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ABRSTRACT

THE PRCDUCTICN CF LACTIC ACTD FROM WHEY BY CeNDINUCUS

CULTURE AS A FPGSSIRLE WEANS CI WASTE DISPCSAL.

A study was made of the fermentation of lactose in lactic casein

whey to lactic acid using a strain of Lactobacillus bulgaricus.

Both batch and continuous culture were used.

A culture vessel capable of being operated under controlled ccnditicns
was designed and built for this study. Temperature, pH, gas atmosphere,
degree of agitation and medium flow rate could be altered and ccntrolled.

A meter was developed for the continuous measurement of lactic acid
production. The meter used a capacitance probe to measure the volume
of alkali add=d to the culture to maintain a constant pH.

The kinetics of lactic acid production in a batch culture of whey

were characterized by :
Q‘E_QQ‘TE_'_N pm P
it -~ th K + P - P
P m

The kinetics of bacterial cell growth were consistent with the normally

accepted Monod equation but no direct verification of this was made,

A notable feature of the production of lactic acid in a batch culture
was the considerable amount of lactic acid formed by non-dividing
bacterial cells., }ore than 50 percent of the acid produced during a
batch culture was synthesised while the cell population was in a
stationary growth phase,

The maximum cell number was not limited by the concentration of
lactose. Supplementation with tryptophan, casamino acids and a nurber
of vitamins increased the cell population and the rate of acid production
and decreased the batch time. Sodium caseinate was a good source of
essential and stimulatory nutrients,

The optimum heat treatment of the whey involved heating to 6900.

In unsupplemented whey the removal of suspended material by centri-
fuging and filtration prevented the formation of acid. To maintain
maximum acid formation rates the impeller Reynolds number had to be
greater than 10,000,

The presence of oxygen prevented the growth of the bacterial cell
population, but once the maximum cell population had been reached

oxygen did not effect the acid synthesis,



In a single stage continuous culture reactor the concentration cf

lactic acid was given by :

The constants were determined from batch culture data.

A single stage continuous culture is not suitable for the ccnversion
of all the lactose in the whey to lactic acid. If lactic acid production
by continuous culture is to be considered as a means of waste disposal
it will be necessary to use feed back of cells to a single - stage
reactor or multi-stazge stirred tanks,

In continuous culture studies it was shown that the optimum
temperature for the fermentation of lactic casein whey was 4600. A
pH in the rage 5.4 - 6.0 was best. Outside this range, productivity
and yield were decreased,

It can be concluded that though continucus production of’ lactic
acid from whey is feasible, multi-stage continuous reaction systems
and/or cell feedback are necessary to reduce the lactose concentration
to an accentable level, The whey should be supplemented with a source

of amino acids,
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1  INTRCDUCTICN

Because of the increasing number of large cheese and casein manu-
facturing units, the New Zealand dairy industry is in a position to
consider the economical manufacture of a number of products from whey.
Whey, the liguid remaining after milkfat and casein have been separated
from whole milk, contains nearly 70 percent of the solids-not-fat
portion of whole milk including most of the lactose, salts and serum
proteins (Appendix 1). Despite this, whey is a raw material almost
entirely wasted in New Zealand.

The high biological oxygen demand (BOD) of whey (35,0CO ppm,5 day)
renders it a serious pollutant if allowed to discharge to waterways.
Increasingly stringent legislation makes it imperative to find an
economical method of treatment of the whey before it can be dis-
charged without risk to the environment.

Traditionally in New Zealand casein whey has been discharged to
waterways or sprayed onto pasture where some benefit as a fertilizer
or for irrigation is obtained. But these sources of disposal are
becoming more restricted as dairy companies amalgamate and individual
manuflacturing units become larger. Cheddar cheese wshey in New
Zealand is a source of lactose but casein whey with a lower initial
lactose concentration is not an economical source of this sugar.

As a feed material for pigs, whey has the disadvantages of being
very dilute and not being available in regular supply. Concentration
by evaporation and storage alleviates these problems slightly, but
the cost of this further processing makes whey a less attractive
pig food.

Recent advances in separation techniques (reverse osmosis and
ultrafiltration) have given rise to the possibility of producing
high quality undenatured whey proteins. These proteins have valuable
nutritional and functional properties. Their removal from whey will
decrease the BOD level slightly.

The lactose, which causes nearly 75 per cent of the BOD, still
remains. One method of approaching the problem of whey disposal is
to consider converting this lactose to more marketable products by
microbial transformation. Yeast, lactic acid, alcohol, vitamins,
amino acids, butanol and acetone are among the many products

suggested in the literature.



Lactic acid has potential as a versatile chemical and chemical
intermediate (Schopmeyer, 1954; Arnold and Childs, 196C). It is used
in the food and beverage industries and in the production of plastics
and textiles. As a manufactured chemical lactic acid has the advantage
of being marketed in a number of grades and strengths.

Little lactic acid is used in New Zealand. In 1968-69, 143,C00 1b
of 85 per cent CP grade acid, CIF value 329,000, was imported into New
Zealand (Department of Statistics,1970). However if a supply of locally
produced acid was available at a reasonable price it is probable that
the demand would increase.

In line with many other products having a simple molecular structure,
the fermentation route to lactic acid has received increasing competition
from direct synthesis. The availability of cheap hydrogen cyanide and
acetaldehyde arising from developments in the petrochemical industry,
the synthetic fibre industry, and in particular the production of
acrylonitrile, have led to an increasing production of synthetic
lactic acid. (Thorne, 1969)

New Zealand has little chance of producing synthetic lactic acid
because of the lack of suitable chemicals so it is worthwhile to assess
the potential of microbial production from indigenous raw materials.,

The only local raw material available in large enough quantities at
one site and from which lactic acid could be produéed is lactic casein whey.
Nesdle and Aries (1949) estimated that a daily supply of 25,000 gal
of whey would be necessary for the economical production of lacti:z acid.
An increasing number of factories in New Zealand have average daily
productions of whey in excess of this with peak levels in excess of
150,000 gal/day.

The estimated volume of whey produced in New Zealand in 1969/70 was
350 million gallons. The amount of lactic acid which potentially could
be produced from this whey ( 150 x 106 1b ) is far in excess of present
requirements but a few individual factories could find the manufacture
of lactic acid a viable proposition.

Ten years ago an attempt was made to manufacture lacticz acid from
casein whey in a New Zealand dairy factory but was abandoned as a
commercial venture because of difficulties in the purification steps.
Iron contamination from the processing plant was a major problem but
more resistant materials of construction which are now available could
overcome this,

It is difficult to determine the cost of whey as a raw material. 1In



3
general the disposal of whey will be a cost to the casein process and

the whey can be considered to have a negative value, If it can be

pumped to a waterway the cost of pumping and the necessary pipe lines
will represent the minimum charge. Spray irrigation will be more
expensive. McDowall and Thomas (1961) estimated the capital cost for

an irrigation scheme to handle 21,000 gal/day of whey to be 316,000
excluding land., Operating cost depends on pumping charges, but for

the example they give is aproximately 0.02 c/gal. If treatment in a
conventional sewage plant was used, the cost could be as high as 0.3¢/gal
based on equivalent BOD levels.,

On the other hand, if whey was used as a feed for pigs it is worth
up to 1c/gal to the farmer. This is the estimated cost of alternative
feeds which would have to be used if whey was unavailable.

In general, however, it can be stated that whey represents a waste
disposal cost to the factory. A process which reduces the cost of waste
disposal and produces a product capable of being sold for at least the
manufacturing cost is a profitable venture for the company.

In line with many other chemicals there is likely to be significant
economical advantage in producing lactic acid by a continuous process.,
This will be particularly so for the purification steps. It is worth-
while, therefore, assessing the possibilities of continuous conversion
of lactose to crude lactic acid as the first step towards the production
of lactic acid to meet commercial specifications.

The work reported in this thesis was directed towards a study of the
most signifiicant variables affeecting the production of lactic acid from
whey by fermentation with a view to determining the feasibility of
continuous operation and evaluating the optimum conditions.

A reactor which would allow the maximum control over the conditions of
fermentation was designed and assembled and used for batch and continuous
culture experiments.

A statistical technique was used in an attempt to select the most
significant variables affecting the continuous fermentation of whey. The
optimum levels of pH and temperature were determined. The main aim was
to achieve the maximum productivity (rate of acid production per unit of
culture volume) consistent with the lowest level of residual lactose. If
pollution is to be reduced the lactose level must be reduced as close to
zero as possible.

In the single-stage continuous culture experiments the reduction in

lactose level was low and a study was made of the kinetics of the batch



culture in an attempt to determine ways of converting more lactose.

An investigation of the effect of supplementary nutrients showed
that amino acids and vitamins were essential or stimulatory for acid
production. Casein in the whey was a source of essential nutrients,

Because of the large number of nutrients to be studied an attempt
was made to use shake flask batch cultures. This gave inconsistent
results with low yields. Oxygen concentration and agitation level
were studied as possible causes of these low yields.

In the course of these experiments conditions were defined which
produced increased yields of lactate. A study of the results
obtained leads to kinetic equations which will allow the prediction
of optimum conditions for commercial production. The kirnetic
expressions are similar to those obtained from studies using

defined, non-commercial media.



2 A REVIEN OF THE RELEVANT LIT=RATURE

2.1 Microbial Kinetics

In recent years there have been significant advances in understanding
microbial kinetics and their application to continuous systems for
fermentation processes, both for the production of microbial cells and
the transformation of substrates (Malek and Fencl,1966). In order to
make rational use of these advances a knowledge of the kinetics of cell
growth, substrate utilization and product formation is essential. Much
of the information published in the literature is of 1little use in
practical situations because of the use of idealized systems ané. raw
materials of no commercial significance (Childs and Welsby,1964;

Ricica, 1969).

Fermentation kinetics is the quantitative study of the rate of growth
of microbes and the consequent rate of substrate utilization and
metabolite production. This review is concerned mainly with the kinetics
of metabolite production.

The subject has been recently reviewed by Edwards (1967) and Luedeking
(1968). The particular topic of product formation ("product" refers to
all metabolites other than cells) forms the major part of the proceedings
of the 4th symposium on "Continuous Cultivation of Micro-organisms"
(Malek, et al 1969) and has been surveyed by Maxon and Chen (1966,1967),
and Pirt (1967,1969).

2.1.1, Models of Cell Growth

The most widely used models of microbial cell growth are those based
on the principles of chemical kinetics. The models of Monod (1942) and
Hinshelwood (1946) form the basis of much of microbial kinetics. These
treat cell growth and product formation for the cases limited by a single
nutrient or metabolic product. The usual assumptions are that cell growth
rate is a function of cell and substrate concentrations. The amount of
cell growth is assumed to be proportional to substrate consumption while
product formation is proportional to growth. These simplifications 1limit
the usefulness of the models to a restricted number of microbial systems.
The simplest situation is the exponential growth éhase of the cell's 1life

cycle, where the specific growth rate is assumed to be constant.



Monod's model is expressed by

ax  _

an = uX (2.1)
where p is the specific growth rate, e

(i.e. growth rate of cells per unit of cell concentration)

X is cell mass concentration g/1

and t is time, h.

Monod (1949) proposed that the specific growth rate was related to
the concentration of the nutrient which limited growth and he assumed
a relationship similar to that of the Michaelis-Menton description

of enzyme kinetics.

no= m (2.2)

where Mm is the maximum specific growth rate

(i.e. the specific growth rate in the

exponential phase), h -

S is the concentration of the
limiting nutrient g/1

Ks is the saturation constant for the
limiting nutrient. e/1

A number of modifications of equation (2.2) have been proposed and
these have been discussed by Powell (1967) who presents a further
equation which takes into account the diffusion and permeation of the
substrate from the medium into the cell.

Models of the Monod type are of limited value because they do not
apply to all phases of the microbial growth cycle. An extension of
the application of chemical reaction kinetics has been used to model
all phases of the cell growth cycle by the use of the following
expression (Kono,1968; Kono and Asai, 1969 a,b )
= pGX (2.3)

&

¢ takes the following values

Induction phase ¢ = 0

Transient phase 0 < ¢ < 1
Exponential _

growth phase ¢ =

8ﬁgggant growth ¢ = E%

Bﬁg%%ning growth ¢ = Xc .« (Xmo = X)

Xm - Xc X



Where Xc is the cell mass concentration at the
boundary point between the exponential growth phase
and the declining growth phase,

Xd is the cell mass concentration at the
boundary point between the exponential growth phase
and the constant growth phase;

Xm is the maximum cell mass concentration,
predicted by a theoretical procedure.

The equations require the evaluation of a large nurber of constants
from the batch growth curve and take no account of substrate concen-
tration. The constants do have some physical meaning. The equations
have been successfully applied to the published results of a number of
different types of fermentation including continuous culture,

(Kono & Asai, 1969 a,b.)

The Monod models considered previously are known as substrate limited
models. Conditions also occur where the metabolism is inhibited by
increasing concentration of the product. Hinshelwood (1946) proposed th

following equation to describe inhibitory effects:

o

ax = (1 = aP)u X (2.4)
dt

where a is a constant, 1/g
P is the concentration of product, g/1
In an investigation of the kinetics of product inhibition in the alcohol
fermentation (Aiba,Shoda and Nagatani, 1968) it was pointed out that in
many industrial fermentatioms.the accumulation of ethanol continues even
after the cessation of cell growth. It was shown that alcohol has an
inhibitory effect on cell growth at several per cent of ethanol while
the fermentative activity of the cells is not impaired until ethanol
concentration approaches 20 per cent. The inhibitory effect on cell
growth can be formulated by
P -k, P . s+ - (2.5)
where B is the specifiic growth rate at zero ethanol concentration.
The inhibitory effect of ethanol on the fermentative activity of the
yeast cells is expressed by
~koP

V= v e e S L

o] K + S
s

Where Yo is the specific rate of ethanol production at zero ethanol
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concentration. By assuming constant values for yield coefficients it was
possible to use digital computer techniques to simulate the batch
fermentation curves.

A different approach to the modeling of bacterial kinetics, but still
based on chemical kinetics, has been the attempts of various authors to
use the analogy with heterogeneous catalysis. (Atkinson,Swilley,Busch and
Williams,1968; Atkinson and Daoud,1968;). The mass of micro-organisms is
likened to catalyst particles and equations derived to describe the mass
transfer of nutrients and metabolic products coupled with the enzymic
reactions. Experimental verification of the equations has been obtained
under conditions where the growth rate is controlled by the rate of
diffusion of substrate to the microbial cells. Dummet (1968) and Shore
and Royston (1968) have used a similar analogy with heterogeneous
catalysis in discussing the production of yeast.

None of the above models attempts to include variables such as the
cell age distribution or the cell composition. However, with progress
in the understanding of the processes of cell growth proliferation and
metabolism, advances have been made with models which include these
fundamental variables (Painter and Marr, 1968).

A complex and complete approach has been the attempt by a number of
authors to apply principles of engineering analysis to elucidate growth
and replication phenomena (Tsuchiya, Fredrickson and Aris,1966; Ramkrishna,
Fredrickson and Tsuchiya, 1966,1967). Models of varying complexity have
been considered and these successfully predict all the stages of batch
culture and many of the observed results in continuous culture. Experimental

verification of the models has yet to be obtained.

2.1.2., MNodels of letabolite Production

There are three basic types of metabolite production;

1) the rate of production of metabolite parallels the growth of the
micro-organism,

2) the rate of production of metabolite is indirectly related to the
growth, and

3) production of metabolite is independent of growth, the organisms acting
as a carrier for the enzymes which catalyse the desired reaction.
Hinshelwood (1946) assumed the specific rate of product formation to

be a constant, r.

. (2.7)

This is the simplest of models and applies to very few real situations.



Luedeking and Piret (1959) empirically derived the following more

complex expression for product formation.,

a8 - ax ¥ (2.8
; ® Sgq 0 (2.8)
Yhere o | f3 are functions of the pH of fermentation. The first

term of this equation was said to account for growth associated product
formation and the second for non-growth associated product formation.

Pirt (1969) derived an equation of the same form by assuming that the
consumption of the energy source by bacteria was represented as the sum
of two terms; the consumption of the energy source for growth, and the
consumption of the energy source for maintenance. He also assumed that
the amount of product was stoichiometrically related to the energy source.

Humphrey (1963) used the same expression to correlate the specific
acid production rate in both batch and continuous lactic acid

production by Lactobacillus declbrueckii.

An equation similar to (2.8) was shown to represent over 85 per cent
of the rate curve of hydrogen sulphide production from sulphate by a
strain of Desulfovibrio (Leban, Edwards and Wilke, 1966). It was also

said to apply to the alcholic fermentation of glucose by Saccharomyces

cerivisiae (Aiyar and Lvedeking,1966).

However, Finn (1966) and Holzberg, Finn and Steinbraus (1967)
studying the alcholic fermentation of grape juice claimed the Luedeking
and Piret equation did not fit their data and they proposed the following;

Exponential growth phase:

dP + PP = alnN _ C (2.9)
dt K
Stationary phase (where N, the cell concentration, is constant):
13 = r (Pm-P) (2.10)
N dt

Where Pm is the maximum amount of alcohol which could be produced.

Terui and Niizu (1969) studied the fermentation production of L-
tryptophan and reported batch fermentation results which indicated
kinetics of the Luedeking and Piret type, ie product formation was both
growth and non-growth associated. However when they extended their work
to continuous fermentation the results indicated that tryptophan was
produced by growing cells only. They reinvestigated the batch culture
and showed that in the "stationary" phase the cell population contained
dead and lysing cells mixed with actively growing cells. The latter
were probably utilizing metabolic products formed in the early phases

of the culture and from the lytic products of the dead cells. It was
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these actively growing c=lls which were responsible for the tryptophan

production in the apparent "stationary" phase leading to the assumption
of non-growth associated product fecrmation.

Other attempts to model product formation have been those of Shu (1361),
Maxon and Chen (1966,1967) Kono (1968), Kono and Asai (1969 a,b)
Tsuchiya et al (1966) and Ramkrishna et al (1966,1967). All are
extensive and complicated, requiring the evaluation of a large number of
constants from the batch curve and/or the use of computers to evaluate
and predict the results. All models are of limited value because it is

not yet possible to predict the effect of changes in physical variables

such as pH, temperature and various nutrients,

2.1.3. Continuous Culture

Continuous culture techniques for the production of microbial products
have been extensively studied and there has been much interest in —
commercial application because of the theoretical advantages of increased
productivity and greater control. Despite this interest there has been
little commercial application except for the production of yeast and
beer, and the activated sludge process for sewage treatment. Some of the
reasons for this lack of commercial use are discussed by EvanS“(1965).

As a research tool for microbiological processes, continuous culture
provides a constant chemical and physiological environment in which to
investigate the effects of variables on the growth of cells and the
products formed. It is also possible to study microbiological processes
with the growth rate as an independent variable.

The theory of continuous culture is discussed fully in the literature
(Monod,1950; Herbert, Elsworth and Telling,1956; Malek and Fencl,1966;
Fencl and Ricica,1968).

There are generally considered to be two modes of control in continuous
culture; the chemostat and the turbidostat. In the chemostat the culture
is controlled by the concentration of a limiting nutrient in the medium
(Monod,1950; Herbert et 2;,1956), by the concentration of an inhibiting
product of metabolism (Luedeking and Piret,1959) or by the concentration
of hydrogen ions (pH) (Karush,lacocca and Harris,1956). 1In the single
stage chemostat the cell specific growth rate is always less than the maximum.

In the turbidostat the culture is contralled "externally" by maintaining
the concentration of the cells at the required level by measuring the
turbidity (Northrop,1954) or by maintaining some other physical or chemical

variable such as pH or oxygen concentration at a constant value by an
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external controller which regulates the fresh medium inflow. It is
possible to operate cultures at their maximum specific growth rate in
one stage. Fundamentally the two modes of operation are the same.

The chemostat consists of a "perfectly mixed" vessel with a constant
inflow of fresh medium and outflow of culture at the same rate so the
volume in the vessel is constant., It is assumed that the concentrations
of all essential nutrients but one, the limiting nutrient, are in excess
or at least held constant. Mathematically it can be shown that the
specifiic growth rate of the organisms is equal to the dilution rate, D
(the reciprocal of the average residence time).

Thus, at steady state;

i =B (2.11) ;
X a (Sp - 8) (2.12)

X denotes steady state cell mass concentration.

SF g 3 . concentration of limiting substrate in

incoming feed and outgoing culture
Iuid respectively

Y is the yield of cell mass per unit of
substrate utilized.

The maximum value of D is Koo the maximum specific growth rate of the
organisms, If this value of D is exceeded the organisms "washout" and the
concentration of cells in the reactor falls to zero.

The specific growth rate, up,is a function of the substrate concen-
tration. (See equation (2.2) )

Y, the yield coefficient, is of'ten assumed to be a constant, but it
is now generally recognized that this is the exception rather than the
rule, Modifications to Y which express its dependence on growth rate,
and in particular the use of a maintenance coefficient,have been intro-
duced by a number of authors (Powell,1967).

Luedeking and Piret (1959 b) discussed the case where toxic product
accumulation limits the growth of the organism. Toxic product formation
was assumed to be described by equation (2.8) and the specific growth rate
of the organisms was assumed to decrease as a linear function of product
concentration as described by equation (2.4). (This latter assumption is
not in agreement with the data of Luedeking and Piret 1959a). For the
steady state values of product and cell mass concentration they derived

P = (#m - D) - (2.13)

a

( agn + B ) KRRy

X
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A number of authors has discussed the desirability of using more

than one stage for continuous culture, (Malek & Fencl,1966; Ricica,1969a)
particularly for the production of products other than biomass.
Qualitatively it can be stated that the first stage is used to produce
cells in the optimum condition.for product formation in subsequent stages.
If it can be shown that the product rate is dependent on the previous
stages of growth then the tubular plug-flow reactor with feedback of
cells or permanent seeding is desirable. Danckwerts (1954) showed that
if the reaction rate increases with concentration the optimum output per
unit volume of a completely mixed reactor is superior to that of the
tubular type. If the rate decreases with concentration the plug-flow
is superior. For a zero-order reaction the efficiency of both types is
the same. Because of control problems tubular plug-flow reactors have
disadvantages, but they can be approximated by a chain of homogeneous
completely mixed fermenters with short individual holding times.

The prediction of conditions in continuous culture from batch data
has concerned many authors including Fencl,(1968); Fencl,Machek and
Novak,(1969), Herbert et al, (1956); Holzberg et al (1967); Kono and
Asai, (1969b); Luedeking and Piret, (195%); Malek and Fencl,(1966);
Pirt, (1967) and Ricica (1969a,b).

Ricica (1969b)in considering the problem of kinetics, particularly
as applied to continuous culture applications, concluded that much of
the modeling was of limited value. Practical media used in commercial
applications are not sufficiently defined and in most cases the limiting
factor is unknown. The metabolic pathways are often not known or only
partially understood. He suggested that each case would need to be
considered individually. The most widely used techniques for considering
individual cases have been based on graphical methods which assume that
the growth rate of the organism is the variable which provides the 1link
between the two modes of operation.

Pirt (1967) criticised the prediction of continuous culture from
batch culture conditions because it is based on the assumption that the
organism behaves similarly in batch and continuous culture, an assumption
which in some cases can be shown to be not valid. However, provided due
recognition is given to possible differences in the two modes of operation
it would seem that much progress can be made by the application of
these graphical methods.

Luedeking and Piret (1959) used the graphical technique of Adams and

Hungate (1950) to predict the continuous culture conditions for lactic



acid production by Lactobacillus delbrueckii. Bischoff (1966) used the

analogy between autocatyltic growth and the heat generated in a simple
reversible reaction operated under adiabatic conditions and fcrmulated
an analytic and graphical technique to simulate even very complex
microbial processes.

Ricica (1969 b) illustrated the use of Bischoff's technique to describe
the least holding time for the dehydrogenation of D - sorbitol to L -~

sorbose by Acetobacter suboxydans. A two stage system was shown to give

a much shorter holding time than a single stage flor the same conversion.
He also analysed the sporulation of Bacillus cereus (Ricica,1969a)
showing the need for six stages related to the essential physiological
stages through which the organism passes. It was pointed out that
experimental verification of the conclusions had yet to be obtained.
Fencl (1966) and Fencl, Machek and Novek (1968) defined a specific

product formation rate, K, by the equation

dp = KX (2.15)
dt
K is a variable, complex function involving at least two factors,
i and A where i is the amount of active enzyme in the cell and
A is the rate of the ensyme reaction controlling the formation of

the product, which is a function of the concentrations of substrate and
product, temperature, pH, nutrients and etc.
By suitable technigues, K can be determined from batch cuvlture

data and applied to predict continuous culture conditions.

