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ABSTRACT 
THE FR.ODU�TIC'�r C"l" L4.CTJC ACID Fll0rf W:fl':'f BY crr�CITI:LJO TS 

CUI.TlJ't� AS A FC3STRL::: !:'E/:NS OF '.'.'AST"'3: DIS9CSAL. 

A study wa s made of the fermentation of lactose in lactic casein 

whey to lactic acid u s ing a strain of LactobaciJ.lus bulgaricus. 

Both batch and continuous culture were useu .• 
A culture ves sel capable of be ing operated under controll ed conditions \ 

was de signed and built for thi s  s tudy. Temperature, pH, gas  �tmospher�, 

degree of agitation and medium flow rate could be altered and controlled. 

A meter was developed far the continuou s measurement of lactic acid 

production. The meter used a capacitance probe to measure the volume 

of alkali addsd to the culture to maintain a constant pH. 
The kinetic s  of lactic acid production in a batch culture of whey 

were characterized by : 

dP �� + �N) p p m 
dt 

= K + p p p m 
The kinetic s of bacterial cell growth were cons i stent with the normally 

accepted Monod equation but no direct verifi cation 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 . More than 50 p ercent of the acid produced during a 

batch culture was synthe sised while  the cell population was in a 

s tati onary growth phase. 

The maximum cell number was not l imited by the concentration of 

lactose . Supplementation with tryptophan , casamino acids and a number 

of vi tamins increased the cell popul ation and the rate of  acid production 

and de creased the batch time . S odium caseinate was a good source, of 

es sential and stimulatory nutrients. 

The optimum heat treatment of the whey involved heating to 69°C. 
In unsupplemented whey the removal of suspended material by centri­

fuging and filtration prevented the formation of acid. To maintain 

maximum acid formation rate s the impeller Reynolds number had. to be 

greater than 10,000. 

The presence of oxygen prevented the growth of the bacterial cell 

popul ation, but once the maximum c ell p opulati on had be en reached 

oxygen did not effe c t  the acid synthe si s .  



In a sir.gle stage continuous culture reactor the concentration of 

lactic acid was eiven by : 

p p m 
K + p P 

p m 

The constants were deter·mined from batch culture data. 

A single s tage continuous culture is not suitable for the conversion 

of all the lactose in the whey to lactic acid.  If lactic aci d  production 

by continuous culture is  t o  be  considered as a means of waste dispo sal 

it will be neces sary to u se feed back of cells  to a single - stage 

reactor or mul ti-stage s tirred taru�s. 

I n  continuous culture studies it was shovm that the optimum 

temp eratu!'e fo r the fermentation of lactic  casein whey was 4-6°C. A 

pH in the rage 5.4- - 6.0 was best. Outside this range, p roductivity 

and yield were decreas ed. 

I t  can b e  conclude d that though continuous production of' lactic 

acid from whey is  fea sibl e ,  multi-stage continuous reaction systems 

an�or cell feedback are necessa�y to reduce the lactose concentration 

t o  an acceptable level. The whey should be supplemented with a source 

of amino acids. 
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1 

1 INTRODUCTIC� 

Because of the increasing number of large cheese and casein manu­

facturing units, the New Zealand dairy industry is in a p osition to 

consider the economical manufacture of a number of products from whey. 

Whey, the liquid remaining after milkfat and casein have been separated 

from whole milk , contains nearly 70 percent of the solids-not-fat 

portio n  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 , 000 ppm,5 day) 

renders it a serious pollutant if allowed t o  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 c ompanies amalgamate and individual 

manufacturing units become larger. Cheddar cheese whey 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 . C oncentration 

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 . 
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Lactic acid has potential as a versatile chemical and chemical 

intermediat e ( Schopmeyer, 1 954;  Arnold and Childs, 1 960 ) . It  is used 

in the food and beverage industries and in the production of plastics  

and textile s .  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 1 968-69, 1 43, 000 lb 

of 85  per cent CP grade acid, CIF value $29, 000 , was imported into New 

Zealand ( Department of  Statistic s , 1 970 ) . However if a supply of locally 

produced acid was available at a reasonable price it is probable that 

the demand would increas e .  

I n  line with many other products having a simple molecular structure , 

the fermentation route to lactic ac id has received increasing competition 

fro.m dire ct synthesis . The availab il ity of cheap hydrogen cyanide and 

acetaldehyde arising from developments in the petrochemical industry ,  

the synthetic fibre indust�, and in particular the production of 

ac�lonitrile,  have led to an increasing production of synthetic 

lactic acid . (Thorne , 1 969) 
New Zealand has little chance of producing synthetic lactic acid 

because  of the lack of suitable chemicals so  it is worthwhile to asse s s  

the potential o f  microbial production from indigenous raw material s .  

The only local raw material availabl e in large enough quantities at 

one site and from which lactic acid could be produ6ed is lactic casein whey. 

Needle and Aries ( 1 949) �stimated that a daily supply of 25 , 000 gal 

of whey would be necessary for the economical production of lacti� acid . 

An increasing number of factories in New Zealand have average daily 

productions of whey in excess  of this with p eak levels in exce�s of 

1 50, 000 gal/ day . 

The estimated volume of whey produced in New Zealand in 1 969/70 was 

350 million gallons . The amount of lactic acid which potentially could 
6 

be produced from this whey ( 1 50 x 1 0  lb ) is  far in exce ss  of pre s ent 

requirements but a few individual factories c ould find the manufacture 

of lactic ac id a viable prop osition . 

Ten years ago an attempt was made to manufacture lactic acid from 

casein whey in a New Zealand dai� facto� but was abandoned as a 

commercial venture because of  difficulties in the purification step s .  

Iron contamination from the proces sing plant was a maj or problem but 

more resistant materials of construction which are now available c ould 

overcome this. 

It is difficult to determine the cost of whey as a raw material . I n  



3 
general the disposal of whey will be a co st to the casein process  and 
the whey can be consid.ered to have a negative value. If it can be 
pumped to a waterway the cost of p umping and the necessary pipe lines 
will rep re sent the minimum charge. Spray irrigation will be more 
exp ensive. :McDowall and Thomas ( 1 961) estimated the capital cost for 
an irrigation scheme to handle 21, 000 gal/day of whey to be $1 6,000 
excluding land. OperatinB cost depends on p umping charges, but for 
the axampl e  they give is aproximately 0.02 c/gal . If treatment in a 
conventional sewage plant was used , the cos t  could be as high as 0.3c/gal 
based on equivalent BOD level s . 

On the other hand, if whey was used as a feed for pig s  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 s tated that whey rep resents a waste 
dinpo sal cos t  to the factory. A proce s s  which reduces the cost of waste 
disposal and produces a product capable of being sold fo r at least the 
manufacturing cost is a profitable venture for the company. 

In line with many other chemicals there is likely to be significant 
e conomical advantage in producing lactic acid by a c ontinuous proce s s .  
This will b e  particularly so  for the p urification step s.  It is worth­
while, therefore , asses sing the p o s sibilities of continuo us conversion 
of lactos e  to crude lactic acid as the first step towards the production 
of' lactic acid to mee t  commercial specifications.  

The work reported in this thesis was directed towards a study of the 
most significant variables affecting 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 e xperiments. 

A statistical technique was used in an attempt to select the mos t  
significant variables affecting the c ontinuous fermentation o f  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 l owe st level of residual lacto s e .  If 
p ollution is t o  be  reduced the lac to s e  level must be  reduced as close to 
zero as p o ssible . 

In the single-stage continuous culture experiments the reduction in 
lacto s e  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 

pro duction .  Casein in the whey was a source of essential nutrients . 

Because of' the large number of' nutrients to be studiec)_ an attempt 

was made to use shake flask batch cultures .' This gave inconsistent 

results with low yields . Oxygen c oncentration 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 kir .. etic 

exp ressions are similar to those obtained from studies using 

defined, non-commercial media . 

4 



2 A REVIE\V OF THE RELEVANT LITERATURE 

2. 1 Microbial Kineti cs  

I n  recent years there have been significant advances in  understanding 

mic rob ial kinetics and their application to continuous systems for 

fermentat ion processes,  both for the production of microbial cells and 

the transformation of sub strates (Malek and Fencl,1 966 ) . In o!'ier to 

make rational use of thes e  advance s a knowledge of the kinetics of cell 

growth, subs trate utilizati on and product formation is e s sential . Much 

of the information published in the literature is of little use in 

practical situations because of the use of i dealized systems ana. raw 

materials of no commercial significance (Childs and Welsby , 1 964 ; 

Ricica , 1 969 ) . 

Fermentation kinetic s  is  the quantitative study of the rate of growth 

o f  microbes and the consequent rate of substrate utilization and 

metabolite p roduction. This  review is concerned mainly with the k inetics 

of metabolite production .  

The subject has been recently reviewed by Edwards ( 1 967 ) and Luedeking 

( 1 968 ) . The particular topic of product formation ( "product" refers to 

all metabolites other than cells ) forms the major p art of the proceedings 

of the 4th sympo sium on "Continuous Cultiv-ation of Micro-organisms " 

(Mal ek ,  et  al 1969) and has been surveyed by }.!axon and Chen ( 1966,1 967 ) , 

and Pirt (1967,1969). 

2. 1 . 1 . Models of Cell Growth 

The most widely used models of microbial cell growth are those based 
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on the principles of chemical kinetic s .  The models of Monad ( 1 942) and 

Hinshelwood ( 1 946 ) 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 ass umptions are that cell growth 

rate is a function of cell and substrata concentrations . The amount of 

cell growth is assumed to be proportional to substrate c onsump tion while 

product formation is prop ort ional to growth. These simplifications limit 

the usefulnes s  of the models to a restricted number of microbial systems . 

The s implest situation is  the exp onential growth phas e of the cell's life 

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



N.onod's model is  expressed by 

where J.L 

( i.e • growth 

X 

and t 

dX 
dt 

= ( 2.1) 

is the specific growth rate, h-
1 

rate of cells per unit of cell concentration) 

is cell mas s concentration g/1 
is time, h .  

Monod (19lf-9) p roposed that the specific growth rate was related to 

the concentration of the nutrient which limited growth and he as sume d 

a relationship similar to that of the Michaelis-Menton description 

of enzyme kinetics. ' 

J.L = 
s 

K + S 
s 

(2.2) 

where P.m is the maximum specific growth rate 

(i.e. the specific growth rate in the 

) 
-1 

exponential phase , h 

s is the concentration of the 

limiting nutrient g/1 
K is the saturation constant for 

s 
limiting nutrient . g/1 

the 

A number of modifications of e quation (2.2) have been proposed and 

the se  have b een discussed by Powell (1967) who presents a further 

equation which takes into account the diffusion and permeation of the 

substrata from the medium into the cell . 

Models of the Monod type  are of limited value because they do not 

app ly to all phases of the microbial growth cycle. An extension of 

the application of chemical reaction kinetics has been used to model 

all phase s of the cell growth cycle by the use of the following 

expression (Kono,1968; Kono and Asai , 1969 a,b  ) 

dX = J.Lm <P X ( 2 • 3) 
dt 

<P takes the following values 

Induction phase <P = 0 
Transient phase 0 < <P <. 1 

Exponential 

growth phase <P .:: 1 

cgnstant growth <P = xo.: p ase 
X 

D5clining growth <P = Xc p ase 
Xm - Xc 

(Xm - X) 
X 
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Where Xc is the cell mas s  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 . 
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The equations require the evaluation of a large nu�ber of cons tants 

from the batch growth curve and take no account of substrata concen­

tration. The constants do have some physical meaning . The equations 

have been succe s sfully 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 subs trate limited 

model s. Conditions also occur where the metabolism is inhibited by 

increasing concentration of the product. Hinshelwood ( 1 946 ) proposed the 

following equation to describe inhibitory effects: 

dX 
dt 

= (1- aP)f.i,X 

where a is a constant,  1/g 

(2.4) 

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 fermentations.th8 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 b e  formulated by 

IJ. = IJ. e 0 
-k p 1 s 

K + S s 

where p. is the specific growth rate at zero ethanol concentration . 0 
The inhibitory effect of ethanol on the fermentative activity of the 

yeast  cells is expressed by 

s (2.6) 
Ks + S 

Where v is the specific rate of ethanol production at zero ethanol 0 
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concentrati on .  By as suming constant value s for yield coefficients it was 

pos sible to use digital computer technique s to simulate the batch 

fermentation curves . 

A different approach to the modeling of bacterial kinetic s ,  but still 

based on chemical kine tics , has b een the attemp ts of various authors to 

use the analogy with heterogene ous catalys is . ( Atkins on, Swilley,Busch and 

Williams , 1 968 ; Atkinson and Daoud , 1 968 ; ) . The mass of micro-organisms i s  

likened to catalyst particles and equations derived to describe the mass  

transfer of nutrients and metabolic p roducts coupled with the enz�nic 

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 ( 1 968 ) and Shore 

and Royston ( 1 968) have u sed a s imilar analogy with heterogeneous 

catalysis in di scussing the production of yeast.  

None of the above models attempts to  include variable s such as the 

cell age dis tribution or the cell compo sit ion. However, with progress 

in the understanding of the p roce sses of cell growth proliferation and 

metabol ism, advances have be en made with mo dels which include these 

fundamental variables ( Painter and Marr, 1 968) . 

A complex and complete approach has been the attempt by a number of 

authors to  apply principles of engineerine analysis to elucidate growth 

and replication phenomena (Tsuchiya , Fredricks on and Aris , 1 966 ; Ramkrishna , 

Fredrickson and Tsuchiya , 1 966 , 1 967 ) .  Model s of varying complexity ha·J'e 

been cons idered and the se suc cessfully 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 .  :W.odels of J,letabol ite Production 

There are three basi c  types  of metabolite production ; 

1 )  the rate of production of  metabolite parallels the g rowth of the 

micro-organism. 

2) the rate of production of metab olite is indirectly related to the 

growth, and 

3) production of metabolite is independent of growth, the organisms acting 

as a carrier for the enzymes whi ch catalyse the desired reaction. 

Hinshelwood ( 1 94-6) assumed the specific rat e  of product formation to 

be a constant , r. 
d P  rX ( 2 .7 )  . d t  = 

Thi s  i s  the s implest of models and applies to ver,y few real s ituations . 
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Luedeking and Piret ( 1 959 ) empirically derived. the following more 

complex express ion for product formation . 

dP 
dt 

dX {3 X a 
dt + 

( 2 .8 )  

Where a , {3 are functions of the pH of' fermentation .  The fi rst 

term of this eq uation was sai d  to account for growth associated product 

formation and the second for non-growth associated product formation. 

Pirt ( 1 969) derived an equation of the same form by assuming that the 

cons umption of the energy s o urce by bacteria was represented as the sum 
of two terms ; the consump tion of the energy s o urce for growth, and the 

consumption of the energy s o urce for maintenance .  He also assume d that 

the amount of p ro duct was stoichiometrically related to the energy source . 

Humphrey ( 1 963 ) used the same expres sion to correlate the sp ecific 

acid production rate in both batch and continuous lactic acid 

pro duction by Lactobacillus delbrueckii . 

An equation similar to ( 2 .8) was shown to represent over 8 5  per cent ' 

of the rate c urve of hydrogen s ulphide pro duction from s ulphate by a 

strain of Desulfo vibrio (Leban, Edwards and Wilke , 1 966) . I t  was also  

said to apply to  the alcholic fermentation of gl ucose by Saccharomyces 

cerivisiae (Aiyar and Lue deking , 1 966) . 

However, Finn ( 1 966) and Hol zberg, Finn and Steinbraus ( 1 967 ) 

studying the alcholic fermentation of grap e j uice claimed the Lue deking 

and P iret equation did not f'it their data and they proposed the following ; 

Exponential growth phas e :  

dP + 
dt 

Stationary phase (where N ,  

1 dP 
'N dt 

bP 

the 

= r 

= a ln N - c ( 2. 9 )  
J-1. 

cell concentration, is  constant) : 

(P  - P) m ( 2.1 0) 

Where P is  the maximum amo unt of alcohol which could b e  pro duced. m 
Terui and Niizu ( 1 969 ) studied the fermentat ion production of L-

tryptophan and reported batch fermentation res ults 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 c ontinuo us fermentation the res ults indicated that tryptophan was 

produced by growing cells only . They reinvestigated the batch c ulture 

and showed that in the " stationary" phase the cell p op ulation contained 

dea d  and lys ing cells mixed with actively growing cells . The latter 

were probably utilizing metabolic products forme d 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 cells which were resp onsible for the tryptophan 

production in the apparent "stationary" phase leading to the as sumption 

o� non-growth associated product formation. 

Other attempts to model p roduct formation have been tho se of Shu ( 1961) , 

Maxon and Chen ( 1966, 1967) Keno ( 1 968) , Kono and Asai ( 19 69 a , b ) 
Tsuchiya et al ( 1966) and Rarnkr:i.shna et al ( 19 66 , 1967) . All are 

extensive an1 complicated,  requiring the evaluation of a large number of 

c onstants from the batch curve and/or the use of computers to P-valuate 

and predict the results . All models are of limited value because it i s  

not yet possible t o  predi ct the effect of changes in physical variables 

such as pH, temperature and various nutrients. 

2.1.3. Contin•Jous Culture 

C ontinuous culture techniques for the p ro duction of microbial products 

have been extens ively studied and there has been much interest in 

commercial application because of the theoretical advantages of increased 

productivity and greater control. Despite this intere st there has been 

little commerc ial application except for the p roduction of yeast and 

beer, and the activated sludge process  for sewage treatment. Some of the 

reasons for this lack of commercial use are discus sed by Ev·ans-· ( 1965 ) . 

As a research to ol for microbiological proces ses , continuous culture 

provides a constant chemical and physiological enviror�ent in which to 

investigate the effects of variables on the growth of cells and the 

products formed .  It is als o possible to study microbiological proce sses 

with the growth rate as an independent variable. 

The theory of continuous culture is discussed fully in the l iterature 

(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 chemos tat the culture 

i s  controlled by the concentration of a limiting nutrient in the medium 

(Monod, 1950; Herbert et al , 1956 ) , by the concentration of an inhibiting 

product of metabolism ( Luedeking and Piret, 1959 ) or by the concentration 

of hydrogen i ons ( pH) (Karush, Iacocca and Harris , 1956 ) . In the s ingle 

stage chemostat the cell specific growth rate i_s always less than the maximum. 

In  the turb idostat the culture i s  contrall..ed  "externally11 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 



external controller which regulates the fre sh medium inflow . It is 

p o ssible to operate culture s at their maximum specific growth rate in 

one stage . Fundamentally the two modes of op eration are the same . 

1 1 

The chemo s tat consists of a "perfectly mixed" ve ssel with a constant 

inflow of fresh medium and outflow of culture at the same rate s o  the 

volume in the vessel i s  constant . It  is  as sumed that the c oncentrations 

of all es sential nutrients but one , the limiting nutri ent , are in excess  

or at least held constant . Mathematically it can be  shown that the 

specific growth rate of the organisms i s  e qual to the dilution rate , D 

( the reciprocal of the average res idence time) . 

Thus , at steady state ; 

J.1. = D 
X = y ( SF - S) 

( 2 . 1 1 ) 

( 2 . 1 2 )  

X denotes steady state cell mass  concentration. 

y 

concentration of limiting substrate in 

incoming feed and outgoing culture 

Ji:iuid resp ecti.vely 

is the yield of  cell mas s  per unit of  

substrata util ized . 

The maximum value of  D is J.1. , the maximum specific growth rate of the 
m 

organisms . If this value of D is excee.ded the organisills "washou t"  and the 

concentration of cells in the reactor falls to z ero . 

The specific growth rate , M , is a function of the substrata concen­

tration.  ( See equation ( 2 . 2 )  ) 

Y, the yield coeffic ient , is often assumed t o  be a constant , but i t  

is  now generally recognized that this i s  the exception rather than the 

rule .  Modifications to Y which expres s  its dep endence on growth rate , 

and in particular the u se of a maintenance coefficient, have be en intro­

duced by a number of authors (Powell , 1 967 ) .  

