBEL s0000000112,00000000
The recommended quantity of SCP supplement is 15g. per day for humans.
However, continuous consumption of such materdal may not be desirable as
the build-up of certain metabolites, e.g. uric acid, may occur.

The uge of fungi may not be so easy due to,

i. the poor palatibility of mycelia

ii, the large quantities of water required in productiom,

(19 gals, per pound of mycelia )

and jii. that mainly mesophiles appear to be edible, which could be

a-problem in tropical areas.
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Despite the many difficulties several industrial concerns have

been actively pursuing research into SCP production, since the rewards
for success are considerable, For example , British Petroleum Co. have |
grown yeast on gas-oil fractions ( laine, 1972) and intend to build a

large production unit in Sardinia; Rank Hovis McDougall , Ltd. have
developed & multipurpose mycelial food base from a Fusarium species;

and Tate & Lyle, Ltd. have pursued a similar path using Aspergillus 1

Niger. Clearly, the concept of SCP is taken very seriously and

once the biochemical and nutritional problems associated with organism
selectiom and growth are solved , the most improtant consideration is
that of production cost. This must be minimised if SCP is to be of use
in the developing countries. The fermentation stage will influence |
production costs considerably and choice, design and operation of the
fermenter require a better understanding of the physical behaviour of

fermentation broths and of microbial structures within broths.

1.3 The ToWwer Fermenter

Minimismg the cost of SCP or any other fermentation product

depends on:

i, Having low power requirements for mixing, pumping, etec.
ii.,Having a large reactor volume per unit floor area.
iii. Having a fermenter of low capital cost which is eagily and
cheaply maintained.
ive Minimising labour costs,e.gs a continuous system.
v. Producing as much microorganism per reattor volume as can be.
The tower fermenter has been developed with these points in mind,
and for some processes may rivel the more conventional stirred tank
system.
The simplest form of tower system is shown in Fig. 1.7,
The microbial population is contained within a tubular , vertical vessel.

Sterile air may be introduced at the base of the tower.
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This provides oxygen for the microorganisms and also serves to agitate
the suspension. In continuous operation nutrient liquid is introduced
into the base of the tower: this may cause the microbes to be fluidised
and possibly be removed in the overflow stream. The tower behaves as a
plug-flow reactor in anaerobic cperation and as a well mixed reactor
when air is introduced.

Meximum microbial growth occurs in well mixed systems,whereas
maximum metabolite production occurs in plug-flow systems (Stevens,1966) .
The tower fermenter can be operated to fulfill these dual requirements.
Plug-flow operation may be achieved by

i. using perforated plates to compartmentalise the system,
ji. placing baffles and a shaft fitted with agitators along
the length of the tower, or
iii, using natural means , such as particle stratification,
within an empty tube.

Methods i. & ii. are of most interest in the case of aerobic processess
The work in this thesis has been concerned with the latter method,
However, a brief description of the others will follow.

Kitai et alia (1969,1970) tested a perforated plate column

using Escherichia coli and noted that a critical plate hole diameter/

colum diameter was required to produce a multistage system with no
intermixng between plates. The column was operated co-currently with
respect to the gas and liquid. They also noted that the cell populations
decressed with distance from the base and attributed this to residence
time distribution.

However, Prokop et alia (1969) concluded that this was due %o -

sedimentation., They used an eight compartment columm growing Saccharomyces

Cerevisiae and their resulits showed a considersble deviation from the

desired eight tanks- in- series moddl, Two,four and eight compartment
towers were mathematically modelled by Erickson et alia (1972). An

analysis of the steady state growth of cells accounting for backflow
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and sedimentation was attempted. The model predicted that a wide range
of operating conditions could be used.

A fermenter containing paddles attached to a central shaft

was described by Falch & Gaden (1969,1970). They grew E.Coliiin a four

compartment columm. In contrast to the sieve-plate type ,this was operated
counter-currently, which led to difficulties in controlling the gas
and liquid flowrates. The system was modelled mathematically and a
comparison of the observed and the predicted values were made,( this
mainly concerned the liquid residence time distributions ). The
oxygen transfer rate and the gas hold-up were found to be influenced
by the agitator speed. Means et.alia (1962) have used a horizontal
paddle type column for the production of filamentous fungi.

The "open" type of tower fermenter ,shown in Fig.1.1,was
originally developed by the APV Co.,Sussex, for beer production. Initial
investigations with beer producing towers was reported by Klopper et alia

(1965),who found that wort flowrate had little effect on the rate of

|
decrease of wort gravity(which is a convenient measure of sugar concentration)}

with residence time. In a later paper, Ault et alia (1969) attributed the
rapid fall in gravity to the initial fermentation of glucose and fructose,
They also measured changes in sugar concentration at different wort
flowrates and at different positions in the tower.

Royston (1966) has described in some detail the characteristics
of the APV tower. The expansion section (see Fig. 1.1) is fitted to
encourage yeast retention and to reduce foaming. The mean yeast
concentration is initially about 250 g /1. with a residence variation of
between 2 to 8 h.,depending on wort gravity,yeast strain and degree of
attenuation. The position in the tower at ﬁhich the concentration of
yeast approaches a maximum level depends on the liquid flowrate. The
behaviour of the yeast can be related to i. the phenomenon of hindered

settling, ii. the effect of the fermentation on the flocculence and iii.

the effect of the gas bubbles on the floc motion. The residence time of
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the yeest was roughly fifty times that of the liquid.

The complete APV continuous brewing process was described by
Shore & Royston (1968). They concluded that the meximum theoretical rate
of fermentation was obtained when the yeast céncentration was 50% by vol.
This was based on the assumption that the rate of ethanol production
was first order with respect to yeast concentration.