2.2 Lactic Acid

Traditionally lactic acid has been prcduced in commercial quantities
by the fermentation of a variety of carbohydrate sources including corn
sugar, molasses, whey and starch., The manufacture of lactic acid by
fermentation is now being superceded by a synthetic process from petro-
chemical raw materials (Thorne, 1969), The fermentation methods have

been summarized by Peppler (1967) and Prescott and Dunn (1959).

2.2.1 Whey Medium

The commercial fermentation of whey to lactic acid has been described
in detail (Anon., 1945; Burton, 1937; Campbell, 1953; Lawrence, 19LL;
Olive, 1936; Oetiker, 1960; Pont, 1944 ; Whittier and Webb, 1950; Swaby,
1944 ). A number of experimental studies has also been reported
(Havlatko & Knez, 1959; Jankowska, 1954; Maxova and Maxa, 1958; Nilsson,

1948; Siman & Mergl, 1961; Surazynski, Poznanski, Budslawski, Czerwinski
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& Chojnowski, 1967; Swaby, 1945 a, b; and Whittier and Rodgers, 1931 )

Normally cheese (cheddar or cottage) whey has been used although
Oetiker (1960) used casein whey and Havlatko & Knez (1959) used whey
molasses after lactose crystallization. Swaby (1945) found no difference
in fermentation with a variety of wheys.

The time to reach completion of the batch fermentation of the lactose
in the whey varied between one and six days depending on the organism
used and added growth factors. Yields of lactic acid between 85 and 95

per cent based on lactose consumed have been reported by all authors.

2.2,2 QOrganisms,
The organisms used most frequently have been Iactobacillus bulgaricus

and L. acidophilus. In some cases a film yeast (Nycoderma) was grown

symbiotically with L. bulgaricus (Whittier and Rodgers, 1931; 0live,1936)

but Campbeli (1953) found no advantage in using the yeast and Oetiker
(1960) claimed that the lower temperatures (ABOC) which had to be used
caused problems from contamination. Swaby (1945) used a mixed culture of

L. bulgaricus strains consisting of long- and short-celled variants.

Surazynsksi et al. (1967) obtained optimum ferrentation with a starter

consisting of eight pure cultures (three L. lactis, four L. bulgaricus

and one Streptococcus thermophilus). Rosell (1949) reported a strain of

L. delbrueckii which, by repeated sub-culturing, had been adapted to

ferment lactose in milk and whey at 50 - 52°C.

2.2.3 Growth Factors
Stimulatory growth factors have normally been added to the whey to

reduce the fermentation time. Yeast cells, yeast extract, corn steep
liquor and melt sprout extract are the most common. An extensive study
failed to find the actual stimulatory compounds, (Swaby,1945). Oetiker
(1960) claimed the maximum rate of lactic acid production at a lactose
level of 20 g/1.

The nutritional requirements of lactic acid bacteria are very complex
and this is illustrated by the extensive literature on the subject. Brief
surveys are presented by Snell (1952) and Davies (1960).

Numbers of workers have  studied the nutritional requirements of
particular strains of L. bulgaricus, For example: Snell, Kitay & Hoff-

Jorgensen (1948) reported work on the carbohydrate utilization of

L. bulgaricus Gere A in a medium containing all the vitamins, amino acids

and salts known to be essential for lactic acid bacteria. Rutter & Hansen

(1953) also studied the carbohydrate metabolizm of L. bulgaricus Gere A
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in a fully defined medium. A strain of L.,bulgaricus was shown to require

orotic acid or its analogues for growth (see for example Wright et al (1950)
and Wieland et al, (1952) ). On the other hand Irie, Yano, Morichi and

Kembo (1962) showed that orotic acid was not required for the six strains

of L. bulgaricus they studied in a chemically defined medium, These
workers showed that all six cultures requiréd casein digest and Tween 80.
Requirements for pantothenate and pantethine were dependent on the
cysteine level,

De Mann, Rogosa and Sharpe (1960) developed a general medium for

lactobacilli which gave improved growth of L. bulgaricus in comparison

with the medium of Briggs (1953).
Rogosa, Franklin and Perry (1961) described an improved medium for

the study of the vitamin requirements of lactobacilli. L. bulgaricus

gave erratic results until it had been repeatedly sub-cultured in the
medium, Of the vitamins studied cnly riboflavin was necessary for
growth., Folic acid was shown to be inhibitory. This confirmed the
results of Rogosa & Sharpe (1959).

Nakanishi and Nakazawa (1961) reported that the number of

L. bulgaricus cells during the different phases of growth was related

to the concentration of casein in the medium, the numbers increasing
greatly over the range 0.0 - 5.0% of casein.

The effect of the presence of gases on lactic acid bacteria has not
been extensively reported. Rodgers and Whittier (1928) reported that
bubbling air or nitrogen through a culture of S. lactis in milk increased
the final cell count., On the other hand Longsworth and Mac Innes
(1935, 1936 a,b) showed the presence of oxygen and the absence of carbon

dioxide inhibited both growth and acid production when T. acidophilus

was cultured in a synthetic medium. Finn, Halvorsen & Piret (1950) found
a similar effect when culturing L, delbrueckii in a synthetic medium, as

did Keen (1972) using S. lactis and skim milk,

2.2.4 Temperature

L. bulgaricus is describe@ as a thermoduric organism and the temperature

of cultivation has usually been reported to be in the range 45 - h9°C.

When the Mycoderma is used as a stimulant the temperature has been lowered
to 43 °C (Whittier and Webb, 195C). L. acidophilus gives optimum acid
production at 3700.

2.2.5 Heat Treatment of Whey

The high temperature used in the fermentation reduces the possibility
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of contamination but it is normal to give the whey some heat treatment.
The conditions used have varied., Campbell (1953) heat treated the whey
to remove the albumin, but found this destroyed an essential growth
factor. Swaby (1945) on the other hand claimed that this treatment had
no effect on the time of fermentation. However, he does state that a
more severe pasteurization treatment than thirty minutes at 70°C caused
some coagulation and the resultant sludge settled on the bottom of the
vats harbouring objectionable proteolytic contamination. Jankowska
(1954) reported an optimum heat treatment of 8500 for thirty minutes.
Surazynski et al (1967) used 68°C for thirty minutes.

2.2.6 pH.
The effect of pH on the growth of organisms and the production of

lactic acid from a variety of media have been reported by a number of

authors,

The growth of Str. lactis in milk was studied by Rodgers & Whittier
(1928). pH control prolonged the exponential growth phase and increased
the maximum population. Longsworth and Mac Innes (1935, 1936 a,b)

studied the growth of I.. acidophilus and the rate of lactic acid production

at controlled pH in a synthetic medium. With pH control acid production
rate and yield were increased considerably over those obtained without pH
control., At controlled pH, the rate of acid production rose to a maximum
about the middle of the fermentation period and then declined. The
maximum acid production rate correlated with a minimum in the oxidation-
reduction potential. The rate of acid production per cell (specific acid
production) decreased markedly as growth proceeded.

Krumphazl, Dyr and Kobr (1964) studying the fermentation of a molasses
medium by L. delbrueckii found that the highest lactic acid yield was at

pH 7.0 although in a sucrose medium the optimum was between pH 5.0 and
6.0. Kempe, Halversen .nd Piret (1950) found that the yield and rate of
lactic acid production in a wheat grit medium were functions of the pH.
The pH also affected the requirement for growth factors. They found

the average rate of acid production was proportional to the logarithm

of the pH.

Finn, Halvorson & Piret (1950) using a glucose, yeast extract and
minerals medium found that the increase in pH increased the fermentation
rate. Luedeking and Piret (1959 a, b) studied the instantaneous rate
of acid formation in batch and continuous cultures of the same medium and

found the values of a and B in their equation (2.8) were functions
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of the pH.

In commercial fermentation of whey the pH is normally controlled by
the periodic addition of calcium carbonate or hydroxide so that the pH
is maintained between 5.0 and 6.0, Oetiker (1960) claimed the optimum

PH to be 4.2 - 4.6. Swaby (1945) had problems with contamination when
the pH was above 5.8.

2.2.7 Continuous Culture

Attempts have been made to use continuous culture to produce lactic
acid from whey but not on a commercial scale. Whittier and Rodgers
(1931), the earliest report of continuous fermentation of any substrate,
described a continuous fermentation with a residence time of one day
(D = 0,042 hm1 ) but Olive (1936) reported a batch process was preferred
in the industry because it more readily avoided the side reactions
inherent in the continuous process.

Swaby (1945) reported that even when supplemented by yeast, considerable
lactose remained unfermented when continuous whey fermentation was
attempted. (D = 0.Q042 pt b,

Siman and Mergl (1961) and Havlatko and Knez (1959) described con-
tinuous culture in a five-stage unit., Both found it necessary to re-
plenish the culture in the first stage by inoculating with 1 per cent
of fresh culture every 48 hours. The final lactose concentration was
0.1 per cent. Flow rates were lacw; 1 = 1.25 1/h in 15 1 vessels
(Havlatko & Knez,1959) and 3.25 1/h in 1001 vessels (Siman & Nergl,1961).

Studies involving lactic acid production from media other than whey
are referred to in the review of continuous culture i.e. Luedeking and
Piret (1959 a,b) and Humphrey (1963).

2.3 Agitation

In microbial fermentation systems efficient agitation is needed to
suspend micro-organisms, to assist heat and mass-transfer, to ensure
adequate mixing to avoid local variations in the concentrations of
nutrients and products, and, in aerobic systems, to provide sufficient
shearing force to ensure a fine dispersion of air bubbles producing
maximum area for mass-transfer,

The biological effects of agitation were studied by Dion,Corilli,
Sermonti and Chain (1954). As agitation intensity was increased (by
alteration of impeller diameter and speed and aeration rate) the

morphology of Pencillium chrysogenum changed from thin filamentous
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hyphae to short, branched hyphae. At high levels of agitation mechanical
damage caused autolysis of the organism. Nidler and Finn (1966) concluded
that c211 damage of a shear-sensitive protozoa was related to the tip
speed of the impeller,

For bacterial and yeast cultures it has generally been concluded that,
provided agitation is sufficient to ensure suspension of solids, mass
transfer to and from the cells is not rate-limiting for growth. (Finn,
1954 ; Calderbank,1967). The small size of the microbial particles and
the low density difference between the cells and the suspending fluid
suggest increased agitation will have negligible effect on the transfer of
nutrients. Thus with single cells and sm&ll chains the rate of transfer
is a function only of the properties of the medium. However, if agg-
regation to form clumps of organisms occurs then a resistance to mass-
transfer from liquid to solid may occur.

Kempe and West (1959) found a consistent and reproducible effect of

impeller speed on the rate of acid formation by Lactobacillus delbrueckii.

The effect was small and varied with the nutrierts present. They related

the rate of acid formation ( dp/dt, g/lh ) to impeller speed ( n, rpm)
by the following expression:

ap = an”%®  (2.46)

dt

where a 1is a constant,
West and Gaden (1959) obtained a similar expression for the eifect of
mechanical agitation on the growth rate of yeast in a well aerated system:
dp/dt = bn b

Calderbank (1967) discussed empirical relationships between the mass-
transfer coefficients in solid-liquid suspensions and the agitation in-
tensity. In a given solid-fluid system under conditions of local isotropic
turbulence it can be shown from the relationships derived by Calderbank
that the mass-transfeer coefficient (kl) is given in a fixed volume system by:

02 ° 1. O
kl ==Ic (PO> 0 5 = c1 no 75 d 5 (2.17)

where c¢ and c, are constants, If the rate of transfer ;f nutrients to the
microbial cell (or products away from the cell) limits the growth of the
micro-organisms and/or the acid formation then acid formation rate would be
expected to follow similar relationships. The value of 0.08 for the ex-
ponent of agitator speed obtained by Kempe and West (1959) is less than the
value of 0.75 shown in equation (2.17) suggesting that mass-transfer was

not limiting acid production in this case.,



19

Keen (1972), in studies of acid production by Streptococcus lactis

ML8 in a skim=-milk medium, found, on the contrary, that increased
agitation levels caused a decrease in the rate of bacterial growth and
acid production. He concluded that in a system from which oxygen was
excluded and carbon dioxide was present in adequate concentration the
decrease in bacterial growth was the result of the loss of an essential
nutrient or enzyme from the immediate vicinity of the cell hecause of
high shear forces. Though his experiments were performed in an
essentially unbaffled vessel without pH control, making interpretation

of his results difficult, the results do cast some doubts on the validity

of the generality of previous work on the effects of agitation in
microbial syétems.
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The appuaratus designed and bhuilt for this study coinsisted of a culture

vessel and control unit (Rigs. 3.1, 3.2) similar to that describal by

P

Yerbert,Phipps and Tempest (1965). In some experiments a Yicrofera
(New Brunswick Scientific Ltd.) was used.

Roth batch and continuous culture (chemostat) iiere possible and
provision was made for the continucus measurement and control of temp-
erature and pH. The redium flow-rate and the level of agitationn could
be varied. By means of & capacitance liquid level meter the volume of alkali
required to neutralize the lactic acid formed was recorded, vproviding a

continuous indication of aci prodaction.

3.1.1. Sulture vessel

The culture vessel and its assouciated controls formed a sirgle unit
requiring connection to steam, water and electrical services. The tubular
steel framework formed three levels, alkali and antifozm reservoirs on the
top shelf above the culture vessel, with the medium rescrvoir, culture
receiver and feed pumps on the bottom shelf, A1l controls were grouped
gether cn an aluminium panel fitted to the framework.

A stock length of industrial Pryex pipeline (Q.V.F.1Ltd.) formed the
culture vessel (30 cm leng, 15 cm dia.). Stainless steel plates (6.3 mm
thick) clamped to standard Q,V.F. flanges acted as closures for the vessel.
The gaskets were PITE crescent rings. The tcp plate carried the stirrer
gland and nine ports, the bottom plate a cooling coil, sparge pipe and three
ports. The dctails of the ports are shown in figure 3.3 and the arrangement
of the top and bottom plates in figures 3.4 and 3.5.

All flexible connections to the culture vessel ports were mede with
silicone rubber tubing. "here desired a hose coupling of the type shown in
figure 3.3 was inserted.

The culture volume was maintained at 2 ] by a 6.3 mn diameter overflow
pipe inserted through the bottom plate.Samples of culture fluid were withdrawn
directly through a port in the bottom plate.3team was centinuously passed

through the sample port.

3.1.2. Agitation
Agitation was provided by a tcp-entering six-bladed turbine impeller,

51 mm dia,, or one of three six-bladed paddle impellers, 25, 51 and 102 mm
dia. (Fig.3.6). The design of the stirrer gland is shown in Figure 3.7.

shaft runs in two sealed stainless steel ball races with an air-tight seal
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maintained by two mechanical seals '"back to back" (Jchn Crane Ltd.,Type
T2 BF 343 ). The seals were lubricated with filtered water.

The impeller was driven,normzlly at 2CO rpm, by a 0.25 hp 1440 rpm motor
through a V-telt and pulley. In the mixing experiments this drive was
replaced with a continuously variable gearbox (Carter Gears Ltd.).

Four radial baffles (15 mm wide) cqually spaced around the periphery of

the vessel ensured fully baffled conditions.

I 5] Continuous Operation

For continuous culture experiments medium was pumped from a reservoir
(51 flat-bottom round Pyrex flask) by a peristaltic pump (Sigra Motor Inc.)
controlled by a variable spead gearbox (Revco Zeromax). The flow rate was
measured by diverting the liquid to a 10 ml graduated pipette and recording
the time for the meniscus to travel between two suitable graduations. The

overflow from the vessel was collected in a 201 Pyrex aspirator.

301.&- GaS SLIPB}_X
When required, gas was supplied to the culture vessel through autoclaved

tubular glass-wool filters., Air was obtained from the laboratory compressed
air system, carbon dioxide was purchased in cylinders from Carbonic Ice Ltd.,
Palmerston North, and oxygen, nitrogen (dry) and nitrogen (oxygen freec) were
purchased in cylinders from New Zealand Industrial Gases Ltd.,Palmerston
North. The flow of gas was metered by variable area flow meters

(Fischer and Porter Flowrators).

3.1.5 Temperature

A platinum resistance thermoreter (Sangamo Weston Ltd., }odel 110G,
Form 4) enclosed in a 6 mm dia. stainless steel sheath in the base of the
culture vessel measured the temperature which was indicated and controlled
by a Type Tc B2 Electronic Precision Temperature Controller (Fizlden
Electronics Ltd.). Heating was carried out by a 150 watt heat lamp connected
to the control relay. Cooling was provided by water flowing through a coil in
the base of the culture vessel controlled by a solenoid valve switched by
the controller. The temperature of the culture fluid was maintained within

+ 0.1° C of the set point.

3..6 pH

An EIL 91B on-off pH controller (Electronic Instruments Ltd.) indicated
and controlled the pH. A steam sterilisable glass electrode (Electronic
Instruments Ltd.) and a liquid junction tube, consisting of a ceramic plug
sealed into one end of a glass tube, were inserted through the culture

vessel 1id. The Jjunction tube, filled with saturated KC1l, was connected to a



KCI reservoir containing a calcmel reference electrode. Both the ®

electrode and the Jjunction tube were protected by stainless steel shields.

The pH was continuously recorded on a strip chart recorder (Everett Edgecumbe Lt3,
The controller actuated a solenoid pinch valve to admit alkali from the

reservoir, This valve was fabricated from a standard magnetic relay coil.

The pH was ccntrolled to + O.1 pH units.,

3.,4.7 Alkali Volume ¥eter

A unique feature of the design of the apparatus was the device used for

recording the rate of acid production. To obtain a full picture of kinetics
of fermentation it is desirable to have a measure of the instantaneous

rate of acid formation. For homof'ermentative organisms the alkali

additions can bte taken as a measure of acid formation. Kempe and West
(1959) recorded the volume of alkali required to neutralize lactic acid

by means of a float and revolving kymograph drum. ILuedeking and Piret

(1959 a) abandoned this method because of the greater precision obtained

by noting at frequent intervals, the volume of solution retained in the
burette which acted as an alkali reservoir.

However, as batch fermentations were likely to last for up to 24 hours
and longer, and continuous cultures for possibly weeks, some means of
continuously and accurately recording the volume of alkali added was
desirable. After considering a number of methods it was concluded that
the most suitable was one based un a capacitance level meter, (Davies and
Lazenby,1966) using a burette as the reservoir.

An electrode consisting of a vertical stainless stecl rod ( 65 cm long
%.75 mm dia.) sheathed in polytetrafiuorethylene (PTFE, 5.20 mm outside
dia.) was inserted so that it was concentric with a 100 ml precision burette.
A platinum wire sealed through the wall of the burette below the "zero"
volume mark earthed the alkali,

The capacitance between the electrode and the alkali was determined by
an external measuring circuit connected to an Endress and Hauser Silometer
S3:1. The milliamp output, proportional to capacitance, was continuously
recorded., Suitable variable capacitances were inserted in the circuit to
adjust the capacitance output at "zero" and "100 ml" on the burette to
correspond with the O and 100 per cent markings on the recorder.

As the level of alkali was reduced in the burette, the change in
capacitance was recorded. A calibration curve (Fig.3.8) was determined to
convert recorder readings to volume of alkali. Frequent check readings
were taken to ensure proper calibration. A typical chart recording is

shown in Fig. 3.9.
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" Figure 3.9

A typical recorder trace obtained from the capacitance probe in the
alkali burette,

Time measured in the vertical direction and wvolume

of alkali in the horizontal. The stepped trace is due to the on-off

operation of the pH controller,
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When an insulated metallic rod is placed in a conducting 1liquid its
capacitance is a function of the length of immersion and hence differences
in capacitance will he a measure of the length of immersion.

For a capacitor in the form of two concentric cylinders, the capacitance

is given approximately by (Cotton, 1962):

C = 27K K1 = Oon6E KL pF (3.1)
n (% 5 n (*/ y)

Where C is capacitance, farads;

K is the dielectric constant of the material between
the plates;

K, = 8.85, x 10™12 farad/metre

x 1s the diameter of the outer cylinder, m

y is the diameter of the inner cylinder, m

L is the length of the capacitor, m

The equation (3.1) does not take account of end effects which will affect

the linearity of the response,

For the PTFE coated electrode the theoretical capacitance given by

equation (3.1) is,

C = 12901 pF
( K= 2.1. Brydson,1966)

The length of the electrode between the " OOml" mark and the "zero" mark
was 56 cm. Thus the total capacitance change for 88 ml (the electrode
displaced 12 ml) is

C = 723 pF
The measured values of capacitance are shown in table 3.1

Table 3.1 Measured values of capacitance at different burette

volumes for the level meter.

Volume Capacitance
ml pF
100 1000
39.8 623
20 500
0 365

The difference between "full" and "empty" is 635 pF. The difference

between the measured value and the theoretical value of 723 pF will be due




to end effects, a value of the dielectric constant differsnt from
the assumed value, variatioms in the diameter of the rod and tubing,
and measurement errors.

The first design of an electrede consisted of a length of copper
wire (0.69 mm dia.) coated with plasticised pelyvinmylehloris
( PVC. 1.65 mm cutside dia.). This displaced a regligible volume
c¢f 1liquid but was abandoned because of slow response and lack of
stability,

The slow response was due to the wet conductive skin of alkali
which cdrained slowly from the electrode as the liquid level fell

ausing the measuring circuit to lag considerably.

The dielectric constant of FVC is relatively high

z
( K =23.for DPVC cof with 2.1 for FTFE at 10° ¢/s,
26° ¢: Brydson, 1967) %btut is a function of temperature and
frequency.

The dielectric censtant of PTFE is virtually independent of
tempereture and frequency. The nature of the surfzce considerably
reduces the time of drainage of alkalil givirg a much faster response.

A further advantage of the PTFE coated electrode was the greater
sensitivity (change in capacitance from a full burette to an empty
burette) as a result of the lower value cf the ratio x/y
(1.C9% cf with 2,39 for the FVC electrode). The theoretical
sensitivity increased frem 129 prf for the PVC electrode to 725
pF for the FTFE electrode.

In practice the PTFS electrode proved very satisfactory and

required orly minor adjustrent once & day.

3.1.8 Cost of the equipment,

The cost of materials and fittings for the culture vessel was
$2538, The cost of an eguivalent Nicroferm (MNew Rrunswick
Scientific Ltd.) would have bteen 34,200 excluding the alkali level
meter and recorder. Approximately €00 h of design and workshop time

were required to build the equipment.



3.1.9 Flask Cultures 3),

A number of experiments were performed in 250 ml or 5C0 ml conical
Erlenmeyer flasks. The flasks were plugged with cotton wool before heat
treatment of the culture medium.

For controlled atmosphere experiments ths flasks were plugged with
rubber bungs through which were inserted two lengths of glass tubing
sealed by silicone rubber tubing and screw clamps. After inoculating the
medium the flasks were evacuated by a vacuum pump and the air replaced
with the required gas mixture introduced through an autoclved glass=~
wool filter.

For shake flask experiments a Beckman Rotary Shaker incubator was

used (175 rpm, 25 mm throw).

362 MATERTALS

3.2.1 Organism

A1l experiments were conducted using a strain of Lactobacillus

bulgaricus, designated "LBR". The strain was obtained from a commercial
casein factory, and had been derived by X-radiation of a New Zealand
Dairy Research Institute rack culture of L. bulgaricus (cetiker,1960).
The results of tests carried out by the NZDRI Iicrobiology Department are
consistent with the hypothesis that LBR is a strain of Lactobacillus
bulgaricus (See Appendix 2). Other organisms held in the NZDRI Culture

Collection were tested but produca2d less acid at a slower rate than LBR.