Luedeking and Piret ( 1 959 b )  discussed the case where toxic product 

accumulation limits the growth of  the organism. Toxic p ro duct formation 

was assumed to b� described by equation ( ? . 8 )  and the 5p ecific growth rate 

of the organisms was a s sumed to dec rease 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 1 959a ) . For the 

steady state values o f  p roduct and cell mass c oncentration they derived 

= ( !J. m  D ) ( 2 . 1 3 ) 
(1 

PD ( 2 . 1 4) X = 

( a D + {3 ) 
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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 p roduction of products other than biomass . 

Qualitatively it can be  stated  that the first stage is used to p roduce 

cells in the optimum condition - for p roduct formation in subsequent s tage s .  

I f  it can be shown that the product rate i s  dependent o n  the pravious 

stages of growth then the tubular plug-flow reactor with feedback of 

cells or permanent seeding is desirable . Danckwerts (19�) 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 sup erior. For a zero-order react ion 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 continuou s culture from batch data 

has concerned many authors including Fenc1 , (1968) ; Fencl ,Machek and 

Novak , (1969) , Herbert et a� (1956) ; Holzberg et  al (1967) ; Kono and 

Asai , ( 1 969b) ; Luedeking and Piret,  ( 195%)'; Malek and Fencl , ( 1 966) ; 

Pirt ,  (1967) and Ricica (1969a ,b) . 

Ricica (1969b) in cons idering 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 u��nown. 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 graphi cal methods which assume that 

the growth rate of the o rganism is the variable which provides the l ink 

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 as sumption 

which in some cases can be shown to  be not valid . However, p rovided due 

recognition is  given to  possible differences in  the two modes of operation  

it would seem that much progress  can be  n�de 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 



a cid production by LactobacilluE_Aelb.�eckii .  B ischof'f' ( 1 966)  used the 

analogy between autocatyltic growth and the heat generated in a simple 

reversible reaction operated under adiabatic c onditions and formulated 

an analytic and graphical technique to s imulate even very complex 

microbial processes . 

1 3  

Ricica ( 1 969 b )  illustrated the use of' Bischof'f' ' s  technique to describe 

the least holding time f'or the dehydrogenation of' D - sorbitol to L -

s orbose by Acetobacter s�boxydans . A two stage system was shown to give 

a much shorter holding time than a s ingle stage f'or the same conversion. 

He also  analysed the sporulation of' Bac�llus  2e�� (Ricica , 1 969a) 

showing the need f'or six stages related to the essential physiological 

stages through which the organism passe s .  It was pointed out that 

experimental verification of' the conclusions had yet to b e  obtained.  

Fencl ( 1 966 ) and Fencl , Machek and Novak ( 1 968)  defined a specific 

p roduct formation rate , K ,  by the e quation 

dP = KX 
dt 

( 2 . 1 5 )  

K is  a variable , complex function involving at least two factors , 

i and >.. where i is the amount of active enzyme in the cell and 

A is the rate of the enzyme reaction controlling the formation of' 

the product, which is a function of' the concentrations of' substrate and 

p roduct , temperature, pH, nutrients and etc . 

By sui table techniques , K can be determined from batch cu.l ture 

data  and applied to predict continuous culture conditions . 

2 . 2  Lactic Acid 

Traditionally lactic acid has been produced in commercial quantities 

by the fermentation of' a variety of' carbohydrate sources including c orn 

sugar, molasse s ,  whey and starch.  The manufacture of lactic acid by 

fermentation is now being superceded by a synthet ic process  f'rom petro­

chemical raw materials ( Thorne , 1 969) . The fermentation methods have 

b een summarized by Peppler ( 1 967 ) and Prescott and Dunn ( 1 959 ) . 

2.2 .1 Whey Medium 

The commerc ial fermentation of whey to lactic acid has b een described 

in detail ( Anon. , 1 945 ; Burton, 1 937 ; Campbell ,  1 953 ; Lawrence , 1 944 ;  

Olive , 1 936 ; Oetiker, 1 960 ; Pont, 1 944 ; Whittier and Webb , 1 950 ; Swaby, 

1 944 ). A number of' experimental studies has also  been reported 

( Havlatko & Knez ,  1 959 ; Jankowska, 1 954 ; Maxova and Maxa , 1 958 ; Nilsson, 

1 948 ; Siman & Mergl, 1 961 ; Surazynsk i ,  Poznanski ,  Budslawski ,  C zerwinski 
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& Chojnowski ,  1 967 ;  Swaby, 1 945 a ,  b ;  and Whittier and Rodgers , 1 931 ) . 
Normally cheese ( cheddar or cottage) whey has been used although 

Oetiker ( 1 960) used casein whey and Havlatko & Knez ( 1 959) used whey 

molasses after lactose  crystall j zation. Swaby ( 1 9l!-5 ) 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  Organisms . 

The organisms used most frequently have been Lactobacillus bulearicus 

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

symbiotically with L .  bulgaricus (Whittier and Rodgers , 1 931 ; Olive , 1 936) 

but Campbell ( 1 953)  found no advantage in using the yeast and Oetiker 

( 1 960) claimed that the lower temperatures (43°c ) which had to be used 

caused problems from contamination. Swaby ( 1 945) used a mixed culture of 

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

Surazynsksi � al . ( 1 967 ) obtained optimum fementation with a starter 

consisting of e ight pure cultures  ( three L .  lactis ,  fo'..lr L .  bulgad cus 

and one Streptococ cus thermophiJ.us ) . Resell ( 1 949) 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 

Stimulato1� growth factors have normally been added to the whey to  

reduce the fermentation time . Yeast cells ,  yeast extract, corn steep 

liquor and malt sprout extract are the most common.  An extensive study 

failed to  find the actual stimulatory compounds , ( Swaby, 1 945 ) . Oetiker 

( 1 960) claimed the maximum rate of lactic acid production at a lactose 

level of 20 g/1 . 
The nutritional requirements of lacti c  acid bacteria are very complex 

and this is illustrated by the extensive l iterature on the subject . Brief 

surveys are presented by Snell ( 1 952) and Davies ( 1 960) . 

Numbers of workers have . studied the nutritional requirements of 

particular strains of L.  bulgaricus . Eor example : Snell , Kitay & Hoff­

Jorgensen ( 1 948) 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 

( 1 953 )  also  studied  the carbohydrate metabolizm of L. bulgaricus Gere A 
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in a f'ulJ.y defined medium. A s train of L .bulgaricus was shown to require 

orotic acid or its analogues for growth ( see for example Wright e t  al ( 1 950) 

and Wieland et al , ( 1 952 ) ) . O n  the other hand Irie,  Yano , Morichi and 

Kemb o  ( 1 962) showed that orotic  acid was not required fo r the six strains 

of' L .  bulgaricus they studied in a chemically def'ined medium. These 

workers showed that all six cultures required case in digest and Tween 80. 

Requirements for pantothenate and pantethine were dependent on the 

cysteine level . 

De Mann, Rogosa and SharpB ( 1 960) developed a general medium f'or 

lactobacilli which gave improved growth of L .  bulgaricus in c omparison 

with the medium of Briggs ( 1 953 ) . 

Rogosa, Franklin and Perry ( 1 961 )  described an improved medium fo r 

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 only ribof'lavin was necessary for 

growth . Folic acid was shown to be  inhib itory. This c onf'irmed the 

results of Rogosa & Sharpe ( 1 959) .  

Nakanishi and Nakazawa ( 1 961 ) reported that the number of 

L .  bulgaricus cells during the dif'ferent phases of growth was related 

to the concentration of casein in the me dium, the numbers increas ing 

greatly over the range 0 .0  - 5 .0% of' casein. 

The effect of' the presence of' gase s on  lactic acid bacteria has not 

b een extensively reported. Rodgers and Whitti er ( 1 928 ) reported that 

bubbling air or nitrogen through a culture of S .  lactis in milk increased 

the f'inal cell count . On the other hand Longsworth and Mac Innes 

( 1 935 ,  1 936 a ,b )  showed the presence of' oxygen and the absence of' carb on 

dioxide inhibited both growth and acid production when L. acidophilus 

was cultured in a synthetic medium. Finn , Halvorsen & Piret ( 1 9 50) found 

a s imilar effect when culturing L. delbrueckii in a synthetic medium , as 

did Keen ( 1 972 ) using S .  lacti s and skim milk . 

2 . 2 .4 Temperature 

L .  bulgaricus is described as a thermoduric organism and the temperature 

of cultivation has usually been reported to be in the range 45 - 49°C .  

When the Mycoderma is used as a stimulant the temperature has been lowered 

to 43 °C (Whittier and Webb , 1 950) . L .  acidophilus gives optimum ac id 

production at 37
°

C .  

2 . 2 . 5  Heat Treatment of Whey 

The high temperature used in the fermentation reduces the po ssibility 
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of contamination but :i.t is normal to give the whey some heat treatment . 

The c onditions used have varied. Campbell ( 1 953) heat treated the whey 

to remove the albumin ,  but found this destroyed an essential growth 

factor. Swaby ( 1 945) 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 

s ome coagulation and the re sultant sludge settled on the bottom of the 

vats harbouring objectionable proteolytic contamination. Jankowska 

( 1 954) reported an optimum heat �eatment of 85°C for thirty minute s .  

Surazynski et al ( 1 967) used 68°C for thirty minutes . 

2 . 2 .6 .E.!!· 

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 . 

�he growth of Str. lactis in milk was s tudied by Rodgers & Whittier 

( 1 928) . pH control prolonged the exponential growth phase and increased 

the maximum population. Longsworth and Mac Innes ( 1 935 ,  1 936 a ,b ) 
studied the growth of L .  acidophilus and the rate of lactic acid p roduction 

at controlled pH in a synthetic medium. With pH control acid production 

rate and yield were increas ed considerably over those obtained without pH 

control . At controlled pH, the rate of acid production ro se  to a maximum 

ab out the middle of  the fermentation period and then decline d .  The 

maximum acid production rat e correlated with a minimum in the oxidation­

reduction potential . The rate of acid production per cell ( specific acid 

production) decreas ed markedly as growth proceeded • 
. Krumphazl , Dyr and Kobr ( 1 964) studying the fermentation of a molas ses 

medium by L. delbrueckii found that the highest lactic acid yield was at 

pH 7 . 0  although in a sucrose  medium the optimum was betwee n  pH 5 . 0  and 

6 .0 .  Kempe , Halversen ..• nd Piret ( 1 950) found that the yield and rate of 

lactic acid production in a wheat grit medium were functions of the pH. 

The pH al so affected the requirement for growth factors . They f ound 

the average rate of acid production was proportional to the logarithm 

of the pH . 

Finn, Halvors on & Piret ( 1 950) using a glucose ,  yeast extract and 

minerals medium found that the increase in pH increased the fermentation 

rate . Luedeking and Piret ( 1 959 a, b ) studied the instantaneou s  rate 

of acid formation in batch and continuous cultures of the same medium and 

found the values of  a. and {3 in their equation ( 2 .8)  were functions 
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of the pH. 

In  c ommercial fermentation of whey the pH is normally controlled by 

the p eriodic addition of calcium carbonate or hydroxide so that the pH 

is maintained b etween 5 .0 and 6 . 0 .  Oetiker ( 1 960) claimed the op timum 

pH to be 4 . 2  - 4 . 6 . Swaby ( 1 945 ) 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 produc8 lactic 

acid from whey but not on a commercial scale . Whi ttier and Rodgers 

( 1 93 1 ) ,  the earliest report of continuous fermentation of any substrate , 

described a continuous fermentation with a residence t ime of one day 
-1 

) ( D  � 0 .042 h but Olive ( 1 936 )  reported a batch process was preferred 

in the industry because it more readily avoided the s ide reactions 

inherent in the continuous proces s .  

Swaby ( 1 945 ) reported that even when supplemented by yeast,  considerable 

lactose remained unfermented when continuous whey fermentation was 

attempted. ( D  = 0. 042 h-1 ) .  

Siman and Mergl ( 1 961 ) and Havlatko and Knez ( 1 959) 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 e very 48 hours . The final lactose  concentration was 

0 . 1  p er cent. Flow rates were low ; 1 - 1 . 25 1/h in 1 5  1 vessels 

( Havlatko & Kne z , 1 959) and 3 . 25 1/h in 1 00 1  ves sels ( S iman & Mergl , 1 961 ) .  

Studies involving lactic acid production from media othe r than whey 

are referred to in the review of continuous culture i . e .  Luedeking and 

Piret ( 1 959 a , b )  and Humphrey ( 1 963 ) . 

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 p roducts , and, in aerobic  systems , to  provide sufficient 

shearing force to ensure a fine disp ersion of air bubbles producing 

maximum area for mass-transfer. 

The biological effects of'  agitation were studied by Dion, C orilli , 

Sermonti and Chain ( 1 954) . As agitation intensity was increased (by 

alteration of impeller diameter and speed and aeration rate) the 

mor�hology of Pencillium chEYsogenum chaneed from thin filamentous 



1 8  

hyphae to short, branched hyphae . At high levels of agitation mechanical 

damage caused autolys is of the organism . Midler and Finn ( 1 966) concluded 

that cell damage of a shear-sensitive proto zoa was rela ted to the tip 

speed of the impeller. 

For bacterial and yeast cultures it has generally been concluded that, 

p rovided agitation is sufficient to ensure 'suspension of s olids , mass  

transfer to and from the cells is  not rate-limiting for growth. (Finn, 

1 954-;  C alderbank , 1 967 ) .  The small size  of the microbial particl es 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 s ingle cells and small chains the rate of transfer 

is a function only of the prop erties of the rredium . However, if agg­

regation to form clumps of organisms o ccurs then a resi stance to mass­

transfer from li quid to solid may occur. 

Kempe and Wes t  ( 1 959 ) found a consistent and reproducible effect of 

imp eller speed on the rate of acid formation by Lactobacillus delbrueckii . 

The effect was small and varied with the nutrier:.ts pre s ent . They related 

the rate of acid fo rmation ( dp/dt , g/lh ) to impeller sp eed ( n, rpm) 

by the following expres sion : 

� = 

dt 

where a is a constant . 

0 . 08 a n ( 2 . 1 6 )  

West  and Gaden ( 1 959) obtained a s imilar exp ression fo r the ef fect of 

mechanical agitation on the growth rate of yeast in a well aerated system : 

dp/dt = bn 
° •1 5  

C alderbank ( 1 967 ) discussed empirical relationships bet�een the mass­

transfer coefficients in solid-liquid suspensions and the agitation in­

tensity.  In a given solid-fluid system under conditions of  lo cal isotrop ic 

turbulence it can be shown from the relationships derived by C alderbank 

that the mas s-transfer coefficient (k1) is  given in a fixed volume system by : 

kl = c ( Po
) 0 . 25 

= cl 
n0 .75 

d
1 .50 ( 2 . 1 7 )  

where c and c1 are constants . I f  the rate o f  transfer o 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 relationship s .  The value o f  0 . 08 for the ex­

p onent of agitator speed obtained by Kempe and West ( 1 959) is les s  than the 

value of 0 .75 shown in equation ( 2 . 1 7 )  suggesting that mass-transfer was 

not limiting acid production in this case . 
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Keen ( 1 972) , in studies of acid production by �treptococ cu� lactis 
ML3 in a skim-milk medium, found, on the c ontrary ,  tha t inc reas ed 
agitation levels caused a dec rease in the rate of  bacterial g rowth and 
acid productio n .  I1e concluded that in a system from which oxygen was 
e xcluded and c arbon dioxide was present in adequate concentration the 
decrease in bac terial growth was the result of the loss of an ess ential 
nutrient or  enzyme from the irrunediate vicinity of the cell ·becaus e of 
high shear force s .  Though his e xperiments were p erformed in an 
e s sential1y unb affled ves sel without pH c ontrol , 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 systems . 



The ap :p 3.ri:!.tus de s i gned and built for thi s study cc.r:;, i s ted of a cuJ t�re 

ve s s el an:i co n trol unit ( ?- j g s . 3 . 1 , 3 . 2 ) s im jJ. ar to tint d.es crib � .l by 
1·Terb e rt , Phi p p s  and T emp e s t  ( 1 965 ) . In s ome exp erirr.ents a �f icrofe r:;: 

(New Bruns�ick Scient ific Ltd . ) �as use d . 

Both b atch and con tinuous culture ( chemo stat )  i:ere p o s s ible and 
provis i on ·t�as n:ade for the c ont inl!cus measu ro;j1ent and. c ontrol o f  te;r.p ­

e rature ani pH . The rr:edium flow-rate a nd. the l evel of ac:; i tat i oc c ould 
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be  vari ed . By means of a capacitance l iquid l evel meter the volume of alkali 

re quired to neutralize  th e lactic a c id fo rrL.ecl was recorded, providir..,s a 

c ont inuo us ind i cation o f  aci� pr o dJct ion. 

3 . 1 . 1 . Cul ture ve s s el 
The cul ture ves s el and its as s o ciat ed c ontrols formed a s ingle unit 

requiring conne ction to s te am , water and electrical sE::::::..rices . The tubular 

ste el framework fo rmed three levels, alkal i and. a'nt ifoam res e r-..roirs on the 

t op shelf ab o ve the culture ves s el ,  vfi th the medium re s e rvo i r, culture 

receiver and feed pu;np s on the bo ttom shelf .  All controls were g roup ed to­
gether on an aluminiu;n p anel f itted to the framewo rl< .  

A s t o ck lent; th of indus trial Pryex p ipeline ( Q . V . F  . J,td . ) fo rmed the 
culture ves s el ( 30 cm long , 1 5  cm dia . ) . Stainle s s  s teel p l ate s ( 6 . 3 rr� 

thi ck ) clamped to s tandard Q . V .F .  flang e s acted. as c l o sure s for the ves sel . 

The g ask ets were PTFE cre s c ent rin[; s. The top plate carrie3. the s tirrer 
gland and nine p ort s, the b o ttom plate a cool ing c o il ,  sp arg e p ip e  and three 

p orts . The details of t he p o rts .are shown in f i gu re 3 . 3 and the a rrangement 

of the top and bottom p l ate s in figures 3 .4 and 3 . 5 .  

All fl ex ib l e connectio n s  t o  the culture ves sel p ort s  were made wi th 

sil i cone rubber tub in g .  '.',"here desired a hos e coupl ing of the type shown in 

figure 3 .3 was ins ertecl. 

The cul ture yolume was mainta ined at 2 l by a 6 . 3  mm diamete r  overfl ow 

pipe ins erted t hrough the b o ttom plate . Sampl es of culture fluid we!'e withdrawn 

directly through a port in the b o ttom plate . S team was continuously p as s e d.  

through the sample port .  

3 . 1 . 2 .  A�i tation 

Agitation vras provided by a top - ent eri ng s ix-bladed turbine i!Ilp eller, 

51 mm dia . ,  or one of th ree six-bladed paddl e imp elle rs , 25 , 51 and 1 02 mm 

dia . ( Fi g . 3 . 6 ) . The design of the stirrer gland i s  shown in Figure 3 .7 .  The 

shaft runs in two seal ed. s tainles s steel ball rac e s  with an air-tight s eal 
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Figure 3 . 2  The culture ves sel and controls. 
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sparge pipe coupl ing for flexible hosing 

Detai ls of the pprts in the culture vessel and the coupling used to 
connect flexible hoses, 
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Figure �.6 The impellers use� for agitating the culture 111edium. 
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maintained by two mechanical seals "back to back" ( John Crane Ltd . ,Type 

T2 BF 3Z..3 ) .  The seals were lubricated with filtered water. 
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The impeller was driven , normally at 200 rpm,  by a 0 . 25 hp 1440 rpm motor 

through a V-belt and pulley . In the mixing experiments this  drive was 

replaced with a continuously variable gearbox ( C arter Gears Ltd . ) .  

Four radial baffles ( 1 5 mm wide ) e qually spaced around the periphery of 

the ves sel ensured fully baffled conditions . 