Greenshields & Smith (1971) have deseribed the work performed at
Aston University on batch yeast and mould growth, together with: the
continuous,small=scale production of ethanol and vinegar. Yeasts were
clagsified as)

i. Non-floceculent, i.e. yeasts not attaining concentrations
greaster than 30 g /1. ( on a wet cell wt. basis )y

ii, physicelly=-limited,flocculent, i.e. yeasts attaining
concentrations up to about 300 g/l., and

Leeculent

iii, fermentation-limited,\ i.e. yeasts attaining concentrations
upto 400 g/1l. and forming such large flocs that washout éid not occur.

The basic engineering problems associated with the design and
operation of tower systems were also mentioned, These include rate
processes ,diffusion,reaction kinetics,fluidisation and sedimentation.
Their approach was to assume the applicability of equations and ideas

arising from studies of conventional solid / fluid systems.

1.4 The Objectives of This Research

The interest in tower systems at Aston University began in the
Biological Sciences Department with the industrially related research
supervised by Dr. R.N.Greemshields. Collaboration with the Chemical
Engineering Department and Dr. E.L.Smith led to certain tower engineering
problems being investigated.

An extensive study of gas=-liquid systems was first made by
Downie (1972). The need to study the behaviour of solid-liquid systems

was also recognised at an early stage ,and this led to the formulation
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of objectives for the author's research. The main aim has been to attempt

to physically characterise microbial aggregates and then to use this
information to examine fluidisation / sedimentation effects and broth
viscosities. A better understanding of the structure and properties of
microbial aggregates was viewed as imperative comsidering the lack of
fundemental information in the literature. The trend towards continuous
fermentation requires knowledge of microbial hydrodynamiecs, which again |
was lacking, This information was nessesary for the prediction of mass-
transfer rates, reaction,rates, biomass yields,operational flowrates and \
fermenter geometry. The subject proved diverse and encompassed many
different topiecs. Where possible microbial systems have been compared to ‘
more conventional ones. The whole subject has been divided into distinet,
but related shapters for clarity. The author has attempted in the next
five chapters to present a logical buildup of ideas and information on i
the following topics,
i. A qualitative description of microbial morphology.

ii., The physical properties of microbial aggregates,

iii. Mathematical models of microbial aggregates

iv. The fluidisation / sedimentation of microbizl aggregates,

together with informetion on more conventional materials.,

v. The viscosity of microbial suspensions.

In the final chapter it is hoped to show how this information may be

used to achieve a better understanding of tower fermenter operation and

design. A schematic representation of this thesis plan is shown in Fig. 1.2,
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CHAPTER 2

A TESCRIPTION OF MICROORGANISMS USED IN THE TOWER FERMENTER

2,1 Introduction

It is the microorganisms which constitute the most important
phase in a fermenter,for without them the fermenter is not a fermenter.
This basic truth has sometimes been imgnored by engineers who tend to
view fermenters with the same eye as any other chemical reactor.

The bulk of this thesis is concerned with a few important
commercial microorganisms,with how they behave macroscopically in liquid
suspensions and with their physical properties and structure. These
characteridéttés are governed at a microscopic level by the cell
behaviour of each microbial species. Hence, in this Chapter a general outline
of the mycology of the relevant organisms will be attempted. The author
does not claim to be a microbiologist and for more detailed information
the reader is advised to consult the many excellent texts,such as
Pelezar & Reid (1972), Carpenter (1967) and Doudoroff et alia (1970).

At present the types of organism most frequently used in the

tower fermenter are the fungi. A basic classification, with some species,

is given below.

True Fungi{ (Eumy cophyta )

I:Phycomycetes II:Ascomycetes III:Basidomycetes IV:Fungi
Imperfecti
l l I |
Mucor,Rhizopus Yeasts, Mashrooms, lacking
(non~-septate mycélium) Aspergillus, Smuts,Rusts sexual spores
Pythium, (septate) Aspergillus,
Penicillium,

Table 2.1 Fungal Classification
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2.2 The loulds

These are distinguihed from other fungi by the prescence of
filamentous fruiting bodies. The body of a mould is composed of mycelium,
which is an aggregation of threadlike filaments called hyphae, which

anchor the mould and secure nutrients. Some Aspergillus niger hyphae are

shown in Plate 2.1, These hyphae are septate ( i.e. have cross walls
within the strand). Non-septate hyphae also occur in some species. The
hyphae may be"fertile"(reproduction role) or "vegetative"(food-gathering
role).

Septate hyphae may may grow either by division of the cell
at the end of the thread (apical growth ),or by cell division within the
main bulk ( intercalary growth ). Branching of the hyphae may occur at the
end (epical,see Plate2,2 ) or in the main thread (lateral). The kinetics
of hyphal growth have been studied by Trinci (1970).

Reproduction of moulds may occur through division,(budding),
but does so mainly through spore formation. Sexual spores are produced
by perfect fungi, but in stable species propergation occurs through
asexual spore production,which is characteristic of Fungi Imperfecti.
Several types of asexual spore may be produced including conidia and
sporangiospores. Conidia may be produced singly or in chains at the end
of a fertile hyphae called a conidiophore. Conidia are attached to a
special cell , the Sterigme ,on the conidiophore. These configurations
often characterise the species and esamples are shown in Fig.2,1. The
sporangiospores are produced in a special type of fertile hyphae, the
sporangium or saé. Sporulation is a complex subject and special reference
should be mede to Galbraith and Smith(1969) who studied A.Niger
sporulation in submerged culture.