Lactobacillus bulgaricus is described (Rreed, Murray & Smith,
195753 Wheater,1955) as a homof'ermentative microaerophilic or anaerobic
organism fermenting up to 95 per cent of utilized glucose, lactose or
galactose to lactic acid by means of the Embden-Meyerhof or glycolytic
pathway. It grows as large rods, 2-20 nm long and 1 nm broad, singly or
in chains. 0Older cultures show characteristic granular deposits of
volatin., The organism is unable to grow below 20°C and above 51°C.
Optimum temperature is h5-h8°C. The organism is resistant to acids and
can grow at a pH of 3.5. It is considered to be difficult to cultivate,
requiring a number of supplementary factors for optimum growth.

To ensure that a pure culture was used in the experiments the following
procedure was carried out at six-monthly intervals. MRS agar plates
(de Mann et al. 1960) were streaked with an actively growing culture of
IBR and incubated for 24 hours at 48°C in an atmosphere of 95 per cent
nitrogen and 5 per cent carbon dioxide. Up to 50 colonies were picked
off into 10 ml quantities of sterile whey and the pH and titratable

acidity measured after 6 hours. The fastest acid producers were




microscopically examined to ensure homogeneity and kept as the standard
culture,

The culture was maintained in sterile reconstituted skim milk by daily
transfer. A 10 per cent inoculum was used and the culture regularly clotted
after 2 hours at 48°C. The culture wes held at room temperature after it

had clotted.

3.2.2. Vhey

The original intention had been to use lactic casein whey supplied daily
from a commercial dairy company but initial experiments showed that day to
day variations in the whey were too great to allow meaningful interpretation
of the results,

A quantity of lactic casein whey from Shannon-Tokomaru Co-operative Dairy
Company was spray dried at the NZDRI using minimum heat-treatmwent. The
powder was packed in 56 1b multiwall bags and stored at AOC. An analysis
of the powder is shown in Table 3.2.

Table 3.2 Analysis of lactic casein whey powder

Protein 15, 8%
Lactose 63, 57
Moisture 2. 74
Ash 1, 2%
Fat 0419%

Titratable acidity, as lactic acid, 0.697%
7% Solution

pH (7% Solution) 4 .55
Solubility Index 0. 5
Whey Protein Nitrogen Index L, L4

The powder was re-hydrated with distilled water, dispersed in a sufficient
quantity of distilled water and agitated with a Polytron Vortex Mixer until
the powder had dissolved. The solution was diluted to the required concen-
tration. Normally 70 g/l solids was used, but in some experiments lower
concentrations were used to eliminate possible inhibitory effects due to
pH or high lactate concentration.

The heat treatment applied to the whey varied throughout the course of
the experiments, At first the whey proteins were precipitated by boiling
and removed by centrifugation or filtration. The clear solution was then
autoclaved. This is called "sterile whey". In later experiments the heat

treatment was altered so that the whey proteins were not denatured. The
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whey solution was held at €9 + 1°C for 30 minutes. This is called

"pasteurized whey" though it is realised that the treatment described is
more severe than normally applied in commercial pasteurization. Tests with
skim milk and rutrient broth showed that this pasteurized whey contained no
organisms capable of growth or acid production after 48 hours at 15%.

In a few experiments the whey was sterilized by filtration. The whey
powder was hydrated and dissolved as before and made up at twice the
required concentration. After centrifuging for ten minutes (Sorvall SS3
9500 rpm, RCF 10,000) the whey was further clarified by filtration through
a polishing filter pad (Carlson-Ford grade 6) and finally sterile filtered
(Carlson-Ford grade HP/EKS). This is called "sterile-filtered whey".

3.,2.3., Chemicals

A1l chemicals used were of AR or equivalent quality, except where noted.

3¢2.3. 41 Supplementary nutrients solutions. Stock solutions of

supplementary nutrients were prepared, sterile filtered and stored at hoC.
When required 100 ml of each solution was mixed, made up to 11 with water
and sterile filtered again.

The nutrients used, with the quantities per litre in the stock solution
and the final whey medium are shown in Table 3.3.

One litre of the stock salt solution was prepared by dissolving the
required quantity of each salt in a minimum amount of distilled water,
mixing all such solutions, adding a few drops of concentrated hydrochloric
acid to dissolve the slight precipitate which formed and making up to one
litre.

The amino acid stock solution was prepared by dissolving the acids in
hot distilled water adding concentrated hydrochloric acid drop by drop
until the solution was clear,

The stock solution of vitamins was prepared by dissolving 2 g L-ascorbic
acid, L4LOO mg of each of choline chloride and inositol, 20 mg of each of
niacin (BDH), thiamin hydrochloride (Eastman Kodak) and calcium pantothenate
(BDH) and 1 mg of pyridoxal hydrochloride (L.Light & Co.) in 500 ml 20 per
cent (v/v) ethanol in water. Riboflavin, 20 mg, was dissolved in acidified
20 per cent (v/v) ethanol in water and added to the above solution. Ten
ml quantities of p-amino-benzoic acid (BDH) solution (2 mg in 100 ml
distilled water) and D-biotin (L.Light & Co.) solution (2 mg in 100 ml
distilled water) were added. Folic acid (BDH), 2 mg, was dissolved in
distilled water with a few drops of 10% (w/v) sodium hydroxide added, made
up to 100 ml and 1 ml of this added to the stock solution. Vitamin B12
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Table 3.3 Supplementary nutrients

a: guantity per litre of stock solution

b: quantity per litre of' medium
A Salts a b a b
NaCZH3O2 3H20 L0g 2g FeSOh 7H,0 0.2g 10mg
NaChH807 40g 2g MnSOu AH20 0.2g 10mg
NHuCl L40g 2g NaCl 0.2g 10mg
KH2POA 10g 0.5g CoClj O.1g 5mg
K2H POA 10g 0.5g Zn SOA O.1g Smg
MgSOI+ 7H20 Leg 0.2g Na2Mo Oh O.1g S5mg
CaCl, 6H2O 2g  0O.1g CuSOl+ 5H2O O.1g S5mg
B Vitamins a b a b
Niacin 20mg 1mg L-ascorbic acid 2g  100mg
Thiamin HCI 20mg 1mg Pyridoxal HC1l 1mg 504§z
Ca.pantothenate 20mg 1mg PAB 20CHg 10ug
Riboflavin 20mg 1mg Biotin 200 ug 10ug
Choline chloride,4OOmg  20mg Folic acid 20H g Mg
Inositol 4OOmg 20mg Vitamin B12 20p g Tug
C Amino acids a b
Vitamin free casamino acids 20g 18
D-L-tryptophan 1g 50mg
L-cysteine HC1 18 50mg
L-cystine 0.5g 25mg
D Nucleic acid compounds a b
Adenine 0.2g 10mg
Guanine 0.2g 10mg
Uracil 0.2g 10mg
Xanthine 0.2g 10mg

(Glaxo Co.) was prepared by making one ampoule containing 250ug up to

25 ml with distilled water and adding 2 ml of this to the stock solution.
One ml of glacial acetic acid was added to the stock solution, and the
volume made up to 1 1 with distilled water.

To prepare the nucleic acid compound stock solutions 0.2 g of each
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adenine (L.Light & Co.), guanine (EDH) and uracil was dissolved in boiling
distilled water acidified with just sufficient concentrated hydrochleric
acid to effect solution. Xanthine, C.2g, was dissolved in boiling water,
solution being aided by a few drops of 10% (w/v) scdium hydroxide., Fach of
these two sclutions was made up tc 500 ml anrd stored separately.

3.2.3.2 Sodium Caseinate (NaCas)

Sodium caseinate was obtained from Rangitaiki Plains Dairy Co. and where
appropriate the production batch is identified. Solutions were prepared by
dissolving the sodium caseirate in hot water and autoclaving (15 psi, 20
minutes). The rH of whey solutions was adjusted to above 5.5 befcore
adaing sodium caseinate solutions,

3,3  NEASURRNHUNTS

Routine determinations were made of cell concentraticn, lactose
concentration, and lactate concentration aund a record was kept of the
volume of alkali added to maintain the pH at a constant value,

3.3.1 Cell Concentration

In a study of bacterial kinetics the most appropriate measurement is
"bacterial density" rather than "cell concentration"(lMonod,1949). The
former is determined by dry mass measurements, or indirectly by turbidi-
metric methods or by cell volume after centrifuging. The latter is
measured by cell counting or plate counting techniques,

Bacterial density is tne more appropriate measurement because it is
more closely related to the quantity of enzyme present,

The bacterial density could also be determined indirectly by the
measurement of some cellular components such as nitrogen, RNA,DNA,etc,
However these can te shown to vary with growth rate altnough DNA per unit of
bacterial protoplasm mass varies only slightly. The measurement of products
of metabolism, another technique used, is of limited value as an indication
of growth,

It was found to be dif'ficult to use dry mass, turbidimetric or centri-
fugation techniques in the whey medium used in these experiemnts, The medium
was opaque and the amount of centrifugable solids varied with time,temperature
and pH.

Therefore it was necessary to use a cell counting technique as an indication
of growth, despite the limitations of this type of method., Plate counting
was rejected because of the time involved to obtain results and the
difficulty of allowing for the variable chain length, On a few occasions

the concentration of DNA was measured using the method of Burton
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(1956) but this was not used routinely because of the time involved.

The method adopted for cell counting was a slight modification of
the direct microscopic method of Duitschaever & Leggat (1565). The stain
was prepared by mixing 0.6 g methylene blue in 52 ml 95 per cent ethanol
and 4y ml tetrachloroethane and holding at ASOC until the methylene blue
was dissolved, After cooling, 4 ml glacial acetic acid was added and the
solution filtered. Two ml saturated alcoholic solution of basic fuchsin
(1 g in 15 ml. 95 per cent ethanol) was then added.

Suitable dilutions of the culture were made in 1 per cent sterile
reconstituted skim milk (the skim milk was necessary to prevent lifting
of the smears when washed) and 0.01 ml spread over a 1 cm square on a
clean glass slide, The film was dried at 4500 and the stain applied for
1 minute. After drying, the stained smear was washed by gentle agitation
in warm water. The dried smear was microscopically examined using an oil
immersion lens. The cells were stained blue against a pink background
and normally the divisions between cells in the chain were clearly dis-
cernible. A total of 15-30 randomly selected fields was counted and

record kept of cell concentration and chain number,

3.3.2 Lactose Concentration

The reducing sugar concentration of the culture medium was routinely
determined by the method of Wahba (1965). In some experiments the method
of Lane & Eynon (McDowell & Dolby,1941) was used. The latter is the standard
method used by the NZDRI 2Znalytical Chemistry Section but the former has
the advantage of requiring smaller volumes of culture medium for each analysis.,

The method of Wahba involves the reaction of lactose with excess
phenylhydrazine to form the yellow coloured lactosozone which is soluble in
acetic acid. The concentration of lactosozone is determined from the
optical density at 370 nm,

The stock solution of phenylhydrazine was prepared by dissolving 2.5 g
phenylhydrazine hydrochloride (recrystallized from ethanol) in 200 ml
distilled water, adding 12.5 g sodium metabisulphite and diluting to 250 ml.
The stock solution was stored in a brown glass stoppered bottle and renewed
each month., When required 10 ml of stock phenylhydrazine solution was
diluted to 100 ml with glacial acetic acid.

A1l solutions for analysis were deproteinized with a 2 per cent (w/v)
aqueous solution of zinc acetate.

Stock standard solutions containing 1, 3 and 5 per cent lactose mono-

hydrate were prepared weekly and stored at 3°cC.
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A1l glassware was cleaned with chromic acid followed by hot detergent
solution and well rinsed with distilled water.

Cne or two ml (so that final solution was 5C~-250 ;Lg/ml lactose
monohydrate) of the solution to be analysed was pipetted into a 200 ml
calibrated flask, 1 ml of zinc acetate solution added, mixed and made up
to the mark with distilled water. Ten ml quantities were centrifuged
(RCF 3100) for 10 minutes. Ten ml of phenylhydrazine working solution
was added to 1 ml of centrifugate in a Pyrex boiling tube, the contents
of the tube mixed, tube stoppered and placed in a boiling water bath for
1 hour. The tube contents were mixed and cooled to room temperature.

The optical density was measured at 370 nm (Bausch and Loumb, Spectronic
20, 1 cm square cuvettes). Lactose standards and a distilled water blank
were treated in the same way. The results, expressed as concentration of
lactose monohydrate, were calculated by reference to the standards in-
cluded in each batch of analyses. All analyses were perflormed in dup-
licate. The standmrrd deviation, determined by 20 determinations of the
same whey sample, was 2.5% x 10_2 g/1.

Figure 3.10 is a typical calibration line,

The phenylhydrazine determination was compared with the Lane & Eynon
method by having a number of analyses performed on three solutions;

(a) whey with 35 g/1 solids, (b) solution a with 2.5 g/1 of lactose added,
(c) solution a which had been partially fermented.

The results are shown in Table 3.4.

Table 3.4 Lactose determinations by the method of Wahba (a)
and Lane & Bynon (B) on three whey solutions.
Mean + 95% limits (No. of determinations) g/1
Solution A it

(a) 35 g/1 whey solids [23.9 + 0.3 (12) 23.1 + 0.2 (18)

(b) 35 g/1 whey + 2.5 26.1 + 0.5 (12) 25.7 + 0.2 (18)
g/l lactose

(c) Partially 15.1
fermented whey

1+
1+

0. (12) [ 13.6 4+ 0.2 (18)

1+
1+

The variance-ratio test shows that the method of Wahba has a signifi-
cantly higher variance and gives a mean lactose ccncentration 5 per cent
higher than the Lane & ¥ynon method. However, it was considered that
the advantages of small sample volumes outweighed the slightly higher
results and variability of the Wahba method.
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3.3.3 Tactate Concentration +2

The lactic acid was determined as it was fcrmed by recording the
additions of an alkali solution (normally 2-N sodium carbonate containing
5 g/1 sodium hexametaphosphate, but in the early experiments 10 - N sodium
hydroxide) required to maintain the pH constant. In flask cultures without
PH control, the change in titratable acidity (to pH 8.5) was taken as a
measure of lactic acid synthesis,

The amount of lactic acid formed as determined by the amount of alkali
added was adjusted to correct for undissociated acid., In batch cultures
at controlled pH the amount of acid was corrected for dilution by the
neutralizing liquid and for removal of samples using the procedure of
Longsworth and MacInnes (193¢b). In continuous cultures the alkali added
was corrected for the amount required to adjust the pH of the feed to the
pH of the fermentation. The amount of the correction was determined by
titrating aliquots of the feed tc the required pH using 0.1-N sodium
hydroxide.

The validity of measuring lactic acid synthesis from the volume of
alkali added was confirmed a number of times by analysing the culture fluid
specifiically for lactate by the colourmetric method of Steinsholt and
Calbert (1960). This method uses ferric chloride to develope a colour in a
deproteinated culture fluid. Lithium lactate solutions were used as standards.

For 31 comparitive determinations (ranging from 0.1 to 41.8 g/1 lactate)
the mean difference between the observed lactate (from alkali deiermination)
and expected lactate (from analytical method) was 0.1 g/l with a standard
deviation of 0.97 g/1.

Student's t - test was used ‘to compare the mean difference with zero

t = 040 x V3 = 0.5
0.97
%(30,0.5) = 2.0 (Davies,1963)

Thus the hypothesis that the difference in readings does not differ

from zero can be accepted.
3.4 METEODS

3.4.1 Batch Culture

For batch cultures in the culture vessel whey was prepared by one of the
methods described in 3.2.2. The culture vessel and attached lines which could
not be autoclaved, were soaked overnight where possible, but for at least
one hour, in an iodophor solution containing 100 mg/l iodine. After draining

the iodophor solution from the vessel,steam at atmospheric pressure was
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passed through the attached lines and vessel for at least one hour. Yhen

the steam was turned off a flow of sterile gas (air or CO, - N2 mixture)

was passed into the vessel at 0.25 1/h to maintain a low iositive pressure,

The whey and required nutrients were added aseptically to the vessel.
When the temperature, pH and agitation conditions had Been established
at their required level and the alkali meter and recorder correctly zeroed
the medium was inoculated.

Two types of inoculum were used. Normally 20 - 100 ml of a freshly
clotted skim-milk culture of IBR was added. The skim-milk was prepared by
autoclaving (16000, 5 minutes) a 10 per cent solution of spray-dried skim-
milk powder. When it was desired to reduce the amount of skim-milk solids
added to the culture, a "whey inoculum" was used, A conical flask con-
taining the required volume of a 70 g/1 solution of reconstituted whey
powder was inoculated with 1 per cent of a clotted skim milk culture of
LBR and incubated overnight at 48°C. This was used to inoculate the
contents of the culture vessel. The pH of this inoculum was below 4.0,

Throughout the course of the batch culture the amount of alkali added
to retain the pH constant was continuously recorded. Periodically the volume
remaining in the alkali burette was compared with the chart recording and
the latter adjusted if necessary. Samples of the culture fluid were taken
for analysis of cell concentration, lactose, and lactate if required and for
checking the pH of the solution using a laboratory pH-meter. The volume

of the samples withdrawn was recorded.

3.4.2 Continuous Culture

The initial stages of a continuous culture experiments were as for a
batch culture., The feed vessel, the attached flow metering device and the
overflow receiver were separately autoclaved.

When the required conditions in the batch culture were reached, the
flow of medium to the vessel was started. If nutrients were to be added to
the whey a second feed stream, containing the required nutrients was pumped
into the vessel at the appropriate rate. The volume of liquid collected in
the overflow receiver was measured as a check that the flow-rate had
remained constant. Samples for analysis of steady-state conditions were
not taken until a time equivalent to at least five residence times had
elapsed from the time of changing the conditions or the chart recording of
alkali addition indicated a steady-state had been achieved, which ever

was the longer time.



Wy
3J+e3  Flask Cultures

'hen sterile whey was required the whey was added to the flasks and
autoclaved in situ. Sterile-filtered whey was added aseptically to
previously autoclaved flasks. To prepare pasteurized whey, the recon-
stituted whey was added to previously autoclaved flasks and the flasks
placed in a water-bvath at 69OC for 30 minutes.

The pH of the whey was adjusted to 6.5 before heat treatment by the
addition of 2-N sodium carbonate. If necessary the pH was aseptically
readjusted after heat treatment.

The inoculum was prepared by either of the methods described above
and a volume equivalent to 1 per cent of the volume of medium in the

flask was added to each flask.

3.5 JYethod of expressing results

In considering the commercial production of lactic acid from whey the
important criteria are the concentration of lactate in the spent medium,
and the productivity of the culture equipment. The productivity is the
amount of lactate produced in a unit of' culture vessel volume in unit
time, If this is high the equipment and hence capital expenditure is
being used to best et'tect. The concentration of lactate in the spent
medium should also be high to f'acilitate subsequent recovery operations,

If the lactate concentration is high then the remaining lactose level
will be low, an advantage when the process is being considered as a means
of* reducing pollution,

Throughout this work the aim has been to increase lactate concentration,
to improve productivity and to obtain a yield as high as possible, Yield
is defined as the ratio of the amount of lactate obtained from the culture
vessel to the amount of lactose added,

The three criteria of productivity, lactate or acid concentration and yield

have been considered as dependent variables throughout this work.
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L Selection of Variables

A series of continuous culture experiments was carried out to select the
major variables to be studied., For a number of reasons the results are
thought to be not reliable. For completeness and to illustrate the tech-
niques used a report of the experiments is included as appendix 6.

4.2 BATCH CULTURE '
4.2.1 Typical batch cultugg*

The results from a number of batch cultures are shown in Tables 4.1 and
4,2 and figures 4.1 - 4.5 and are typical of all batch experiments carried
out. The rate of acid production (dP/dt) as listed in Tatle 4.1 was measured
by wvisual determination of the slope of a large scale plot of figure L.1.

As shown in f'igure 4.2 cell numbers, after an initial phase of approx-

imately 1.5 h increased exponentially from 2x1010 to 8x1011 cells/1 in 3 h.

The specific growth rate, calculated from "the line of best f'it" is 1.17 h-1'
The acid concentration increased by essentially the same exponential rate
in this time ( 1.22 h“’).

The bacterial population then entered a phase of declining growth rate
and reached an apparent stationary phase approximately 7 h af'ter inoculaticn.,

The rate of acid synthesis was a maximum aproximately 5 h after in-
oculation. It then fell to a steady value of 0.97 g/lh as the bacteria
entered the stationary growth phase (fig.L.3). This linear increase in acid
concentration was maintained for more than 9 h during which over half cf
the total acid produced was synthesised. The acid production rate then
dropped, reducing to zero as the lactose was depleted. (See fig.lLk.k)

To confirm that the cell numbers, as measured,were representative of the
changes in bacterial concentration a number of determinations was made of
the increase in DNA concentration., Figure 4.5 shows that DNA f'ollowed
essentially the same pattern as the cell numbers,

The constant linear increase in acid concentration was so typical of all
batch fermentations and represented a significant proportion of the total
acid produced that it has been used to characterize many of' the results in
this work.Where necessary the exponential rate of' acid increase is also

reported,

¥Note: Though the significance of the type of batch curve obtained was not
realised until many of the experiments reported had been performed

a brief description is presented here to facilitate the presentation
of the results.
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A typical batch culture. B9.1.5. Acid concentration as a function of

time.

Whey 35 g/l, pH6.0, 46°C.
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Figure 4.3

A typical batch culture; B9.1.5; the rate of acid formation as a

function of time.

Time h

Whey 35 g/I, pH6.0, 46°C.
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Acid and lactose concentrations during the batch culture of whey.
Whey 75 g/l with supplementary nutrients, pH5.5, 46°C.
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during the batch culture of whey. Whey 35 g/i, pH6.0, 46°C.



Table 4.1 A typical batch culture (B9.1.5) 51
Cell aN
Time Acid conc.(I) ap dat
h Conc.(P) Cells/ 1 dt cells/1 h
g/1 = 18 g/1 h < 10~10
0 0.0 0.9
0.5 ) 0.53
1.0 1.6 1.12
125 1.7 1.64
2.0 0.03 2.8 0.0k 3.17
2.5 0.10 10.0 0.21 8.90
3.0 0.26 12 0.33 15.6
9 0.40 2.6 0.49 29:8
L.0 0.75 45.7 0.89 50.7
4.5 1.26 1.15 72.8
5.0 1.78 113 1.33 89.5
5.5 2.57 152 1.35 105.2
6.0 5. 17 229 15355 /0.0
6.5 391 1.28 42.1
7.0 4 .40 266 1,02 1.0
Vo5 5.05 0.97
8.5 Del 242 0.97
9.5 6.66 0.97
10.5 7 .60 235 0.97
11.0 8.18 0.9/
13,0 10.11 0.97
15.0 11,94 0.97
17.0 13.71 0.94
19.0 1542 0.89
21.0 17.11 0.84
23.0 18.80 0.69
24 .0 19.30 045
25.0 19.69 0.33
26.0 19.88 01l
27.0 20,00 0.12
28.0 20.10 0.05
29.0 20.15
30,0 20.18

Whey - 35 g/1 solids; pH - 6.0; Temp. - 16° Cre

Inoculum - 1 per cent clotted skim milk culture of LBR,
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Table L.2 Changes in 2cid and lactose consentraticus in & typical
batch culture (D £.2.6) (see tic, Luh)
Acid Lactose Leid Tactose
Time COnC. conc. Time fclahglol conc.
&/1 &/1 e/1 &/1

0 0 42.é 592 22 1
0.63 0.12 helg-9 6.60 25.58 90
0.92 0.23 6.89 26,94
1.13 0.35 1.5 vt 28.63
1.30 0.47 75 30,24 9.1
1.53 0.77 7.92 o2
1.75 1.01 8.39 32.19
1.92 1.28 38.9 9.17 33.72 e 5
2.40 2.58 35.7 9.78 Sl ol
2.9 L L7 3ol 10.35 376
3.26 6.62 10,92 35.00 3.7
3.56 7.87 11.31 35.20
3w 10,64 298 12,80 35.60
4..50 18 . M2
5120 18.20 23,4

They - 75 g/1 solids with supvlementary nutrients;
,O"
pH{ - 5.5; Temp -46 C. Inoculur - 5 per cent

clotted skim milk culture of IRBR

L.2.,2 Whay Concentration

whey with a solids concentration of 75 g/1 gave a specific acid
production rate of 1.28 hn1 in the phase of exponential cell number
increase and an acid production rzte of 2.37 g/1 h in the apparent
stationary phase., Then the whey sc¢lids were reduced to 35,é/1 the
corresponding results were 1.20 h'-1 and 1.08 g/1 h. The exponential
phase acid production rate is not altered tut the stationary phase
acid production rate is reduced appreximately in proportion to the
total solids of the whey.