3 . 1 .3  Continuous Operation 

For continuous culture exp eriments medium was pumped from a reservoir 

( 51 flat-bottom round Pyrex flask) by a peristaltic  pmnp ( Sigma Motor Inc . )  

controlled by a variable speed gearbox (Revco Zeromax) . The flow rate was 

measured by diverting the liquid to a 10 ml graduated p ipette and recording 

the time for the meniscus to travel between two suitable graduations . The 

overflow from the vessel was collected in a 20 l! Pyrex aspirator . 

3 .1 .4  Gas  Supply 
When required ,  gas was supplied to  the culture vessel through autocla�ed 

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 nit�ogen ( oxygen free)  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 thermometer ( Sangamo Vleston Ltd . , Model 1 1  OG , 

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 c ontrolled 

by a Type Tc B2 Electronic Precision Temperature C ontroller (Fielden 

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 c oil in 

the bas e  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 .1 .. 6 :E!! 
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 

s ealed  into one end of a glas s  tube,  were inserted through the culture 

ves sel lid. The junction tube ,  filled with saturated KCl , was connected to a 



KCJ.: reservoir containing a calomel reference electrode . Both the 29 

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

The pH was continuously recorded on a strip chart rec order (Everett Edgecumbe Lt1 . 

The controller actuated a solenoid pinch valve to admit alkali from the 

reservoir. Thi s valve was fabricated from a standard magnetic relay coil . 

The pH was controlled to + 0 . 1  pH units .  

Alkali Volume Meter 

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

rec ording the rate of acid production. To obtain a full picture of kinetics 

of fermentation it is desirable to have a me asure of the instantaneous 

rate of acid formation. For homofermentative organisms the alkali 

additions can be taken as a measure of acid formation. Kempe and Vlest 

( 1 959) recorded the volume of alkali required to neutralize  lactic acid 

by means of a float and revolving kymograph d��. Luedeking and Piret 

( 1 959 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 b atch fermentations were likely to last for up to 24- hours 

and longer, and continuoup 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 on a capacitance l evel meter, ( Davies and 
Lazenby, 1 966) using a burette as the reservoir . 

An electrode c onsi sting of a verti cal stainl ess steel rod ( 65  cm lone 

4- .75 mm dia . )  sheathed in polytetrafluorethylene ( PTFE , 5 . 20 mm outs ide 

dia . )  was inserted so that it was concentric with a 1 00 rnl precision burette . 

A platinum wire s ealed 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 S ilometer 

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 "1 00 ml " on the burette to 

correspond with the 0 and 1 00 p er 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 i s  

shown in  Fig . 3 . 9 .  
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· Figure 3 .9 A typ ical recorder trace obta ined from the capa c i tance probe in 

alkali bure t t e .  Time mea sured in the vertical direction and volume 

of alkal i in the ho ri z o ntal . The s tepp ed trace is due to the on-off 

op eration of the pH c ontroller. 



When an insulated metalli c rod i s  plac ed in a conducting liquid its  
3 2  

capacitance i s  a �unction o f  the length o f  irnnersion and hence differences 

in capacitance will be  a measure of the length of immers ion. 

For a capaci tor in the form of two concentric cyl inders , the capacitance 

is given approximately by ( C otton, 1 962) : 

Where 

C = 2 JT" K K L 0 
ln (1/ YJ 

= 55 . 63 K L 

ln (x / y) 

c is capacitance , farads ; 

p F ( 3 . 1 ) 

K is the dielectric constant of the material between 

the plates ; 

K = 8 . 8� x 1 0-1 � farad/metre 
0 

x is 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 resp ons e .  

For the PTFE coated electrode the theoretical capacitance given by 

e quation ( 3 . 1 ) is ,  

C = 1 290 L pF  

( K � 2 . 1 . Brydson, 1 966) 

The length of the electrode between the "1 00ml" mark and the "zero "  mark 
was 56 cm. Thus the to tal capacitance change for 88 ml ( the electrode 

di splaced 1 2  ml) is 

C = 723 pF 

The measured values of capacitance are shown in table 3 . 1 

Table 3 . 1  Measured values o f  capacitance at different burette 

volumes for the level meter . 

Volume Capacitanc e 

ml F 
1 00 1 000 

39 .8  623 

20 500 

0 365 

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



33 

to end e ff e cts , a value of the diel e c tri c c ons tcmt diffe ren t from 

the as surr.ed value , vari atio n s  in the :liameter o f  the ro d and tubing , 

and measurement e ?:"ro r s . 

The fi rs t  des� gn o f  an e lectrode c o ns i s t e d  o f  a leng th of c opp er 

wire ( O . G9 mm dia . )  c o a t e d  v.ith plas ti c i s e d  p o 1yvinyl chl o rid.e 

( PVC . 1 . 65 mm outside dh . ) .  Thi s  d isp l aced a neglig ible volume 

of liqui d  but v;as abandoned b ecaus e of sl o•Y response and. lack o f  

s tab il ity .  

The sl ow re sp onse was due to  the wet conductive sk in of alkal i 

which o.rained sl owly fro;;1 the el e c trode as the liquid level fdl 

caus:i.r:g the measuring c ircu i t  t o  lag cons iderably . 

'rhe dielectric co ns tan t  of PVC i s  rela tively high ,. 
( K ::: 3 � 6 for PVC cf with 2 .1 f o r  FTFE at 1 0b c/s , 

20° C :  Brydson, 1 967 ) but is a funct ion of temperature and 

fre quency . 

The diele c tric cons tant of PTFE i s  virtually in dep endent o f  

temp era ture and frequency . The na ture of the s urface considerably 

reduc e s the tirr:e of drainage of alk al i  c;iving a much fa s t er re sponse . 
A further advantage of the PT� coated el ectrode was the g reater 

sensitivity ( change in capacitance , fron a full burette to an emp ty 

bure tte ) as a re suJ.t of the lower value of the ratio x/y 

( 1 . 094 cf with 2 .39 for the PVC ele c tro(le) • The theo re tical 

s en s i tivity increased from 129 pF for the PVC electro de to 7 23 
pF for the PTFE electrode. 

I n  p rac ti c e the FTFZ el ectrode p roved very s a tisfacto ry and 

required only min o r  adjustment once a day . 

3 .1 .8  C o s t  of  the e q u ipment . 

The co s t of mate rial s and f i ttings for th e cul ture ves s el was 

$2538 . The co s t  of an equivalent J.:ic roferrn ( New Brunswi ck 

S cientifi c Ltd . • ) w ould hav e  been $4, 200 exc luding the alkali l evel 

me ter and reco rder . Ap p roximat ely 600 h of design and work shop time 

were requ ired to build the equipment . 



3 . 1 . 9  Flask Cultures 

A number o� experiments were per�ormed in 250 ml or 500 ml conical 

E rlenmeyer �lasks . The �lasks were plugged wi th cotton wo ol b efore heat 

treatment of the culture medium . 

For controlled atmosphere experiments the flasks were plugged with 

rubber bungs through whi ch were inserted two lengths of glass tubing 

sealed by silicone rubber tubing and screw c lamp s .  After i noculating the 

medium the flasks  were evacuated by a vacuUID pump and the air replaced 

with the required gas mixture introduced through an autocl�ved glass-

we ol filter. 

For shake fl ask experiments a Beckman Rotary Shaker incubator was 

used ( 1 75 rpm ,  25 mm throw) . 

3 . 2  MATS'tiALS 
3 . 2 . 1  Organi s� 

All eX!'erirnents were conducted using a strain o� Lactobac:Ulus 

bulgaricus ,  designated "LBR" .  The strain was obtained �rom a commercial 

casein �actory,  and had been derived by X-radiation of a New Zealand 

Dairy Research Institute rack culture o� �· bulgaricus ( Oetiker , 1 960) . 

The results o� tests carried out by the NZDRI Microbiology Department are 

consistent with the r�othesis  that LBR i s  a strain of Lactobacillus 

bulgaricus ( Se e  Appendix 2 ) . Other organisms held in the NZDRI Culture 

C ollection were t ested but producad less ac id at a slower rate than LBR . 

Lactobacillus bulgaricus i s  described ( Rreed,  Murray & Smith , 

1 957 ;  Wheater , 1 955) as a homofermentative microaerophilic  or anaerobic 

organism �ermenting up to  95 per cent of util ized glucose , lac to s e  or 

galactose to lactic acid by means of the Embden-Meyerhof or glycolytic 

pathway. It grows as large r ods , 2-20 nm long and 1 nm broad, s ingly or 

in chains . Older cultures show characteristic granular deposits o� 

volatin. The organism i s  unable to grow below 20°C and above 51 °C .  

Optimum temp erature i s  45-lf-8°C .  The organism i s  resistant to acids and 

can grow at a pH o� 3 . 5 .  It is considered to b e  dif�icult t o  cultivate , 

requiring a number of supplementary fact ors for op timum 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 M ann rt al . 1 960) were streaked with an ac tively growing culture o� 

LBR and incubated for 24 hours at 48°C in an atmosphere of 95  p er cent 

nitrogen and 5 per cent carbon dioxide . Up to 50 colonies were p i cked 

off into 1 0  ml quantities of sterile whey and the pH and titratable 

acidity measured after 6 hours . The fastest acid producers were 



micro scop ically examined to ensure homogeneity and kept as the standard 

culture . 

The culture was maintained in sterile reconstituted skim milk by daily 

transfer.  A 1 0  per cent inoculum was used and the culture regularly c1o tted 
0 after 2 hours at 48 C .  The culture was hel � at room temperature after it 

had clo tted. 

3 . 2 . 2 .  
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 interpre tation 

of the re sults . 

A quant ity of lactic  casein whey from Shannon-TokomaFu C o-op erative Dairy 

Company was spray dri ed at the NZDRI using minimum heat-treatment . The 

powder was packed in 56 lb multiwall bags and stored at 4°C .  An analysis 

of the p owder is shown in Table 3 . 2 . 

Table 3 .2 Analysis of lactic casein whey powder 

Protein 15 .  8% 
Lactose 63 .  5� 
Moisture 2 .  7% 
Ash 1 1 .  � 
Fat 0.1 9% 

Titratable acidity, as lactic acid ,  0 . 6� 
pH (7% Solution) 
Solubility Index 

7;h Solution 

Whey Protein Nitrogen Index 

4- . 55 

o. 5 

4- .  4-

The p owder was re-hydrated with distilled water, disp ersed in a sufficient 

quantity of distilled water and agi tated with a Polytron Vortex Mixer until 

the powder had dis solved. The s olution was diluted to the required c oncen­

tration. Normally 70  g/1 solids was used, but in some exp eriments lower 

concentrations were u sed to eliminate possible inhibitory effects due to  

pH  or h igh lactate concentration. 

The heat treatment applied to the whey varied throughout the course of 

the exp eriments . At first the whey proteins were precip itated by boiling 

and removed by centrifugation or filtration. The clear solution was then 

autoclaved . Thi s  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 w,as held at 69 + 1 °C for 30 minutes .  This is called 

"pasteuriz ed whey" though it is realised that the treatment described is 

more severe than normally ap plied in commerc ial pasteurization.  Tests with 

skim milk and nutrient broth showed that this pasteuri zed whey contained no 

organisms capable of growth or acid production after 4S hours at 45°c . 
In a few experiments the whey was sterilized by filtration . The whey 

p owder was hydrated and dis solved as before and made up at twice  the 

required concentration . Aft0r centrifuging for ten minutes  ( Sorvall SS3 

9500 rpm, RCF 1 0, 000) the whey was further clarified by filtration through 

a poli shing filter pad ( Carl son-Ford grade 6) and finally sterile filte red 

( C arlson-Ford grade HP/EKS) .  This i s  called 11 sterile-filtered whey11 • 

3 . 2 .3 . Chemicals 

All chemical s used were of AR or equivalent quality, except where noted .  

3 . 2  . 3 . 1. Supplementary nutrients s olutions . Stock solutions of 

supplementary nutrients were prepared , sterile filtered and stored at 4°C .  

When required 1 00 ml of e ach solution was mixed, made up to 11 with wa ter 

and sterile filtered again.  

The  nutrients used, with the quantit ies per  litre in the stock s olution 

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 c oncentrated hydrochloric 

acid to dissolve the slight precipitate which formed and making up to one 

litre . 

The amino acid stock s olution was p repared by dis solving the acids in 

hot di stilled water adding concentrated hydrochloric acid drop by drop 

until the solution was clear.  

The stock solution of vitamins was p repared by dis solving 2 g L-ascorbic  

acid, 400 mg of  each of choline chloride and inositol , 20  mg of each of 

nia cin (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 p er cent ( v/v )  ethanol in water and added to the above solution . Ten 

ml quantities of p-amino-b enzoic acid ( BDH) solution ( 2  mg in 1 00 ml 
dis tilled water) and D-biotin (L .Light & Co . )  solution ( 2  mg in 1 00 ml 
dis tilled water) were added. Folic  acid (BDH) , 2 mg , was dissolved in 

distilled water with a few drops of 1 o% ( w/v) sodium hydroxide added, made 

up to 1 00 ml and 1 m1 of this added to the stock solution. Vitamin B1 2 



Table 3 .3 sua��lementary nu�rients 

a :  quantity p er l itre 

b :  quanti� p er litre 

A Salts a b 

NaC2H3o2 3H20 L1-0g 2g  

NaC4H8o7 40g 2 g  

NH4Cl 40g 2g  

KH2Po4 1 0g 0 . 5g  

K2H P04 1 0g 0 . 5g  

Mgso4 7H20 4g 0 . 2g 

CaC12 6H20 2g 0 . 1  g 

B Vitamins a b 

Niac in 20mg 1 mg 

Thiamin HCJL 20mg 1 mg 

Ca .pantothenate 20mg 1 mg 

Riboflavin 20mg 1 mg 

Choline chloride400mg 20mg 

Ino sitol 400mg 20mg 

c Amino acids 

Vitamin f'ree casamino acids 

D-1-tryptophan 

1-cysteine HCl 

1-cystine 

D Nucleic acid compounds 

Adenine 

Guanine 

Uracil 

Xanthine 
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of sto ck solution 

of' medium 

a b 

Feso4 7H2o 0 . 2g 1 0mg 

MnS04 4H20 0 . 2g 1 0mg 

NaCl 0 . 2g 1 Omg 

CoC1.3 0 . 1  g 5mg 

Zn so4 0 . 1  g 5mg 

Na2Mo o4 0 . 1  g 5mg 

Cuso4 5H2
0 0 . 1  g 5mg 

a b 

1-ascorbic acid 2g  1 00mg 

Pyridoxal HCl 1 mg 50J.L �  
PAB 200 J.L g  1 OJ.l g 

Biotin 200 f.l g  1 0/-l g 

Folic acid 20 f.l g 1 f.l g 

Vitamin B1 2 20J.L g 1 f.l g 

a b 

20g 1 g  

1 g  50mg 

1 g  50mg 

0 . 5g 25mg 

a b 

0.2g  1 0mg 

0 .2g 1 0mg 

0 . 2g  1 0mg 

0 . 2g 1 0mg 

(Glaxo G o . )  was prepared by making one ampoule containing 250�g 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 p repare the nucleic acid comp ound stock solutions 0 . 2  g of each 
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adenine ( L . Light & C o . ) ,  r,uanine ( BDH) and urac il wa s di s s olved in  boiling 

dis tilled v12.ter acidified wi th just suffici ent concentrLl ted hydro chJ.cric 

acid to  effect s olution . Xanthine , 0 . 2g ,  wa s dissolved in boil ing water, 

s olution beinr, aided by a few drop s of 1 0:f', ( w/v) s odiu:n hydroxide . Ea ch of 

the s e  two solutions was ma:de up to 500 ml and stored s ep arately . 

3 . 2 . 3 . 2  S o di 1m Caseinate ( NaCas)  

Sodium cas einate was obtained from Pangito.iki Plains Dairy C o .  and where 

approp riate the production batch i s  identifi ed . Soluti ons were p repnred by 

di s�.olving the s odium caseir,ate in ho t water and autoclaving ( 1 5  p s i, 20 

minutes) . The pH of whey solutions was adjusted to above 5. 5  before 

adding s odium caseinate solutions.  

3 • 3 MEASURF:?;��J'n'S 
Routine determinations were mo.de of cell concentration, lactose 

concentration, and lactate concentration and a record was kep t of the 

volume of aLkali added to mai ntain the pH at a constant value. 

3 .3 .1 C ell C oncentration 

In a study of bacterial kinetics the most appropriate measurement i s  

"bacterial dens ity" rather than "cell concentra.t:i!on" (l1lonod, 194-9) . The 

former i s  determined by dry mas s  measurements , or indirectly by turbidi­

metric methods or by cell volume after c entrifuging . The latter ' i s  

measu red  by cell counting or plate counting techniques . 

Bacterial den sity i s  the more appropriate measurement because it is 

more cl o sely rel ated to the quantity of enzyme p resent. 

The bacterial dens ity could al so be  determine d indirectly by the 

.measurement of s ome cellular components su ch as nitrogen, m·rA ,DNA, etc. 

However these can b e  shown to  vary with growth rate although DNA per unit of 

bacterial protoplasm mass varie s only slightly . The measurement of produc t s  

of metab olism, another techniqu e used, i s  of limited value as  a n  indi cation 

of growth. 

I t  was found to b e  diffi cult to u se dry mas s ,  turb idimetric or centri­

fugation techniques in the whey medium u sed in these  experiemnts .  The medium 

was opaque and the amount of centrifugable solids varied with time , temperature 

and pH.  
Therefore i t  was necessary to use a cell counting technique as an indication 

of growth, de sp ite the l imitations of this type of method. Plate counting 

was rej ected b ecause  of the time involved to  obtain results and the 

difficul� of allowing for the variable chain length. On a few o ccasions 

the c oncentration of DNA was measured u s ing the method of Burton 
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( 1 956 ) but thi s was not used routinely becaus e  of the time involved . 

The method adopted for cell counting was a slight modification of 

the direct microscopic method of Duitschaever & Leggat ( 1 965) 9 The s tain 

was prepared by mixing 0 . 6  g methylene blue in 52 ml 95 per cent ethanol 

and 44 m1 tetrachloroethane and holding at 45°C until the methylene blue 

was dis solve d .  After cooling , 4 m1 glacial acetic acid was added and the 

s olution fil tered.  Two ml saturated alcoholic solution of b asic fuchsin 

( 1  g in 1 5  m1 95 per cent ethanol ) was then added .  

Suitabl e  dilutions o f  the culture were made i n  1 per cent sterile 

reconstitute d  skim milk ( the skim milk was neces sary to prevent lifting 

of the smears when washed) and 0 . 01 m1 spread over a 1 cm square on a 

clean glass slid e .  The film was dried at 45°
C and the stain applied for 

1 minute . After drying , the stained smear was washed by gentl e  agitation 

in warm water .  The dried smear was microscop ically examined using an oil 

immersion lens . The cells were s tained blue against a p ink background 

and normally the divisions between cell s in the chain were clearly dis­

cernible . A total of 1 5-30 randomly s el ected fields was counted and 

record kep t of cell concentration and chain number.  

3 . 3 . 2  Lacto se C oncentration 

The reducing sugar concentration of the culture medium was routinely 

determined by the method of Wahba ( 1 965) . In s ome experiments the me thod 

of Lane & Eynon ( McDowell & DoJ.by , 1 941 ) was used.  The latter is the standard 

method used by the NZDRJ Analytical Chemistry Section but the former has 

the advantage of requiring smaller volumes of culture medium for each analys is . 

The method of Wahba involves the reaction of l actose with excess 

phenylhydrazine to form the yellow coloured lacto sozone which i s  soluble in 

acetic acid .  The concentration of lacto sozone is determined from the 

optical densi ty at 370 nm .  

The stock s olution of phenylhydrazine was p rep ared by dissolving 2 . 5  g 

phenylhydrazine hydrochloride ( recrystallized from ethanol ) in 200 ml 

di s tilled water,  adding 1 2 . 5  g sodium metabisulphite and diluting to 250 ml . 

The stock solution was stored in a brown glass s topp ered bottle and renewed 

each month. When re quired 1 0  ml of s tock phenylhydrazine solution was 

diluted to 1 00 ml with glacial acetic ac id. 