Moulds are notably hardy organisms:they can grow in conditions
of low moisture,high osmotic pressure,high temperature and over a wide

pH range (2 to 9)lMeny of these conditions would inhibit yeasts or Bacteria
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ASPERGILLUS NIGER HYPHAE ( x 745 )

PLATE 2,2

SR S
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APICAL BRANCHING  ( x 1060 )




FIG. 21 FEATURES OF MOULDS
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The moisture available for growth may be expressed: 'as water activity,
LT vapour pressure of solution / vapour pressure of solvent.

Bach mould has an optimum 2, for growth and germination, €.8.

Species Optimum a
Aspergillus 0.980
Rhizopus 0.995
Penicillium 0.994

in a < 0.62 would inhibit mould growth. The temperature range for mould
survival is large. Mostly ,they are mesophilic (22 to 30°C), although
gsome thermophilic species may grow at 62°C, Moulds are aerobic and
require abundant supplies of oxygen for growth, They cen utilise most
carbohydrates as food sources. Some common types of mould and their

occurence are listed below.,

Species Agpects
Rhizopus Nigricans causes mouldy bread,white mould.
lucor Mucedo a grey fruit mould.
Aspergillus Niger Gluconic,Citric acid production
A.Glaucus causes leather spoilage,green mould.
A.Fumigatus pathogenic,pulmonary disease

Penicillium Chrysogenum Penicillin antibiotic

or }\To};atum

P,Camemberti cheese mould,

2.2.1 Aspergillus Niger

This species has been used extengively in the author's work .
The strain was obtained from Tate & Lyle, Ltd. and was designated M;l.
The growth of this organism in submerged culture leads to two bagic forms
depending on the local shear conditions, A filamentous mycelium is
produced in stirred tanks (nigh shear) and a pellet form is produced in
shake flasks and tower fermenters. The pellet form was the one examined

in this study.
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An early investigation into the production of fungal pellets
was made by Burkholder & Sinnott (1945). They examined the morphology
of 150 species grown in shake flagks.They consistently observed the
pellet form as oppossed to surface mat cultures found on stationary
media. Various pellet morphologies were observed ,e.g. smooth, hairy, or
ragged forms , depending on the species. They ascribed the formation of
pellets to the multi-directional exposure to nutrients produced in a
lightly agitated media. Yanagita (1963)reported similar results and
conclusionse.

Steel et alia (1954,1955) examined the morphology of A.Niger
grown in tower fermenters. The aim .of the investigation was fo maximise
the yield of citric acid from beet molasses using this organism, They
found that the quantity of acid produced was directly proportional
to the gize of the innoculum,as was pellet development. The effects of
difffent media on morphology were also examined.

The Tower Fermentation Group at Aston University has made
detailed studies of A.Niger grown in towers. The author,when working

with A.Niger suspensions,worked in collaboration with Morris (1972)

and the description of pellet morphology Which follows is a result of
these investigations.

The medium used extensively was based on beet molasses, and it
was found to give good growth. The size of the pellets varied depending
on the initial spore concentration. If the spores were well-dispersed
initially with Tween-80 surfactant, then the colony size distribution was
small compared to a poorly-dispersed suspension. The full sequence
of development achieved with molasses medium is described below.

i. Spore aggregate

The spores in solution aggregate together into small clusters
which contain varying numbers of spores ( in a well-dispersed suspension
an average of 50 spores /aggregate is common ). About 12 h. after

innoculation these spores begin to germinate.and for M1 one hypha per spore
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and syringe. Some sectioned autolysed pellets are shown in Piate 246,

The formation of pellets is probably due to both biochemical
and physical factors. Pellet morphology may certainly be altered by
changing the availeble nutrients. However, the basic reason for the
development of pellets must be due to the prescence of shear forces in
the liguid medium., In stationary liquids the spores float to the surface
and develop there to produce a filamentous mass. When this surface is
being continually disturbed the spores are forced to exist in the bulk of
the agitated liguid. Thus , it is the agitation which leads to spore
formation by forcing the spores into isolated clusters within the liquid.
It may also be possible that the shear forces in the liquid shape the
pellet by causing the hyphae to grow in certain directions. There may
be a relationship between the size of eddies in the agitated liguid
and the size and shape of pellets. produced. In the author's opinion
pellet morphology is a complex subject controlled by a complex inberaction

between liquid shear forces and nutrient supply.

2.3 Yeasts

The term "yeast" encompasses a very large group of unicellular
fungi., Yeasts have played an important role in the nutrition of mankind
for many centuries, Whilst this study has only dealt with a few species
of the large Saccharomyces family, certain general characteristics apply
to most yemsts. A schematic diagram of a yeast cell is shown in Fig.2.2,

and a group of Saccharomyces Carlsbergensis cells are shown in Plate2.8,

Cell size can be from 1 to 5 microns in width and 5 to 30 microns length.
Cedl shape varies between ellipsoidal,cylinderical and spherdcal. The
basic cell components are as follows.

i. Gell wall

The thickness varies with age , but averages 1/7 of the cell
diameter, It is composed of the polysaccarides,glucan and mannan. The

walls of S.Cerevisdae contain about 7 % projein,which is probably enzyme.
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Various other constituents are present such as chitin and lipid.

ii. Cytoplasmic membrane

This is an osmotic barrier of 80 angstroms thickness composed
of protein and lipid.

iii. Nucleus

Some confusion exists as to exact role, although it generally
controls metabolic and reproductive functions.

iv., Mitochondria

These contain respiratory enzymes in a membrane structure and
control the energy production for the cell.

Y. Vacuoles

These are transparent droplets in the cytoplasmic fluid of the
cell, They contain "volutin", an RNA/ polyvhosphate mixture important
in reproduction.