The final yield of acid with respect to the initial lactose

concentration was 95 and 93 per cent respectively,
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he2.5 Supplementary nutrients

It is possible to group the nutrien®s used by cthers in studies

of T.bulsaricus into a number of distinct classifications :-

)i SalEs

2) Vitamins

3) Amino acids

L) Mucleic acid compounds

5) Gerneral purpose scurces of growth factors

(i.e. yeast extract, peptone, corn steep 1iquor,etc.)

The fcur groups of nutrients considered to be chemically defined
(1 - 4) were prepared as described in TYPERINENTAL (3.2.3.1) and con-
sidered to be the four variebles (A- salts, B~ vitamins, C- amino acids,

)

D- nucleic acid cempounds) of a 2" factorial experiment with ebsence
of the nutrient considered to be the lower levzl and its presence at the
level designated in table 3.5 considered to be the upper level, 3terile-
filtered whey, 35 g/1 solids, was used. In experiments a,b,c,d, abc,abd,
acd and bed*the whey wes also pasteurized before the nutrients were
added.

The fermentations were carried out at 4600 and pH 6.0. The inoculum
was 1 per cent of a clotted skim milk culture of IBR. The experiments
were perforred in randor order and the results are shown in figure 4.0.
The rate of acid production over the linear portion of the acid con-
centration vs time curve, or the maximwa rate where a linear pcrtion
was not present, are tabulated in table L.3a.

An analysis of variance based on the results is shown in table ,.3.b
The third and fourth order interactions are unlikely to bte significant
and can be combined to give an estimate of the error variance. The
hypothesis that the mean squares for the third and fourth order inter-
actions are in fact estimates of the same variance and may be used as an
estimate of error can be tested by Bartlett's criterion, (Davies,1963
p.287). The value for } obtained from the above results is 2.3 a2nd a value
of 12.0 is reguired for significence; therefore there is no evidence of

heterogeneity.

( * lower case letter indicates the nutrient was added to the whey ie

abc indicates salts, vitamins and amino acids were added).
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pasteurized sterile-filtered whey with supplementary nutrients.
a - salts, b - vitamins, c¢ - amino acids, d - nucleic acid compounds.
Whey 35 g/I, pH6.0, 46°C.
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Figure 4.6b Acid concentration as a function of time during the batch culture of
sterile-filtered whey with supplementary nutrients. a - salts, b - vitamins,
¢ - amino acids, d - nucleic acid compounds. Whey 35 g/I, pH6.0, 46°C.
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Table L.3.a The effect of nutrients on the rate of acid

production in batch fermentation of whey.

@ ap
Nutrients dt Nutrients dt

g/1 h. g/1 h.

(1) 0.10 a 0.70
a 0.00 ad 0.38
b 0.04 bd 0.59
ab 0.00 abd 0.07
c 1.36 cd 1.40
ac 2.29 acd 1.76
be i .19 becd 0.97
abc 2,55 abcd 2.69

Sterile-filtered whey, 35 g/1 solids; pH 6.0; 46°C,

inoculum 1% clotted skim-milk culture of LBR

A - salts, B - vitamins, C - amino acids, D - nucleic acid

compounds



57
Table 4 .3b The ef't'ect of supplementary nutrients on the rate of

lactate increese in batch t'ermentation of whey,

Analysis of variance,

Source of Ef'tect. Mean Square.
Variation.,
Salts A 0424 0.7180
Vitamins B 0.014 0.0008
Amino acids G 1.541 9,5018 **
Nucleic acids D 0.129 0,0663
Interactions AB 0.206 0.1702
AC 0.669 1.7889 * *
AD -0.114 0.0518
BC 0.134 0.0716
BD 0.C06 0.0002
CD -0.271 0.2943
ABC 0.211 0.2328
ABD 0,084 0.0281
ACD 0.061 0.0150
BCD 0.096 0.0371
ABCD 0.149 0.0885

Note: Estimate of error variance is 0,0802 with f'ive degress of' f'reedom

The estimate of the error variance is 0,0802 with t'ive degrees of
freedom. A mean square as great as 0.530 is signifiicant at the 5 per cent
probability level and a mean square as great as 1.310 is significant at
the 1 per cent probability level.

Vitamins and nucleic acid compounds do not appear to have any effect
on the rate otf' acid production. When the results are analysed as a
replicated f'actorial experiment with s alts and amino acid as the two
variables the amino acids are seen to have a highly signif'icant positive
effect with the eff'ect being increased when the salts are present
( AC interaction is highly signiticant) Salts on their own have no effect.

Pasteurizing the sterile-tiltered whey had no effect ( the ABCD

interaction is insignit'icant).
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Sterile-f'iltering of whey appeared to remove some compound essential
for growth. In all experiments in which amino acids were zbsent there
was essentially no cell growth and no acid production.

Bacteriophage were not involved. A 1 ml sample of the culture always
caused 10 ml of' sterile skim-milk to clot at'ter a few hours incubtation at
4800 and the organisms in these cultures had the typical appearance of LER.

Sterile-f'iltrationr did not appear to introduce a toxic compound be-~
cause at least half of the cultures produced normal amounts of acid. This
effect was studied turther ( see L.2.4 )

Some individual nutrients were screened t'or their eff'ect on cell growth
in batch cultures without pH control. The whey (7.5 g/1) was pasteurized
in conical flasks, and one of the nutrients listed in table 4.4 added.

The medium was inoculated and incubated for 7 h at 46°C. The results

are shown in table 4.5

Table 4.4 Nutrients added to whey

Quantities in g/l of final whey solution.

Nutrient g/l Nutrient 8/l
1 no additives 9 niacin 0,002
2 adenine 0.01 10 Ca-pantothenate 0.002
guanine 0,01 11 p-amino benzoic acid 0,002
uracil 0.01 12 pyrodoxine O.Q4
xanthine 0.01 13 ribotlavin 0.001
3 DL-methionine 0.00%4 1), thiamine HC1 0.02
L-cysteine HC1 0.0Q4 15 +tryptophan 0.08
4y L-ascorbic acid 0,04 16 Vitamin B-12 0.001
5 Dbiotin 0.001 17 Mg 504 7H20 0.8
6 cas-amino acids 0,08 Na C1 0.04
7 tolic acid 0Ow002 Fe SOh 7H20 0.04
8 inositol 0.1 ¥n SOh 0.04
Note: Adenine, biotin and pyrodoxine were purchased t'rom

L.Light & Co.; casamino acids (Vitamin free), Difco;
tryptophan , Sigma Chemicals; thiamin HCl, Eastman Kodak;
Vitamin B=-12, Glaxo Lab.Ltd.; and the remainder from BDH.



Table 4.5 The eft'ect of supplementary nutrients on cell 59

goncentration af'ter 7 h incubation at L6°C.

Whey 7.5 g/1, phosphate butter 0,25 molar,initial pH 6.3

Sample Cel!l concentration Mean cell

No. " 10—11/ 1 conce2$fation pH
x10 /1

1 2L, A8, 2.49 2.08 L85, Wm0, K.75
2.28, 1.84, 1.92 L.70, L4.80, L4.75
2 3.00, 2.68, 2.70 2.79 4.90, L4.90, 5.60
3 2.48, 2.88, 2.64 2.67 4,65, L4.50, 4,69
L 0.1 , 0.24, O.1 0.1 5.70, 5.69, 5.95
5 2.25, 2.32, 3.08 2.55 L.62, L.60, 5.15
6 3.68, 3.28, 3.48 3.48 5.35, L4.52, 5.40
3 3.00, L.O4, L.uk 3.83 L4.65, L.55, L.65
8  3.64, 3.64, 3.60 3.63 5.15, L4.60, 5.10
9 4.92, 3.12, L.84 4,52 4.70, L4.70, 5.09
10 3.76, 3.28, L4.08 3.7 4.79, L4.70, 14.89
11 3.8k, L.24, 3.80 3.96 449, LA45, k.85
12 O.14, 0.1k, - 0.14 5.90, 5.90, 6.05
13 3.20, 3.32, 3.08 3.20 L.80, L.75, L.95
14 L.O4, k4.6, LA\8 L.23 5.05, L.79, 5.10
15 ho72, k.72, ~ L.72 L .80, L4.55, L.¥0
16 2.72, 3.40, 5,08 - 3.07 L.57, L4.55, L.bb
17 Ok, 2.24, 0.45 1.04 5.05, 4.0, b5.10

The pH variation within samples shows less variation than between
samples. In general a low pH corresponds to a high cell concentration,
although there are some exceptions, illustrating a possible buttering
ef'tect trom the added nutrients. All replicates have been used to
calculate the variance of the results. The value obtained is 0,3209 x 1011
cells/1 with 34 degrees of freedom. Hence é cell concentration ot
3.24 x 1011 cells/1 can be considered to be a real increase on 2,08 x 1011
cells/1 obtained in unsupplemented whey. A cell concentration as low as
0.92 x 1011 cells/1 can be assumed to be an indication of' inhibitory effects.
From these results the f'ollowing can be considered to stimulate cell

growth. (Number in brackets is average cell concentration per litre after
1
7 h): tryptophan (L.72 x 10 '), niacin (4.32 x 10'),
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thiamine (4.23 x 1011), p-amino-benzoic acid (3.90 x 1011), t'olic
acid (3.83 x 1011), Ca pantothenate (3.71 x 1011), inositol (3.63 x 1011)
and cas-amino acids (3.48 x 1011).

The tollowing appear to be inhibitory: L-ascorbic acid (0.01 x 1011)

and pyrodoxine (0O.14 x 1011).

These results contirm the stimulatory ef't'ect of' tryptophan and
cas-amino acids shown to occur in the acid production experiments at
controlled pH. However contrary to the results obtained in the latter
experiment, some of' the vitamins are shown to have a stimulatory ef'tect.
It is likely that the inhibitory ett'ect if L-ascorbic acid and pyrodoxine
cancelled out the ef't'ect ot the other vitamins in the mixture. Neither
the salt solution nor the nucleic acid compounds had any effect con-

f'irming the results obtained at controlled pH.

L2y Sterile- tiltration

Figure 4.7 shows the acid concentration during t'ermentations of wheys
treated in the t'ollowing manner.

1) Vhey, 35 g/1 solics, pasteurized

2) Whey, 35 g/1 solids, centrifuged, pasteurized

3) Duplicate of 2

L) TWhey, 35 g/1 solids, centrituged, sterile-t'iltered and pasteurized.

The duplicated experiments agree very closely. Whey which had been
sterile-~t'iltered produced a small amount of acid but only at'ter it had
been re-inoculated.

The rate of acid production was greatest in whey which had not bteen
centrifuged; the linear rate of' acid production was 1.15 g/1 h in
pasteurized whey compared with 0.83 g/1 h in the pasteurized centrituged
whey. Centrituging and sterile-t'iltration remove from the whey com-

pounds essential f'or acid production,

4L.2.5 Casein as a supplementary nutrient

Centrituging and sterile-t'iltration removed f'rom the reconstituted
whey some compound or compounds essential f'or the production ot lactic
acid by ILBR. (4.2.4) Suspended insoluble matter in whey comprises whey
proteins denatured during drying, casein f'ines not removed from the
whey bef'ore drying, f'at not removed as cream or in the casein and debris
from the starter bacteria used to produce acid in the casein making process.,
0f these the simplest to check for stimulating acid production is the
casein which can be added in the f'orm of' sodium caseinate. The fact that

acid is readily produced in reconstituted skim-milk which has a much lower
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Figure 4.7 The reduction of acid synthesis caused by centrifuging or sterile
filtering whey. Whey 35 g/I, pH6.0, 46°C.
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level of bacterial debris would tend to rule out this as a possible cause.
Experiments with supplementary nutrients have shown that casamino-acids
and tryptophan stimulate cell growth and acicd production, a t'urther
reason for trying sodium caseinate as a nutrient.

Figure 4.8 shows the acid concentration increase in sterile-t'iltered
whey, with 5 g/1 sodium caseinate (AD/4) added. The sodium caseinate
stimulated the rate of acid production - linear acid production rate
1.5 g/1 h with NaCas present cf with 1.15 g/1 h in pasteurized whey
and zero in sterile-t'iltered whey.,

Dif't'erent batches of sodium caseinate do not have the same etffect,
Figure 4.9 compares batches AD7,4 and HF145., However, as shown in
f'igure 4 .10 when the concentration of the sodium caseinate HF1L5 is
increased so too does the acid production rate.

Table 4.6 and figure L.11 show the eff'ect of increasing ths
concentration of sodium caseinate (mixed 134-136, 1968) on the linear

rate of acid production using pasteurized whey.

Table 4.6 Batch fermentation of whey with additional sodium
caseinate (134-136). (B9.h.1- 8) "Stationary phase"
acid synthesis rates g/1 h

Sodium Caseinate Acid synthesis

added g/1 rate g/1 h

0 0.85, 0.93
2.5 1.30
5.0 1.54

10,0 2.41, 2.48
20,0 2,54
40.0 2.78

Whey 35 g/1, pasteurized. pH 6.0, 4600 inoculum 1 per cent

skim-milk culture,

Attempts to determine why some batches of sodium caseinate were more
eff'ective than others were not successf'ul, All batches used stimulated
acid production provided the concentration of sodium caseinate was high
enough,hence an inhibitory compound was not responsible. There was no

correlation between the age of sodium caseinate and its effectiveness,
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Figure 4.8 The effect on the rate of acid synthesis of adding 5 g/l sodium

caseinate (AD 74) to sterile filtered whey (B9.3.12) cf Fig. 4.7.
Whey 35 g/I, pH6.0, 46°C.
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Figure 4.10 Acid concentration during batch culture of whey as a function of sodium
caseinate (HF 145) concentration. Whey 35 g/l, pH6.0, 46°C.
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4.2.6 Controll:d Atmcsphere in Shaken Flasks

Table 4.7 and figure 4.12 show t ir coniczl flasks
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plugged with cotton-wool on the production of acid from whey and vihey

supplemented with casein.,

Table 4.7 Batch fermentation of whey in conical flasks 28.12.20

- the effect cf shaking; p¥ and lactate concentration

af'ter 7 hrs incubaticn

Ircrease lactate
pH conc. g/l
Mot Mot
Vedium Control  Ehaken  Shaken Shaken Shaken
“hey * 5.92 5.25 4,22 0.75 6.8
hey + 20 g/1
skim-milk solids 6.35 5.95 415 0.3 749
They + 20 g/1
sodium caseinate 6.50 6.12 3.82 %0 13.2
“hey + 50 g/1
scdium caseinate £.70 €.27 3.82 0.8 15.1

* 5, .
Yean of . experiments

175 rev/min, 2.5 cm throw,

The results indicate that in shaken flasks acid production is almost
completely depressed. The addition of skim-milk solids or sodium casein-
ate, while increasing tne amount of acid formed in the unshaken flasks,
had no effect on the culture in the shaken flasks. The inhibition could
be caused by agitetion itself or because some inhibitory substance is
being absorbed from the air.

A further experiment was performed in which the air was replaced by

various gas mixtures. The gas mixturesused are shown in table 4.8 and
results in table 4.9 and figure 4.13.
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Figure 4.12 The effect of shaking various whey cultures in conical flasks. Acid
concentration after 16 h incubation at 46°C without pH control.
S - shaken; NS - not shaken. Whey 75 g/I.

89



69
Wl CO,,N,,N,82%0, —S&N §
8r Air—NS
6-
> L
3
(%]
<
4-
- . ”
Air—S$
2- -~
: - -
- | |
0,—S&NS
0 1 1 1 [ | 1 [ ]
0 a 8 12
Time h

Figure 4.13 Acid concentration after 7 h incubation at 46°C in whey cultures
shaken and unshaken with different gases in the head space. Whey 75 g/I.



20

Table 4.8 Head-space gas mixtures

A. Nitrogen (oxygen t'ree)

B. 98 per cent nitrogen + 2 per cent oxygen

Cs Air

D. Oxygen

E. 95 per cent nitrogen + 5 per cent carbon dioxide

F. Carbon dioxide

Table 4.9 The ettect of headspace gas on acid production (g/1)
in shaken (S) and not shaken (NS) cultures of whey.

Time h
Gas in
headspace 2 I 6 11
A - N o Py 3.01 5.84 10.49
NS 0.62 3.4 5.88 10.11
B S 0.93 3,62 6.5 10.43
NS 0.89 3,94 6.43 10.38
C S 0.72 1.59 2.0} 2.90
NS* 0.7k 2.91 5.58 9.73
D S 0.41 0.59 0.60 1.08
NS 0.56 0.85 1,00 141
E S 1.13 55d 6.59 10,42
NS 0.95 L.16 6.53 11,26
F S 1.69 L. 6 .66 9.90
NS 1.62 Lok 6.66 10,22

* Average of two results from separate cultures.
75 g/1 solids. 45°C. Inoculum 2 per cent clotted skim-milk
culture LBR

From the duplicate experiments performed,the variance of the acid
concentration was determined to be 0.11 g/l. The 95 per cent confidence
limits for each result are therefore + 0.60 g/1.

Oxygen (D) suppresses acid formation whether the flasks are shaken
or not., Acid synthesis is also inhibited in flasks shaken with air in
the head-space. With air in the headspace of a stationary culture
flask, acid synthesis is slightly less than that with all other gases

in both shaken and stationary culture f'lasks. There is an indication
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that carbon dioxide (E,F) is stimulatory in the early phases of acid
production, but turther experiments will be neceded to prove this,

It can be ccncluded that oXygen inhibits acid synthesis when it is
in solution at a high enough concentration. %hen oxygen is present at
less than a particular concentration in the gas phase (between 2 and 5
per cent; of B and C) or is unable to diffuse into solution at a fast
enough rate (cf C unshaken and shaken) then it does not inhibit acid
production,

Two further experiments carried out in the 2 1 culture vessel with
pH control, also illustrate the eff'ect ot air in inhibiting acid
production., (Figure 4.14) Air was sparged into the culture medium
(pasteurized whey, 35 g/1 solids) at 120 1/h. after 28h, 0.39 g/1 of
acid had been produced.

The experiment was repeated, but after 19.5 h, (0.48 g/1 acid) the
air was turned off. No more acid was produced for 3 h. A further 20
ml of' LBR culture was added. Twenty-one hours after reinoculation
10.6 g/1 of acid had been produced. Acid production was almost totally
inhibited by the sparged air, but the inhibition was removed once air
sparging ceased, despite the fact no attempt was made to remove air
from the headspace.

In the other experiment, the same conditions were used, except that

the whey had a solids content of 75 g/1, and air was not sparged into
 the vessel for 9 h after inoculation. At this stage the air flow was
turned on to the sparger at 120 1/h. The acid production rate followed
a pattern similar to that obtained in cultures blanketed with nitrogen.

Air eft'ects the growth of cells, but not the acid synthesis.

(Note: The apparent difference in the acid production rate in the
two reported experiments is due to the solids concentration of
the whey. In the first reported experiment the average acid
production rate in the "stationary" phase is 0.74 g/1 h, while in
the second it is 1.61 g/1 h; i.e. a ratio of 2.1831. The
total solids are in the ratio of 2.14:1.)



Acid g/l

Figure 4.14

Time bh

The effect of air on acid production at pH6.0, 46°C. A — air

sparged at 120 I/h from the time of inoculation, pasteurized whey, 35 g/I.

B — air sparged at 120 I/h for 19 h after inoculation; air flow stopped
and culture reinoculated with a fresh inoculum of LBR. Whey 35 g/I.

C — air sparge at 120 I/h commenced after 8 h incubation. Whey 70 g/I.
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4,2,7 Agitation

The effect of agitation was studied in detail in the culture vessel
using the three paddle impellers.

The agitation conditions used are shown in Tadle 4-1C. The impeller
Reynolds NMumber (Re = 2@32) was calculated assuming the density was
1023 kg/m3 and Viscosjtyﬁéas 0.7cP., The lowest value of Re was 3115
and hence in all experiments fully developed turbulence was attained
(Bates,Fondy & Corpstein,1963).

The power consumption by the paddle may be related to the impeller
blade dimensions by the following expression derived by Calderbank
and Xoo-Young (1961) : ;

‘ Pg = kel (d-w) (4.1)
3

5
n3 d’p d
where Pé is the power dissipated in mixing and k is a constant,

For the present case equation 4.1 reduces to equation 4.2 which is

defined as the power factor, Po.

Table 4.10 Paddle impeller diameter and speed used to determine

the effect of the agitation intensity on the rate of

acid production,

Run n d Rg .Pf

No, rpm mm nd P~ Power Factor

U

1 200 25 3,145 5.625 x 105
2 €35 25 9,980 1,800 x 107
3 1270 25 19,900 1,440 x 10°
L 100 51 6,290 1.406 x 106
5 200 51 12,580 1.125 x 107
6 3,00 51 25,160 9.000 x 10’
7 800 * 51 50,320 7.200 x 10°
8 20 102 5,032 1.890 x 105
9 50 102 12,580 2.953 x 106
10 63 102 15,760 5.907 x ‘IO6
11 100 102 25,160 2.363 x 107
12 126 102 31,520 4,726 x 167
13 200 102 50,320 1.890 x 108




T

Py =Wl (a - w)anz. (4.2)

The small effect on power dissipated by the impeller introduced
by alteration of the ratio of impeller diameter tc tank diameter
has been ignored (Bates et al. 1963).

A1l runs were at pH 6.0, 16% using pasteurized whey, 7C g/1
solids., A 0.5 per cent whey inoculum was used and the headspace was
sparged with carbon-dioxide,

The results of a typical experiment are shown in Table l.11.

The cell counts were determined with a precision of + 13 per cent.
The average cells per chain.has a standard deviation of 0.35 and
within any one sample the chain lengths follow a Poisson Distribution,
i,e., the mean chain length is equal to the variance. Thus quoting
the average cells per chain gives as complete a picture as is

possible of the conditon of the chains,

The "exponential" rate for acid production (i.e. the exponential
rate of acid production corresponding to the exponential phase of
cell growth) was determined by means of an exponential least squares
regression on the available data of acid produced after a given time,
A minimum of four data points was used in each determination., Acid
concentrations in the first hour or two were ignored., The regression
coefficients were greater than 0.99 in all but run 1 when it was 0.97.

The "stationary phase" rate of acid production was determined by
é linear least-square regression of acid concentration on time,
Typically eight data points over about 14 h were used in each deter-
mination. All regression coefficients were greater than 0.997.

The results are shown in table 4.12.



Table 4.11  Typical result for batch flermentation of' whey -
et'tect of agitation
Run B 9.12.13: n = 200 rpm, 4 = 102 mm
Acid
Time increase Lactose cells/ 1 cells/
h e/1 g/1 x 107 chein
0 0.00 43.7 0.72 4.0
1 0.07 43.6 2.04 gn8
2 0.21 43.9 2.28 2.9
3 0.42
L 0.98 43.6 737 3.0
5 2.13
6 L .32 4.6 33.7 DIoT
7 5.50 39.5 L6 L 3.2
9 8.64
11 11..50
13.25 15.75 SIS 65.6 2.7
15 17.95
17 21.08
19 23.96
21 26.51
24 30.28 17.2 520, 2.6
26 32.47
27.5 33.88 130 69.1 2.5

75
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Table 4.12 The effect of agitation intensity on the
rate of acid production

_ "Expenential- "Staticnary

Run n d Rate " Rate"

No. rpm mm h -1 g/l h
1 200 25 0.56 0.84
2 635 25 0.71 1.1
5 1270 25 0.79 1.69
i 100 51 0.65 1.21
5 200 5 0.76 1.39
6 400 51 0.80 1.58
74 800 5 0.80 NJ65
8 20 102 0.54 eil®
9 50 102 0.85 1.37
10 63 102 0.75 1.52
11 100 102 0.77 1.50
12 126 102 0.73 1.4
13 200 102 0.82 1.52

In Figures 4.15 and 4.16 the rate of acid synthesis is shown as a
function of impeller speed and diameter on logarithmic co-ordinates.
As the speed of agitation is increased, the rate of acid t'ormation
increases, but at high levels of agitation the effect is small., Even
at low paddle speeds, the rate of acid formation does not increase
as the 0,75 power of the speed of' rotation as predicted by equation 2.17
tor a reaction limited by the rate of transfer of lactose (or other
nutrients) and lactic acid. _

Figures 4..17 and 4.18 show the rate of acid formaticn as a function
of the agitator Reynclds Number. The results f'orm twc distinct
regions with a transition at Re = 10,000,

The two distinct regions are also shown when rate of acid formation

is plotted against power (Figures 4.19 and 4.20).
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A - 25 mm paddle, © - 51 mm paddle, © - 102 mm paddle. Pasteurized
whey 70 g/l, pH6.0, 46°C.
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For 5 x 105 % B < 3 x 106
U5 15
N 3 = 0.07 Pf,o ?