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

Stock standard solutions c ontaining 1 ,  3 and 5 per cent lacto se mono­

hya.rate were p repared weekly and stored at 3°C .  



All glassware was cleaned with chromic acid followed by hot detergent 

s olution and well rinsed with distill ed water. 

One or tvro ml ( so that f inal solution was 50-250 iJ. g/rnl lactose 

monohydrate) of the solution to be analysed was p ipetted into a 200 ml 

calibrated flask , 1 ml of z inc acetate s olution added , mixed and made up 

to the mark with distilled watero Ten ml quantities were centrifuged 

(RCF 31 00) for 1 0  minutes .  Ten ml of phenylhydrazine working solution 

was added to 1 ml of centrifugate in a Pyrex boiling tub e ,  the c ontents 

of the tube mixed, tube stoppered and placed in a boiling water bath fo r 

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 performed in dup­
licate . The stand�rd deviation,  determined by 20 determinations of the 

-2 g/ same whey sample , was 2 . 55 x 1 0  1 .  

Figure 3 . 1 0  j s  a typical calibration line .  

The phenylhydrazine determination was compared with the Lane & Eynon 

method by having a number of analyses p erformed on three solutions ; 

( a) whey with 35 g/1 solids , (b )  solution a with 2 . 5  g/1 of lactose ad:iecl ,  

( c ) s olution a which had been partially fermented.  

The results are shown in  Table 3 .4 .  

Table 3 .4 Lactose determina tions by the method of Wahba (A) 

and Lane & Eynon (B) on three whey solutions . 

Mean + 95'0 limits (No .  of determinations ) g/1 

Method 

Solution A .1?. 

( a) 35 g/1 whey solids 23 . 9  + .,. 0 . 3  ( 1 2 ) 23 . 1 + 0 . 2  

( b )  3 5  g/1 whey + 2 . 5 26 . 1  + 0 . 5  ( 1 2 ) 25 .7 + 0 . 2  
g/1 lactose 

( c )  Partially 1 5 . 1  + 0 .4 ( 1 2 ) 1 3 . 6 + 0 . 2  
fermented whey 

( 1 8) 

( 1 8 ) 

( 1 8 ) 

The variance-ratio test  shows that the method of Wahba has a signifi-

cantly hieher variance and gives a mean lactose concentration 5 per cent 

higher than the Lane & Eynon method . However, it was considered that 

the advantages of small sample volumes outweighed the slightly higher 

result s  and variability of the Wahba method. 
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3 . 3 .3 Lac tate C on�entration 42 

The lactic acid. was deter.IJined as it was formed by rec ording the 

additions of an alkali s olution ( normally 2-N sodium carb onate containing 

5 g/1 sodium hexametaphosphate , but in the early experi ments 1 0  - N sodium 

hydroxide ) required to maintain the pH c onstant . In flask cultures without 

pH contro l ,  the change in titratable acidity ( to pH 8 . 5 )  was taken as a 

measure of lacti c ac id synthes i s .  

The amount of lactic acid formed as determined by the amount of alkali 

added was adjusted to correct for undi ss ociated acid. I n  batch cultures 

at controlled pH the amount of acid was corrected for dilution by the 

neutralizing liquid and for removal of samples using the p rocedure of 

Longsworth and Macinnes ( 1 93Gb ) . In continuous cultures  the alkali added 

was corrected for the amount req uired 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 to the required pH us ing 0 . 1 -N sodium 

hydroxide . 

The validity of measuring lac tic  acii synthe sis from the volume of 

alkali added was confirmed a number of times by analysing the culture fluid 

specifically for lactate by the c olourmetri c  metho d of Steinsholt and 

C albert ( 1 960) . Thi s  method uses ferri c chloride to develope a colour in a 

deprote inated culture fluid . Li thium lactate solutions were used as standards . 

For 31 c omparitive determinations ( ranging from 0. 1  to  41 . 8 g/1 lactate ) 
the mean difference between the observed l actate ( from alkali determination) 
and expected lactate ( from analyti cal method) was 0.1  g/1 with a standard 

deviation of 0 . 97 g/1 .  

Student ' s  t - test was used · to compare the mean differenc e with zero 

t = 0 . 1 0 X � 31 = 0 . 59 
0 . 97 

t ( 30 , 0 . 5 ) = 2 . 04 (Davies , 1 963 ) 

Thus the hypothes is that t he difference in readings does not differ 

from zero c an b e  accepted.  

3 .4 MEI'HODS 

3 .4 . 1  Batch Culture 

For batch cultures in the culture ves sel whey was prep�red by one of the 

methods described in 3 . 2 . 2 . The culture ves sel and attached lines which could 

not be autoclaved, were soaked overnight where possible , but for at l east 

one hour, in an iodophor solution containing 1 00 mg/1 iodine . After draining 

the iodophor s olution from the ves sel , steam at atmo spheric pressure was 
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passed through the attached l ines and vessel �or at least one hour .  �hen 

the steam was turned o�� a flow of sterile gas ( air or C 0 2 - N 2 mix tu re )  

was p assed into the vessel a t  0 . 25 1/h t o  maintain a low positive pressure . 

The whey and required nutrients were addei a s ep tically 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 � e s  of  inoculum were used. Normally 2 0  - 1 00 ml o f  a freshly 

clotted skim-milk culture of LR� was added. The skim-milk was prepared by 

autoclaving ( 1 60°C ,  5 minutes )  a 1 0  p er c ent s olution of spray-dried skim­

milk p owder. When it was desired to reduce the amount of skim-milk solids 

added to the culture , a "whey inoculum" was used.  A conical �lask 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 o�  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 i� necessa�. Samples of the culture fluid were taken 

for analysis of cell concentration, lactose1  and lactate if required and for 

checking the pH of the s olution 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 sep arately autoclaved. 

When the required conditions in the batch culture were reache d,  the 

flow of medium to  the vessel was started . If nutrients were to  b e  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 l east five residence times had 

elapsed from the time of changing the conditions or the chart recording of 

alkali addition indicated a s teady-state had b een achieved, which ever 

was the longer time . 



Flask Cultures 

When s terile whey was required the whey was added to the flasks and 

autoclaved in situ .  S terile-filtered whey was added asepti cally to 

previ ously autoclaved flasks . To p repare pasteurized whey, the recon­

stituted whey was added to previ ously autoclaved flask s and the flasks  

placed in a water-bath at  69°C 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 necessa� the pH was asep tically 

readjusted after heat treatme nt . 

The inoculum was prepared by e ither of the methods described above 

and a volume equivalent to 1 p er cent of the volume of medium in t he 

flask was added to each flas1( . 

3 . 5 Method of expres s ing results 

In cons idering the co�mercial production o f  lacti c acid from whey the 

important criteria are the concentration of lactate in the sp ent medium, 

and the p roductivity of the culture equipment . The productivi� i s  the 

amount of lactate produced in a unit of' culture ves sel volume in unit 

time . If' this is high the equipment and hence capital expenditure i s  

being used t o  best ef'f'ect.  The concentration of lactate i n  the sp ent 

medium should also be high to f'acilitate subsequent recovery operations o 

If the lactate concentration i s  high then the remaining lacto se level 

will be l ow, an advantage when the p roce ss is being considered as a means 

of reducing p ollution . 

Throughout this work the aim has been to increase lactate concentration, 

to improve productivity and to obtain a yield as high as p o s s ible .  Yield 

is defined as the ratio of the amount of lactate obtained from the culture 

ves sel to the amount of lactose added. 

The three criteria of productivi�, lactate or  acid concentration and yield 

have been considered as dependent variables throughout this work . 



4 RESULTS 
h . • 1 Selection of Variables 
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A seri e s  o f  continuou s cul ture experiments was c arried out to select the 
maj o r  vari ab l e s  to be s tudied. For a numb er of reas ons the re sul t s  are 
thought to b e  not rel iabl e .  For comp l e tene s s  and to illu stra te the te ch­
niques used a rep ort of the exp eriments is included as appendix 6 .  

4. 2 BATCH CULTURE 
4. 2 .1 Typi cal b atch culture * 

The resul t s  from a number of b atch culture s are shown in T ables 4 . 1  and 
4�2  and figure s 4 . 1 - 4 . 5  and are typ ical of all b atch exp eriments carried 
o u t .  The rate of a c id p roduction ( dP

/dt ) as l i s t ed in Table 4. 1  was measured 
by vi sual determination of t he slop e of a larg e s cale plo t of figure 4 . 1 . 

As shown i n  f'igure 4 . 2  c ell numb e rs ,  after an initial p ha s e  of' approx­
imately 1 . 5 h increased exp onentially from 2x1 o1 0  to 8x1 01 1  cells/1 in 3 h .  

The sp ecific g rowth rate ,  c alculated from " th e  l ine of best f'i t "  i s  1 . 1 7  h -1 • 
The acid conce ntration increased by ess entially the same e xp o nential rate 
in this time ( 1 . 2 2  h-1 ) .  

The bacterial p opulation the n entered a phas e o f  decl ining g rowth rate 
and reached an ap parent stat ionary p has e app roximat ely 7 h af'ter inoculatio n .  

The rate of a c id sy.nthe s i s  was a max imum aproximately 5 h after in­
o culation. I t  then fell to a steady value of 0 . 97 g/lh as the b n c teria 
e ntered the s tationary g rowth p ha s e  ( fig .4 . 3 ) . This linear incre a s e  in a c id 
c oncentration was mai ntained for mo re than 9 h during which o ver half' of' 
the total ac i d  p ro duced wa s synthe s i se d .  The ac i d  product ion r a te then 
drop p ed, re du c ing to zero as the l a c t o s e  was dep l eted. ( S ee fig . 4 .4) 

T o  confirm that the cell numbers , a s  mea su red ,were rep re s entative o f  the 
changes in b a cterial c oncentration a numb er of dete rminations was made o f  
the increas e in DNA concentration. F igure 4 . 5  shows that DNA f'ollowed 
e s s entially the same p attern as the cell numbe rs . 

The constant l inear increase in a c i d  concentration ·was so typ i cal of all 
b atch fermentations and rep re s ente d a s ignificant p rop ortion o f  the t otal 
a c i d  p roduc ed that it has b e en u s e d  to characteri z e  many of' the results in 
this work .Where neces sary the exp onential rate of' acid increa s e  is als o  
rep o rted . 

* Note : Though the s ignif'icance of the typ e of' batch curve ob tained was no t 
real i s ed until many of the exp eriments rep o rted had b e en perf'ormed 
a brief' d escrip tion is p re s ented here t o  facil itate the p re s entation 
of' the re sults . 
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A typical batch culture. 89. 1 .5. Acid concentration as a function of 
time. Whey 35 ·g/1 ,  pH6.0, 46°C.  
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Table 4 . 1  

Time 
h 

0 

0 . 5  
1 . o  

1 . 5  

2 . 0  

2 . 5 
3 . 0  

3 . 5  

4 . 0  

4. 5 

5 .0  
5 .5  

6 . 0  

6 . 5  

7 . 0  

7 . 5  
8 . 5  

9 , . . ;; 
1 0. 5  
1 1  . o  

1 3 .0 
1 5 .0  

1 7 .0 

1 9 . 0  

2 1  . o  

23 .0  
24. 0  

25 . 0  

26oO 

27 . 0  

28 . 0  

29 .0  

30.0  

A �Eical batch culture (B9 . 1 . 5 ) 

Acid 
Conc . ( P) 

g/1 

o . o  

0 . 03 

0 . 1 0 
0 .26  

0 .40 

0.75 
1 . 26 

1 .  78 
2 . 57 

3 . 1 7  

3 .91 

4 .40 

5 .05 

5.73 

6 . 66 

7 .60 

8 . 1 8  

1 0 . 1 1 

1 1 . 94 

1 3 .71  

1 5 .42 

1 7 . 1 1 

1 8 . 80 
1 9 .30 

1 9 . 69 
1 9 .88 
20. 00 

20 . 1 0 
20. 1 5 

20. 1 8  

C ell 
conc . (N) 
C ells/ 1 

X 1 0-1 O 

Oo9 

1 . 2 
1 . 6 

1 .7 

2 . 8 
1 o . o  

1 2 .4 

24- . 6  

45 .7  

1 1 3  
1 52 

229 

266 

242 

235 

dP 
dt 

g/l h 

o.� 

0.21 
0 .33 

0.49 
0 . 89 

1 . 1 5 

1 .33 
1 .35 
1 .33 

1 .28 
1 . 02 

0 .97 
0 .97 
0 .97 

0.97 
0 .91 
0 .97 
0.97 

0.94 

0 .89 
0 .84 

0 . 69 
0 .45 

0.33 

0 . 1 4  
0 . 1 2 

0 .05 

Whey - 35  g/1 s olids ; pH - 6 . 0 ;  Te�p . - 46° c .  
Inoculum - 1 per cent clotted skim milk culture o� LBR . 
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dN 
dt 

c ells/1 h 

X 1 0-1 0  

0 . 53 
1 . 1 2 

1 . 64 

3 . 1 7  

8 . 90 
1 5 . 6  

29 . 8  

50 .7 
72 . 8  

89 . 5  
1 03 .2 

70 .0  

42 . 1  

1 .0 



Tabl e 4 . •  2 Change s .i n  :�Gicl ani l o..c tos e c ance::--tratj c!·:s in a t;aic3.1 
batch cul t urc I T)  \ • '  8 . 2 . 6 )  ( s e e  fig .  l� .4 ) 

Aci d  La c t o s e  J, c id. Time c o n e . c o ne . m ·  .L l r.,e cone . 
g/1 g/1 c/J. 

0 0 4.2 . 2  5 . 92 �� . 1  }+ 

0 . 63 0 . 1 2 11 1 • 9 6 . 60 25 . 58 

0 . 92 0 . 23 6 . 89 26 . 94 

1 . 1 3 0 . 35 41 . 5 7 . 33 28 . G3 

1 . 3 0  0 .47 7 . 7 5 30 . 24 

1 . 53 0 .77 7 . 99 3 1  . 02 

1 . 7 5  1 . 01 8 . 3 9  3 2 . 1 9  

1 . 92 1 . 28 38 . 9 9 . 1 7  33 . 7 2  

2 .40 2 . 58 35 .7 9 .78 34 .41 

2 . 94 4 .47 3h .4 1 0 . 35 3l�--o 7 6 

3 . 26 6 . 62 1 0 . 92 3 5 . 00 

3 . 56 7 . 87 1 1 . 3 1  3 5 . 2 0  

3 . 97 1 0 . 64 29 . 2 1 2  . so 35 . 60 

lt- • 50 1 j  . 1 2 

5 . 20 1 8 . 2 0  23 . 4 

"Vihey - 7 5  g/1 s olids wi th supplementary nut rient s ;  
- 0  

pH - 5 . 5 ; Terr,p -h.b C .  Ino culun: - 5 p e r  cent 
clotted skim milk culture of' LER 

4 . 2 . 2  'Nhey C onc entration 

Lactose 
c one • 
g/1 

1 3 . 2  

9 . 1 

5 . 5  

3 . 7  

'r.'hey with a s ol ids concentra tion o f'  7 5  g/1 gave a specific a c id 

product ion rat e of 1 . 28 h-1 
in the phase of expo nential cell numb er 

incre as e  and. an a c id produ c tion rate of' 2 . 37 g/1 h in the apparent 

stati o nary p has e .  'Yhen the whey s o l ids were reduc ed to 3 5  ,i/1 the 

c o rresponding r e sults were 1 . 2 0  h-1 
and 1 . 08 g/1 h .  The exp onent i al 

pha s e  acid produc t io n  rate i s  not altered but the s tationary phas e  

a c i d  p ro duction rate is reduced app roximately i n  p r op o rtion t o  the 

total sol ids of the whey . 

The final yield of ac i d  wit.h resp e c t  t o  the initial lacto s e  

concentration was 9 5  and 9 3  p e r  cent re sp e ctively . 

5 2  



Suppl ementary nutri ents 

It is p o s s ibl e to g roup the nutri en�s used by o thers in studi e s  

o f  J . bulga r-� cus into a number o f  dis tinct clas s if i cati o ns : -

1 )  Salts 

2 )  Vitamins 
3 )  Amino ac ids 

4) Nucl e i c  a c id compounds 

5 ) G eneral purp o s e  s ources o f  g rov;th fac t o rs 

( i . e .  ye a s t  extra ct , pep tone , c o rn s te ep l i quor, e tc . ) 
The four group s  of nutri en t s  cons ide red t o  be cheni cally define d 

53 

( 1 - 4) were p rep ared a s  de s crib e d in =::XFE�D.:2J'.EAL (3 .2 .3  . 1 ) and con­

s idered t o  be the f ou r  variabl es ( A- salts , B - vitamins , C - amino ac ids , 

D- nucleic acid c ompounds ) of a 211- fac torial exp eriment with ab s enc e 

of  the nutri ent considered to b e  the lower level and its presence at the 
level designated in table 3 . 3 c ons idered to be  the upp er level . Steril e ­

fil tered whey, 3 5  g/1 s olids , was u s e d .  I n  exp eriments a , b , c , d , ab c , ab d ,  

a c d  and bcd*the whey Vias al s o  pas teuri z ed b efore t h e  nut ri ents were 
added . 

The fermenta tions were carri e d  out at 46°C a nd pH 6 . 0 . The ino culum 

was 1 per cent of a clotted s;dm milk culture of LR'1 . The experiments 

were p e rforwe d. in rand01r. o rder and the resul ts a re sh own in figure 1+ . 6 .  
The rate o f  acid p roduct ion over the linear portion o f  the a c i d  con ­

c entrati o n  Y..:?, t ime curv e ,  o r  the maximum rate whe re a linear p o rtion 

wa s not p re s ent , are tabulated i n  tab le 4 .3a .  
An analysi s of  varianc e based o n  the re s ul t s  i s  sh own in table �� 3 .� 

The thi rd and fourth order interactions are unlikely to b e  s i gnificant 

and can be comb ined to give an e s t imate of the error variance . T he 

hyp o thes is that the mean s quare s f o r  the third and f ourth order inter­
ac tion s are in fac t estimP..tes of the same variance and may be used as an 
e stimate of error can be te s t ed by Bartl ett ' s criterion, ( Davies , 1 963 
p . 287 ) . The value fo r M obtained frcm the above results is 2 .3 and a value 
of 1 2 . 0  is required for significance ; therefore there is no evidence of 

he terogeneity . 

( � lower case l e tter i nd i cates the nutri ent was aclded to the vrhey ie  
abc indicates salts , vitamins and amino acids were added) . 
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steri le-filtered whey with supplementary nutrients. a - salts, b - vitamins, 
c - amino acids, d - nucleic acid compounds. Whey 35 g/1, pH6.0, 46°C.  



Table 4 . 3 . a  �he effe ct o f  nutrients on the rate of acid 
produc tion in b a tch fermentation of whey . 

dP 
Nutrients dt 

dP 
Nutrients dt 

g/1 h .  

( 1 ) 0 . 1 0 d 
a o.oo ad 
b 0 . 04 bd 
ab o. oo abd 
c 1 . 36 cd 
ac 2 . 29 acd 
be 1 . 1 9 b e d  
a b e  2 . 55 ab ed 

S te ril e-fil te red whey , 35 g/1 s ol ids ; pH 6 . 0 ;  46°C ,  
ino culum 1�  clotted sk im-milk culture of LBR 

g/1 h .  

0 .70  
0 . 38 

0 . 59 
0 . 07 
1 . 40 
1 .  76 
0 . 97 
2 . 69 

A - salts , B - vi tamins , C - amino a c ids , D - nuc l e i c  a c id 
comp ounds 
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Table 4 .jb The e1Tect of supplementary nutrients on the rate of 

l actate incre a se in batc:h t'ermentation of whey, 

A�alysis of VQriance . 

Source of 
Variation.  

Salts 

Vitamins 

Amino acids 

Nucle ic acids 

Interactions 

A 

B 

c 

D 

AB 

AC 

AD 

BC 

BD 

CD 

ABC 

ABD 

ACD 

BCD 

ABGD 

EfTect . ?v�ean Square . 