Yeasts require plenty of available moisture, unlike moulds.
Expressed as water activity, 8

For brewing yeasts, a, = 0,94 and for baking yeasts 8y =0, 905,

Osmophilic yeasts may grow in syrup, with a, = 0.65.
The norgal growth temperature~remge is O to 47°C with 20 to 30°C the

optimum for most species. They prefer acidic media with a pH = 3.7 :this

inhibits most bacterial activity.

The assimblation of sugars (e.g. glucose) may occur anaerobically

(fermentation) or aercbically (respiration ). Anaerobic utilisation
leads to alcbholic fermentation:

C6H12 06 =t - C2H5 OH +2 002
This occurs via the Emden—ﬁieye;'hof pathway. In aerobic respiration,
atmospheric oxygen is used and glucose breeks down to 002 + H20,yielding
energy for the cell., The Krebs cycle is the main path for this.

Yeasts may reproduce by sporulation,budding or fission.

Many yeasts use# the asexual budding process( shown in Fig.2.3 i
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A mature cell may produce 24 generations of daughter cells during its
lifetime. A recent paper on yeast budding is that by Sentandreu et alia
(1969). Reproduction using spores may occur in some species ( often in

conjuction with budding ). S.Cerevisiae produces four spores contained

in an ascus. Each spore has only half the Chromosome requirements:hence,
two fuse together to form a complete cell. Until conditions are right
for sporulation this cell continues to reproduce by budding.

Examples of some yeasts and their uses are ,

S.Cerevisice Beer and bread maeking
S.Carlbergensis Lager making
S.Ellipsgoideus Wine making

S.8ake Rice-wine making

Some yeasts are clagsified as "falge''yeasts. They may cause
spoilage or be pathogenic.Examples are j
Torula , DMycoderma , Cendida , Crytococcus neoformans .

2.3.1 Flocculence in yeasts

For the successful operation of certain processes in tower
fermenters the microorganisms must not be washed out readily. Floceculence, *
by increasing the size of aggregates, helps the organisms to settle
against the substrate flow. Many species of yeast do flocculate readily,
the degree of flocculence being controlled by genetic mechanisms, pH,
temperature and the electmlyte in the solution,

The ways in which yeast cells join together has been examined
by M1l (1964,1966). His work showed that,

ie glucbse should be present if flocculence is to occur,

ii. calcium induces flocculation by forming salt-bridges between
cells by linking with carboxyl groups,

iii, decreasing the dielectric constant of the medium using
organic solvents causes non-flocculent cells to aggregate, and

iv. phosphorylation of cell wall mannan to produce mannose-6-

phophate is often found in flocculent yeasts,
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However, several other factors have been suggested as contributing

to flocculence. These include electrical charge (Geys,1922),pH
(Schoenfeld,1918)and sugar cocentration (Burns,1937). The most importent
mechanisms are probably /shemical bonding at the ce?l wall as mentioned
by ¥ill and Lyons & Hough(1970) and electrical charge and genetics as
discussed by Gilliland (1951). Deflocculation may be induced by the
preseence of other orgamisms in the culture (Malkow,1934).

Biologists generally measure flocculence using the settled
volume vs. time relationships: the tests proposed by Burns (1937) and
Thorne (1952) are most commonly used. These merely provide a number for
describing flocculent behaviour in a semi-qualitative manner. Some
typical floes are shown in Plates 2.9 & 2.10.

The effect of flocculence on the hydrodynamic behaviour of
aggregates and the effect of physical changes on flocculence will be
discussed in Chapter 5.

2.4 Activated Sludge

This conglommerate material plays an important role in biological
engineering, Such sludge is of variable composition and so detailed
desériptions can only apply to one particular type of sludge. Flocculent
bacteria are often found in them and the factors influencing flocculence
in these were discussed by McGregor and Finn (1969) and Ganser & Wang

(1972). Generally, they found that flocculence was affected by the

following: i. temperature ii. ionic environment
iii. age of cells iv. genetic effects
v. surface shear vi. prescence of biopolymers.

McGregor & Finn used E.Coli in which they induced flocculation using
chemicsl additives. The release of polysaccarides,protein and nucleic acids
could be induced in bacterial cells by shear forces and temperature
increase., The prescence of these biopolymers on the cell surface greatly
affected the aggregation. Small animals such as rotifers,protozoa and

nematodes may also be found. The sludge used for the work described in this

| S e T T
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PLATE 2,11  ACTIVATED SLUGE ( x 292 )
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PLATE 2,12 ACTIVATED SLUDGE FAUNA (x292)




THE DETERMINATION OF MICROBIAL PHYSICAL PROPERTIES

3,1 Introduction

An analysis of the behaviour of microbial suspensions requires
a knowledge of cell or floc size,cell or floc liquid content and cell or
floc densities. These properties were determined for yeasts and for

Agpergillus Niger prior to further investigations. The results are used

extensively in subsequent chapters.

3.2 Literature Survey

To the author's knowledge only one paper, that by Sterbacek
(1972), deals exclusively with the physical properties of mieroorganisms.
However, several workers have published papers in which some physical
property data ;;fgiven.

The mein technique for the determination of cell or floc density
and diameter has been sedimentation. This technique has been used in this
thesis for the determination of A.Niger pellet densities. It is a
simple method in which the measurements may be made with good accuracy.
The use of this method assumes that the cell or floc obeys the laws of
classical theory, although this may not be true due to the nature of the
floe-liquid interface and its frictional properties. Consequently, the
velues of microbial physical properties obtained by this method must be
regarded with caution.