(correlation coet'ticient = 0,915, signit‘icant at
0.05 probability level)

dp

qt - 0.27 Pfo"o E

(correlation coefticient= 0.58 which is not signit'icant)

For 3 x 106 < P = 8 x 108
1 & _ 0:021
N at = 0.53 F}
(correlation coefticient= 0,687 signitiicant at a
0.02 probability level. )

ap :
T - 0.86 Pf,o 032

(correlation coefticient= 0,77 signit'icant at a
0.001 probability level.)

4.2,8 Cell Recycle

To simulate the et'tect ot recycling cells two litres of whey

(35 g/1) in an Erlenmeyer t'lask was inoculated with a clotted skim

milk culture of' LBR. The culture was incubated at 4600 without agitation
with periodic additions of 3N-Na2C03 to maintain the pH at approx-
imately 6.0. Two hours at'ter the t'lask was inoculated a normal batch
culture was commenced in the termenter. (B9.1.6)

Seven h&urs at'ter the t'lask was inoculated the culture was cooled
by placing the flask in crushed ice. The cells were recovered by
15 min centrituging at 10,000 x g (refrigerated Sorvall 883,100). The
cells were washed with cold sterile phosphate bufter, (pH 6.0)
centritiuged again, resuspended in approximately 60 ml ot' buft'er and
inoculated into the t'ermenter. Cell recovery took approximately 1.5 h
and hence the culture in the t'ermenter was in the stationary phase of
the growth cycle,

To check that washing of the cells and the addition of phosphate
buft'er did not aft'ect the production ot' acid a t'urther experiment was
pertormed in which the culture was removed t'rom the t'ermenter seven hours
at'ter inoculation, cells recovered and washed as above and reinoculated

into the centritugate. The results are plotted in Fig, 4.21 with the
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Figure 4.21 Increase in the acid production rate by adding stationary phase cells of
LBR to a batch culture at 7 h. O - control & - cells added at time
shown by the arrow. Whey 35 g/I, pH6.0, 46°C.
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time adjusted to produce correspondence of the acid concentration curves
in the exponential growth phase (this simply adjusts tor the inevitable
dift'erences in lag time),

The results show that recycling cells causes an increase in acid
production rate. Washing and resuspending in but't'er does depress the
production rate., The rate of' acid production remains essentially con-~
stant, but at a diff'erent value. The expected stationary phase acid
production rate is 1.00 g/1 h, Vith cells resuspended in the centri-
tugate a value of 0.8 g/1 h is obtained, a 20 per cent decrease. When
the washed cells are inoculated into a normal t'ermentation a rate ot
1.34 g/1 h is achieved, a 34 per cent increase.

As shown by the control, cell recovery by the method used causes
some loss in activity possibly because of' some loss in cell viability,
or because some suspended slightly soluble component of the whey is
being removed by the washing process. The cells were washed in this
experiment to reduce the possibility of suspended casein being con-~
centrated and added to the fermentation, causing an increase in
acid production,

On a larger scale it would be simpler to continuously recover the
cells, washing would not be necessary and from the above result it can
be concluded that the higher bacterial concentration achieved in doing
this would have a signif'icant benet'icial eff'ect on the productivity of

‘the f'ermentation.

L,3 CONTINIJQUS CULTURE

L.3.,1 Determination of" the optimum conditions of pH,
temperature and dilution rate tor a single
stage continuous culture,

Using sterilized whey as the t'eed t'or a single stage continuous
culture vessel the eftects of pH, temperature and dilution rate on the
productivitylacid concentration and yield were studied using a central
composite rotatable experimental design (Cochran and Cox,1962).

The experimental conditions are shown in table 4.,13. The method of
calculation of results is shown in appendix ), and the results are given
in table 4.14.

Using these results it is possible to depict the response surt’ace by

an equation of the t'orm;



Table 4 .13 Experimental conditions in continuous culture

experiments to determine the eff'ect of pH,
temperature and dilution rate on productivity,
acid concentration and yield,

86

Run Exper- ] Temp Dilution
Yoo L ox X MO0 e
1 1 -1 -1 -1 5¢5 45 0.103
2 ] 1 -1 -1 9.8 45 0.103
3 L -1 1 -1 545 47 0.103
N 2 1 1 -1 5.8 47 0.103
5 8 =il -1 1 595 L5 0.309
6 7 1 -1 1 58 45 0.309
g 5 -1 1 1 Seb L7 0.309
8 6 1 1 1 5.8 47 0.309
9 1 -1.68 0 0 5.4 46 0.206
10 17 1.68 0 0 5.9 46 0.206
11 15 0 -1.68 0 5.65 44,3 0.206
iz 16 0 1.68 0 5465 47.7 0.206
13 12 0 0 -1.68 5.65 46 0.031
N 11 0 0 1.68 5.65 46 0.380
15 9 0 0 0 5.65 L6 0.206
16 19 0 0 0 5.65 46 0.206
17 13 0 0 0 5.65 46 0.206
18 10 0 0 0 5.65 46 0.206
19 20 0 0 0 5468 L6 0.206
20 18 0 0 0 5.65 46 0.206

Sterilized whey 75 g/1 total solids (Average lactose in,L5.7 g/1);

agitation 200 rpm, headspace gas,95% N, 5% co,

Code determined from equations for xi

ie (-1, =1, -1) X, -1 = EHO-1g.65 - PH" =1 565
Xy -1 = Temp -46 .°. Temp= 45
x3 : -1 = D-0,206 : D = 0,103

0.103
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Table 4.14 The eff'ect of pH,temperature and dilution
rate on lactic acid production
(See_table 4,13 tor experimental conditions)
Run Code Cell dar P Y
No. X X X conc dt
1 2 5 No/1 x 10 g/1 g/l h

1 -1 - -1 1.22 1.65  16.00 0.36
2 1 -1 -4 2.52 1.95 19.10 0.43
3 -1 1 -1 1.60 1.94 19.00 0.42
L 1 1 -1 3 elihy 1.75 17.20 0.38
5 -1 -1 1 235 10.80 0.23
6 1 -1 1 PR 11.13 0.24
7 -1 1 1 1.24 3431 10.70 0.24
8 1 1 1 1.30 3439 10.95 0.24
9 -1.68 0 0 7.59 2.93 14.20 0.31
10 1.68 0 0 1.62 3.06 14.85 0.3
11 0] -1.68 0] 6.96 2.37 11.50 0.24
12 0] 1.68 0] 7 .64 2.66 12,93 0.28
13 0] 0] -1.68 2,02 0.85 27.38 0.58
14 0 0 1.68 140 3.40 8.94 0.19
a5 0] 0] 0] 2.67 2.87 13.90 0.30
16 0] 0] 0 2.52 3.55 17.22 0.35
17 0] 0] 0] 4.30 2.79 13.52 0.30
18 0] 0] 0] 2,04 2.71 13.18 0.29
91C] 0 0] 0] 2.20 3.26 15.82 0.36
20 0 0 0 1.70 341 16.55 0.38
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2 2 2
+ b11 X1 + b22 X2 + b33 X3
+ b12 Xy X+ b13 x1x3+ b23 x2 x3

Where F 1is the dependent variable

acid concentration,P ; or yield, Y );

- dapP
(productivity, i

X is given by

x1 = EH - 5065
0.15
» E Temperature - L6 o
: -1
x3 = D -‘0.206 h
0.103
and bij are the regression coefticients.
The calculations required to calculate bij are described

by Cochran and Cox (1962) and an example is given in appendix 5.
The values of bij for the three equations relating the

dependent variables with pH, temperature and dilution rate are showm

in table 4.15 and an analysis of variance in table 4.16.



89
Table 4.15 Regression coet'ticients (¥ standard error)
ror the equations relating productivity,
increase in acid concentration and yield
with pH,temperature and dilution rate :

= P Y
by 3.40 £ 0.35 15,4 EH 7 0.530 * 0.038
b, 0.04 = 0.13 0.22-% 0.61 0.007 % 0.013
b, 0.05: & 0,13 0.24 X 0.61 0.006 * 0,013
b; 0.77- £ 0.13 .30 0,61 -0.095 £ 0,013
B; 4 -0.02. £ 0,14 -0.31 L 0,66 -0.003 % 0.015
b,, -0.19 X 0.14 1,12 £ 0.66 -0.026- £ 0.015
by -0.33 = 0,14 0.98 £ 0.66 0.016 * 0.015
b, -0.07- £ 0,18 -0.62 % 0,87 0.015 £ 0.020
b3 0.01. £ 0.18 -0.09 + 0.87 -0.003 X 0.020
bos -0.02 * 0.18 -0.17.% 0.87 0.000 £ 0.020
Note: The equation representing the response surface for
the eft'ect of' pH (x1), temperature (x2) and
dilution rate (x3) on productivity is theretore
8 2 310 + 0.04 x, + 0.08 x, + 0.77 x
dt 1 2 3
- 0.02 x12 - 0.19 x22 - 0.33 "32
- 0,07 x1x2 + 0,01 x1x3 - 0,02 x2x3

Table 4.16 Analysis of variance for the equations relating productivity
increase in acid concentration, and yield with pH, tempsrature,
and dilution rate.

Degrees ap Mean Squares
Source of of’ —_
Variation Freedom dt P Y

First order

terms 5 2.721 8lL..68 0,041
Second order .

terms 6 0.524 6.66 0.0030
Lack of t'it 5 0.002 3.01 0.0V12

Error 5 0.125 2.9 0.,0014




20
In each case the "lack of tit" mean square, which is a measure of ~

the deviation of the experimental values from the fitted equation, is
about the same size as the error mean square indicating that the second
order equation is an adequate representation of the response surtace.
The tirst order terms mean square is highly signit'icant but the second
order terms mean s quare is not signit'icant at the 10 per cent probability
level, The F ratios of the second order mean squares to the error mean
squares are 2,6, 2,4 and 2,1 t'or the productivity, increase in acid
concentration and yield respectively. The tabulated value of' the variance
ratio at the 10 per cent probability level is 3.40 (Davies,1963).
Thus a linear equation would be an adequate representation of the
experimental results,

However, the regression coeftf'icients indicate that in each case the
responses to changes in temperature in the experimental range are not

linear as is shown by comparing b2 with b The same holds tor

the dilution-rate, but to a lesser extent, %ﬁe other second order
regression coet't'icients appear negligible in comparison with their standard
deviations but there is no particular reason to assume that they are zero.

Though it is realised that a linear model may well be an adequate
description ot" the results the second order equations are retained as
the best estimate of the response surface available. The equations
obtained have been used to plot figures 4.22 - 4.25 illustrating the
salient points ot' the results.

Figures 4.22 - 4 .24 show the changes predicted in the productivity,
acid concentration and yield as temperature,pH and dilution-rate are varied.

The response to temperature is peaked with a maximum about 4600. The
pH response shows little eft'ect of pH over the range 5.4 - 5.9.

0f the three variables, dilution-rate shows the greatest eftect. As
the dilution rate is increased the productivity increases but the acid
concentration and yield decrease. The productivity is predicted to have
a maximum at a dilution-rate of aproximately 0.33 h_1. However, at this
dilution-rate the yield is predicted to be only 0.23 and acid concen-
tration 11 g/l. High productivity gives low yield and acid concen-
tration.

By dift'erentiating the derived equations and equating the dit't'erentials
to zero the maximum productivity (3.58 g/1 h ) is predicted to occur
at 45.9 oC, pH 5.9 at a dilution-rate of 0,33 h =t This point
occurs within the experimental region studied and hence is a reasonable

estimate of the optimum (Cochran and Cox,1962).
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The contour-plot in Fig. 4.25 illustrates t'or the productivity the

slight interaction between pH and temperature, the relatively small
ef't'ect changes in pH have, and the peaked nature of' the temperature

response,

4,3,2 Continuous culture of sterilized whey with added scdium-caseinate

Table 4.17 shows the results obtained when sterilized whey was

supplemented with sodium caseinate at two dilution-rates.

Table L4.17 Centinuous culture of whey with added
sodium caseinate (AD/k, 10 g/1 )

Dilution-rate h™ 0.22 0.12
Lactose in t'eed g/1 .2 43.9

Acid production g/h 9.16 6.88

‘Acid concentration g/1 21.9 30.4
Productivity g/l h L.81 3,65

Yield 0.50 0.69

Cell concentration /1 2.76 x 1012

Sterilized whey 70 g/1 ; 46 °c s DH 5.65 ; Agitation 200 rpm.

The results in table 4,17 can be compared with Figs. 4. 22 and 4.2).
In unsupplermented whey the pred%$ted productivities are 3.24 and 2.20 g/1 h
at dilution-rates 0.22 and 0.12h respectively with predicted yields of
0.31 and 0.42 respectively. The productivity and yield are increased
by aproximately 60 per cent by the addition of 10 g/l of sodium caseinate.

.33 Cortinuous culture of pasteurized whey.

Table 4.18 shows the experimental conditions used and results
obtained in continuous culture of pasteurized whey, with a fresh whey
f'eed solution being prepared every 48 - 72 h. Despite long hours of

operation there was no evidence of contamination.
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Table 4.18 Continuous culture with pasteurized whey

No D_1 pH Temp Inlet Acid Cell Product- Yield
h oC Lactose conc, conc, ivity
g/1 g/1 cells’ 1 g/l h
-1
x10
1 0,048 6.0 L6 25.2 17.9 - 0.86 0.71
2 0,061 6.0 L6 18.2 13.1 6.7 0.80 0.72
3 0.061 6.5 NN 1858 5.4 542 0.33 0.30
I 0,061 6.0 L6 18.5 12,6 6.3 0.77 0.68
5 0,061 503) L8 2h N 11 .1 Sl 0.68 0.45
6 0,061 6.5 L8 18.2 4.0 L.,2 0.25 0.22
7 00061 505 ldl- 1802 1209 = 0079 0071
8 0,153 6.0 46 22,8 9.5 - 1.45 0.1
9 0,061 6.0 L6 38,8 27.6 21 .1 1.69 0.71
10 0,061 6.0 L6 18.4 13,6 - 0.83 0.74

Experiments 2, 4 and 10, at the same conditions, give a measure of tke
reproducibility of the results. The mean and standard deviation of the
valuss are given in table 4.19., The experiments were carried out over a

period of three months,

Table 4.19 Reproducibility in continuous culture exceriments
using pasteurized whey. (Twc degrees of treedom)

Mean * std error
Acid concentration g/1 13,10 * 0.05
Productivity g/1 h 0.80 ¥ 0,03
Yield ' 0.7 ¥ o0.03
1
Cell concentration / 1 (6.5 % 0.3) x 10 :

Experiments 2 and 8 illustrate the etft'ect of changing the dilution-
rate., As with sterilized whey increasing the dilution-rate increases the

productivity and decreases the yield and acid concentration,



97

The eft'ect of changing the temperature and pH is shown by experiments
2 to 7. As the temperature is shif'ted away trom 46 °c or the pH is
shifted away trom 6.0 the productivity and yield decrease in general
agreement with the results t'or sterilized whey.

In the batch culture experiments the rate ot acid production was shown
to be proportional to the concentration of' whey solids. ( 4.2.2 ).

The same relationship can be shown to hold t'or continuous culture by
comparing experiment 9 with experiment 2. Increasing the solids
concentration by a factor of 2,13 increased the productivity and acid
concentration by a tactor of 2.,11. Yield is independent of the solids
concentration,

From the equations in table 4.14, the predicted values of product-
ivity, acid concentration and yield f'or sterile whey are 1.12 g/1 h,
18,9 g/1 and 0.51 respectively (adjusted to 38.8 g/1 lactose con-
céntration). These are considerably lower than the values t'or experiment
9, 1illustrating the increase as a result of' using pasteurized whey.

To illustrate the stability ot the continuous culture the results
obtained during experiment 10 over a period of 11 days (residence
time x 16) are plotted in figure 4.26. The mean productivity
calculated trom the data is 0.83 g/1 h with a standard deviaticn
ot 0.05 g/1 h. Stable continuous culture with regular acid

production is thus possible,
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Figure 4.26 The steady state value of the productivity of lactic acid from a single
stage continuous culture of whey. Pasteurized whey 35 g¢/I, D 0.061 h=1
pH6.0, 46°C.
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5 XINETICS OF TLACTIC ACID PRCDUCTICN FROY CASRIN WHEY

An understanding of the basic kinetics of microbial growth, substrate
utilization and production formation forms an integral part of the success-
ful commercial exploitation of a biological synthetic process. Pirt
(1969) has pointed out the lack of real knowledge of the kinetics of
traditional fermentations such as the production of alcohol and lactic
acid. Childs and Welsby (1964) and Ricica (1969) discussed the diff-
iculties of extrapolating from the results of fermentations carried out
with defined media to those where practical media are used in industrial
practice, Often the nature of essential and limiting nutrients is un-
known or at best only partially understood. Product engineers have to
use empirical techniques to obtain the maximum benefit from a commercial
fermentation.

From the studies reported in this work it is possible to gain some
insight into the kinetics of lactic acid production from whey and to
make predictions regarding the optimum values of some of the variables

affecting the fermentation,

5.1 Batch culture

One of the most significant results to emerge from this study is the

pattern of the batch production of acid.

Cell numbers follow a normal growth pattern from inoculaticn, After
a slight lag phase the cell concentration increases exponentially to a
maximum of 1~5 x 10 12 cells per 1 (value depends on the conditions and
supplementary nutrients used, Cell numbers then remain virtually con-
stant in an apparent stationary or quiescent phase until exhaustion of
the lactose., Acid synthesis, as indicated both by the amount of alkali
added to maintain a constant pH and by analysis for lactate, increases
exponentially at the same specif'ic rate as the cell concentration. The
rate of acid production reaches a peak towards the end of the bacterial
growth phase and then decreases slightly. In unsupplemented whey the
rate of acid production is maintained at a constant value for a con-
siderable period of the growth cycle., As the lactose is depleted the
rate of acid production eventualily falls to zero, This pattern is
illustrated in figures 4.1-4.6 and 5.1. Figure 5.1 is plotted from
data in table L4.11.

Figure 5.2 (from Fig.4t.6 ac) shows a somewhat different pattern

in that there is no discernible period of constant rate of acid production.

LIBRARY
MASSEY UNIVERSITY
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Figure 5.1 A typical batch culture (B9.12.13). Ln cell number concentration, acid
concentration and rate of acid synthesis as functions of time.
Pasteurized whey 70 g/l, pH6.0, 46°C.
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Figure 5.2 A typical batch culture with supplementary amino acids and salts added
(B9.2.1). Rate of acid synthesis and specific rate of cell growth as
functions of time. Sterile—filtered whey 35 g/I, pH6.0, 46°C.
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This was in a culture supplemented with amino acids and mineral salts,

In batch cultures in which it was measured the decline in lactose con-
centration paralleled the acid production. The average yield of acid,
based on initial lactose concentration, was 90 per cent. At the com-
pletion of a batch fermentation a residual level of "lactose" was in-
variably measured, values varying from 2 to 5 g/1. This is assumed hot
to be utilizable by LBR. If this residual is igncred the yield of acid based

on true "lactose'" is increased to 95 per cent.

Ol | Comparison with the kinetic equation derived by Pirt.

Qualitatively, the acid production as a function of time is similar to
the growth and non-growth associated product formation derived by Pirt
(1969) for the utilization of the substrate for two purposes, grcwth
and maintenance, He derived the following expression for the time
course of product formation in a batch culture:

i ap = 1 dn
Fa —*roaw > O

If this expression is a valid description of the kinetics of acid

production then the following relationships hold:

1 oY
(a) in the bacterial exponential growth phase = E%
iy
i tant = Therefore 1 g8 is nstant
is a constant = u . N It Is a constant.
1
(b) in the declining phase of the bacterial growth cycle N g%
. 3 . 1 aN
is a linear function of N 3z
(c) in the stationary phase, N is a constant, %% is zero and

1 dp . .
therefore § 3t 1s againa constant,

The data obtained from experiments B9.1.5 (Figs.hel=4e3), Be9.2.1
(Fig.5.2) and B9.12.13 (Fig.5.1) have been used to illustrate these points.
These experiments cover a range of conditions - B9.1.5,35 g/1 pasteurized
whey, skim-milk inoculum, 2CO rpm; B9.2.1, 35 g/1 sterile-filtered whey
supplemented with amino acids and minerals; skim milk inoculun, 200 rpm;
B9.12.13, 70 g/1 pasteurized whey, whey inoculum, 200 rpm with 105 im
paddle. All three runs were conducted at pH 6.0, 46°C using scdium

carbonate to control the pH,

5.1.2 Exponential growth phase

The maximum specific growth rates are in table 5.1
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aN
Table 5.1 Maximum specific growth rate ( % %@ = Hm) for batch culture

h~1
B9.1.5 1.7
B9.2.1 0.7¢
R9.12.13 0.65

. 1 4N .
In the exponential growth phase where T 3x 1ise constant (= m)

equation 5.1 becomes:
ar = (apw, + d) N (5.2)
dt
ie the rate of acid production, is proportional to cell concentration,

The linear relationship between %% and N in the exponential growth

phase is shown in fig.5.3. The "line of best fit" was determined by a
linear least squares regression on the data. The correlation coefficients

are greater than 0.99. At N =0, %% is insignificantly different from

zero as predicted by equation 5.2,

5.1¢3 Declining growth phase

1 4P . . . 1 4N
X 3r 5@ linear function of ¥ T
declining growth phase. The correlation coefficients are greater than 0.98.

As shown in fig.5.Lk, in the

The values of the constants, a and b, are given in table 5.2.

Table 5.2 Batch culture kinetics: value of constants in Tquation 5.1

3 g
Run a (,gcell ) » (g celd h )
x 1012 x 1012
B9.2.1 8.93 1.26
B9,12.13 6.36 2.21
B9.1.5 1.04 0.3

The "constants" for equation 5.1 vary with the conditions of
fermentation., In the runs illustrated whey concentration and the levels
of supplementary nutrients were different. In B9.12.13 a whey inoculum
was used and therefore the medium contained 1ittle casein whereas in B9.1.5
the medium contained casein introduced with the inoculum. Run B9.2.1
contained casein introduced with the inoculum and was supplemented with
amino acids and mineral salts. In B9.12.13 whey concentration was 70 g/]
compared with 35 g/1 in the others. Luedeking and Piret (1959a) found
a and b to be functions of the pH of the fermentation. From the above
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rate of cell growth in the bacterial declining growth phase.
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results it appears that variables other than pH also affect a and b,

5¢1.4 Stationary phase In the apparent stationary growth phase
dp

o is predicted by ecquation 5.1 to be a constant. As shown in

f'igures 4.3 and 5.1 a constant value is recorded. (n a few occasions
(e.g. fig.5.2) a period of constant rate of acid formstion was not

clearly discernable,

5.1.5 Bnzyme Kinetics Bquation 5.1 does not describe the complete

time course of a batch culture as it does not predict the fall-off in rate
of acid formation depicted by the data in figures 4.3, 5.1 and 5.2.