0.424 0 .71 80 

0 . 01 4  o .ooo8 

. 1 . 541 9 . 501 8 * * 
0 . 1 29 o .o663 

0 . 206 0 . 1 702 

0 . 669 1 .  7C$1::l9 * * 

-0 . 1 1 4  0 .051 8  

0 . 1 34 0 .071 6 

o . oo6 0 .0002 

-0 . 271 0 . 2943 

0.  2LI-1 0 . 2328 

0. 084 0 .0281 

0 .061 0 .01 50 

0 . 096 O o037 1 

0 . 1 49 o .o8e5 
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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 five degrees of 

freedom. A mean square as great as 0 .530 is significant at the 5 per cent 

p robabili� level and a mean square as great as 1 .31 0 is s ignificant at 

the 1 per cent probability level . 

Vitamins and nucleic acid compounds do not appear to have any effect 

on the rate of' acid production. When the results are analysed as a 

replicated f'actorial experiment with s alts and amino a cid as the two 

variables the amino acids are seen to have a highly· significant positive 

effect with the effect being increased when the salts are present 

( AC interaction is highly s ignificant) Salts on their own have no effect.  

Pasteurizing the sterile-f'il tered whey had no  effect ( the ABCD 

interaction is  insignif'icant) . 
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Sterile-f'iltering of whey appeared to remove some c ompound essential 

for growth. In all experiments in which amino acids were absent there 

was essentially no cell growth and no acid p roduction. 

Bacteriophage were not involved .  A 1 ml sample of the culture always 

caused 1 0  ml of' sterile skim-milk to clot af'ter a few hours incubation at 

48°C and the organisms in these cultures had the typical appearance of LBR . 

Steril e-f'il tration did not appear to int roduce a toxic compound b e­

cause at least half of the cultures p roduced  normal amounts of acid. This 

efTect was studied f'urther ( see  4 . 2.4 ) 

Some individual nutrients were screened f'or their effect on c ell growth 

in batch cultures without pH control . The whey (7 . 5  g/1 )  was pasteurized 

in conical flask s ,  and one of the nutrients li sted in table 4.4 added . 

The medium was inoculated and incubated f'or 7 h at 46°C .  The results 

are shown in table 4 . 5 

Table 4.4 Nutrients added to whey 

1 
2 

3 

4 

5 
6 

7 

8 

Quantitie s in g/1 of final whey solution. 

Nutrient � Nutrient 15Ll 

no additives 9 niacin o.oo2 

adenine 0 . 01 1 0  e a-pantothenate 0 . 002 

guanine O o 01 1 1  p -amino benzoic acid 0 . 002 
uracil 0.01 1 2  pyrodoxine 0.04 

xanthine 0 . 01 1 3  ribof'lavin 0 .001 

DL-methionine o .oQ4. 1 11- thiamine HC 1 0.02 
L-cysteine HC l 0.004 1 5  tryptophan o . oe 

L-ascorbic acid 0 . 04- 1 6  Vitamin B-1 2 0 . 001 
biotin 0 .001 1 7  Mg so4 7H2o o.B  
cas-amino acids 0 .08 Na C l 0 .04 

f'olic  acid 0.002 Fe so4 7H20 0 . 04  
inos itol 0 .1 Mn so4. o.at... 

Note : Adenine , b iotin and pyrodoxine were purchased f'rom 

L .Light & C o . ; casamino acids (Vitamin t'ree) ,  Difco ; 

tryptophan , S igma Chemicals ; thiamin HC1 , Eastman Kodak ; 

Vitamin B-1 2 ,  Glaxo Lab .Ltd. ; and the remainder from BDH. 



Table 4- . 5  The eff'ect of suEElementary nutrients on cell 59 

concentration af't�r 7 h incubation at 4-6°c . 
Whey 7 . 5  g/1, phosphate butTer 0 . 25 molar,initial pH 6 . 3  

Sample Cell concentration Mean cell 
No . X 1 0-1 1; 1 concentration pH 

X 1 0-1 1; 1 
1 2 . 14- ,  1 • 84-' 2 .4-9 2 . 08 4- . 85 ,  4- .70, 4- .75 

2 . 28 , 1 . 84- , 1 . 92 4- .70,  4-.Clo ,  4- .75  
2 3 .00, 2 . 68,  2 .70 2 .79 4- . 90 ,  4- .90,  5 . 60 

3 2 .4-8 ' 2 . Cltl ,  2 . 64- 2 . 67 4- . 65 ,  4- . 50'  l!- . 69 

4- 0 . 1  ' 0 . 24-,  0 . 1  0 . 1  5 .70 ,  5 . 69 ,  5 . 95 
5 2 . 25 ,  2 . 32 ,  3 .08 2 . 55 4- . 6 2 ,  4- . 60' 5 . 1 5 
6 3.68 , 3 . 28 ,  3 .4-8 3 .4-8 5 .35 , 4- . 52 '  5 .4-0 
7 3 . 00,  4- .04-,  4- .4-4- 3 . Cl3 4-.65 ,  4-.55,  4- . 65 

8 3 . 64-, 3 .64-, 3 . 60 3 . 63 5 . 1 5 ' 4-.60,  5 . 1 0  

9 4- .92 ,  3 . 1 2 ,  4- . 84- 4- .32 4- .70, 4- .70, 5 . 09 
1 0  3 .76 , 3 . 28 ,  4- . 08 3 .71 4- .79 , 4- .70, 4- .89 

1 1  3 . 84- ,  4- . 24- ,  3 . Cl0 3 .96 4- .4-9 ,  4- .4-5, 4- . 85 
1 2  0 . 14- ,  0 . 14- ,  0 . 1 4 5 .90,  5 . 90, 6 . 05 

1 3  3 . 20 ,  3 . 32 , 3 . 08 3 . 20 4- . eo,  4-.  75,  4 . 95 
1 4  4-.04-, 4 . 1 6 , 4-.48 4- . 23 5 . 05 ,  4.79, 5 . 1 0 

1 5  4- . 72 ,  4- .72 , 4- .72 4- .80 ,  4- . 55 '  4- . ClO 

. 1 6  2 .  72,  3 .4-0 , ) . 08 3 . 07 4- . 57 '  4 . 55,  4 . 65 
1 7 0 .1+4, 2 . 24, 0 .1+5 1 . 04 5 . 05 ,  4- .  )0, .J . 1  0 

The pH variation within samples s hows less variation than b etween 
s amples .  In g eneral a l ow pH corresponds to a high cell concentration, 
although there are some exceptions , illustrating a possible butTering 
ef'f'ect t'rom the added nutrients . All replicate s  have been u sed to 
calculate the variance of the results . The value obtained i s  0 . 3209 x 1 0

1 1 

cells/1 with 34 degrees of freedom. Hence a cell concentration ot' 
3 . 24- x 1 01 1  c ells/1 can be considered to be  a real increase on 2 G08 x 1 01 1  

c ells/1 obtained in unsupplemented whey.  A cell concentration as l ow as 
0 .92 x 1 01 1  cells/1 can be assumed to be an indication of' inhibitory ef'f'ects . 

From thes e  results the f'ollowing can be considered to s timulate cell 
g rowth. (Number in bracke ts is average cell conc entration p e r  litre af'ter  
7 h) : tryptophan (4 .72 x 1 0

1 1 ) ,  niacin (4-.32 x 1 01 1 ) ,  



thiamine (4-.23 x 1 01 1 ) ,  p -amino-benzoic  acid ( 3 . 90 x 1 01 1 ) ,  1'oli c  
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acid ( 3 . 83 x 1 0
1 1

) ,  C a  p antothenate ( 3 .7 1  x 1 01 1 ) ,  inos itol ( 3 . 63 x 1 0
1 1 ) 

and cas-amino acids ( 3 .4-8 x 1 01 1 ) .  

The rollowing appear to be inhibito ry :  1-ascorb ic acid ( 0 . 01 x 1 01 1 ) 

and pyrodoxine ( 0 . 1 4- x 1 01 1 ) .  

These results cont'irm the stimulatory efTect of' tryp tophan and 

cas-amino acids shown to occur in the acid production experiments at 

controlled pH . However contra� to the re sults obtained in the latter 

exp eriment, some of' the vitamins are s hown to have a stimulatory efTect . 

It i s  likely that the inhibi to� efTect if' 1-ascorbic  acid and pyrodoxine 

cancelled out the ef'f'ect o:r the other v itamins in the mixture . Neither 

the salt solution nor the nucleic acid compounds had any effect con­

firming the re sults obtained at controlled pH. 

4-. 2 .4- Sterile- f'iltration 

Figure 4-.7 shows the acid concentration during f'ermentations of' wheys 

treated in the f'ollowing manner. 

1 )  Whey, 35 g/1 solid.s , pasteurized 

2 )  Whey, 35 g/1 solids , centrif'uged,  pasteurized 

3 )  Duplicate of' 2 

4) 'IThey, 35 g/1 solids , centrifuged , sterile-f'il tered and p asteurized. 

The duplicated exp eriments agree ve ry closely . Whey which had been 

sterile-f'il tered produced a small amount of acid but only af'te r it had 

been re-inoculated . 

The rate of aci d  production was greates t  in whey which had not been 

centrif'uged ; the linear rate  of' acid pro duction was 1 . 1 5 g/1 h in 

pas teurized whey c ompared with 0 . 83 g/1 h in the pasteurized centrifuged 

whey . Centrifuging and s terile-f'il tration remove from the whey com­

pounds essential f'or acid production. 

4- . 2 . 5  Casein as a su;pplementa� nutrient 

C entrifuging and sterile-1'il tra tion removed f'rom the reconstituted 

whey some compound or compounds ess ential f'or the production of' lactic 

acid by 1BR . (4 . 2 . 4) Susp ended insoluble matter in whey comprises whey 

p ro te ins denatured during d�ing, casein f'ines not removed from the 

whey b ef'ore �ing , f'at not removed as c ream or in the casein and debris 

from the starter bacteria used to produce acid in the casein making proces s .  

Of these the s imple st to check for stimulating acid production is the 

casein which can b e  added in the form of' sodium cas einate . The fact that 

acid is readily p roduced in reconstituted skim-milk which has a much lower 
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level of bacterial debris would tend to rule out this as a possible cause .  

Experiments with supplementaFJ nutrients have shown that casamino-acids 

and tryptophan stimulate cell growth aml aciC:. production, a rurther 

reason for t�Jing sodium caseinate as a nutrient . 

Figure 4 . 8  shows the acid concentration increase in sterile-filtered 

whey , with 5 g/1 sodium cas einate (AD74) added. The sodium caseinate 

stimulated the rate of acid p roduction - linear acid p roduction rate 

1 . 5 g/1 h with NaCas present c� with 1 . 1 5  g/1 h in pasteurized whey 

and zero in sterile-f'il tered whey .  

Dif't'erent batches of sodium caseinate do not have the same ef'f'ect . 

Figure 4 . 9 compares batches AD74 and HF1 45 . However, as shown in 

f'igure 4 . 1 0  when the concentration of the sodium caseinate HF1 45 is  

increas ed so too  does the acid production rate . 

Table 4-.6 and figure 4- . 1 1 show the ef'f'ect of increasing the 

concentration of s odium caseinate ( mixed 1 34-1 36 , 1 968) on the linear 

rate of acid production using pasteurized whey. 

Table 4 . 6  Batch fermentation of' whey with additional sodium 

caseinate (1 34-1 36) .  (B9 .4 . 1 - 1:3) "Stationary phase "  

acid synthesis rates g(l 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 

1 o. o 2 .41 ' 2 .4-8 

20.0  2 . 54-

40.0  2 .78 

Whey 35 g/1,  pasteurized. pH 6 . 0 ,  46°C inoculum 1 p er cent 

skim-milk culture . 

Attempts to  determine why some batches of sodium c�seinate were more 

ef'f'ective than others were not successf'ul . All batches used stimulated 

acid production provided the concentration of sodium caseinate was high 

enough ,hence an inhibito� compound was not responsible.  There was no 

correlation between the age of sodium cas einate and its effectivene s s o  
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4 . 2 . 6 C ontro l �  _, ,'\.tr::c sphere in Shaken Flasks 

Table Ll- • 7 and :fit;ure �- . 1 2 show the effect of shak ing in conic :::.l flasks 

plugged with c o tton-wool on the pro duction of' acicl f rom 11hey and whey 

suppl e;uente d. with ca sein . 

Table 4 .7 Batch fer�entation of whey in conical fl ask s 38 . 1 2 . 20 
- the effect o f  shak ing ; pP.: ani lactate concentration 

after 7 hrs incubation 

Increas e 
pH c one . 

I'lot 
J:edium C o ntrol Shak en Sha.l{ en Shaken 

'::hey * 5 .92 5 . 25 4 . 2 2  0 .75 

�.·rhey + 20 g/1 

skim-milk s olids 6 .35 5 .95 4 . 1 5 0 .3 

'Yhey + 20  g/1 

s odium caseinate 6 . 50 6 . 1 2 3 . 82  1 . o  

'!They + 50 g/1 

s odium cas einate 6 .70 6 . 27 3 . 82 0 . 8  

* I."ean o f  !.1- exp eric.ents 

1 7 5 rev/ rr.i n, 2 • 5 cm throw . 

lactate 
g/1 
Eo t 

Shaken 
6 . 8 

7 . 9 

1 3 . 2 

1 5 . 1  

The results  indicate that in shaken flask s a c i d  proJ.uction i s  alm o s t  

completely dep ressed .  The addi tion of  skim-mil}: s ol ids o r  s odium casein­

a t e , while  increas ing tb.e amount o f  acid formed in the unshak en flask s ,  

had no effect  o n  the culture in the shaken flask s . The inhibition c ould 

be caus ed by agitation itself or becaus e s ome inhib itory sub s tance is 

b e ing abs orbed from the air. 

A further expe riment v:as p erformed in which the air was repla ced by 

various gas mixtures . The gas mixturffi used are shown in table 4 . 8  and 

results in table 4 . 9  and figure 4 . 1 3 .  
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Figure 4. 1 3  Acid concentration after 7 h incubation at 46°C in whey cultures 
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shaken and unshaken with d ifferent gases in the head space. Whey 75 g/1. 



Table 4 . 8  Head-spac e  gas mixtures 

A. Nitrogen ( oxygen :rree) 

B .  98 per cent nitrogen + 2 per cent oxygen 

c .  Air 

D .  Oxygen 

E .  9 5  per cent nitrogen + 5 per cent carbon dioxide 

F .  C arbon dioxide 

Table 4 . 9  The et'f'e et of headsnace gas on acid nroductiQP�J) 

in �haken {s2 and not shaken {NS) cultures of whey.  

Time h 
Gas in 

heads p ac e  2 4 6 1 1  

A s *  0 .73 3 . 01 5 . B4 1 0 .49 

NS* 0 . 62 3 . 1 4  5 . 88 1 0 .1 1 

B s 0 . 93 3 . 62 6 . 51 1 0 .43 

NS 0 . 89 3 . 94 6 .43 1 0 .38 

c s 0 .72 1 . 59 2 .01+ 2 .90 

NS* 0 . 74 2 .91 5 . 58 9 .73 

D s 0 .41 0 . 59 0 . 60 1 .08 

NS 0 . 56 0 .85 1 . 00 1 . 1 4  

E s 1 . 1 3  3 .59 6 . 59 1 0 .42 

NS 0 . 95 4 . 1 6 6 . 53 1 1  . 26 

F s 1 . 69 4 .41 6 . 66 9 .90 

NS 1 . 62 4 . 1 4  6 . 66 1 0 .22  

* Average of two results from s eparate cultures . 

7 5  g/1 Sol.; ds . 45°C .  I 1 2 t 1 tt d k '  ' J.k � nocu urn p er cen c o e s �m-m� 

culture LBR 
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From the duplicate experiments p erformed, the variance of the acid 

concentration was determined to be 0 . 1 1 g/1. The 95 per c ent confidence 

limits for each result are therefore + 0 . 60 g/1 . 

Oxygen ( D )  suppresses  acid formation whether the flasks are shaken 

or not .  Acid synthes is is als o  inhibited in fl ask s shaken with air in 

the head-space . With air in the headspace of a stationa� culture 

f�ask, acid synthesis  is slightly less than that with all o ther gases 

in both shaken and s tationa� culture flasks . There is an indication 



that carbon dioxide (E ,F) is stimulatory in the early phases of acid 

production, but further experiments will be needed to prove thi s .  
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It  can be concluded that oxygen inhibits acid synthesis when it is 

in s olution at a high enough concentration. When oxygen is present at 

less than a particular concentration in the gas phase ( betvmen 2 and 5 

p er 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 l culture vessel with 

p_H control, also  illustrate the eff'ect of' air in inhibiting acid 

production. (Figure 4. 14) Air was sparged into the culture medium 

(pasteurized whey, 35 g/1 solids ) at 1 20 1/h .  After 28h, 0 .39 g/1 of 

acid had been produced. 

The experiment was repeated, but after 1 9 .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 

1 0 .6  g/1 of acid had been produced. Acid production was almost totally 

inhib ited 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 1 20 1/h . The acid production rate followed 

a pattern s imilar to that obtained in cultures  blanketed with nitrogen. 

Air effects the growth of cells ,  but not the acid synthe sis . 

(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 s econd it is 1 .61 g/1 h ;  i . e .  a ratio o f  2 . 1 8 a 1 . The 

total solids are in the ratio of 2 . 1 4 : 1 . )  
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Figure 4. 1 4  The effect of air o n  acid production at pH6.0, 46°C. A - air 
sparged at 1 20 1/h from the time of inoculation, pasteurized whey, 35 g/1 .  
B � a i r  sparged at 1 20 1/h for 19  h after inoculation; a ir  flow stopped 
and culture reinoculated with a fresh inocu lum of LBR . Whey 35 g/1 .  
C - air spar� at 1 20 1/h commenced after 8 h incubation . Whey 70 g/1 .  
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ABi tation 
The effect o f  agi tation was studi ed in detaH in the culture ve s sel 

u s ing the three paddle impeDers . 
The agitation c ondit ions u s ed are shown in T able 11--1 0 .  The irnp eller 

lteynolds Number ( Re ,. nd2£ ,  wa s cal culated as suming the density was 
1 023 kg/m3 and vi sc o s ) ty �as 0 . 7 c P .  The lowe s t  value of Re was 31 11-5 
and hence in all exp e riments fully developed turbul ence was attained 

( Bates , Fondy & C orp s tein , 1963 ) .  
The p ower consump tion by the paddle may be related to the imp eller 

blade dimensions by the following exp res s ion derived by C al de rbank 
and N.oo-Youne ( 1961 ) 

p g = kwl ( d  - w) 
0 

n3a._5P d3 

(4. 1 ) 

where P .  i s  the p ower diss ipated in mixing and k i s  a cons tant. 0 
For the present ca se equation 4. 1 reduces  to equation 4 . 2 which i s  
defined a s  the p ower factor , Pf . 

T abl e 4. 10 Paddl e impel l er diameter and sn e e d  u se d  to determine 
the effect of the agi tation i ntens ity on the rate of 
acid p roduction. 

Run d Re : p n 2 f 
No. rpm mm nd P ., Power Factor 

f.l 
1 200 2 5  3 , 145 5. 625 X 1 05 
.2 63 5 2 5  9 , 980 1 .800 X 107 

'3 1270 2 5  1 9 , 900 1 . 44 0  X 1 o8 

4 100 51 6 , 290 1 .406 X 1 o6 

5 200 51 12 , 580 1 . 1  25 X 1 o7 

6 l!-00 51 2 5 , 160 9.000 X 1 07 
7 Boo • 51 50 , 320 7 . 200 X 1 0  8 

8 20 102 5 , 032 1 .890 X 105 

1 02 1 2 '  580 6 9 50 2 .953 X 1 0  
10 63 102 15 , 7 60 5.907 X 1 06 
1 1  1 00 1 02 2 5 , 160 2 . 363 X 1 07 
1 2  126 1 02 31 , 520 4.726 X 107 

13 200 102 50 , 320 1 .890 X 10 8 



The small effect on p011er diss ipated by the impeller introduced 

by alteration of the ratio of imp eller diameter to tank diame ter 

has been ignored (Bates et al . 1 963) . 
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All run s  were at pH 6 . 0 ,  46°C u sing pasteuri zed whey, 70 g/1 
s ol ids . A 0 . 5  p er cent whey inoculum was used and the headspace  was 

sparged with carbon-di oxide . 