Aiba et alia (1962,1964) have obtained some data for yeast and
other organisms. Initially, they performed a statistical analysis of
S.Cerevisiae cell diameters measured under a microscope. This revealed

that the cell size averaged 6.2 microns (minor axis) by 6.9 microns (major

axis ). The cell density was determined by measuring the density and

volume fraction of a suspension of cells.




=30s

This method gave a cell density of 1.073 g/cmg.’for cells suspended in a
phosphate buffer (s.g. =1.004g/erf ). It is probeble that the density of
a microbial cell depends on the density of the liquid surrounding it.
Hence,aebsolute densities for microbial cells cannot be foundjall densities
should be quoted relative to a reference fluid,say water at 20°4.

In their 1964 paper they report the determination of microbial
densities(fy) by a different technique.The density of a cell suspension
(fc) in phésphate buffer (£ m) was measured with a 5 c.m3 p¥cnometer.
Then the volume fraction of cells was determined by the volume fraction
(¢) occupied by the sediment obtained after prolonged gravity settling
or centrifugation. Previously the value of ¢ had been obtained by

counting the number of cells. The value of f y was found using
{Q'y= (fc -(1-C)Fm)/c -.o.--oo-o-n-o.302-1

The technique assumed no interstitial fluid in the sediment
&was thus less accurate than their original concept. They obtained

the following results.

7 Organism Py,el cm5 ¢ determination
S,Cerevisiae 1.09 700g for 10 mins.
Serratia Marcescens 183 10 g for 15 «ss.
Streptomyces Griseus 1.003 settling for 72 h.
Activated Sludge 1.013 "1 8 WGP ERN - P

Table 3. 2=1

Microbisl densites ag determined by Aiba et alia (1 6
From settling tests they calculated equivialent cell diameters &
compared them with the measured values. The agreement was generally
good.
Haddad & Lindegren(1953) determined the density of yeast cells
from terminal velocity measurements. Single cells were allowed to
settle in a 1% dextrose solution inside a Hemacytometer. The rate of

fall was measured photographically & by using Stokes Lavy obtained

fy—.—. 1.087% 0,026 g/cm?f which was similar to that obtained by Aiba et alia.
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Several workers have used the sedimentation method to
evaluate the properties of non-biological flocs. Using eluminium flocs
Tambo et alia (1967) reported that for 200< d< 2000 microns the floc
particle volume fraction,(1-e) =o.oo3/((s-1) dl"bﬂ.‘.- w 5 es3e2=2
where e= floc voidage &i7s = golid density.
This gave (1-e) =0,0540,1 for =180 p1 & f’s-:- 2g/cm?

Thomas (1963) used a variety of materials, such as kaolin & for
his flocculated systems (1-e) = 0.13 for 4 =180)1

Aiba et alia (1971) used turbidimetry to determine floc cell

volume fraction for the organism Chlorella Vulgaris . By relating the

turbidity of non-flocculent &flocculent systems to the cell &floe
diameters they found, A
Floc cell volume fraction ,{1-e) =/ d cossisJel=3
where @ = floc diameter, dp = cell diameter?p
( It should be noted that e represents the volume fraction of immobile
liguid within the floc. This does not include the fraction of liquid
within the cells.) Their results revealed that for values 4/ dp~7 20
the immobile liquid volume fractions were very large (between 0.9 & 0.95)
Schroepfer et alia (1955) estimated the demsity of activated
sludge flocs using terminal velocity measurements. They used Stokes Law
even though the Reynolds No. was up to 200.

A number of workers have studied the structure of microbial
pellets .These have usually originated from investigations into oxygen
diffusion within pellets. Yano et alia (1961) investigated the structure
of A, Niger pellets grown in ghake flasks. The pellet diameter was
measured microscopically & then the pellet wes heated to drymess to
obtain the weight of dry mycelium. From this they obtained the relation-

u-----on--.t-.302-4

ship Fy’ =0,03 d g/cm.
wherer’y' - wt. of dry mycelium / unit pellet volume
d = pellet diameter in mms.

The accuracy of this is difficult to ascertain as these workers do not

give adequate details of the method used to estimate the pellet diameter.
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These results will be discussed later (see section 3.4-4).

Using the same approach Yoside et alia (1967) investigated

Lenticus Edodes pellets. They quotef7y' values for two types of pellet
For " low density " pelletst’y' =0.15 g/cm.3
«s. " high density " pellets ....0.25......
The pellets used were less than 0.02 cm. diameter. Their oxygen diffusion
measurements indicated that for pellets greater than 0,02 cm. diameter
the pellet centre does not receive oxygen.Hence, for pellets of greater
diameter the centre may be autolysed.They found that their calculated
oxygen diffusion rates,based on Michaelis~Menten respiration rates,
were much lower than observed. This was ascribed to bulk liguid flow
through the pellet, although they have no direct evidence of this. The

discrepancy could arise from the inapplicability of the equations used in
their model.

Thorne (1954) measured the liguid content of yeast cells using
wet &dry wt. values.His average value for the filtered wet wt./dry wt.
was 4e5e

Vueller et alia (1967) reviewed floc sizing techniques & present
data obtained photographically for the size of activated sludge flocs.
In a previous paper (1966) they measured the densities of activated
sludge floes by balancing the floc density against that of an electrolyte
solution.By additionally measuring the dry material density they weze
sble to estimate the ligquid content of the floc. The values of dry
natter density ranged from 1.29 to 1.65 g/ecm. 3 4 floc density of 1.09 &/
om. was found & thus the liquid contents ranged from 63% to 90%.
Measurement of the liquid trapped in a sediment presents many difficulties.
Several workers have attempted to use tracer which is not absorbed into
the cells.One of the more successful attempts wasmade Dy Wethherell
et alia (1962) who used polyvinyl pyrolidone ¢racer. The concentration

of tracer in a floc sediment was meagured to give an indication of the

interstiffad’ liguid.