If it is accepted that the bacterial cells are in a stationary or
"quiescent" phase then they can be considered to form a constant con-
centration of glycolytic enzymes. The enzymes act as a catalyst
ccnverting lactose to lactic acide. If this is the case the reaction
kinetics should be capable of being described by the usual Michaelis-
Menten equation for enzyme reactions for constant enzyme concentration

and activity
v Z

v =_m (5.3)
K + 2
¥ 1
1 K
or w = wl e A e (5.4)
v Vn 2 Vi
where v is the reaction-rate ( = %7 ) Vm and KZ are constants and

Z is the concentration of substrate (lactose). Assuming that the enzyme
concentration and activity of the bacterial cells of LBR are not affected
by time and increasing lactate concentration then the reciprocal of the
rate of acid synthesis should be proportional to the reciprocal of the
lactose concentration. The data from run B8.2.6 (Table 4.2) are tabulated
in table 5.3 and shown in figure 5.5. It has been assumed that a final
"lactose" level of 3.1 g/1 is not utilizable by the organism and this

value has been subtracted from the recorded lactose concentrations,

Table 5.3 Data from 88.2.6 (Table L.2) as a test of equation 5.4

Time P =y A 1 1
h e &/1 i Z
3,97 6.36 26.1 0.1572 0.0383
5.20 5.97 20.3 0.1675  0.0493
6.60 b7 10.1 0.2123  0.0990
7.75 3.55 6.0 0.2817  0.1667
9.17 1.7 2.4 0.6803  0.4167

10.92 0.46 0.6 2.1739 1.6667
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Figure 5.5 The reciprocal of the rate of acid synthesis as a function of the
reciprocal of the lactose concentration, as a test of equation 5.4 (B8.2.6.)
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4 linear-least squares regression analysis gives the fcllowing
equation:
I - 1.25 7+ 0.1 (5.5)

with a correlation coefficient of 0.99. Vm = 9,1 and KZ =114 g/1.
Vm is a "ccnstant! which includes the concentration of the enzyme and
the maximum rate of reaction.

It has been shown that in a batch culture the yield of acid relative
to lactose utilized is a constant., Hence it should be possible to re-
place Z, the concentration cf lactose, in equation 5.4 by (Pz-P),
where P is the concentration of acid and Pm is the maximum attainable
concentration of acid. This will be approximately 90 per cent of the

initial lactose concentration. Thus

1_ KzY¥ A - (5.6)
v v P ~P v
m m m

where Y is the yield of acid from lactose,
The data from B9.12.13 are shown in figure 5.6.

The calculated regression equations are

BS.12.13 ¥ 2,98
v B 39-3-{" 0.52
Correlation coefficient 0.,971.
B9.1.5 = 1.52
v = 0.20p * 089

Correlation coefficient 0.996,
The data follow equation (5.6) closely. Table 5.4 gives the values
off V& amd ks .
iy z

Table 5.4 Values of Vm and Xz for equation 5.6

Vm g
B9.12.13 1.9 6.L
B9. 1. 5 1.4 1.9

5.1.6 Batch culture kinetics

The rate of' acid production as a function of time in a batch culture
of whey can thus be expressed over the complete batch cycle, excluding
the lag phase, by an equation of the form:

£ . G%‘ : gn) P, - P (5.7)
X+ (F_F)
P m




Figure 5.6
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The reciprocal of the rate of acid synthesis as a function of the
reciprocal of (Pm —P) ,where Py is the maximum potential acid
concentration ,as a test of equation 5.6 (B9.12.13.)



110

A

In (5.7) a vreplaces a Vmand f replaces b Vm from equations
5,1 and 5,6 and Kp =" Y Ks.
The bacterial cell growth is consistent with the normal lonod eguation

1 _@i E .H.Lﬂ.. S -
N dat K+ (5.8)

where S 1is the concentration of the limiting nutrient. Because the
nature of the limiting substrate is not known it is not,as yet, possible
to confirm this equation. Simultaneous solution of equations 5.7 and 5.8
would fully characterize the production of lactic acid from whey.

The following procedure can be followed to determine the aproximate
value of the constants in equation 5.7.
(1) Pp is aproximately given by 0,90 Z, where Zi is the initial

lactose concentration.

(2) In the stationary phase of the bacterial growth cycle and the

subsequent phase of declining rate of acid production dN/dt = 0
a . BN, (Pm ~-P)
dt K, + (P, = P)

-1
or ap _ .K 1 + 1
(d‘t) - Bf\%m B BN

-1 .
' ap 1 : . .
A plot of <5%> VS F-TT should be a straight 1line with slope
KP 1
BN, end intercept fajﬁ;— from which KP and gNm can be
determined.

(3)

In the phase of declining growth rate

1 ap K. + (P -P) a 4N
s - 73 I N dt + B
N dat Pp -P
and a plot of
1 ar Kp + (Pm -P) vs 1 av
N dt Pm <P N dt
allows a and §; to be estimated.

Using this proceduré the following constants have been estimated for
B9.12.13

Pm 39.3 &/1

Kp = 57 /1

a = 7x 10712 g/cell

8 = 2.8x10% g/cell h
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Table 5,5 compares the values of %% calculated from equatiocn 5.7
with those determined by graphical differentaticn of the experimental
results of P vs t.

Table 5.5 The rate of acid production from e xperimental results

(P9.12,13) and calculated from ecuation 5.7

Time = 2L Time &5 L
h dt exp. dt calc. h dt exp. dt calec.
g/l h g/l h g/1 h g/1 h
1 Q.10 0.09 12 1.60 1.5
2 0,18 0.18 14 1.54 1.48
3 0.52 0.27 16 1.60 1.3
L 0.80 0.6 18 1.5 1.38
5 1.58 1.22 20 1.53 1.0
6 1.96 1.95 22 1.2, 1 25
7 1.66 1.67 2L 1.5 1.19
8 1.5% 1,66 26 1.07 1.02
9 1.5, 1.69 28 0.90 0.90
10 1.54 1.61

5.2 GCcntinuous culture

In a single stage continuous culture :
D = W (2.17)
A mass balance with respect to product formation in a single stage

continuous culture gives

dp dp
= V= PP s Fg V =P (5.9)
G
where V is volume of culture

F is medium flow rate

Pi is inlet acid concentration

and %% is the rate of acid production within the vessel.
G

Assuming conditions in the batch and continuous culture are the same,
dp . . . y dp a
it is given by equation 5.7  Assuming steady state 37 = O an

o .
substituting P = Pi - P and WX

ﬁ Pm - P
P = N < a + - >
. D xp +P -P (5.10)

It
I
n

<=
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Equation 5.10 predicts & linear relationship between the reciproceal

: . ) K., & B, =2
of the dilution-rate and the expressicn P D i
¥
i

£ -P

Figure 5.7 is a plot of data from the continucus culture experimants
with sterilized whey (Table 4.14) assuming Kp = 6 g/1 and P = %0 g/1.
The data show reasonable consistency with equaticn 5.10 (cerrelation

coefficient = 0.989)

5.3 Prediction of continuous operation from batch data

If equation 5.10 is an adequate description of the kinetics of lactic
atid production in continuous culture of whey it should be possible to
predict the conditions in continuous culture from constants established
in batch culture.

The conditions most closely aproximating those of batch e xperikent
B9.12.13 are those in the continuous culture experiment number 9 in
table 4..18. Using the constants from B9.12.13 it can be predicted that
the acid concentration at a dilution~-rate of 0.0G1 h-1 would be 32 g/1.
This is in moderate agreement with the experimental value of 27.6 g/1.

This can not be taken as proof of the validity of equation 5.10 but

does give some conf'idence that it can be used to predict continuous

culture operatior,
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6  DISCUSSICH

The commercial cxploitation of continucus culture techniques is not
widespread (Evans,1965) and one of the main reasons for this is a lack
of understanding of the kinetics of product formation by micro-organisms
using media suitable for industrial use (Pirt,1969; Ricica,1969).

Though the fermentation of whey to lactic acid has heen used commercially
for many years (Burton 1937; Whittier and Webb,1950) there are no reports
of a continuous process being successful, E xperimental studies
showed a single stage culture could not convert all of the available
lactose (Clive,1936; Swaby,1945). TFive stages were recessary to reduce
the final lactose level to 0.1 per cent (Havlatko and Knez, 1959;

Siman and lergl,1961). These findings are confirmed in this study but
some of the reascns are now clezrer., Though this is the first reported
study of the continuous production of lactic acid from lactic acid casein
whey it was expected that results would be comparable with those reported
for other types of whey.

The reascns for the incomplete conversion of lactose to lactic acid
in a single-stage continuous culture can be found from a study of the
kinetics of bacterial growth and acid production in a batch culture.

In a batch culture of whey with LBR the bacterial cell numbers show
the expected exponential increase from an initial level of approximately
109 cells/ 1 up to 2 x 1O12 cells/l. UL.ring this time acid concen-
tration also increases exponentially at the same specific growth rate
as the cells ‘(about 1.2 h_1). The cell concentration then remains
aopparently stationary while more than half of the total acid synthesised
in a batch culture is produced., The acid production rate shows a
maximum as the cell population enters the phase of declining growth rate.
In the stationary or quiescent phase acid production rate becomes linear
at a rate dependent on the whey concentration and the presence of
supplementary nutrients.

The rate of acid production remains linear with time until the lactose
concentration is reduced to a level which causes the rate of conversion
to fall. Product inhibition did not appear to be a factor. “hen the
concentraticn of whey solids was increased to 70 g/1 the rate of acid
production in the staticnary phase of the bacterial population's growth
cycle was increased in proportion to the increase in total solids. It
is possible that higher levels of lactose could produce product inhibition,
but this would only occur in practice if the whey was preconcentrated

before fermentation.
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The type of production pattern obtained in unsuppleniented vwhey has
been mentioned in the literature but not extensively studied (Adams and
Hungate,1950; Finn et al. 1950; Holzberg et al. 1967; Terui and Niizu,
1969). Rodgers and ¥hittier (1928) found pH centrol prolonged the exvon-

ential growth phase of Streptococcus luctis in skim milk and caused a

prolonged fermentation phase after growth had ceased. They described
the cells as being "guiescent",

It is unexpected that such large quantities of acid should te pro-
duced without apparent bacterial growth. Lactose dissimilation, normally

by glycolysis, is the main source of carbon and energy for lactobacilli

organisms., To continue to utilize the energy source without growth is
unusual and implies an uncoupling of energy production from growth. The
organism used in this work is a mutant obtained by X-radiation of a strain

of Lactchacillus bulgaricus, ani possibly the normal feedback inhibition

of glycolysis caused by an increase in the concentration of ATP has been
rendered inoperative,

However, the nmost likely explanation is the energy produced from the
metabolism of lactose is being used in the synthesis of some other product
being formed as a reserve compound as a result of the nutrient limitation
in the medium. This would cause the cell mass to increase but the cells
would not necessarily divide. It was not possible to measure the cell mass
in this study. It was observed in the stationary growth phase that the cells
of LBR accumulated metachromatic granules. This is typical of physioi-

ogically old cells of L. bulgaricus (Wilson and Miles,1964). Netachromatic

or volatin granules are composed of an inorganic metaphosphate in a polymer
of high molecular weight (¥anielstam and }c Quillen,1568). Another possible
storage compound is glycogen, which tends to accumulate under conditions
of nitrogen starvation when the cell has a source of carbon and lipid

materials, .. —
Another possibility is that acid is in fact being produced by growirg
cells only. Using a defined medium Terui and Niizu(1969) found the pro-

duction of tryptophan by Hansenula anomala to be associated with growth.

Their batch culture results indicated a growth and non-growth associated
product formation similar to the pattern described by Luedeking and Piret
(1659a). However, when tryptophan was produced in continuous culture
the specific rete of tryptophan production correlated linearly with the
specific tacterial growth rate and non-growth associated tryptophan

production was zero. Investigation of the stationary growth phase cell
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population showed a mixture of dead and growing cells. They reascned
that the dead cells lysed and released back into the medium an essential
nutrient.

Terui and MNiizu (1969) plotted the specific rate of tryptophan
production against the dilution rate (equivalent to the specific rate
of cell growth in a continuous culture) and obtained a straight line
correlation with a zero intercept at D = O. They therefore reascned
when the specific rate of cell growth was zero no tryptophan was'formed.
This is equivalent to putting B = O 1in equation 5.10.

From the data in f'ig.5.7 it can be shown that there is a sign-

if'icant linear correlation between PD Kp SERE = K and the
N Pm - P
dilution rate D  (correlation coefficient 0.995). At D = 0, the
factor E%— §E§:_§§_:E has a value of (0.5 % 0.3) x 10712
m

g/h cell (95 per cent confidence limits). Thus the specific rate of
acid formation at zero specific cell growth rate can be assumed to be
significantly different from zero. Unlike the situation described by
Terui and Niizu (1969) acid appears to be flormed by non-growing as
well as growing cells,

Herbert (1961) showed the DNA content per unit cell (or nucleus)
remained aproximately constant throughcut the growth cycle. The DNA
analysis throughout a batch cycle (fig.k.5) showed the same trends as
cell concentration tending to confirm the long stationary phase shown
by the latter. This cannot be taken as proof that the population did
not contain growing cells. If cells were lysing it is possible the DNA
would be rapidly degraded by catabolic enzymes.

An indirect proof that the population of cells in the stationary
growth phase ccntained fewdividing cells contributing to acid production
is obtained from the experiments with air sparging into the culture
medium. Relatively small amounts of oxygen depressed acid production
in shake flasks (Table 4.9). In the culture vessel with pH control,
virtually no acid was formed when air was sparged into the medium at the
rate of 2 1/min from the time of inoculation. However if the flow of'
air was turned off from the time of inoculation until the cell populatioen
entered the stationary growth phase, and then turned on,acid formation
continued at its normal rate (fig.i.14%

The first experiments described above show the oxygen suppresses

cell growth and hence acid production. But in the apsarent stationary
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phase acid production is not altered implying the absence of significant
acid formation by growing cells,

It seems reasonauble to assume therefore that acid production by IBR
from lactose in whey is by means of both dividing and non-dividing cells,
In fact, in a batch culture over half of the acid synthesized is produced
by non-dividing cells, The phenomenon of apparent uncoupling of energy
production from gowth pequires further biochemical study.

¥guation 5.10 shows the steady state concentration of acid is
proportional to the cell concentration. In a single stage continuous
culture maximum steady state cell concentration is approached as the
diluticn-rate is reduced to zero, Thus to achieve maximum acid con-
centration in the effluent from the continuous culture a low dilution-
rate must be used.However as productivity is propecrtional to dilution-
rate this mode of operation will be expensive in terms of capital
utilization,

Because the maximum cell numbers achievable in a single stage con-
tinuous culture is less than the maximum obtained in a batch culture a
single stage continuous culture will not be the most efficient for a
system which is dependent on cell concentration as well as cell growth
rite, Such a large proportion of the acid is produced by norn-dividing
cells acting as a source of enzymes it is not surprising that the pro-
ddction of lactic acid by IBR growing in whey is not efficient in a
single stage continuous culture,

The kinetic equations derived to describe acid production in batch
and continuous culture are similar to those derived by Pirt (1969) and
Luedeking and Piret (19%9a,b) except for the adlition of the term

Pm - P to describe the fall off in rate caused by the change in
¥p + Pm ~P

lactose concentration. This term can only be applied because of the
direct stoichiometric relationship between lactose and lactic acid. The
yield of lactic acid was 95 per cent of metabolized lactose.

In the derivation of an equation to describe steady-~state conditions
in continuous culture Luedeking and Piret used a specific growth rate
of cells which was modified to account for inhibition of growth by lac-
tate in the medium. They assumed the specific growth rate was described
by an equation of the form of 2.4. However an investigation of their
data shows the specific growth rate is not in fact a linear function of
the acid concentration, In the present work it hus not been necessary

to assume product inhibition of cell growth,
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Holzberg et al (1957) studying the alcoholic fermentation of grape

Juice claimed the Tuedeking and Piret equation did not fit their data.
They proposed the following:
Exponential growth phase:

P

%56 + bp = a 1In¥/ u = Cc (2.9)
Stationary phase:

%% = Nr (P -P) (2.10)

where P, in this case, is the alcohol concentration.

Equation 2.9 does not apply to the lactic acid fermentation from whey.

.
Fquation 2,10 can be compared with equation 5.7 when %%— = 0 and N = Nm
equation 5.7 becomes
ar . Pm - P
at - g Mo Kp + Pm - P
If Kp >> Pm - P,this equation reduces tc the same form as

that deduced by Holzberg et al (1967),

Equation 5,7 1s a more accurate description of the kinetics of lactic
acid production frow whey than those of Luedeking and Piret or Holzberg et al.

The kinetic equations derived from the results allow a number cf
predictions to be made regarding the best mode of operation of commercial
fermentations of whey. A full description cannot be given because no
attempt has been made to determine the kinetic equations describing cell
growth, It can be stated that the cell growth pattern is in general
agreement with the normal kinetics as described by Nonod (1942). For
the prediction of continuous culture cell concentration the graphical
techniques of Luedeking and Piret (1959b), Bischof'f (1966) or Ricica (1969b)
allow at least a first estimate to be made from the batch data., These
techniques can be shown to apply to results presented earlier.

From the equation describing cell concentration (Herbert et al,1956)

—D2 Yy (6.1)

U (so - Ks K ~ D

and equaticn 5,10

P

N <o. 2 18 ) Pm - P (6.2)

D Kp + Pm -P
a number of predictions can be made about operation in continuous culture.
As the dilution rate increases the cell and acid concentrations de-

crease, Because lactose utilization is stoichiometrically related to acid
production this means lactose concentration in the effluent is increased
as the dilution rate is increased, an undesirable feature if the intention
is to reduce the BOD level of the whey. The results obtained in contin-
uous culture experiments show that despite very low dilution rates

(0,031 h—1, an average residence tire of over 32h) it is not possible to
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achieve high enough cell conceantrations to obtain total utilization of
the lactose. The productivity (PD) of the equipment is also reduced to
levels unaczeptable economically.

One means of increasing the concentration of cells, and hence of acid,
is to increase the concentration of the limiting nutrient (or nutrients) .
i.e. the value of S in equation (6.1).

Lactose is not the limiting nutrient. When cell growth has ceased in
batch culture cnly 20-.0 per cent of the lactose has been assimilated,

Vhen supplcmentary organic nutrients were added to whey an increase in
cell concentration and acid production rate were observed. PFeptone,
yeast extract and beef-extract showed definite stimulatory effects.
Commercially these nutrients are of limited value because cf their high
cost and some effort was made to define more precisely the stimulatory
nutrients,

Many compounds have been suggested as being essential or stimulatory

to Lactobacillus bulgaricus though the nutrient requirements of LBR

have not been previously reported, The study of nutrient requirements is
difficult. Experiments carried out without pH control are confused by
varying buffering capacities of the nutrients and the high level of
buffering required. Only a limited number of experiments can be carried
out with pH control in the culture vessel because of the time involved.

To overcome these problems the nutrients were divided into related
groups and some pH controlled experiments carried cut., A small number
of test-tube cultivations was also performed.

In the culture vessel it was shown that arino acids (casamino acids,
tryptophan ani cysteine) were stimulatory to acid production., The
addition of the mineral salts increased the effect of the amino acids,
but alone they had no measurable influence. Vitamins and rucleic
acid compounds had no apparent effect,

The test-tube experiments confirmed the stimulatory effect of the
amino acids, with tryptophan having the greatest effect. These experi-
ments showed some of the vitamins also stimulated cell growth, and
acid production, but ascorbic acid was toxic., This is probably why the
experiments in the culture vessel did not show that vitamins had an
effect- the stimulation of most of the vitamins was counteracted by
the toxic effect of ascorbic acid,

These results are in general agreement with those of other wcrkers
on the nutrition of L. bulgaricus (Snell,1952; Davies,1960). However,

Rogosa et al. (1964) found that folic acid was inhibitery, an observation
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contrary to that made with LBR., Also, there have been no reports of
the inhibitory effects of pyrodoxine or ascorbic acid. TRogesa et al.
(1960) found riboflavin was the cnly cne of the vitamins they studied
vhich was esssntial for growth of L. bulgaricus. Riboflavin added to
whey has oxly a slight stimulatory effect cn cell growth cof LBR, but
there is probatly sufficient rivoflavin naturally present in the whey
(Thittier and 'Webb,1950),
Sodium caseinate has been shown by a number of experiments in this
study to prcvide essential grevith rutrients. Nakanishid: Nakazawa (1961) re-

ported a sirmilar finding for Lactobacillus spp in nutrient medium,

8cdium caseinate added to whey markedly stimulates the amount cf
acid production, although not all sodium caseinates have the same
effect., Skim milk solids also increase the rate of acid synthesis,
presunably because of the addition of casein. Attempts to find a reason
for the differences between caseinates were not successful., Age of thke
casein did not correlate with activity, nor was the activity appreciably
altered by treatment of the caseinate solution with activated charcoal.

It was shown that up to 10 g/1 of added sodium caseinate the statienary
rate synthesis of acid was a linear function of added scdium caseinate,
Turther added sodium caseinate had 1little effect. These results are
consistent with the following hypothesis,

If it is assumed that the sodium cezseinate is a scurce of zn essential
nutrient for cell synthesis, ther the final cell concentration will be

proportional to the socdium caseinate concentration;

N o C (6.3)

m
There C is the concentration of the added sodium caseinate., MNow when
aN = 03

i P o N (6.4)
dt

(see equation 5.7).

Hence combining equations 6.3 and 6.4

| S oac (6.5)
Fquation (6.5) will hold unle;s other nutrients or cell reactions
become limiting. TFrom figure 4.11 the response predicted by equation 6.5
is seen to hold up to a level of 10 g/1 added sodium caseinzte. At 20
and 4.0 g/1 sodium caseinate there is only a small increase in acid pro-
duction, presumably because of some sther limitation to the reaction,

Table 4.17 shows that when sodium caseinate (10 g/1) is added to the
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whey in continuous culture there is an increase of aproximately 60 per
cent in the prodgctivity and yield compared with unsupplemented ster-
ilized whey at the same dilution rate confirwing the general predictions
made from the batch culture data.

It can be concluded that whey is not a complete medium for the growth
cf IPR and production of lactic acid. Supplementary scurces of amino
acids and vitamins are required for maximum rates of acid production,.

The supplement of choice will depend en thc economics buv probably
small levels of sodium caseinate would be feasible,

Referring to table 4.17 and figure 4.23 it can be seen that at a
dilution rate of 0,12 h‘1 the additicn of 10 g/1 sodium caséinate in-
creases the lactic acid concentration in the effluent cut cf a csingle-~
stage continuous culture from 19.2 g/l to 30.4 g/1. Assuming the sodium
caseinate to be used for this process costs 10 c/kg the increased cost
if it is added will be 3.3 c/kg lactic acid. This is small compared
with the New Zealand selling price of 70 c/kg of 1007% lactic acid
(edible grade). The improved enconcmies resulting from the higher con-
centration of lactic acid in the feed to the purification process and
the decreased lactose level of the effluent are further justificaticns
for the addition of some sodium caseinate.

Supplementary sources of amino acids and vitamins which increase the

¢ll concentration will increase the acid concentration in continucus
culture,

Another possible means of increasing the lactic acid concentration and
the productivity in continuous culture predicted by eguation (6.2) is to
increase tha cell ccnecentration by recycle of the bacteria. The effluent
from the reactor would pass through a centrifuge and a concentrated cell
stream returned to the reactor while the product with reduced cells would
flow onto the purification process. TFencl (1966) discusses the theore-
tical aspects of feed back of cells showing the dilution rate can be greater
than the speccific growth rate of the bacteria and equation 5.10 must be
expressed as follows:

5 =% (ep + 8 ) K:F;mP—P (6.6)

The concentration of cells (If) in a single stage culture is limited by

the concentration of a limiting nutrient (So). But it has been shown
that non-dividing cells are capable of producing lactic acid from lactose.

Hence increasing the concentration of cells by recycle of cells from the
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effluent back to the culture vessel will result in an increase in the
amount of acid formed. This will result in an increased productivity
and a decrease in the amount of lactose in the effluent.

For feadback of bacterial cells to be en advantage, the activity
of the culture must not be lowered by recirculation or inflection.
Continuous separation of bacteria on a small scale is difficult and
it was not feasible to assess the effects in this work,

However, bacterial cells were recovered from a batch fermentation
and added to an active batch culture. The rate of acid production was
increased in approximate proporticn to the number of added cells. A
control experiment showed a slight loss in activity, but this was
probably due to the relatively long time taken to recover the cells
and also to losses in the centrifugate.