The results of a typical experiment are shown in Table l�o . 1 1 .  

The cell c ounts were dete1�ined with a precis ion of � 1 3  per  cent. 

The average cell s p er chain has a standard deviation of 0 . 3 5  and 

within any one sample the chain l engths follow a Poisson D i stribution , 

i . e .  the mean chain l ength is  equal to the variance .  Thus quoting 

the average cells per  chain g ives as c omplete a picture as  i s  

pos s ible or the conditon o f  the chains .  
� 

The "exp onential " rate for acid production ( i . e .  the exponential 

rate of acid production corresp onding to the exponential phase of 

c ell growth) was determined by means of an exp onential l east squares 

regressi on on the available data of acid pro duced after a g iven time . 

A minimum of four data po ints was used in each determinati on.  Acid 

concentrations in the first hour or two were i gnored. The regres s ion 

coefficient s  were greater than 0 .99 in all but run 1 when it was 0 . 97 .  
The "stationary p ha s e "  rate of acid production wa s determined by 

a linear l east-square regress ion of acid concentration on time . 

Typically eight data points over about 1 4  h were used in each deter­

mination. All regre s s ion coeffic ients were g reater than 0 . 997 . 
The results are shown in table 4. 1 2 .  



Table 4 . 1 1 

Time 
h 

0 

1 
2 

3 

4 

5 
6 
7 

9 

1 1  

1 3 . 25 

1 5  
1 7  

1 9  

21 

24 

26  
27 . 5  

';l'YPical result f'or batch f'ermentation of' whey -
ef'.t'ect of agitation 
Run B 9 . 1 2 . 1 3 :  n = 200 rp m ,  

Acid 
increase Lactose 

g/1 g/1 

o . oo 43 .7 

0.07 43 . 6  

0 . 21 43 . 9  
0 .42 

0 . 98 43 . 6  

2 . 1 3 

4 . 32 41 . 6  

5 . 50 39 . 5  
8 .64 

1 1  .• 50 
1 5 .75 31 . 9  

1 7 .95 
21 . os 
23 .96 

26 . 51 

30. 28 1 7 . 2  

32 .47 

33 .Be 1 3 .4 

d = 1 02 mm 

cells/ l 
x 1 o- 1 0  

0.72 

2 . 04 
2 .28 

7 .37 

33 .7 

46 .4 

65 . 6  

59 .0  

69 .1 

cells/ 
chain 

4.0  

3 .8 
2 .9 

3 . 0 

3 .7 
3 .2 

2 .7 

2 .6 

2 . 5 

7 5  
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Table 4-.1 2 The ef'fect of agita_tion intensity on the _ _. 
rate of acid Erodu ct :i.on 

"Exponential · "Stationary 
Run n a ·  Rate " Rate " 
No . rpm mm 

h 
-1 g/l h 

1 200 25 0 . 56 0 .84-

2 635 25 0 .71 1 .4-1 

3 1 270 25 0.79 1 . 69 

4- 1 00 51 0 .65 1 . 21 

5 200 51 0.76 1 .39 

6 4-00 51 o . Bo 1 . 58 

7 Boo 51 0 . 80 1 . 65 

8 20 1 02 0 . 54- 1 . 1  0 

9 50 1 02 0 . 85 1 . 37 

1 0  63 1 02 0.75 1 . 52  

1 1  1 00 1 02 0 .77 1 . 50 

1 2  1 26 1 02 0 .73 1 .4-4-

1 3  200 1 02 0 . 82 1 . 52 

In Figures 4-. 1 5 and 4- . 1 6 the rate of' acid synthesis is shown as a 
function of imp eller speed and diameter on logarithmic co-ordinates .  

As the speed of agitation is increased, the rate of acid t'ormat ion 

increases , but at high levels of agitation the effect is smalL. Even 

at low paddle speeds , the rate of acid formation does not increase 

a s  the 0 .  75  p ower of the speed of' rotation as predicted by equation 2 . 1 7  

f'o r  a reaction limited by the rate o f  transfer o f  lactose ( o r  other 

nutrients ) and lactic acid.  

Figures 4 . • 1 7  and 4-. 1 8 show the rate of acid formation as  a function 

of the agitator Reynolds Number. The results f'orm two distinct 

regions- with a transition at Re = t o, ooo. 

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

is plotted against p ower (Figures 4- . 1 9 and 4- . 20) . 
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Acid production in the bacterial exponential phase as a function of 
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whey 70 g/1 , pH6.0, 46°C. 
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For 

1 
N 

dP 
dt 

< 

= 0 . 07 

( correlation c oetTicient = 0. 91 5 ,  s ignif'icant at 
0 . 05 probab ility level ) 

dP 
dt = 0 . 27 p 0 · 1 0 3 

f 
( correlation coeffi cient= 0 . 58 which is not s ignit·icant) 

For 3 X 1 06 

1 dP 
N dt = 

( correlation coefficient= 0. 687 
0 . 02 p robab ility level . ) 

dP 
dt = 0.86 

( correlation coefTic ient= 0 .77 
0 . 001 p robability level . ) 

Cell Recycle 

< 

p 0 · 0 2 1 
f 

s ignit·icant at a 

P o · o 3 2 
f 

signif·icant at a 

To  s imulate the etTect ot· recycling cells two litres of whey 
(35 g/1)  in an E rlenmeyer flask was inoculated with a clotted sk im 
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milk culture of' LBR. The culture was incubated at 46°C without agitation 
with p eriodic additions of 3N-Na2co3 to maintain the pH at approx­
imately 6 . 0 .  Two hours after the t•lask was inoculated a normal b atch 
culture was c ommenced in the rermenter. (B9 .1 . 6 ) 

Seven hours after the t•lask was inocul1:1.ted the culture was c ooled 
by placing the flask in crushed ice . The cells were re covered by 
1 5  min centrifuging at 1 0 , 000 x g (refrigerated Sorvall SS3 , 1 °C ) . The 
cells  were washed with cold s terile phosphate buffer,  (pH 6 . 0) 
centrifuged again, resuspended in approximately 60 ml ot• burt·er and 
ino culated 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 cycl e .  

To check that washing of the cells and the addition of' phosphate 
buft•er did not affect the p roduction of· acid a t'urther exp eriment was 
p erf·ormed in which the culture was removed t•rom the t·ermenter s even hours 
at·ter inoculation, cells recovered and washed as above and r e inoculated 
into the centritugate . The results are plotted in Fig . 4.21 with the 
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Figure 4.21 I ncrease in the acid production rate by adding stationary phase cells of 
LBR to a batch culture at 7 h. o - control 6. - cells added at time 
shown by the arrow. Whey 35 g/1 , pH6.0, 46°C. 
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time adj usted to p roduce c o rre s p o ndence of the a c id concentration curve s 

in the expo nential g rowth phas e ( this s imp ly adjusts f'or the inevi table 

dift'erenc es in l ag t ime) • 
The results show that re cycling cell s  cau s e s  an increas e  in acid. 

production rate . Washin�; and resu spending in buffer do e s  depre s s  the 

p roduc t io n  rate . The rate o f' acid produ ct i o n  remains e s s entially c o n­

s tant , but at a diff·erent v a lue . The exp e c ted s tationary p has e a c i d  

p ro duction rate i s  1 . oo g/1 h .  With cell s resusp ended i n  th e centri ­

fugate a value of 0.8 g/1  h i s  obtained, a 2 0  p e r  cent decreas e .  When 

the washed c el l s  are ino cul ated into a normal t•e rmentation a rate o:t' 

1 .34 g/ 1  h i s achieve d ,  a 34 p er cent increas e .  

As shown by the c o ntrol , c el l  recovery by the method u s ed cau s e s  

s ome lo s s  i n  activi ty p o ss ibly b ecause o:t' s ome l o s s  i n  c el l  v iab il i ty ,  

o r  becau s e  s ome susp ended s l i ghtly s oluble comp onent o f  t he whey i s  

b e ing removed by the washing proce s s . The c ell s were washed in this 

experiment to reduce the p o s s ib i l i ty of s u sp ended cas ein b eing c o n­

c entrate d and added t o  the fe rmentation ,  cau s i ng an increa se in 

acid production. 

O n  a larger scale i t  would be s imp ler t o  c o ntinuously re cover the 

cell s ,  washing woul d not be ne c e s sary and from the above re sult i t  c an 

be concluded that the higher b acterial conc entratio n  ach ieved in do ing 

thi s w o ul d  have a signifi cant b e net'i cial ef:t'e c t  on the p ro du ct iv i ty of 

· the f'ermentat ion . 

4.3  C01'1TDmOU S CULTURE 

4 . 3 .1 Determination o f' the opt imum condi tions of pH , 
temperature and dilut ion ra t e  f'o r a s in()l e 
stage continu ou s culture . 

Us ing s teril i z ed whey as the f eed 1'or a s ingle s tage continuous 

culture ves sel the efTects o f  pH, temperature and dilution rate on the 

p roductivity 1 acid conc entration and yield were s tudi ed us ing a central 

c omp o s ite rotatable exp erimental des ign ( C o chran and C ox , 1 962 ) . 

The exp erimental c onditions are shown in tab l e  4.1 3 .  The me tho d  of 

calcula tion of resul ts i s  shown in appendix 4 and t he re s ults are given 

in tab l e  4 . 1 4 .  

U s i ng the s e  results i t  i s  p o s s ible t o  dep i c t  the response surfa c e  by 

an equation o f  the f' orm ; 



Table 4 . 1 3  Exn erimental conditions i n  c ontinuous cul ture 
.
experiments to de termine the effect of pH, 
temperature and dilution ra te on productivity, 
ac:i.d concentration and yield.  

Run 

No . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

1 5 

1 6  

1 7  

1 8  

1 9 
20 

Exper- Code Temp 
mental X x

2 x3 
pH o G Order 1 

1 -1 -1 -1 5 . 5 45 

3 1 -1 -1 5 . 8  45 

4 -1 1 -1 5 . 5  47 

2 1 1 -1 5 .8  47 
8 -1 -1 1 5 . 5 45 

7 1 -1 1 5 .8  45 

5 -1 1 1 5 . 5  47 

6 1 1 1 5 . 8  47 

1 4  -1 . 68 0 0 5 .4 46 

1 7 1 . 68 0 0 5 .9  46 

1 5 0 -1 . 68 0 5 . 65 44 .3 

1 6  0 1 . 68 0 5 . 65 47 .7  

1 2  0 0 -1 . 68 5 . 65 46 

1 1  0 0 1 . 68 5 . 65 46 

9 0 0 0 5 . 65 46 

1 9  0 0 0 5 o 65 46 

1 3  0 0 0 5 .65 46 

1 0  0 0 0 5 . 65 46 

20 0 0 0 5 .65 46 

1 8  0 0 0 5 . 65 46 

Sterilized whey 75 g/1 total solids ( Average lactose in,45 .7 

agitation 200 rpm, headspace gas , 93.% N2 , 

Code determined from equations for X .  � 

ie ( -1 ' -1 , -1 ) x1 
-1 = pH - 5 .65 

0 . 1 5 

x2 -1 = Temp -46 

5% 
C02 

. . . 
0 0 • 

pH = 5 . 5  

Temp= 45 

86 

Dilution 

rate h -1 

0 . 1 03 

0 . 1 03 

0 . 1 03 

0 . 1 03 

0. 309 

0 . 309 

0.309 

0 .309 

0 . 206 

0. 206 

0 .206 

0. 206 

0 .031 

0 .380 

0 . 206 

Oo 206 

0 .206 

0 . 206 

0 . 206 

0 . 206 

g/1) ;  

x3 -1 = D - 0 . 206 D = 0 . 1 03 
0 . 1 03 



Table 4 . 1 4  

Run 
No . x 1 

1 -1 

2 1 

3 -1 

4 1 

5 -1 
6 1 

7 -1 

8 1 

9 -1 . 68 

1 0  1 . 68 

1 1  0 
1 2  0 

1 3 0 

1 4  0 

1 5  0 

1 6  0 

1 7  0 

1 8  0 

1 9  0 

20 0 

The effect of pH, temperature and dilution 
rate on la cti c acid p ro duction 
(See table 4- . 1 3  :for experifllental conditions ) 

Code 

x 2  x _ ) 

-1 -1 

-1 � _ ,  

1 -1 

1 -1 

-1 1 

-1 1 

1 1 
1 1 

0 0 

0 0 

-1 .68 0 

1 . 68 0 

0 -1 . 68 

0 1 . 68 

0 0 
0 0 

0 0 

0 0 

0 0 

0 0 

C ell 
cone .:..1 2  No/1 x 1 0  

1 .22 

2 . 52 

1 . 60 

3 .44 

1 . 24 

1 .30 

7 . 59 

1 . 62 

6 . 96 . 

7 .64 

2 .02 

1 .44. 

2 . 67 

2 . 52 

4 . 30 

2 . 04-

2 .20 

1 .70 

dP p 
dt 

g/l h g/l h 

1 .63 i 6 . 00 

1 .95 1 9 . 1 0  

1 .94 1 9 . 00 

1 .75  1 7 . 20 

3 .33 1 0 . 1)0 

3 .44 1 1 . 1 3  

3 .31 1 0 .70 

3 .39 1 0 . 95 

2 . 93 1 4 .20 

3 .06 1 4 . 85 

2 .37 1 1 . 50 

2 .66 1 2 . 93 

0 .85 27 .38 

3 .40 8 . 94 

2 . 87 1 3 . 90 

3 . 55 1 7 . 22 

2 .79 1 3 . 52 

2 .71 1 3 . 1 8  

3 .26 1 5 . 82 

3 .41 "1 6 . 55 

87 

y 

0.36  

0 .43 

0 .42 

0 .38 

0 . 23 

0 . 24 

0 . 24 

0 . 24 

0 . 31 

0 . 34 

0 . 24 

0 . 28 

0 . 58 

0 . 1 9 

0 .30 

0 . 35 

0 . 30 

0 . 29 

0.36  

0 .38 
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F = b + b1 x1 + b
2 

x2 + b3 x3 0 

b1 1 
2 

+ b22 
2 

+ b33 
2 

+ x
1 

x2 x3 

+ b1 2  x1 X
2+ b1 3  X1 X3+ b

23 x
2 x3 

Where F is the dependent variable 

( productivity,  � acid concentration,P or yield, Y ) ; 

X is given by 

x1 
= pH - 5 .65 

0.1 5 

x2 
= Temperature 46 o

c 

D - :). 206 h -1 
x3 

= 

0 . 1 03 

and b . .  
�J 

are the regression coef't"icients . 

The calculations required to calculate bfj are described 

by C ochran and C ox ( 1 962) and an example is given in app endix 5 .  

The values of' b . . :for the three equations relating the 
�J 

dependent variables with pH, temperature a nd dilution rate are shown 

in table 4 . 1 5 and an analysis of' variance in tabl e 4 . 1 6 . 



Table 4 . 1 5 Regre s s io n  coef'f'ic ients ( ± s tandard erro r) 
:t"or the equa. tions rela tin:; p roduc ti vi ty, 
increase in acid c on c entration and yield 
with pH,temperature and d i lu ti on rate : 

bo 
b1 
b2 
b3 
b1 1  
b22 
b33 
b1 2  
b1 3  
b23 

dP 
dt p y 

3 . 1 0  + 0.35 1 5 . 1  . !. 1 .7 0 . 330 + 

0.04-
.... 

0.1 3 w. 0. 22· ±. 0 . 61 0 . 007 + 

0.05 + 0 . 1 3  0 . 24· ±. 0 . 61 o . oo6 ±. 
0 .77 - + 0. 1 3 -4.30- ±. 0 . 61 -0. 095· ±. 

-0. 02- + 0. 14  -0.31 2:. 0. 66 -o. 003 + 

-0 . 1 9 + 0 . 1 4  -1 0 1 2 - .:!:. 0 .66 -0 .026-- ±. 
-0.33 + 0. 1 4 0 . 9tf .:!:. 0 . 66 0 .01 8  

-o .07· ±. 0. 1 8 -0 . 62 .±. 0.87 Oo01 5 

0 .01 ' ±. 0 . 1 8 -0. 09 .:!:. 0.87 -0. 003 

-0. 02- ±. 0.1 8 -0. 1 7- .± 0 . �7 o.ooo 

Note : The e quat ion representing the response surface for 

the eft'ect of' pH ( x1 ) ,  temperature ( x2 ) and 

dilution rate ( x3 ) o n productivity is theref'ore 

dP 3 . 1 0  0 . 01 .. dt 
= + x1 + o . os x2 + O. l l  

0 . 02 2 0 . 1 9 2 
0.33 x1 - x2 

-

+ 

+ 

+ 

+ 

x3 

x3 

89 

0 .038 

0 . 01 3  

0 .01 3 

0 . 01 3 

0 . 01 5 

0 . 01 5  

0 . 01 5  

0 . 020 

0 . 020 

0 . 020 

2 

0 .07 x1 x2 + 0 . 01 x1 x3 
- 0 . 02 x2x3 

Table 4 . 1 6 Analysis  of  variance  for the equations relating productivity 
increase  in acid c oncentration, and yield with pH, temp�ature , 
and dilution rate . 

Source of 
· Variation 

First order 
terms 

Second order 
terms 

Lack of fit 

Error 

Degrees 
of' Freedom 

3 

6 

5 

5 

dP 
dt 

2 .721 

0 .324 

0 .002 

0.1 25 

Mean Squares 

p y 

�.68 0 . 04-1 4 

6 . 66 0 .0030 

3 . 01 0 . 001 2 

2 . 94 0 . 001 4 
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In e ach case the "lack of f'it " mean square, which is a measure of 

the deviation of the expe rimental values from the fitted equation, is 

about the s ame size as the error mean square indicating that the second 

order equation is an adequate representation of the response  surt'ace . 

The t'irst order terms mean square is highly signit'icant but the second 

order terms mean s quare is not significant at the 1 0  per c ent probability 

level . The F ratios of' the second order mean squares to the error mean 

squares are 2 . 6 ,  2 .4 and 2 . 1  f'or the productivity ,  increas e in acid 

concentration and yield respectively. 'l'he t abulated value of' the variance 

ratio at the 1 0  p er cent probability level i s  3 .4.0 ( Davies , 1 963 ) . 

Thus a linear equation would be an adequate representation of the 

experimental results . 

However, the regres sion coefficients indicate that in each case the 

responses to changes in temperature in the experimental range are not 

linear as  is shown by comp aring b2 with 

the dilution-rate, but to a les ser extent . 

b22 •  The same holds t'or 

The other second order 

regression coetTicients appear negligible in comparison wi th their standard 

deviations but there is no p articular reason to assume that they are zero . 

Though it is realised that a linear model may well be an adequate 

descrip tion of' the re sults the second order equations are retained as 

the be st  estimate of the response surface available .  The equations 

obtained have been used to plot f'igure s 4 .2 2  - 4 .25 illustrating the 

salient p oints of' the results.  

Figures 4 . 22 - 4 . 24 show the changes p redicted 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 46°C .  The 

pH response  shows little effect of pH over the range 5 .4 - 5 . 9 .  

O f  the three variables, dilution-rate shows the greatest effect.  As 

the dilution rate is increased the p roductivity increas es 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 p redicted to be o� 0.23 and acid concen­

tration 1 1  g/1 . High productivity gives l ow yield and acid concen­

tration. 

By differentiating the derived equations and equating the dit'f'erentials 

to zero the maximum productivity (3 . 58 g/1 h ) is predicted to o ccur 

at 45. 9  °C ,  pH 5 .9 at a dilution-rate of 0.33 h 
-1 • This point 

occurs within the experimental region studied and hence is a reasonable 

estimate of the optimum ( G ochran and Cox, 1 962) . 