Sterbacek(1972) presents physical data for S.Cerevisiae,
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Candida Lipolytica & A. Niger .Firstly, he determined the living cell

size distribution for two strains of S.Cerevisiae & C. Lipolytica.,

The results were

Organism Length, 2 Diameter, M
S.Cerevigiae 5+65 4.42
(ex Kolin Distillery,

Czechoslovacia
S.Cerevigiae 5.53 3.94
(ex Hopkin & Williams,

England )

C.Lipolytica 4.74 3.01

Table 3.2-2 Microbial dimensions from Sterbacek (1972)

Secondly, he measureddry mycelium density (fs) using a density bottle
method. The values obtained are the averagefor the organisms. The effect

of fermentation time was not explored,

Organism Dry mycelial density g/ cm.'3
S.Cerevigiae 1.342
C.Lipolytica 1.247
A.Niger 1.323
Table 3.2-3 celial densities from Sterbacek (1972

Finally, the viscosities of suspensions of S.Cerevisiae & C.Lipolytica

were measured using a concentric cylinder &a falling sphere vigcometer,
The temperature range was from 15 to 35°C and the concentration range
from 0.25 to 15% dry wt. (w/v). His results agreed with those of Aiba
et alia (1962) end may be summarised by
Inp =4+ B.C AR on, SRRATHRS TR V32T
where lus= suspension viscosity, cp.
C_= dry wt. conentration ,u/v %

t = temperature , °C
The values obtained for the constants were

A B D
S.Cerevisiae "'00796 Oo166 9-159
C.Lipolytics -0.885 0.168 15.12
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It The yeast -suyspensions appeared to be Newbtonian in behaviour.

Taguchi (1971) investigated the shear stresses required to
disrupt mycelia. This was to ascertain the power requirements of stirred
tank fermenters: containing mycelial suspensions. The tensile strength
of mycelium was detexmined using a pendulum strength tester. This showed

that A .Niger mycelium was ome of the strongest with a tensile strength

2
of 0.278 kg./cm.” Thus, the mycelium would only disrupt after prolomged

and weakening impacts.

343 Experimental programme and Procedure

The literature review shows that the physical data for
microbial systems xelimited.Comprehensive information for given strains
and on the time dependency of physical properties has not yet been
produced. It was therefore decided to investigate fully the following
physical properties for A.Niger and various yeast strains.

(a) Dry mycelial density

(b) Wet/dry wt. ratios

fc) Floc/pellet size and structure
(d) Pellet densities

343-1 Dry mycelial density, f 8

Mycelial or cellular material was dried in an oven to constant
weight. A known weight was then placed in a specific gravity bottle
& the volume of mycelium determined by water displacement. Care was
taken to ensure that all air bubbles attached to the sample were removed
and that the sampledid not contain any medium liquid.

3.3=2 Wet /dry wt. ratios

These fall into two catergories, the first being the ratio
for filtered material and the second for centrifuged material. In the
former case, the material was filtered under vacuum and then after
measuring the weight of the cake, the sample was dried to constent wt.

This procedure gave an indication of the smount of liquid in the cell.

i A convenient, but less reliable,measure of the emount of
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materialvithin & suspension was provided by the centrifuged wet wt

¥

In this method the suspension was centrifuged first,the liquid decanted
and then the sludge wt. obtained. The sludge was then dried to constant
weight. Ideally , by using the centrifuged wet wt. /dry wt. ratio the
amount of liquid within a floc may be estimated. Also,the centrifuged wt.
should give an estimate of the effective weight of floes in suspension.
However, the floc structure bresks down under high gravity fields .

This leads to variable interstitial liquid content in the sediment. The

centrifuged wet wt. cannot therefore be used reliably as it stands,

3.3=3 Pellet and floc diameters

Pellets are integral units whose size and structure change due
to mycelial growth., Floc units are not integral in that a floc tends to
be a transient structure where the particles are continually being
removed and replaced. Thus, an average structure for a floc is the best
that can be achieved.

From the microbial descriptions given earlier it can be seen
that two characteristic diameters may be measured in a pellet.These are
(a) Outside diameter yd_, or the full pellet diameter.

(b) Inside diameter,di, representing the size of the compact

hyphasl centre; a difficult value to assess.

The measurements were made microscopically with the pellet
suspended in the liquid. For a given time during a fermentationthe average
of about twenty wvalues of do/ d 3 wae used to characterise pellet size.

For flocs only a visual estimation was made with the flocs in

suspension as their size altered when removed from the suspension.

3.3-4 Pellet densities

A hydrodynamic pellet demnsity was obtained by measuring the
terminal velocity of pellets in water. The pellet diameter was measured

L 3
microscopically and then the pellet was placed in a 1000 cm.” cylinder

of 6cm, diameter containing waber at a known temperature.
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The pellet was allowed to fall until it reached its terminal velocity,

which was then accurately measured. They fell without spinning or

deformation,and care was taken to avoid thermal convection currents.
Classical hydrodynamic theory was assumed to applyto the pellet.

This invelved an evaluation of the Schiller-Neumann equation,applicable

for 2< Ret< 500,which covered the range of Reynolds Nos. used.