Infection by contaminating bacteria would not be as great a problem
as in some other fermentations. The high temperature of cultivation
considerably limits the range of infecting organism which will be able
to reprcduce at a rate fast encugh to affect the fermertation,

A further method of increasing the utilization of lactose in con-
tinuous culture would be the use of multi-stage continuous culture
reactors (Fencl,1966). Qualitatively this can be considered as con-
sisting of a first stage from which cells are obtained in the best
condition to act as an enzyme catalyst for the second and subsequent
stages,

The mathmatical relationships described by Fenzl (4196%) can be
applied. They show that the overall dilution rate can be increased
anhove the maximum specific growth rate, thus increasing the product-
ivity of the equipment. The lactose utilization and the acid concen-
tration in the effluent stream from the firal reactor will be increased
in comparison with the equivalent single stage unit.

Because the relationships between the concentration of the limiting
substrate (& ) and the cell nuaber concertratlon were not determined
in this work the application of the natqgatlcal relationships is
difficult, UHowever the use of a graphical estimating technique will
provide at least an indication of the trends in a multi-stages con-
tinuous culture,

The method developed by Bishoff (1966) and illustrated by Ricica
(1969b)has been apnlle tp the batch data from B9.3.13 (Fig.6.1).

From the plot of { \d*’ vs N the mwaximum cell production rate

would be obtained in a homogeneous reactor with D = 0.94 h_'1




Figure 6.1

Graphical estimation of the operation of a multistage continuous culture.
(Ricica, 1969b) Data from B9.3.13. Whey 35 g/I, Na Cas, 10 g/I,
pH6.0, 46°C.

ecl
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The acid concentration in the overflow would be 4 g/l. A seconi stage with
a volume such that D = 0.158 h-1 would give an overflow acid concentration
of 16.3 g/1. A third stage such that D = 0.3i ' woula give an overflow
with 19 g/1 lactic acid, 95 per cent of the potential yield. The overall
dilution rate wouid be 0,096 h'-1 with almost total utilization of the
lactose.

A further system suggested for use in continuous fermentation re-
actions is the tubular flo# reactor. Danckwerts (1954) showed the ideal
piston flow tubular reactor to be more advantageous than the homogeneous
reactor when the reaction rate decreases witn the concentration of the

=

reactants. Equation 5.3 shows the rate of acid production is reduced at
low levels of lactose and there could be advantages in using such a systen.

In the early stages of the fermentation the conversion of lactose to
lactic acid is essentially zero-order and it is irrelevant whether a homog-
eneous or tubular reactor is used., Fowever as the lactose content de~
creases the reaction rate approaches first-order and a tubular reactor
could be advantageous. Tor maximum utilization of substrate a tubular
"finishing" reactor appears attractive,

There 1is a number of practical difficulties however, The tubular
reactor would need to be quite large tecause of the reiatively slow rate
of the reaction. The major difficulty is onec of pH control. Thcugh the
fermentation rate is not too greatly affected by changes of pH in the
range 5.5-6.0, outside this range the rate falls off quite markedly. The
use of a bufier such as calcium carbonate is possible, but the flow rates
required to keep the particles in suspension would make the tubular reactor
even bigger and cause considerable deviations from the ideal piston flow.

A tubular reactor can be readily approximated by a multi-stzage homo-
geneous reactor, particularly if recycle is used (Fencl,1966) and this is
a more practical method to attain maximum substrate utilization,

Continuous culture of whey to produce lactic acid is feasible, but to
attain maximum utilization of the lactose the whey must be supplemented
with a source of amino acids and vitamins, Nulti-stage continuous culture
(maximum of three stages would be satisfactory) with cell recycle is nseded
to give a lactose concentration low enough to reduce the pollution to an
acceptable level,

The advantages of operating with multi-stage continusus culture would
be enhanced by using the optimum fermentation conditions,

Cn the small scale of operation used in this study pasteurization of

the whey was more satisfactory than sterilization. The whey proteins or
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other heat labile compounds present apparently act as a source of

supplementary nuitrients but their effectiveness is reduced by severe
heat treatment.

From an economic viewpoint there is a considerable advantage in
being able to use pasteurized whey rather than aiming for complete
sterility. The relatively high temperature of fermentaticn makes this
feasible for this apolication whereas in fermentations at lower temper-
atures the risk of contamination from organisms in the pasteurized medium
would be too great for operation in continuous culture, High heat treat-~
ments will also cause precipitation of sludge with its resultant problems
(Swaby,1945). It has been shown that a continuous culture can be operated
for more than ten days without any apparent effects due to contaminztion
despite the use of pasteurized whey, As would be the case in commrercial
operation this whey was prepared and heat-treated every 24-48 h. The
savings in heat treatment costs will be worthwhile and a high pressure
system is not reguired for pasteurizing. The heat treatiment proposed
is similar to that advocated by others using cheese whey (Campbell,1953;
Jankowska,1954 ; Surazynski &t al 1967, and Swaby,19L5).

The pH of fermentation has been shown to be an optimum for acid
production in the range of 5.4-6.0. From the experiments in continuous
culture the pH in the range 5.4 - 6.0 was shown to have little effect
on acid concentration, productivity or yield. As the pH increases
above 6.0 however, these parameters fall quite sharply. At pH 6.5 the
productivity for example is reduced to 0.29 g/1 h (35 g/1 whey solids,
u6oC, D = 0.061 h-1). In a few batch experiments in which the pH was
uncontrolled, acid producfion slowed down as the pH fell below 5.3 and
virtually ceased as the pH fell below 4.0.

As has been found by other workers, pE control markedly increases the
maximum cell population and the rate of acid production in batch culture
(Rodgers and Whittier,1928; Longsworth anl }acInnes,1935,1936). “Without
pH control it took 24 h to produce 10 g/l of acid.

The observation made by Oetiker (1960) of an optimum pH between 4.2
and 4.6 using LBR in whey is not confirmed. Swaby (1945) had problems
with contamination at pH's above 5.8, but the only time in this work
that difficulties were noticed with contamination was in a continucus
culture experiment after 3 days operation at pH 6.5, temperature ASOC.

Cne interesting observation made in a number of batch experiments
cannot be explained but warants further investigation. Some of the acid

production rates were found to be much greater than would be expected
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from previous results. A study of the records of alkali addition and

pH of the culture showed in most of these cases the high rates of acid
production followed a failure in the pH control system. The pH fell *o
4 .5-5.5 before the control system was repaired., After the pH of the
medium was adjusted to the correct set point acid production was at a
rate almost twice as fast as expected. A similar observation has since
been made by Hansen and Tsac (1972) in a study of lactic acid production
from a glucose and yeast extract medium, Possibly the lower pH re-
leases some nutrient which had previously been bound in a way which made
it inaccessible to the bacteria or the pH causes. some alteration to

the permease system used to transport lactose into the cell, There was
no cvidence of changes in the appearance or concentration of the
bacterial ceils,

If this increased activity due to pH "shock" is a real effect a three-
stage continuous system could be envisaged; in the first stage cells
would be produced in the maximum possible numbers, in the second the
cells would be subjected to a low pH, and in the third stage the re-
mainder of the lactose would be converted to lactic acid by the non-
dividing cells with an increased glycolytic activity.

From the results obtained it is obviously necessary for maximum acid
production, by batch or continuous fermentation, to control the pH at
a level between 5.4 and 6.0.

The differences between neutralizers have not been studied. 1In
commercial practice chalk or limestone has been the main choice but there
are some difficulties in using these materials where precise pH control
is desired. Sodium carbonate was used in most of the reported work be-
cause the evolved carbon dioxide assisted in maintaining an anaerobic
environment., The use of concentrated sodium hydroxide would cause less
dilution of the final product and this could have benefits in the
subsequent processing stages,

The temperature of incubation has a marked effect on production of
lactic acid from whey. At a given pH and dilution rate, the productivity,
acid concentration and yield have optimum values at 46°- A6.290. At a
dilutionrate of 0.21 h’1, pH 5.65, the productivity is 3.1 g/1 h at
46.200 and decreases to 2.2 g/1 h if the temperature is lowered to AAOC

or increased to h8.AOC. The temperature optimum is similar to the

values reported for L. bulgaricus strains growing in other redia,
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Because of the prescise temperature control required it is cuestionable
whether the open fermentaticn vats reported as beirg used in the commercial
production of lactic acid are desirable ( riobell,195%; Cetiker,1960;
and (live,1936).

Another reascn for not using cpen vats is the inhibitory effect of
oxygen cn the growth of IBR, Air in the headspace asbove the wney, part-
iculerly if the culture surface was not quiescent, caused the growth of
the LBR culture to cease due to the adverse effect of oxygen. hen the
air was replaced with nitrogen or carben dioxide cell growth proceeded
normally. OGnce a culture of L3R had entered the stationary growth phase
air had nc effect on acid production, even when bubbled through the
culture medium. Acid was being prcduced by ncn-dividing cells and
oxygen appeared to te toxic only tc cells which were growing and dividing.

The adverse effect of oxygen on cell growth is consistent with the

description of L.bulgaricus as an anaerobic or microzerophilic organism

(Breed et al,1957).Cne possible cause of the toxic effect of oxygen is the
lack of_zhg—;nzyme peroxidase in LBR, This enzyme reduces hydrogen
peroxide formed by cell metebolism. If the hydrogen peroxide is not re~
moved from the medium it causes death of the cell., LBR was in fact killed
when air was sparged into the medium. The organism was incapable of re-
producing after air srarging ceased. Eowever no permanent toxic compound
accumulated as was shown by normzl growth after reinoculation (4.2.6)
Jatalase added to the medium would have no effect because this ernzyme is
inactivated at LSCC.

Experiments on the effect of agitation show an increase in acid pro-
duction rate as the level of agitation is increased to a particular level,
but above that level further increases in agitation offer no adventeges.
The decrease in acid production at high impeller speeds observed by Keen
(1572) was not observed.

For each impeller there was a distinct increase in acid production
rate with increased speed of rotation (Tig.k.15, 4.16). The average
impeller shear rate is a function of the impeller speed and is important
if coalescence of particles in parts of the vessel remote from the im-
peller causes reaction rates to fe limited, As discussed later, at low
impelier speeds the agitation was insufficient to suspend all solid
particles and this is reflected in Figs. 4.15 and %4.16,

The maximum impeller shear rate is a function of tip speed and would
be important if the bacterial system was sensitive to shearing forces.

There is no discernible trend in acid production as the tip speed is in=-
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creased. This is also reflected by the small changes in the average
chain length as agitation was incrcased., 1t can therefore be concluded
that this bacterial system is not sensitive tc¢ shear forces.

The correlation of Reynolds Number with acid production rate
(Figeh 17, 18) is similar in shape to that obtained by X¥neule (1955)
in an investigation of the effect of agitation intensity on mass-transfer
coefficients for solid particles in egitated liquids. Kneulz ccrrelated
the mass-transfer coefficient with the impeller Reynolds Number. He
showed that two distinct regions exist and concluded that up to a
particular agitation intensity the particles were incompletely suspended.
Cnce the particles were completely suspended, increased mixing resulted
in only a small increase in the mess-transfer rate.

For the system of lLactobacillus bulgericus fermenting lactose in whey

to lactic acid a similar explanation is likely. Below a Reynclds Number
of 10,000 sclids in the medium are probably incompletely suspended,

In fact, in runs 1 and 8 (Re < 5,000 table 4.12) a layer of settled
solids was observed on the base of the fermenter., 1t is unlikely the

lack of suspension of bacterial cells is the cause of reduced acid
production rate., Racteriel cells have a specific gravity of approximatesly
1.C3 and hence will be readily suspended even at low levels of agitation.

However tliere are other solids in the whey which consist of casein
fiines, bacteriél debris and inscluble, denatured whey proteins., When
whey was centrifuged at 10,CCC x g to remove some of the suspended solids,
total acid production and the acid synthesis rate were rcduced compared
with whey at the same lactose concentration. “‘hen the viney was sterile-
filtered, thus removing essentielly all the suspended solids, cell grov:th
and acid production were rcduced almost to zero. (Fig.4.7),

o toxic component was being introduced by the procedure because a
supply of amino acids allowed cell growth and acid production to proceed
normally. The amino acids could be added in a defined form (tryptophan
end casamino acids, fig.k.6) or as sodium caseinate (fig.).8). Heating
to 690C after sterile-filtration did not increase the acid production rate.

Hence, when agitation of the whey culture mediur is insufficient to
fully suspend the insoluble or colloidal material in the whey the reduced
availability of some essential nutrient causes the acid producticn rate
to be considerably reduced. As shown by Kneule (1956) an increase of the
impeller Reynolds Nuxber up to 10,C00 causes an increase in the mass

transfer rate from the suspended solids. Cnce the solids are ccmpletely
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suspended tnere is only a minor increase in the rate of ccnversion of
lactose tc lactic acid.

Kempe and est (19535) and Keen (1972) claimed a possible increase in
the rate of mass transfer between the bacterial cell wall and the medium
as the agitation intensity was increcased. If the rate of reaction was
limited by the rate of mass-transfer ther it would be expected from the
emwpirical correlation derivsd by Calderbank (1967) that the rate of acid
formation viould increase as the 0.25 power of the power input. The
value of 0,032 (C.065 if a single straight lire is drawn through all
experimental points fig.h.20) obtained with whey is significantly less
than 0.25, showing that mass-transfer hetwecn so0lid and lieuid is not
the rate 1limiting step in the reaction sequence,

Kempe and West (1959) obtained a value of 0.08 as the exponent for
agitator speed as a function of acid production rate. Their experiments
were performed with a single turbine and if it is assumed that power is
proportional to n3 then their results can be expressed as:

%% - aPO0.027
which i1s very close to the expression obtained in the work reported here.

Keen (1972) reported a decrease in the rate of change of pH and hence

presuzably acid synthesis rate as the level of agitation was increased in

a culture of Streptococcus lactis growing in skim-nilk, 'With LBR growing

in pasteurized whey the rate of acid synthesis is increased as the
agitation level is increased.

From the results obtained in this work it can be concluded that the
main requirement of agitation in the whey-IBR system is to maintain in-
soluble or colloidal material in suspension ensuring maximum availability
of nutrients for the bacterial cells, allowing the maximum rate of cell
growth and acid production. The impeller Reynolds Fumber should be
greater than 10,000.

The prcduction of lactic acid from lactic casein whey is obviously
techrically feasible, The economic viability will depend on a number of
factors including the cost of the fermentation, the cost of recovery and
purification of the lactic acid from the fermented whey and the available
markets. The latter aspects are outside the scope of this study.

Successful operation in continuous culture is possible with product-
ivities improved compared with bateh culture, However yields are reduced

unless multi-stage cultures are used.
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In batch culture the best overall productivity obtained was 2.0 g/1 h
in whey supplemented with amino aciis, salts ard vitamins (abed fig.h.6b).
In a typical batch culture the productivity was C.8 g/1 h. This includes
only the fermentation time and not *the time to prepare the vessel and the
medium. In continuous culture prciuctivities varied with the dilution rate,
The maximum attained with 35 g/1 whey sclids was 1.8 g/1 h but the yield
was only 0.23. At lower 3dilution rates so that the productivity apoproached
0.8 ¢/1 h (0,061 h™ with pasteurized whay) the yield vias increased to
7G per cent compared with 95 percent in the batch culture., The estimated
productivity from the three stage continuous unit would be 1.8 g/1 h but
the yield would be increased to 95 percent., Productivity is proportional
to the concentration of whey solids.

It is interesting to note that with the L2R organism, the optimum
conditions of fermentation and the addition of scdium caseinate to the
vwhey, the time to completion of a batch culture of whey was about 15 h
compared with the literature reported values of from one to six days
(‘*hittier and Webb,1950).

The production of lectic acid from lactic casein whey as a means of
waste disposal will be successful only if multi-stage continucus culture
with cell feed-back is used. 4 single-stage continuous culture will not

give an effluent with a lactose concentration low enough.
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CONCTUSIONS

Though the lactose in lactic casein whey can be fermented to lzactic
acid with yields in batch culture of 90-95 percent, in a single stage
centinuous culture fermentation the yield of lactic acid and the util-
ization of lactose are unacceptably low. If poliution abatement is the
main aim the lactose in the effluent from the fermenter must be reducsd
to as low a level as possible,

In continuous culture the acid concentration and decrease in lactose
concentration are limited by the low level of essential nutrients in
whey for the optimum growth of LBR, a strein of L.bulgaricus. The cell
concantration and the rate of acid formation can be increzsed ty the
addition of supplementary nutrients in the form o’ tryptophan and casamino
acids, or sodium caseinate.

The rate of acid synthesis is also increased by the use of past-
eurized rather than sterile whey, by operating at the optimum temperature
of A6OC and pH 5.4 - 6.0, providing sufficient agitation to fully
suspend insoluble or colloidal compounis in the whey and restricting the
access of oxygen to the growing cells. -

Kinetic equations derived from batch culture data can be used
to predict the operation of various types of continuous culture
apparatus. These equations show that the use of a multi-stage
continuous culture system with feedback of' cells will be necessary
to reduce the lactose concentration in the effluent whey low
enough to give an acceptably low BOD. The use of such a system
is possible because non-dividing cells of IBR are capable of
converting lactose to lactic acid, acting as a source of
glycolytic enzymes to catalyse the reaction,

The two biochemical problems, production of lactic acid by
non~-dividing organisms and the increased rate of acid synthesis
after the culture has been exposed to a low pH, are worthy of
further study.

An economic assessment of the cost of the multi-stage
continuous culture operation compared with batch culture operation
will need to be carried out before a firm decision can be made as
to the best system for commercial operation. Such an assessment
would be part of an overall study which include the recovery

of the lactic acid from the fermented whey, an aspect not studied

in this work,
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constant,

constant.,

constant,

capacitance.

impeller diameter,
dilution rate.
gravitational constant.
amount of active enzyme.
constant,

dielectric constant.
Specifiic product formation rate,

Saturation constant for lactic acid.

Saturation ccnstant for the limiting nutrient.

Saturation ccnstant for lactose,
impeller blade width,

length of capacitor.

impeller speed.,

cell number concentration,

maximun cell number concentration,
product or lactic acid concentration.
power factor (equation 4.2).

maximum lactic acid concentration,
power,

Specific rate of product formation.

rate of acid production (%%).
concentration of limiting substrate.
time,

"student's t".

rate of enzyme reaction

variance

outer diameter of capacitor,.

cell mass concentration,

inner diameter of capacitor,

yield

lactose concentration.
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constant in kinetic equation.

censtant in kinetic eauation,

rate of enzyme reaction.

specific bacterial growth rate.

maximum specific bacterial growth rate.
viscosity.

specifiic growth rate.
density. '

factor in equation 2.3.
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APPENDIX 1.

LACTIC CASEIN WIEY

In New Zealand, casein is normally produced by inoculating skim milk
with a mixed strain culture of lactic acid producing bacteria. The acid
f'ormed as the bacteria reproduce causes the pH of' the skim milk to f'all
to the isoelectric point of the casein., The coagulated casein is re-
moved f'rom the liquid by heating and draining. The liquid remaining is
known as whey. Cf the whole milk processed in a casein t'actory, 76 per
cent appears as whey (McDowall and Thcmas; 1961). The estimated velume
of lactic casein whey produced in New Zealand in 1969/70 was 356
million gallons,

The composition of' whey is variable depending on the stage of lact-
ation of the cows, the season and the processing conditions. A typical
lactic casein whey composition is shown in table A1.1. The composition
given can only be used as a guide. The seasonal or lactatiornal variation
can be very large so that lactose can be as high as 5. g/1 in Cctober and
as low as 38 g/1 in June. Processing also has an eftect, Eight samples
ot" whey trom a commercial casein factory taken over a period ot one month
had total solids concentrations trom 44 to 60 g/1 with average 57 g/1l.

Some physical properties of whey are given in table A1.2,

Table A1.1 Typical compositions of whole milk and lactic casein whey

Whole
¥ilk Whey
&/1 e/1
Total protein (N x 6.38) 37.3 L
Non-protein nitrogen 0.25 0.48
Ash 7.0 i/ o2
TLactose L9 Ly .7
Fat L6 0.5
Acidity (as lactic aciad) 2.1 6.4
Tater 870 932
pH 6.5 4.5

Table A1.2 Some physical properties of' lactic casein whey

T'emperature Viscosity Density
¢ cP  (0stwald) k g/1
20 1.24 1.0209
35 0.86 1,0163

50 0.63 1.0097




141
APPENDIX 2

Classification of IRR

Tests were carried out by lr.H.i.Heap, MEDRI lMMicrobiology Dept. to
confirm that the organism used in the study of the production of lactic
acid from whey was a strain of lLactebacillus bulgaricus.

The strain, designated LPR, had been derived by X-radiation of an
NZDRI rack culture of Lactobacillus bulgaricus and was characterised by
fast acid production., It had teen used for scme yesars by the Rangitaiki
Plains Dairy Company to produce lactic acid for casein making (Cetiker,1960).

The tests used are outlined by Sharpe (1962).

L.bulgericus and L.helveticus grow at L5°C but not at 15°C. They do
not proluce MH, fros arginine. They ferment galactose and glucose.
L.helveticus “ferments maltose and trehalose btut L.bulgaricus does not,
L. helveticus produces up to 2.7 per cent acid in milk and L.bulgaricus
1.7 per cent., Netachromatic or volutin granules can be detected in
L.bulgaricus, but not L.helveticus.,

Cther tests which can be used to differentiate Lactcbscillus spp. are
based on lactic acid configuration, nutritional requirements and sero-
logical typirg but these were not carried out.

Control cultures used in the tests were strains of L.bulgaricus arnd
L.helveticus from the MNZDRI culture collecticn, ZCultures testei are
shown in table A2.1 and results in tables A2.2 - A2.5.

The results obtained though not conclusive, are consistent with the
hypothesis that LBR is a strain of Lactobecillus bulgaricus.

Table A2.1 Lactobacilli classifiication - test cultures

Key Culture Source

A LBR NZDRI rack culture

B L. bulgaricus MZDR1I rack culture

C I.. helveticus MZDRI rack culture

D IBR Strain being tested

E LBR From continuous cul ture of

IRR on whey
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RESULES
e

Table A2.,2 Greowth in RS Broth, (Cpticel density at 560 nm

alter LE h.

Culture 15°C 457¢C
A .005 66
B .C00 .83
C .010 1.08
D .000 1.23
E .005 1.23

The test crganism grew at 45°C but not at 1500. Tests

for lactic acid production in skim milk confirmed this.

Table A2.3 Yicroscopic appearance cf Iactobacilli cultures

A : long slender rods, occuring mainly in chains with round
ends. Volatin particles.

B : as for A
rods, occuring singly and in chains,
long slender rods, occuring mainly in chains. Volatin
particles.

E : as for D,

Table A2.4 Acid production in sterile reconstituted skim milk

per cent per cent
Culture lactic acid lactic acid
after 24 hr after 48 hr
A 1.15 1.66
B 1.53 1.88
© 0.96 1.7%
D 1.18 2.06
E 1.08 1.92
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Sugar f'ermentatioms in modified MRS breoth after L8
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APPENDIX 3 1
SANPLE CATCUTATION
WOR DETRRNINATION CF RESULTS

The t'ollowing are the details of the calculation used to determine
the responses in the experiments to select the variables. (Appendix 6)

Experiment 1. Run No. 8

Temperature 4800; pH 6.0; Agitator 300 rpm;
Flow rate 0.375 1/h; Gas 15 1/h; EDTA, lactose

inorganic nutrients and organic nutrients added.

Results

Feed pH = 5.0; 10 ml of feed required 1.32 ml of
0.,1N NaOH to adjust pH to 6.0
Lactose = 52,0 g/1

Lactate (Pi) 2 NS A

Flow rate (Fi) = 400 ml/h
Alkali

Normality =5 i

Flow rate at "steady state" = 6.35 ml/h
Culture medium
Lactate (Po) = 28.5 g/1

Cell number - not recorded (smear washed oft')

Calculation

Overtlow rate (Fo) 400 + 6.35
LO6 ml/h
(Adjusts the feed tlow-rate for the alkali

added to neutralize the acid tormed).