• 
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The rate of acid production f1t� as a function of pH and temperature 
at a di lution rate of 0.2 h- 1 . Steri l ized whey 75 g/1. 



The c ontour-plot in Fig . 4-.25  illustrates t·or the productivity the 

slight interaction betvwen pH and temperature, the relatively small 

efTect changes in pH have, and the peaked na.ture of' the temperature 

response.  
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4-.3 .  2 C ontinuous culture of sterilized whey with added sodinn-caseina te 

Table 4 . 1 7 shows the results obtained when sterilized whey was 

supplemented with sodium caseinate at two dilution-rates . 

'l'able 4 . 1 7  C ontinuous culture of whey with added 
sodium caseinate (AD74, 1 0  gLl ) 

Dilution-rate h-1 0.22 

Lactose in feed g/1 44 . •  2 

Acid prod.uction g/h 9 . 1 6 

Acid concentration g/1 21 . 9  

Productivity g/l h 4-.81 

Yield 0. 50 

C ell concentration /1 

0. 1 2 

4-3 � 9  

6 . 88 

30 .4-

3 . 6.5 . 

0 . 69 

2 .76 X 1 0
1 2  

S terilized whey 70 g/1 pH 5 . 65 Agitation 200 rp m .  

The results in table 4- . 1 7 can be compared with Figs . 4-. 22 and 4- . 24- .  

I n  unsupplemented whey the p redicted productivities are 3 .24- and 2 . 20 g/1 h 
-1 

at dilution-rates 0 . 22 and 0 . 1 2h respectively with p redicted yields of 

0 .31  and 0.4-2 respectively . The productivity and yield are increased 

by ap roximately 60 per cent by the addition of 1 0  g/1 of sodium caseinate . 

4-.3 .3 Continuous culture of pasteurized whey. 

Table 4-. 1 8 shows the experimental conditions used and results 

obtained in continuous culture of pasteurized whey, with a fresh whey 

f'eed solution being p repared every 4-8 - 72  h .  Despite long hours of 

operation there was no evidence of contamination. 
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Table 4 . 1 8 C ontinuous cul ture with pasteurizea whel· 

No D_1 pH Temp Inl et Acid Cell Prod.uct- Yield 
h oc Lactose cone . cone. ivity 

g/1 g/1 cell¥ l g/l h 
x1 0-1 1  

1 0 .048 6 . 0  46 25 . 2  1 7 . 9  0 . 86 0.71 

2 0 . 061 6 . 0  46 1 8 . 2  1 3 . 1  6 .7 0 . 80 0 .72 

3 0 . 061 6 . 5  44- ·t 8 . 5  5 .4 5 .2  0 . 33 0 .30 

4 0 . 061 6 . 0  46 1 8 . 5  1 2 . 6  6 . 3  0 .77 0 . 68 

5 0 . 061 5 . 5  48 24.4 1 1  .1  5 .4 o . 68 0 .45 

6 0 . 061 6 o 5  48 1 8 . 2  4 . 0  4 .2  0 . 25 0 .22 

7 o . o61 5 . 5  44 1 8 . 2  1 2. 9  0 .79 0 .71 

8 0 . 1 53 6 .0 46 22. 8  9 . 5  1 .45 0 .41 

9 0 . 061 6 . 0  46 38 . 8  27 . 6  21 . 1  1 . 69 0 .71 

'1 0 0 . 061 6 . 0  46 1 8 .4 1 3 . 6  0 . 83 0 .74 

Experiments 2 ,  4 and 1 0, at the same conditions , give a measure o� the 

reproducibility o� the results . The mean and standard deviation of the 

valu�s are given in table 4. 1 9 .  The experiments were carried out over a 

period o� three month s .  

Acid concentration g/1 

Productivity g/1 h 

Yield 

Cell concentration I 1 

experiments 
o� freedom 

Mean + s td erro r  

1 3 . 1 0  + 

0.80 + 

0 .71 + -

( 6 . 5  + 

0 . 05 

0 .03 

0 . 03 

0 .3 )  X 1 0  
1 1 

Experiments 2 and 8 illustrate the en·ect o� changing the dilution-

rate . As with sterilized whey increasing the dilution-rate increases  the 

productivity and decreases the yield and acid concentration. 
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The ef'f'ect of changing the temperature and pH is  shown by exp eriments 

2 to 7 .  As the tempe rature i s  shifted away t·rom 46 °C or the pH i s  

shifted away· from 6 . 0  the productivi� and y ield decrease in general 

agreement with the results f'or sterilized whey. 

In the batch culture experiments the rate of' a c id pro duction was shown 

to be proportional to the concentration of' whey s olids . ( 4 .2 . 2  ) .  

The same relationship can be shown to hold f'or continuous  culture by 

comparing experime.nt 9 with experiment 2 .  Increasing the s olids 

concentration by a f'actor of 2 . 1 3 increased the productivi� and acid  

concentration by a f'actor of 2 . 1 1  • Yield is  independent of  the solids 

c oncentration. 

From the equations in table 4 . 1 4 ,  the predicted values of  product­

ivi�, acid concentration and yield for sterile whey are 1 � 1 2  g/1 h,  
1 8 . 9  g/1 and 0 . 51 respectively ( adjusted to 38 . 8  g/1 lactose c on­

cemtration) . These are considerably lower than the values t'or experiment 

9 ,  illustrating the increas e  as a result of' using p asteurized whey. 

To illustrate the stability ot' the c ontinuous culture the results 

obtained during experiment 1 0  over a p eriod of 1 1  days ( residence 

time x 1 6) are p lotted in f'igure 4 . 26 .  The mean productivity 

calculated f'rom the data is  0.83 g/1 h with a standard deviation 

of' 0 . 05 g/1 h .  Stable continuous culture with r egular acid 

production is thus pos sible. 
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2 8 0  

The steady state value of the productivity of lactic acid from a single 
stage continuous culture of whey. Pasteur ized whey 35 g/1, D 0.061 h-1 , 
pH6.0, 46°C. 
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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 proce s s .  Pirt 

( 1 969 ) has p ointed out the lack of real knowledge of the kinetics of 

traditional fermentations such as the production of alcohol and lactic 

acid.  Childs an:i Welsby ( 1 964) and Ricica ( 1 969) discussed the diff­

i culties 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 es sential 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 lacti c  acid production from whey and to 

make predictions regarding the optimum values of some of the variables 

affecting the fermentation.  

5 o 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 inoculation. After 

a slight lag phase the cell concentration increases  exponentially to a 

maximum of 1 -5 x 1 0  1 2  c ells per 1 ( value depends on the conditions and 

supplementar,y nutrients used� Cell numbers then remain virtually con­

s tant 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 specific 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 i s  maintained at a constant value for a con­

s iderable p eriod of the growth cycl e .  A s  the lactose i s  depleted the 

rate of acid production eventually falls to zero .  This pattern is 

illustrated in figures 4 . 1 � . 6  and 5 . 1 . Figure 5 . 1  is plotted from 

data in table 4 .1 1 . 

Figure 5 . 2  (from Fig .4. 6  ac) shows a somewhat different pattern 

in that there is no discernible period  of constant rate of acid production. 
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Thi s  WftS in a cul ture suppl eme nted w ith amino ac ids and mineral s alts . 

In batch cul tu re s  in wh i ch i t  was me a sured the decline ·
in i a c t o s e c on ­

centrati on paralleled the a c id producti o n .  The ave rage yi eld o f  ac id, 

based on initial lactose concentrati on, was 90 per cent . At the com­

p l e tion of a batch ferment a t i o n  a res idual level o f  "lacto s e "  was in­

variably measured; values vary ing froo 2 to 5 g/1 . This is a s sumed hot 
to b e  utili zable by LBR . If this re s i�ual i s  ignored the yield o� a c id b a s ed 

on true "lacto s e "  i s  in cre a s e d  to 95 pe r cent o 

5 . 1  . 1  C ompari s o n  with the k inetic equation derived by Pirt .  

Qual itative ly , the a cid production a s  a func tion o f  t ime i s  s imilar to 

the g rowth and non-growth a s s o ciated product formation derive d  by Pirt 

( 1 969) for th e u t ili zatio n  of the subs trate f o r  two purp o s es , g rowth 

and maintenance . He derive d the following exp re s sion for the time 

coursP. of produ c t  format i o n  in a batch culture : 

1 dP 
'N Tt 

_ .!_ dN + b - a N dt ( 5 ;. 1 ) 

If this exp re s s i o n  is a valid des c rip tion o f  the kinetics of ac i d  

p roduction then the f ollowing relationship s hol d :  

( a) in the bacterial exp o nential g rowth p ha s e  
1 dN 

dt 

is a c ons tant = 
Jl m Therefo re 1 dP 

N dt is a constant . 

( b )  in the decl ining p ha s e  o f  the bacte ri al g rowth cycle 

. l .  f t '  f 1 Q� � s  a �near unc lon o N dt 

1 
N 

dP 
dt 

( c ) in the s tationa� p ha s e ,  N i s  a cons tant , 
1 dP 

dN 
dt is z e ro and 

the refore N dt is again a cons tant . 

The data obta ined f rom exp eriment s B9 . 1 . 5  ( Fi g s .4 . 1 -4 . •  3 ) , B . 9 . 2 .1 

� ig . 5 . 2 ) and B9 . 1 2 . 1 3  ( F i g . 5 . 1 ) have be e n  used to illustrate the s e  p o ints . 

These exp e riments c over a range of conditions - B9 . 1 � 5 , 3 5  g/1 p as teuri z e d  

whey , sk im-rnilk ino culum, 200 rpm; B9 . 2 . 1 , 3 5  g/1 s terile-fil t e red whey 

sup pl emented with ami no a ci d s  and mineral s ; skim milk ino culun , 200 rpm ; 
B9 . 1 2 . 1 3 ,  70 g/1 pas teu ri z ed whey, whey inoculum , 200 rpm with 1 05 2m 

p addl e .  All three runs were condu cted a t  pH 6 .0 ,  46°C u sing s o dium 

c arbonate to control the pH. 

Exponential growth pha s e  

The max imum s p e c ifi c g rowth rates a r e  in tab l e  5 . 1 
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Table 5 . 1  1 · aN Maximum specifi c erowth rate ( N dt - J1. m) for batcf?.....2_ul tu� 

h -1 

B9 . 1  • 5 1 .1 7  
B9 . 2  . 1  0.70 
B9 .1  2 . 1 3 o . 65 

1 dN In the exponential growth phase where 
N dt i s  a constant ( � J1. ) ID 

equation 5 . 1 b ecomes : 

dP = 

dt 
( a }J. m + b ) N ( 5 . 2 )  

ie the rate of acid pro duction, is  p roportional t o  cell concentration. 
The linear relationship between � and N in the exponential growth 
phase is shown in f'ig . 5 . 3 . The "line of best fit" was determined by a 

l inear least s quares regression on the datao The correlation coefficients 
are greater than 0 . 99 .  At N = 0 ,  � i s  insignificantly different from 
zero as predicted by e quation 5 . 2 .  

5 . 1  . 3  Declining growth phase 
1 dP A s  shown in fig . 5 .4 , N dt is a linear function of 1 

N 
dN 
at in the 

declining growth phase . The correlation coefficients are greater than 0 . 98 . 
The values  of the constants , a and b , are given in t able 5 . 2 . 

Table 5 . 2  B atch culture kinetics :  value of' constants in �quation 5 . 1 

Run a ( 1 � cell-1 ) b ( � cell-1 h-1 ) 
X 1 0  X 1 0  1 

B9 . 2 . 1  8 . 93 1 .26 
B9.1 2 . 1 3  6 .36  2 . 21 
B9. 1 . 5  1 .04 0.31 

The "constants "  for equation 5 .1 vary with the conditions of 
fermentation .  In the runs illustrated whey concentration and the level s 

of supplementary nutrients were different . In B9 . 1 2 . 1 3 a whey inoculum 
was used and therefore the medium contained little casein whe reas 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 . 1 2 . 1 3  whey concentrati on was 70 g/J 
compared with 35 g/1 in the others . Luedeking and Piret ( 1 959a) found 

a and b to b e  functions of' the pH of the fermentation. From the above 
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results it appears that variables other than pH also affect a and b .  

5 . 1  .4 
dP 
at 

Stationary phase In the apparent stationar7 growth phase 
is p redicted by equation 5 . 1 to be a constant . As shown in 

:l'igures 4.3  and 5 . 1  a c onstant value is recorded. On a few occasions 
( e . g .  fig . 5 . 2 )  a period of constant rate of acid formation was not 
clearly discernable . 

5 . 1 . 5  Enzyrr,e Kinetics  Equation 5 . 1  does not  des cribe the complete 
time course of a batch culture a3 it does not p redict the fall-off in rate 
of acid formation depicte d  by the data in figures 4 .3, 5 . 1 and 5 . 2 .  

I f  i t  i s  accepted that the bacterial cells are in a stationary or 
11quiescent" phase then they can be considered to form a constant con­
centration of glycolytic enzymes . The enzymes act as a catalyst 
converting lactose to lactic acid. If thi s  i s  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 a ctivity 

V z V = m 
K + z z 

1 KZ 1 
or ·  = + 

V V m z 
where v i s  the reaction-rate 

1 

V m 
dP ' =- :a;t  

( 5 . 3) 

( 5 .4) 

) V m 
and K are constants and z 

Z is the concentration of substrate ( lacto se) . As suming that the enzyme 
concentration and activity of the bacterial cells of LB� are not affected 
by time and increas ing lactate concentration then the recip rocal of the 
rate of acid synthesis  should be p rop ortional 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 
"la cto se"  level of 3 . 1 g/1 is not utilizable by the organism and this 
value has been subtracted from the rec orded lact o se conc entrations . 

Table 5 .3  Data from B8 . 2 . 6  (Table 4 . 22 as a tes t  of equation 5 .4 

Time dP = V z 
1 1 

h J! h g/1 V z 

3 .97 6 .36 26 . 1  0 . 1 572 0 . 0383 

5 . 20 5 . 97 20.3 0 . 1 675 0 .04.93 

6 . 60 4 .71 1 0. 1  0 . 21 23 0 .0990 

7 .75  3 . 55 6 .0  0 . 281 7 0 . 1 667 

9 .1 7  1 .47 2 .4 0 . 6803 0 .41 67 

1 0 .92 0 .46 0 .6  2 . 1 739  1 . 6667 
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Figure 5.5 The reci procal of the rate of acid synthesis as a function of the 
reciprocal of the lactose concentration, as a test of equation 5.4 (88.2.6.) 



A l inear-least s quare s  regress ion analysi s  gives the follovring 
equation :  

1 
V 

= 1 . 2 5  1 
z + 

0 . 1 1 ( 5 . 5 )  

with a correlation coeffici ent o f  0 . 99 . V = 9 . 1  and K = 1 1 .4 g/l . 
m z 

1 08 

Vm is a " constant " which includes the concentration of the enzyme and 
the maximum rate of reacb on. 

I t  has been s hown that in a batch culture the yield of acid relative 
to lactose utilized i s  a constant . Hence it should be p o s s ible to re­
place z, the concentration cf lactose , in equation 5.4 by ( Pm-P) , 
where P is  the concentration of acid and Pm i s  the maximum attainable 
conc entration of acid.  Thi s will be approximately 90 p er cent of the 
initial lactose concentration. Thus 

1 lLz.I 
V ::::. V m 

1 -- +  p -·. p 
m ·  

1 
v-m 

where Y i s  the yiel1 of aci d from lactose . 
The data from B9 . 1 2. 1 3 are shown in figure 5 . 6 .  
The calculated regre s s ion equations are 
B9 . 1 2 . 1 3. 1 2 . 98 0 . 52 = + V 39 .3-P 

( 5 . 6 )  

Correlation coefficient 0 . 971 . 
B9 . 1 . 5  1 1 . 52 0 . 89 ::::. 20. 2-P + V 

Correlation coefficient 0. 996 . 
The data follow equation ( 5 . 6 )  clo sely . Table 5.4 gives the value s 

o f  V and K • 
m z 

' Table 5 .4 Values of Vm and Kz for equation 5. 6 

B9 . 1 2 . 1 3 
B9 . 1 .  5 

5. 1 . 6  Batch culture kineti cs 

1 . 9 
1 . 1  

K �  
' 

6.4 
1 . 9 

The rate of acid product ion as a function of time in a batch cul ture 
of whey can thus b e  exp ressed over the complete batch cycle ,  excluding 
the lag phase , by an equation of the form: 

dP 
dt 

= 
( dN 

a dt + p - p rr: 
K + (F -P) p ID 

( 5 . 7 ) 



Figure 5.6 
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The reciprocal of the rate of acid synthesis as a function of the 
reciprocal of (Pm -P) 1 where Pm is the maximum potential acid 
concentration , as a test of equation 5.6 ( 89. 1 2. 1 3. )  
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In ( 5 .7 )  a replaces a Vm and 
5 o 1  and 5 . 6  and Kp = · Y Kz . 

1 1 0  

� repla ces b Vm from equations 

The bacterial cell growth is consistent with the normal Monod equation 
1 dN 
N d-t = 

.f:!:..m_S_ 
K + S · s 

( 5 .8 )  

where S i s  the concentration of  the limiting nutrient . Because the 
nature of the limiting substrate i s  not known it is  not, as  yet, po ssible 
to confirm thi s equatione S imultaneous solution of equations 5 .7 and 5 . 8  
would fully characterize the produ ction o f  lacti c ac id fro m whey . 

The following p ro cedure can be followed to de termine the aproximate 
value of the constant s in eguation 5 .7 . 
( 1 ) 

( 2 )  

Pin i s  ap roximately given by 0 .90 
lactose concentration. 

Z .  where Z i is the initial J_ 

In the stationary phase of the bacterial growth cycle and the 
subsequent phase of' declining rate of acid production dN /dt 

dP = � Nm (P m 
-P) 

dt K + CF>: - P) p m 

o r  
�

-1 ·� 1 + 1 
= 

p -P � N m � m m 

= 0 

A plot (�t 1 should be  a straight line with slop e of dt vs Pm - p 
K p and intercept 1 from whi ch K

p 
and � N  can be ll Nm -ll Nm m 

determined. 
( 3 )  In the phase of  declining growth rate 

1 dP K + ( P  -P) Q dN 
p m = dt + � N' 

N dt pm -P 
and a plot of 

1 dP Kp + �Pm -P2 vs 1 dN 
N dt Pm -P N dt 

allows a and � to be  estimated. 
Using this procedure the following constants have been estimated for 

B9 . 1 2 . 1 3  

Pm = 39 .3 g/1 
Kp = 5 .7 g/1 

a = 7 X 1 0-1 2  g/cell 

{j = 
-1 2 g/ 2 . 8 x 1 0  cell h 
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Table 5 o 5  corrpares the value s  of dP 
d t  calculated from e quation 5 .  7 

wi th those determined by graphi cal different:ation of the e}.-p erimental 
result s  of P vs t. 
Table 5 . 5  The rate of  a cid Eroduction from e x;ee rirr.ental results 

�B9 . 1 2 . 1 32 and calcu1 ated from es�ation 5 .7 

T ime dP dP T ime dP dP 
h dt exp . dt calc . h dt exp . dt cal c .  

g/1 h g/1 h g/1 h g/1 h 

1 (1 . 1 0 0 . 09 1 2  1 . 60 1 . 51 
2 00, 1 8  0 . 1 8 1 4- 1 . 54- 1 .4-8 
3 0 .32 0 . 27 1 6  1 . 60 1 . 1+3 
4 o . Bo 0 . 64- 1 8  1 . 54- 1 .38 
5 1 . 58 1 . 22  20 1 .33 1 . 31 
6 1 . 96 1 . 95  22 1 . 24- 1 . 23 
7 1 . 66 1 . 67 24- 1 .1.5 1 . 1 9 
8 1 . 5'+ 1 . 66 26 1 .07 1 . 02 
9 1 . 54- 1 . 69 28 0.90 0 . 90 

1 0  1 . 54- 1 . 61 

5 . 2 C ontinuous  cultu re 
In a single stage continuous cul ture 

D = J.l ( 2 . 1 7 )  
A mass balance with respect to p roduct formation in a s ingle stag e 

c ontinuou s  culture gives 
dP V P .  F 

dP V - PF ( 5 .9 )  dt = + dtG � 

where V i s  volume of culture 
F i s  medium flow rate 
P .  � i s  inlet acid concentration 

and dP 
dt G 

is the rate of acid production within the vessel . 