(Fp_, ‘om ) = 18}1 U, (1+ 0.15 Ret0'687 VEA dozg Voo b b ot iR Bt

where U, = terminal veloeci /B =
+ velocity,cm /s Ret particle Reynolds No.=Utd°fm//u

Thus, KP velues could be found for pellets of known d_ & do/di
values. Use of this method assumed that all liquid within the volume °
dsecribed by the outside diameter remained immobilised, This may be a
rgasonable assumption in the light of the calculations made by Sutherland
& Tan (1970) for the flow through a porous sphere ,which is discussed in
more detail in the . a later chapter (5).

The accuracy of the density obtained in this wayhas been questioned
in the literature survey. It is,however, & convenient and useful density
measurement,which gives an indication of the small density difference

between the pellets and the bulk liquid phase.

3¢3=5 Preparation of microbial samples

(a.) Yeasts

The yeasts used in these tests were obtained from plate cultures
collected in the Biological Sciences Fermentation ResearchGroup at the
University.They are designated by a CFCC prefix which represents
"Continuous Fermentation Culture Collection",

The yeasts were grown in & 150 g/l. malt extract medium, supplied
by Edme,Ltd., Essex. A 15 1. tower fermenter was used which could be
autoclaved as & cohplete unit.The fermenter is shown in FPlate 3.1,

Air supplied from an Austen air pump was passed through a cotton wool

filter and a sterilissble paper filter unit. The yeasts were harvested

after ahomt da.y\ growth. The suspension was centrifuged and the sediment
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vashed twice in water 2nd recentrifuged to remove the attached medium,

(b) A.Niger

e ——

A strain of A.Niger was obtained from Tate &Lyle Ltd. and was

signated M1. Much additional microbiological and biochemical work has

veem performed with this strain by Tate & Lyle reseach workers. The #.'f

€

i.Niger was grown in the pellet form on molasses baged medium in 501.

tower fermenters with the help of Dr, G.Morris(1972).Samples were taken

at

edium,

3ol Results and Analysis

oA=1 The density of dry mycelium,ﬁs

¢ glven time intervals and were washed with water to remove any attached

These results will be presented for yeasts and A.Niger seperately.

Measurements for various strains of yeasts were taken for 72 h. samples.

Measurements on A.Niger were taken at various intervals during the growth

syele. The results are shown below. for yeasts.

Yeast strain

Dry mycelial density

Average value of()s

CFCC83
S.Carlsbergensis

CFCC 8
8. Cerevidige

JFCC 34

S.Cerevisiae
———————————————

1:26 g/cm.3
1434 eone
133 scee
132 . eine

1-29 seo e
1-32 sc o

1.33 (RN )
1.33 seee

T2 g/cm.3

1305 ossoe

?.33 s 00

Table 3.4-1

Dry yeast densities

For yeast an average value ofF b 1.32 g/cm.

oA

The variation of fs

3 was taken. This

3
v be compared to Sterbacek's value of(DS e o34 g/cm. ¥y

with fermentation time for A Niger Ml

e—————————

3 .
~ar be seen in Fig. 3.1 . Sterbacek's value ofr7s =1.323 g/cm.”for his
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L.K'.Fer

W A
fefiger mycelial density with time s

straj i
Taln compared with the 23 h. value in this work. The decrease

uggests that the composition of

ihe mycel s
wycelium was varying., It can be seen that the density drops rapidly

betweoen 2

scid production by the mycelium,

O =25 h. growth, which corresponds with the onset of organic

Pabl :
able 3.4-2 ANiger dry mycelial densities

Mycelial age ,h.

Dry mycelial density, g/cm.3

14
16
19
22
24
28
29
30
38

1.39
1.38
137
1.37
1.265
1.28
a2,
1,24
1,24

= Wet /Dry weight ratios

(a) A.Niger

The filteration method wag?! used to determine the wet/dry wt.

atio for the mycelium. It was probable that some interstitial liquid

cemnined in the cake. As the structure of the filtered mycelium may be

spared to a cellular foam then a value of 10% by wt. of interstitial

uid was assumed. Using the corrected wt. of mycelium the volume

‘raction of liquid inside the cells may be found as follows;

: orrected"wt. of filtered mycelium/ Dry wt. of mycelium =M

. wt. of myceliun/(Dry mycelisl wt. + mycelial liquid wt) =1/M

Y= wt. fraction of liquid =

sing the dry mycelial density,{7s

M;1 ooo-’o304-1

M

, the volume fraction of liquid, Y,

. be calculated. ILet mycelial liquid wt. = W, then volume of dry

voelium = W/ ( M‘T)(gs

Volume fraction of mycelium = w/{ M?1)fs* 1/((W/(M?1)Fs)+wff )+23.4-2"
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or Y=1=1/ (1+ (M1 )ps /f) A RS L [

Teble 3.4-3 A.Niger mycelium composition

Mycelial age ,h. |Actual wet wt.,g. | "Corrected" wt,g. dry wt{ X |Y
16 0,249 0.224 O%OB 0,65/ 0.71
19 0.8 C.73 0.246 |0.66|0.73
22 L leen 1.125 0.40 (0,65/0.71
25 2.29 2.06 0.66 0.68|0.73
29 2.81 2953 0.71 [0.72|0.76

The values of mycelium density,fy, may now be calculated using

the equation (y =rY +‘03 1o gl N ST S 3.4-3

vszhere(7 =1¢g/ om.>

Table 3.4-4 A.Niger mycelial demsities

liycelial age ,h. 4 S,g/cm.3 ()y , g/cm.3
16 1.385 Qi )
19 1.375 12162
22 1.34 1,098
25 1.28 1.076
29 1.255 1.060

The difficulty of centrifuging A.Niger to a firm sediment

leads to the use of the dry weight in characterising suspensions. The
relationship between this value and the effective pellet wt, in suspension
will be discussed in sectiom 3.4-4 .