Lactate concentration increase = Po. - PA
= 28.5 ~ 14.5
= 14.0 g/1

Lactate production rate = FoPo - Fi Pi
= 0.406 x 28.5 = 0.400 x 14.5
= 5.8 g/h

Volume of 11.7N NaOH to change the pH of the

feed from 5.0 to 6.0 40O x 1.32 x 0.1

10 x 1.7
= 0451 ml/h
oo Volume of 11.7N NaOH to neutralize the lactic
acid f'ormed = 6,35 = 0.45

5090 ml/h
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The lactate measured analytically includes dissociated and undis-~
sociated acid, whereas the alkali is a measure of the dissociated acid
only. Hence a correction is required. This is significant at low pH ,
values. The dissociation constant of lactic acid at 45°C is 1.309 x 16+
(Martin and Tartar, 1937) The equation for the dissociation constant is

K = (8 LA™
HLA
where (H +) = concentration of hydrogen ions
(LA-) = concentration of lactate ions
(HLA) = concentration of undissociated lactic acid
X = dissociation constant

Total lactic acid f'ormed, P, is

fr T ()

(H") is tixed by the pH,

It the acid were completely dissociated each ml of alkali would be
89.08 x 11.7

equivalent to g of lactate. Hence with the correction

1000
to allow tor undissociated acid each ml of alkali is equivalent to
89.08 x 11.7 ( 4 ____10-'6 L g of lactate at pH 6.0.
1000 * 1309 x 10
«‘e Amount of lactate t'ormed
-6
_ 89,08 x 11.7 10
=5+ 90 X “5550 W+ Tz )
= 6.20 g/h
Lactate by analysis = 5,80
lactate equivalent to alkali 6.20
= 00911—
Yield = 5.8 2028
0.400 x 52.0
Productivity = 5.8 =2.9¢g/1h
2

Sample calculation of the ef'f'ect of a variable

Eft'ect of variable A (temperature) on the productivity.
Effect = § (2.9 + 0.6 + 2.2 + 0.2 + 0.6 +1.6 + Lok + 0.5)
"19' (008 + O.S + 1.2 + 3.0 + 2.3 +}+oo + 302 + 009)

= — 0.56
t = Eftect = =~ 0.36 = = 0.73
SD 0.49

The probability of obtaining a t-value this high by chance is 0.48.
Hence temperature can be assumed to have no eft'ect over the range of’
values investigated.
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APPEMDTY )
YIELD CF LACTATW FRCM LACTCSE

The tollowing t'igures were taken trom a series of batch experiments in
which lactose and lactate concentrations were recorded as tunctions of time.

Time h lactate
) lactcese

B8.2.1 2.20 1.05
L4 .36 1.11

6.86 1.03

10.50 1.02

B8.2.2 1.00 0.26
1.50 0.27

22 0.67

3.38 0.91

Swilr? 0.94

7.00 0.92

10.01 0.87

22.75 0.86

B8.2.3 9.35 0.99
B8.2.4 14.25 0.90
B8.2.5 6.82 0.97
B8.2.6 0.63 0.33
1.13 0.57

1.92 0.39

2.40 0.37

2.9, 0.53

3.97 0.79

5.20 1.02

6.60 0.91

7.75 0.92

9.17 0.96

10.92 0.93

B8.2.7 17.58 1.01

Average yield taking all times (mean 4+ sd)

Average yield for a batch run

X = 0.95 = 0,06
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The Analysis of' a Central Composite Rotatable Design:
The eft'ect of pH, temnerature and dilution-rate on the increase
in acid concentration. (Cochran and Cox, 1962)

The relationships between the coded x- scales and the original scales

are shown by equations 1 - 3.

X = ]'JH — 5065 (1)
1 0.15

x = Temperature - 46 °C (2)
2

x = Dilution-rate = 0,206 h ' (3)
9 0.103

Table A5.1 shows the design, the X matrix, and the increase in
lactate concentration (P) in the Y column,

Bach column of the X matrix is multiplied in turn by the Y column,
giving the sums of products (0y), (ly), etc. shown in Table A5.2. The
auxiliary total E:(iiy) is computed and the regression coefticients

b bi’ etc. are found trom the f'ollowing equations:

0’
b, = 0.166338 (Oy) = 0.056791 2 (iiy)
by = 0.07322 (iy)

= 0.062500 (iiy) + 0.006889) . (iiy)
- 0.056791 (Oy)

= 0.125000 (ijy)

akal

bij

The values of bij are given in Table A5.2.

The analysis ot variance is shown in Table A5.3 and is
obtained as t'ollows :

The sums of squares due to t'irst order terms:

3
Z b, (iy)
i=4

The sums of squares due to second order terms:
3 . o 2
= b, (0y) +5 by (iiy) + 35 7P (ijy) - 6°/20
iz LA
where G is the grand total.

The total sums of squares is calculated in the normal way. The error
sums of' squares is computed trom the 6 central points. The sums of squares
f'or lack of f'it is obtained by subtraction.

It S is the standard error per observation (computed trom the six central
points) then the standard errors ot the regression coet'ticients are given by:

S.€. (bi) = 0.35% S
S.e. (bi.]) = O.b S

The standard error per observation t'or this experiment is 1,734 and the
standard errors tor the regression coet'f'icients are shown in Table A5.2.
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Table A 5.1 Central Composite Rotatable Design f'or 3 Variables

X = Matrix of §-varigéb1es Y

xo Xy X, x3 x,l‘ X, x3 x1X2 :&:‘]x3 x2x3 y

1 -1 -1 -1 1 1 1 1 1 1 16,00
1 1 -1 -1 1 1 1 -1 -1 1 19.10
1 -1 1 -1 1 1 1 -1 1 -1 19.00
1 1 1 -1 1 1 1 1 -1 -1 17.20
1 -1 -1 1 1 1 1 1 -1 -1 10.80
1 i -1 1 1 1 1 -1 1 -1 11.13
1 -1 1 1 1 1 1 -1 -1 1 10,70
1 1 1 1 1 il 1 1 1 1 10.95
1 -1,682 0] 0 2.828 0 0] o 0 0] 14,20
1 1.6482 0] 0 2,828 © 0 0] 0] 0] 14.85
1 0 -1.682 0] 0 2.828 o0 0] 0] 0 11.50
1 0 1,682 0] 0 B2ieE8 o 0] 0 0 1121695
| 0] 0 -1.682 © o0 2.828 0] 0] 0] 27 .38
1 0] 0] 1.682 0 o 2.828 0] 0 0] 8.94
1 o 0] 0] 0] 0] 0] 0] 0] 0] 13.90
1 0 0 0] 0] 0 - 0 0] 0] 0] 13.18
1 0] 0] 0] 0] 0 0] 0] 0] 0] 17.22
1 0] 0 0] 0] 0] 0] 0] 0] 0] 13.52
1 0] 0] 0 0] 0] 0] 0] 0] 0 15.82
1 0 0 0 0 0 0 0 0 0 16.55
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Table A 5.2 Regression cosfticients f'or the equation showing the
ef'r’ect of pH, temperature and dilution-rate on acid

concentration.
Std,.error
(oy) L 29h.7 B, 15.05 1.73
(1y) 2.9733 b, 0.22 0.61
(2y) 3.22526 b, oL 24 0.61
(3y) -58.73608 by =4 .30 0.61
(11y) 197.03340 b, -0.31 0.66
(22y) 183.96804 b, -1.12 0.66
(33y) 217.59296 bz 0.98 0.66
(12y) .98 L8 -0.62 0.87
(13y) -0,72 L ~0.09 0.87
(23y) -1.38 bz -0,17 0.87
2 (idy) 598 590

Table A 5.3 Analysis of' variance t'or the equation showing the
eftect ot' pH, temperature and dilution-rate on

acid concentration.

Degrees of’ Sun of’ Mean
Freedom squares squares
First order
terms 3 254,027 84,676
Second order
terus 6 39,967 6.661
Lack of t'it 5 18,041 3,007
Error 5 14,710 2,942
Total 19 326,745
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APPENDIX 6

The work reported in this appendix was carried out in an attempt to
determine the major wvariables affecting the producztion of lactic acid
from whey. . For a nunber of reasons the results are not ccnsidzsred to
be reliable but the work is presented for completeness,

WYPRRIIFNTAL DESIGNS

The development of new processes or the improvement of existing ones
requires a consideration of the effects of a large number of variables.
For the proper utilization of resources a screening technique which
efficiently determines those variables which merit most investigation is
essential,

The experimental designs most commonly used to investigate the variables
in process systems are the factorial and fractional-factorial designs.

A special case of fractional factcrial designs, known as the saturated
fractional factorials can be used to 1nvestnpate (n-1) variables in n
experiments. The designs are kncwn as the"Plackett-Burman designs"
(Flackett and Burman,194€) or the "2 k-pfractional factorials of
resolution TII" (Box andi Hunter,1961),

Plackett and Burman (1946) determined designs for screening (n-1)
variables, each at two levels, ir n experiments where n is a multiple
of four. They presented the design matrices for 4 up to 1C0 runs
(except n = 92). Where n is a power of two the designs are identical
with the 2K2 fractional factcrial designs of Box & Hunter (1961).
Plackett & Burman (1946) also presented designs for screening variables
at 3,4,5 and 7 levels,

Stowe & Nayer (1966) illustrated the use of the Plackett-Burman
experimental design for screening the effect of twelve variables on
catalyst activity. Williams (1963) compared three designs for screening
variables in the development of an epoxide adhesive. A Plackett- Burman
design in 28 experiments was shown to be more efficient than a fractional-
factorial design in 32 experiments or a randcm balance desigr. in 28
experiments,

The method is as f'ollows. After choosing the independent variables
to be studied, each is assigned two values or levels; a low level
designated (.) or (-) and a high level designated (+). The number of
variables determines the experimental plan to be used. Up to (n-1)
variables can be studied in n experiments, but it is desirable to in-
clude a number of additional experiments for estimating the variance
due to experimental errors. The variables so included are called "dummy
variables" and no changes are associated with them in the design.,

The design matrix is set up by writing down the first row of the
given design (Plackett and Burman,1946) then shifting this tirst row
cyclically to the left one place (n-2) times to generate (n-1) rows.The n
row is a row of (.)'s. Thus the design consists of n rows designating
the experimental runs and (n-1) columns designating the variables.

Thus for n = 16 the first row of the design is (Plackett and
Burman,1946)

A I e o T
The full design matrix is shown in table A6

th
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Table A6.1 Xatrix for 16 runs for a Flackett and Burman design
Experiment VARTABIE

Hel, A 3 ¢C D E F G H I J K L ¥ ¥ 0
1 o+ o+ 4+ e+ et o+ e e e e e
2 + + + . + . + + . . + . . . +
3 S T S O T
L + e+ e o+ + o e o+ e e e o+ o+ 4+
5 . + ° + o+ . . + . . . + o+ o+ o+
6 + e 4+ 4+ e e + e e e+ o+ o+ o+ .
WV « 4+ 4+ . « 4+ . . e o+ o+ 4+ o+ ¢ +
8 +  + e e+ e e e + + + + & +
g + e e+ e e et o+ o+ o+ .+ e+

10 . o 4+ . . o + + o+ o+ . + . + o+

11 o« + . . e 4+ o+ o+ o+ .« + « + 4+ .

12 + . . . + o+ o+ + « + ¢ + + . .

13 . e e+ 4+ o+ o+ e« + e+ 4+ . .« 4+

14 . e 4+ 4+  + + e+ e+ o+ . o + .

15 e + o+ + o+ o 4+ . + o+ . . + . .

16 e s 8 & e e s s e s w ® w & e

The experiments are performed in random order and the response for
each experiment determined,

The effect on the response of changing each independent variable from
its low level to its high level is the difference between the average
of the values of the response obtained at the high level of the variable
and the average of the values of the response obtained at the low level,
Thus if Eq is the effect of A, and R is the response of one experiment
then

By = Z(R at-{+) ) _ E(R atibe] )

¥o. of (+) values Yo, of (.) values

The effects of the durmy variables are determined in the same way.
If there are no interactions or experimental errors, the effect shown
by the dummy variable should be zero,

The variance V, 1is egual to the average of the sguares of the dummy
effects;

V (effects) = :E:(E Dummy)2
Number of Dummy Variables

The Standard Deviation (SD ) = \/v (effects)

The signifiicance of each effect is determined by the use of the
standard t-test with the degress of freedom equal tc the nuamber of dummy
variables,

t Effect

- SD (effect)
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The t-test for each effect is an evaluation of the probability of
finding an effect this large by chance when in fact no effect really
xists. If this probability is small enough it means that in gcing

from the low level tc the high level of that variable the change
observed in the response is due to changing the variable and not to
random error., The confidence level of being correct in accepting that
the effect was caused by the change in level is 100 x (1-probability
due to chance).

Selection of variables in whey fermentztion
The number of factors which could influence the production of lactic
acid using casein whey as a substrate is large. The orgznism, the
physical variables of temperature, pH,degree of agitation and residence
time in the culture vessel and the presence of stimulatory and inhibitory
substances present a bewildering array of veriables which could be studied.
The experimental design t echniques of Plackett and Burman were chesen
as a means of screening scme of the variatles in a series of continuous
culture experiments. The organism was not considered as a variable be-
caus? initial experiments had shown that LBR produced rore lactic acic
faster than any other organism aveilable in the NZDRI culture collection.
The physical variables temperature, pH, the degree of agitation and
the residence time could be readily studied in the available equipment.
The degree of agitation could be varied either by altering the diameter
of the impeller or by altering its rotational speed. The latter was more
convenient., The dilution rate (reciprocal of residence time) could be
altered by adjusting the volume of the vessel con%tents or by adjusting
the flow-rate of the incomirg medium, Alterations in volume of the
vessel contents wculd affect the degree of agitation and hence the flow
rate of the medium wes considered to be the independent variable,
The supplementary nutrient factors were considered in groups:
a) Chemically defined nutrients, acetate, citrate, magnesium, manganese,
calcium and iron; b) undefined nutrients, peptcne, beef extract, yeast
extrect and tween 80; c) phosphate; d) EDTA (added to complex any
copper which might be present in the whey. Rogosz and Sharp (1959)
showed ccpper to have a deleterious effect on L,bulgaricus) e} lactose;
and f) Carbon dioxide.
This gave a total of *ten variables to be considered. The Flackett and
Burnan design shovm in table A 6.1 allows for 15 variables. This design
was chosen in preference to the standard design for 11 variables because
it allowed a greater number of dummy variables to be inserted and be-
cause of the possibility of foraing a table of twe-factor and main factor
interactions (Stowe and ¥ayer,1966). The variables studied and the high
and low levels used are shown in table A6.2, The levels were chosen to
cover the range of values mentioned in the various literature references
and such that the effects obtained would be measurable but not too great.
The runs were carried out in random order. As an example of the con-
ditions used in an experirent in run 1 a (+) in table A6.1 indicates the
high level of the variable and (.) the low level; ie temperature was 48°C,

—

¥DTA, chemically defined nutrients, gas and undefined nutrients were
added, pH was 6.0 the lactose concentraticn was 50 g/1, agitation was
set at 300 rpm and the feed rate of incomirg mediun was maintained at
0.375 1/h.

The results obtained are shown in table A6.3. A sample calculation is
shown in appendix 3.

The effects of the variables on the increase in acid concentration,
productivity, and yield are shown in tables A6.4 - A6.6 together with
the calculated values of Student's t and the tabulated values of the
probability of obtaining a value of t that high by chance,
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Table A 6.2 Levels of the independent variables in the Plackett

and Burman screening experiments,

Code Variable Level
+ .
A Temperature og L8 L5
B EDTA g/1 0.3 0
C Dumny
D Chemically defined nutrients g/1
Na G, H3 O2 5H20 5 0
(NHL) o HSg Hg O 2 0
Mg SOA 7H20 0,2 0
Nn SOA AH20 0,05 0
Ca C1, 6H,0 0,05 0
Fe SOl+ 7H2O 0.C5 0
E Dummy
F Gas (95 per cent N, 5 per cent C02) 1/h} 15 0
G Dummy
H pH 6.0 5.0
I Undefined nutrients g/1
Peptone (0xo0id) 5 0
beef extract (0xo0id) 5 0
yeast extract (BBL powder) 2.5 0
Tween 80 (Atlas Powder Co) 0
J Dummy
Phosphate K2 HPO4 e/1 2 0
L Lactose concentration g/1 50 L0
M Agitation rpm 450 300
N Flow rate of feed 1/h 0.75 0,375
0 Dummy
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Table A6.,3 3Selection of variables; experimental results
Experiment Run Increase
No. Yo. %S%g. Productivity Yield
g/1l. g/1 h
1 C.7.12.8 14,0 2.9 0.28
2 15 2.8 0.6 0.07
3 13 5.6 2.2 O0.14
L 6 0.3 0.2 0.01
5 7 2.1 0.8 0.05
6 5 1.5 0.6 0.03
7 14 2. 0.5 0.05
8 10 4.2 1.6 0.09
9 9 21.2 Lo 0.54
10 1 3.6 1.2 0.C6
11 11 8.0 3.1 0.21
12 2 2. 0.5 0.04
13 16 1.6 2.5 0.26
14 L 10.0 4.0 0.25
15 3 16.3 D 0.42
16 12 4.8 0.9 0.06
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Table A6,k Screening of variables: increase in acid concentration
Effect

g/1 t Probability
A Temperature 0.9 0.56 0.60
B EDTA 0.0 - -
C Dummy 0.1
D Chemically defined nutrients 6.7 440 0,01
E  Dummy 14
F CGas 0.3 0,18 0.85
G  Dummy 0,9
H pH 2.2 Ble 0.22
I Undefined nutrients 6.0 3.91 0.01
J  Dummy 2.6
K Phosphate 1.6 108 B35
L Lactose concentration =34 2522 0.08
M  Agitation -0.3 0.20 0.85
N  TFlow-rate 5A(0) 3.29 0.02
0 Dummy s

Note: - The standard deviation of an effect = 1.5 g/1

As an example of interpretation of these results the addition of
the chemically defined nutrients (n) increases the lactic acid
concentration by an average of 6.7 g/1, the productivity by 1.5 g/1 h(A6.5)
and yield from the ingoing lactose by 17.3 per cent (86.6).



Table A6.5 Screening experiment: rroductivity.

ffect

g/1 h 7 Probability
A Temperature -0 0.73 0.48
B EDTA C.1 0.20 0.85
c Dummy -0.3
D Chemically defined nutrients 165 2.99 0.03
E Dummy -0.3
F Gas 0.3 0.55 0.60
G Dummy 0.2
H pH 0.8 1.55 0.18
I Undefined nutrients 1.1 2.30 0.07
J Dummy 0.8
K Phosphate , 0.6 1.25 0.27
L Lactose concentration -1.0 2.08 0.10
M Agitation 0.3 0.65 0.55
n Flow-rate ~-0,2 0.4 0.70
0 Dummy 0.6

Note: - The standard deviation of an effect = 0.5g/1 h

Table A6.6 Screening experiment : yield

Tffect

per cent t Probability
A Temperature -2.0 0.52 0.60
B EDTA 0.5 0.14 0.90
c Dummy 2.6
D Chemically defined nutrients 1743 L.33 0.01
E Dummy -2.0
F Gas ~1.1 0.27 0.82
G Dummy -1.3
H pH 5.7 142 0.21
a0 Undefined nutrients 14..6 3,65 0.01
J Dummy 7.8
K Phosphate 5.4 1.35 0.24
L Lactose concentration -10.5 2.62 0.04
M Agitation 1.8 0.46 0.70
N Flow-rate -11,2 2,79 0,04
0 Dummy - 2.5

Note: The standard deviation of an effect = 4,0 per cent



Discussion

The maximum value of the probebility which is taken to be significant
is arbitary. For the purposes of this experiment 0.3 (3towe & Mayer
(1966) ) was taken to be significant. Thus any variable for which the
protability of obtaining the calculated value of t by chance is greater
than 0.3 can be rejected as having no effect on the response. 'here
the vrobability is less than C.3 it can be assured that the variable has
a significant effect on the response,

From the tabulated values of the probabilities the responses all
increased when the defined nutrients, undefined nutrients and phosphate
were added, Increase in pH also increased all responses. Increasing
the lactose concentration caused all responses to decrease, The flow-rate
had an adverse effect on the lactate concentration and the yield but did
not'}ffect the productivity. In the range studied the other variables
had no effect on any of the responses, It is surprising that the temp-
erature had little effect. 1t is possible that the values used were not
far enough apart to produce a significant effect, or the values chosen
are on either side of the optimumr value,

From the tabulated results (tables AG.4 - A6.6) it can be seen that
the dummy variables all had fairly high values. Thz expected value is
zero, There are three possible explanationsy
(1) 1In Plackett-Burman designs the main effects are not confounded with
each other, but because the designs are gdghly fractionated factorials (the
design used is a 2 " fraction of a 2 factorial) each main effect is
confounded with large numbers of two~factor and higher order interactions.
Hence the dummy variable with an effect greater than zero may be confcunded
with a significant interaction. .

(2) Considerable error may have existed in the reproduction of the level
of some of the variables or in the measurements,

(3) Some unknown independent variable which was not controlled may have
had a significant effect.

Table A6.,7 shows the primary and two-factor effect confounding which
exists in this design (Stowe & lMayer,1966).

Table A6,7 Primary and two-factor effect confounding in a
16 experiment Tlackett and Burman design

A Temp erature "BM CJ DE FK GI EN  LO
B FKDTA AM CN DK EF GL HI IO
€ Dummy AJ BN D0 EL FG HN IK
D Chemically defined nutrients AR BK CO TFM ¢cH IN JL
E  Dummy AD BF CL OGN HI JO KM
F  Gas AK BE CG6 DM HO IJ 1IN
G  Dummy AI BL CF DH EN JK MO
H pH AN B Cf D& EI TF0O KL
I Undefined nutrients AG RO CK DN EH FJ M
J  Dummy AC BH DL E0O FI GK N
K  Phosphate AF BD CI EM GJ HL MO
L Lactose Concentration A0 BG CE  DJ FI  HX ¥
M Agitation AR CH DF I GO IL JN
N Flow-rate AK BD DI EG FL JM¢ KC
0  Dummy AL BI CD ®EJ FH OGN KN
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Durry variable © is cornf'ounded with IK, variable T with HI, variable G
with DH and variable J with DL all of which could be expected from the
results to be signif'icant seccnd order effects, variables D,H,I,¥ and L
being those with the highest eftfects,

Thus it is not too surprising that the dummy variables have high values,
It however highlignts a vroblem cf using this type of experimental design
when a number of variables expected to have a large effect on the exper-
imental results is being investigated, The irevitable significant second-
and higher-order interactions being conf'ounded with rmain effects may
possibly lead to erroneous conclusions., It would be better to confine this
type of experimental design to situations where only one or two factors
are thought to be significant but a large number of apparently miror
factors need to be screened for possible eff'ects. The experiment can
then be considered to be a repeated f'actorial experiment of the major
factors with the minor wvariables confounded with the interactions.

Subsegquent experimental work did not show that a major variable was
uncontrolled, ‘

As a result of this series of experiments the tactors most likely to
improve the wonomics of continucusly processing whey to produce lactic
acid are the supply of supple. entary nutrients, and the determination of
optimun levels of pH and medium flow rate. Subsegquent experiments were
directed towards determining which specific compounds were most useful,

The lactose level was not studied further except indirectly as it varied
during fermentation because of the dift'iculty of adjusting it in commercial
practice., Phosphate, shown to have a marginal effect on the responses

was not studied further, but was added to the alkali used for neutralizing
(Luedeking and Piret 1959a). Temperature was also studied as a variable
in some experiments to determine if it in fact had no effect over the

range studied or whether the values chosen in the selection of variables
experiments were on either side of an optimum teumperature.

Subsequent experimental work showed in tact that the temperature ef'fect
did give a curved response surface with an optimum value close to 460 ¢
(Section 4.3.1). The same results shcwed pH had very little eff'ect, a
response contrary to expectation from the screening experiment., Cne poss-
ible explanation for this was the observation in batch culture experiments
that fermentation at low pH for a period of time ( due to a failure of the
controller) gave an increased rate of acid production when the pH was ad-
Justed up to its desired value. A sir Tar observation has since been made
by Hanson and Tsao (1972). Thus in .e continuou$ experiments in which
conditions were altered without re-inoculation it is possiblz there was a
bias introduced to the results as a consequence of operation at a previous pH.

Subsequent work also showed that agitation and the gases oxygen and
carbon dioxide affected the rate of acid production. These were not shown
to be significant variables in the screening experiments because the
agitation level was above that reguired for complete suspension of insoluble part-
jcles and the use of a bsffled vessel meant the medium surface was stat-
ionary and air was not entrained in those experiments in vwhica carbon
dioxide was absent,
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