{ b) Yeast

A similar approach to that adopted for A.Niger wasused to

determine the ligquid content of yeast cells. Tests performed on CFCC 83
resulted in an average value for the ratio filtered wet wt. /dry wte
of 4,48, This may be compared to the value quoted by Thorme (1954) of 4.5

As previously, assuming 10 % by weight of interstitial fluid in the cake

then the corrected cell wt./ dry wt, = M= 4.05

: ; 3
. X = 0.75 and from egn. 3.4=2 , T = 0,8 forf)s = 1.32 & /em.
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Therefore,cell density = 0.8%1 + 0,2%1,32 =-1.064 g/cm3. (Using Sterbacek's
value of‘FS = 1.34 g/cm3 then cell density = 1.069 g/cm3.)

Aiba (1962) quoted cell density = 1.073 g/em3. An average value of 1.07
g/cm3 was therefore taken. Use was also made of the centrifuged wet wt,
Typical data ,based on the average centrifuged wt. / dry wt. ratio for

each strain was,

Table 3.4-5 Centrifuged wet weights for yeasts

Yeast strain | Centrifuged wet wt, | Cell wt. Cell wt.
Dry wt. Dry wt. Centrifuged wt.
CFCC 8 4.5 4.05 0.9
CFCC 34 5.9 4,05 0.69
CFCC 3 5 4,05 0.74

(¢) Activated Sludge

This material was essentially different in character to the
yeasts and filamentous fungi which consisted of a single organism. Within
a typieal sludge are to be found bacterial floes , protozoa,nematodes and
unclassified material. Filtered dry wt. ratios averaged 12.5 for this
material., Consequently, about 94% by volume of the sludge is liquid.

This was prdbably due to the higher liquid contents of the individual

organisms compared to fungal cells.

3ed=3 Pellet and Floec dimensions

(a) A.Niger

A mould pellet is an integral wnit that can be handled,washed
and tested without ahy apparent change in shape. Consequently,pellet
dimensions may be easily measured and have gignificance. The sample
results shown below apply to a culture where the spores had been well
distributed by using a surfactant,Tween 80 .This led to uniform spore
aggregates, The innoculum used was = 104 spores / cm3.(see Table 3.4=6)e

The results shown in Table 3.4~7 were for a spore culture in

‘ which the initial clumps were of unequal size due to the absence of

Tween 80 ., The spore innoculum was = 10° spores / cm3.
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Table 3.4-6 A.Niger pellet dimensions

(wiform size aggregates)

Fermentation time,h. d_,cm. d;,em. do/di
14 0.128 0.048 2,67
0.152 0.08 1.92
0.132 0.028 4.7
18 0.112 0.052 2,16
0.132 0.076 1.74
0.144 0.08 1.8
0.124 0.072 1512
0.12 0.064 1.88
19 0.252 0.14 1.8
0,18 0.10 1.8
0.22 0.12 1.83
0.21 0.104 2.0
0.20 0.112 1.83
24 0.248 0.18 1.38
0.292 0.212 1.38
0.308 0.224 1.38
0.32 0.236 1.36
28 0.324 0.252 1.28
0.34 0.272 1.25
0.325 0.26 1.25
0.332 0,267 1.24
0.36 0.276 1.30
38 0.20 0.14 1.42
0.204 0.144 1.42
0.18 0.124 1.45
90 0.28 0.24 1.16
0.28 0.192 1446
0.20 0.152 1,31
0.268 0,22 Tele
0.232 0.196 1.29
0.4 0.33 1.20
0.4 0.33 1.20
0.5 0.43 1415

&
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Table 3.4-7 A.Niger pellet dimensions (non-uniform spore clumps)

= e =
ermentation time,h. d_,en. d, ,em. do/di
13 0,237 0.187 1.27
0,088 0.06 1.47
0.225 0.20 .92
0.08 0,064 1.25
16 0.212 Q177 1226
0.124 0.072 172
0,160 03132 ilraeed
0.096 0.06 1.6
22 0.36 0.272 1Ta32
0.216 0.148 1.46
0.249 G157 1.59
29 0.416 0.394 1.06
0.252 0.247 4
0.356 0.326 1.09
0420 0.163 1.22

These results are shown graphically in Fig. 3-2. The rapid
increase and then decrease of the do/di ratio between 12 and 18h. after
innoculation may be explained by the morphological development outlined
previously in Chapter 2. The onset of germination after 12 to 14h. leads
to a rapid increase in the do/ di ratio as the hyphae develop and grow
radially. This trend continues until about 16 h. when the ratio attains
& maximum. The centre of the pellet then fills out more rapidly thata the
outer hyphae can grow , so the do/di ratio falls, Eventuglly, the ramtio
attains & low value; indeed for smooth (often autolysed ) pellets the
ratio is for all practical purposes equal to unity. The ratios quoted
for such pellets (i.e. 90 h. pellets) are greater than unity because fine
» well spaced hyphae still protrude.

(b) Yeast

Yeast flocs do not individually retain a constant size.Aisingle
floc constantly fluctuates in size and structure, as other particles

coalesce and bresk away. However, the yeasts used in the tests each had
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archaractéristic floc size which mas estimated visually.,

Yeast strain Type Approx. floc size, cm.

CFCC 8 Flocculent,fermentation 0.3
limited.

CFCC 34 TSR PR PRSPPSO RNETOOEOTOE SRS 0.6

CECE 3 . Flocculent, physically, 0.2
limited.

CFCC 83 29 0850090580608 080 08 0015

‘ 3e4=4 Pellet density determinations

As was stated in the literature survey, a number of workers
have used terminal velocity measuremen<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>