As suming conditions in the batch and cont inuous culture are the same , 
dP is giv en by equ ation 5 .7 As suming steady state dP 0 and dt G dt = 

F substituting P = P .  - p and 1-t = D = -
� V 

N (  {3 ) 
Pm - P 

p = a + 
D K + p - p ( 5 . 1 0) p m 
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Equation 5 . 1 0  predi cts a linear relationship between the recip rocal 

of th e dilution-rate and the expression  f K + p - p 
J. m 

n F - P 
m 

Figure 5 .7 is a plot of data from the continuous culture exp erimunts 
with s te rilized whey (Table 4 . 1 4) as suming K = 6 g/1 and P = 40 g/1 . 

p m 
The data sho� reasonable consistency with equation 5 . 1 0 ( correlation  
coefficient = O a989 ) 
5 . 3  Predi ction of continuous operation from batch data 

If e quation 5 .1 0 is an a dequate description of the kinetics of lacti c 
a�id production in continuous culture of whey it should be p o ssible to 
p rediqt  the conditions in continuou s cul tu re from constant s es tablished 
in batch culture . 

The conditions most clos ely e.proximating tho se of batch e xperiment 
B9 . 1 2 . 1 3  are those in the continuous culture experiment number  9 in 
table 4 . 1 8 .  Using the constants from B9 . 1 2 . 1 3  it can be p redicted that 
the acid concentration at a dilution-ra te of 0 . 061 h-1 would be 32 g/1 . 
This is  in moderate agreer1ent with the expe rimental value of 27 . 6  g/1 . 

This  can not be taken as proof of the validity of equation 5 . 1 0 but 
doe s g ive some confidence that it can be used to predict continuous 
culture op eration. 
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The comr.1ercial cxp l o i  tat ion of continuous culture techniques i s  not 

widespread ( Evans , 1 965) and one of the main reasons for thi s  is  a lack 

of understanding of the kinetics of product formation by mi cro -organi sms 

using media s uitabl e for indu strial use ( Pirt , 1 969 ; �i cica , 1 969 ) . 

Though the fermentation of whey to  lacti c acid has been used comrr:e rc ially 

for many yea rs (Bu rton 1 937 ; 1.\'hittier and ·�·rebb , 1 950) there are no reports 

of a continuous proces s b eing succes sful o E xperimental s tudies 

showed a single stage culture could not convert all of the availabl e  

lactose ( Olive , 1 936 ; Swaby , 1 945 ) . Five stages were ne c e s sary to reduce 

the fin&l lactose  level to 0 . 1  p er cent ( Havlatko and Kne z ,  1 959 ; 

Siman and r.;ergl , 1 961 ) .  These  findings are confirmed in this study but 

s ome of the reasons are now clearer. Though this i s  the firs t  rep orted 

study of the continuous production of lactic acid from lactic  acid casein 

whey i t  was exp ected that results would be comparable with those  reported 

for other types of whey. 

The reasons for the incomplete convers ion of lacto se to lactic ac id 

in a s ingle-stage c ontinuous culture can b e  f ound from a study of the 

kineti c s  of bacteri al growth and acid production in a batch culture . 

. In a batch culture of whey with LBR the bacterial c ell numbers show 

the expe cted exponential increase from an initial level of app roximately 

1 o
9 

c ells/ 1 up to 2 x 1 01 2 c ells/1 . L...:ring thi s time acid conc en­

tratio n also increase s  exponentially at the same spe cific growth rat e  . 
1 

as  the c ell s ( about 1 . 2 h- ) .  The cell concentra tion then remains 

apparently stationary while mo re than half of the total acid synthes i s ed 

in a batch culture is produced . The acid production rate  shows a 

maximum as the cell p opulation enters the phase of declining growth rate.  

In the stationary or quies cent p h a s e  a c i d  produ ction rate be comes l inear 

at a rate dependent on the vrhey concentration and the presence of 

supplementary nutrients . 

The rate of aci d  production remains linear with time until the lactose 

concentration is redu ced to a level which causes the rate of conversion 

to  fall . Product inhibition did not appear to be a factor .  �'fhen the 

concentration of whey solids was increased t o  70 g/1 the rate of acid 

produ c tion i n  the stationary phase of the bacterial population ' s growth 

cycle was increa s e d  i n  proportion to the increase in total solids . It  

is p o s sible that higher levels of  lactose could produce p roduct inhibition, 

but thi s  would only o ccur in p ractice if the whey was p reconcentrated 

before fermentation. 



1 1 5  

The typ e of pro duc tion p attern obtained i n  unsupplernented v;hey has 

b e en menti oned in the l it erature but no t ext ensiv ely studied ( Adams and 

Hungat e , 1 950 ; � inn e t  al . 1 9 50 ; Hol zb erg et al . 1 967 ; T erui a nd Niizu, 

1 969 ) . Rodg ers and Vihitt ier ( 1 928) found pH control prol onged the expo n­

ential growth phase of Streptococcus lac ti � i n  skim milk and. caus ed a 

pro l onged fermenta tion phase after growth ha d ceased . They de s crib ed 

the cell s  as be ing " quie s c e nt " . 

I t  i s  unexp e c ted that such l arg e quantiti e s  of acid. s hould be pro­

duce d without apparent bac t e ri al g rowth . L a c t ose dis similation, normally 

by g ly c o lys i s ,  i s  the main s ource of carbon and energy f o r  Lactobac illi 

organi sms . To cont inue to u t i l i z e  the ene rgy source without g row th i s  

unusual a n d  imp l i e s  an uncoupling of energy p roduction f rom erowth . The 

organi sm u s e d  in thi s  work i s  a mu tant obtained by X-radiation of a strain 

of Lact obacillu s bulgari cu s ,  and p o s s ibly the normal feedback inhib i tion 

of gly c oly s i s  caus ed by an increase in the c oncentration o f  ATP has been 

rende re d  inopera t iv e .  

However, the mos t  l ik ely exp l anatio n  i s  the e nergy p roduc e 3.  from the 

me tabolism of lactose i s  b eing us ed in the synthes i s  of some o ther p ro du ct 

b e ing f o rmed as a re s e r'Ve c omp ound as a result of the nutrie nt l imitation 

in the me dium . Thi s would c ause the c ell mas s to i pcrea s e  but the cell s 

woul d n o t  ne ces sarily divide . It wa s not p o ss ible to measure the cell Ga s s  

in this s tu:ly. I t  w a s  observed i n  the s tatio na ry  g row th phase tha t the cell s  
o f  LBR a ccumul ated me tachromat i c  g ranul es . Thi s i s  typ i cal o f  phy s i o l ­

og i c ally old c ell s of L.  bulguricu s (WiJ. s o n  and ll!il e s ,  1 964) . r e tachromatic 

or vola tin g ranul e s  are comp o s ed of an inorg ani c me tupho sphate in a p olymer 

of high molecular weieht ( 1v:andel s t am and ?,: c Quil Hln, 1 968) . Another p o s s ible 

s t o rage c omp ound i s  glycoger-, whi ch te nds t o  a c cumul ate unde r  c onditions 

of n i trogen s tarvation when the c ell ha s a s ource o f  carb o n  and l ip id 

materi al s • . . ; 
Another p o s s ib i l i �  is that a c id i s  in fac t  being produced by g rowing 

c ell s o nly . U s ing a defined me diuQ Terui and Niizu( 1 969 ) found the pro ­

du ction o f  t ryp top han by Han s enula anomala t o  b e  ass ociated with g rmv th . 

The ir b at ch culture resul t s  indi cated a growth and non-growth a s s o c iated 

p ro du c t  f ormation s imilar to th e p attern res crib ed by Luedeking a nd P i ret 

( 1 959a) . However, when t ryp tophan was p roduced in cont inuous culture 

the sp e ci f i c  rate o f  tryp tophan p roduc tion c o rrel ated l inearly w i th the 

s p e c ifi c bacteri al g rowth ra te a nd non-g row th as so c iated tryp tophan 

p roduc tion was z e ro .  Inv e stigation of the stationary g rowth p ha se c ell 
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populati on showed a mixture of' dead and growing cell s .  They reasoned 
that th e dead cell s lys ed and releas ed back into the medium an essential 
nut rient.  

Terui and Niizu ( 1 969 ) plotteLl the sp eci:E'i c rate o f  tr::rptopho.n 
pro duction agains t the dilution rate ( equival ent to the specific rate 
of cell growth in a continuous culture) and obtained a straight line 
correlation with a zero intercep t  at D = 0 .  They therefore reas8ned 
when the spe cific rate of cell growth was zero no tryp tophan was · forme.d. 
This is equivalent to putting f3 = 0 in e quation 5 . 1 0 .  

From the data in 1'ig . 5 .  7 it  can b e  shown that the re i s  a s ign-
if'icant linear correlation between PD Kn + Pm - p 

and the 
N � Pm - P  

dilution rate D ( correlation coe:E'ficient 0 . 995) . A t  D = 0,  the 

f• t PD Kp + Pm -P a c  o r  - --
N Pm -P has a value of ( 0 . 5  + 0 . 3) x 1 0-1 2 

g/h cell ( 95 p er cent confidence limits) . Thus the sp e cifi c rate of 
acid formation at zero specific c ell groTith rate can be assumed to be  
s ignif'icantly different from zero .  Unl ike the s ituat ion described by 
Terui and Niizu ( 1 969) a cid ap:p ears to b e  f'orme d by non-growing a s  
well a s  growing cells o  

Herb ert ( 1 961 ) showed the DnA content per  unit cell ( or nucleu s )  
remained aproxima.tely . constant throughout the . growth ._cycle . The DNA 
analysi s  throughout a batch cycle ( fig . 4 . 5 )  showed the same t rends as 
cell concentrati on tending to  confirm the long stationary phase shown 
by the latter . Thi s cannot b e  t aken a s  pro of that t he populat ion did 
not contain growing cells . If cells were lysing it i s  p o ssible the DNA 
would be  rap idly degraded by cataboli c enzymes . 

An indirect p roof' that the p opulation of cells in the stationa� 
growth phas e contained few dividing cells  contributing to acid p roduction 
is obtained from the experiments Tiith a ir sparging into the culture 
medium. Relatively snall amounts of oxygen depressed acid production 
in sh��e flask s (Table 4 . 9 ) . In the culture ves sel with pH c ontrol , 
virtually no acid was forme d when air was sparged into the mediwn at the 
rate of 2 1/min f'rom the time of inoculation. However if the flow of 
air was turned of'f from the time of ino culation until the cell p opulation 
ent ered the stationa� growth phase ,  and then turned on , acid formation 
continued at its normal rate ( fig .4 . 1 4\ 

The f'irs t experiments described above show the oxygen suppre s ses  
cell growth and hence acid production.  But in the apparent stationa� 
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phase acid  p roduction i s  not altered imply ing the ab s ence of s ignifi cant 

acid formation by growing cells .  

I t  seems reasonable to as sume therefore that acid productio!1 by L:S"R. 
from lactose  in whey i s  by QGans of both divi ding and non-div i d ing cel l s . 

In fact,  in a batch culture over half of t he acid synthe sized i s  produced 

by n o n-dividing cell s . The phenomenon of apparent uncoupling o f  energy 

production from g-owth :requi re s further biochemical study. 

Equation 5 . 1 0  show s  the s teady state concentrati on of acid i s  

propo rtional t o  the c ell concentration. In a single stage c ontinuous 

culture maximum steady state cell concentration is approached as the 

dilution-rate i s  reduc ed to z e ro .  Thus to achieve maximum acid con­

centration in the effluent from the continuous culture a low dilution­
rate mus t  be  us ed . However as p roductivity is proportional to dilution­

l"'s. te thi s mode of operation will be exp en s ive in terms of cap ital 

u til iza tiono 

Because the maximum c ell num�ers achievable in a single stage con­

tinuous culture is  less  than the maximum obtained in  a batch cul ture a 

single stage continuous cul ture w ill not be the most  effi cient for a 

system v1hich i s dep endent on cell concentration as well as cell growth 

!L":Ate o Such a larg e proportion of the ac id is p roduced by non-dividing 

cells acting as a source of enzyo;e s it is not surprising that the p ro­

��ctian of lactic acid by L3R g�owing in whey is  not effic ient in a 

single stage continuous culture . 

The kinetic equations derived to des cribe acid production in b atch 

and continuous culture are similar to those derived by Pirt · ( 1 969) and 

Luedeking and P iret ( 1 959 a,b)  except  f o r  the addition of the t e rm  
Pm P to des cribe the fall off in rate caused by the change in 

Kp + Pm -P 

lact o se concentrat ion . This  term can only b e  applied because of the 

direct stoichiometric relationship between lacto se and lactic ac id .  The 

yield of lactic acid was 95 per cent of metab olized lacto s e . 

I n  the derivation of an equation to de scribe stea�-state conditions 

in c ontinuous culture Luedeking and Piret used a sp ecific growth rate 

of cell s which was modified to account for inhibition of growth by l ac­

tat e in the medium . They assumed  the specific g rowth rate wa s described 

by an e quation of the form of 2 .4 .  However an investigation of thei r  

data shows the sp ecific growth rate i s  not i n  fac t  a linear function of 

the acid concentration. In the p re sent work it has not been neces s ary 

to assume pro du ct inhibition of cell growth. 



Holzberg et al ( 1 967 ) studying the alcoholi c  fermentation of grap e 
juice claimed the Luedeking and Piret equation did not fit their data . 
They p rop osed the foll owing : 

Exponential growth phase : 

Stationa� phas e :  

dP 
dt + bp = a ln Y / J.t 

dP 
dt = 

Nmr ( Pm -P) 
where P, in this case,  i s  the alcohol concentration. 

c ( 2 . 9)  

( 2 . 1 0) 
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Equation 2 . 9  does no t apply to  the lactic acid fermentation from whey. 
aJ-T 

Equation 2 . 1 0 can be  comp ared wi th equation 5 .7 when dt 
= 0 and N = Nm 

equation 5 .7 becomes 
dP 
dt = Nm Pm - P 

Kp + Pm - P 

If Kp > > Pm - P , this equation reduces to the same form as 
that dedu ced by Hol zb erg et al ( 1 967 ) o 

Equation 5 o7 i s  a more accurate des crip tion of the kineti cs of  lactic 
acid p ro du ction from whey than tho se of Luedeking and Piret or Holzb erg et al . 

The kinetic equati ons derived from the results allow a number of 
predic tions to be made regarding the bes t  mode of operation of commercial 
fermentations of whey. A full des cription canno t be given because no 
attempt has been made to determine the kinetic equat ions des cribing cell 
growth. I t  can be  stated that the cell growth pattern is  in general 
aereement with the normal kinetics as des cribed by ll'!onod ( 1 942 ) . For 
the p rediction of continuous culture cell concentration the graphi cal 
technique s  of Luedeking and Piret ( 1 959b) , Bi schof'f ( 1 966) o r  Tticica ( 1 969b) 
alJ.ow at l east a fi rst estimate to be made from the batch data . These 
techniqu es  can be shown to apply to results  p resented earlier. 

From the equation describing cell concentration (Herb ert et al , 1 956)  

N 

and e quation 5 . 1 0 

p 

= 

= N 

( s  0 - K  s 

( a + +-) 

D 
u - D ,_ m 

Pm - P 
Kp + Pm -P 

) ( 6 . 1 ) 

( 6 . 2 )  

a numbe r  o f  p redictions can be made about ope ration in cont inuous culture. 
As  the dilution rate increase s the cell and acid concentrations de­

crease.  Because lactose utilization is s to ichiometrically related to acid 
production this  means lactose concentration in the effluent is increased 
as the dilution rate i s  increased, an unde sirable feature if the intention 
is to reduce the BOD level of the whey. The results  obtained in cont in­
uou s culture exp eriments show that desp ite very low dilution rates 
( Oo 031 h-1 , an average residence t�e of over 32h) it is  not p o s sible to 
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achieve h igh enough cell conc entra tions to obtain to tal u t il i z at ion of' 

the lacto s e o  The p ro ductivity ( PD )  of the equipment is al so re du c ed to 

l evel s una c c eptnble e cono�ical ly . 

O ne means of increas ing the conc entrat ion of cell s ,  and hence o f  ac id, 

is to increa s e  the con centra t i o n  of the l im i t ins nutrien t ( o r  nu tri ents ) . 

i . e o  the value of S in equation ( 6 o 1 ) .  0 
La c t o se i s  not the l imi t ing nutri ent .  When cell growth has c e a s e d  i n  

batch culture only 20�0 p e r  cent of the l a c t o s e  h a s  b een a s s imil ated. 

When s�ppl ementa� org ani c nut ri ents were added t o  whey an increase in 

cell concen tra tion and acid p ro du c tion rate were ob served . Pep tone , 

yea st extra ct and b ee f-extra c t  showe d definite stimulate� effe cts . 

C omme r c i ally the s e  nutrient s are of l imited value b e cau se of the i r  high 

c o st and some eff o rt was made t o  define more p reci sely the s t imulatoFs 

nutri ents . 

Many comp ound s have been sug g e s t e d  a s  b e i n g  ess ential o r  s timulat o ry 

to L a c tobacillu s bulgari cu s though the nut ri ent requirements of LBR 

have n o t  been p reviou sly rep o rte d o  The s tudy of nutrient requi rements i s  

diff icul t .  Exp eriments carri e d  out vi'i thout pH control are confus ed by 

varying buffering cap ac i t i e s  o f  the nut ri ent s 2.nd the high l ev el o f  

buffering requ i red . Only a l imited numbe r o f  exp eriment s c a n  b e  carried 

out w i t h  pH c ontrol in the cul ture ves sel b e caus e o f  the t iJne involved. 

T o  overcome these p roblems the nut ri ents were divided into rel ated 

g roup s and s ome pH controlled exp e riment s carr i e d  out .  A smal l numb er 

o f  t e s t-tub e cul t ivations wa s al so p erfo rme d .  

I n  the cul ture vessel i t  was shown that amino ac ids ( c n. s amino acids ,  

tryp t ophan and. cys te ine ) were s t imulatory t o  a ci d  p rodu ction . The 

a dd ition of the mineral salt s  increased the e ffect of the amino a c i ds ,  

but al one they had n o  measurabl e influen ce . Vi tamins and nu c l e i c  

a c i d  c ompounds h a d  n o  app arent effe c t .  

The tes t-tube exp eriment s confirmed the s timul ate� effect o f  the 

amino a c i ds ,  w it h  tryp tophan having the greate st effe c t .  These exp eri­

ment s showed some of the vitamins al s o  s timulated cell growth, a nd 

a c i d  p ro duction, but ascorb i c  a c i d  wa s toxic .  This i s  p robably why the 

exp e riments in the cul ture v e s sel did no t show that vitamins had an 

eff e ct- the s t imulation o f  mo s t  o f  the v itamins was count eracted by 

the t oxi c effe ct of ascorb i c  acid. 

The s e  re sul t s  are in gene ral agreement with tho se of o ther w ork ers 

on the nutri t i o n  of 1· bulgari cus ( S nell , 1 95 2 ; Davies , 1 960) . However, 

R o g o s a  et al . ( 1 961 ) found that fol i c  a c id was inhib ito ry ,  an ob s e rvation 
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contra�J to that made w ith LBR , Als o ,  the re have been no rep o rt s  o f  
I 

the inhibito r:{ effe cts  of pyrodoxine or as corb i c  ac id . "P_og o s a  et al . 
( 1 9f10) found. rib ofl avin ?>as the only-: one of tha vi tamins th ey s tudi ed 

v;hi ch was e s s : :mt ial fo r growth of };:o bulgaric u s .  l.iboflavin added to 

whey has or....ly a sl igh t stimulator-y- effe ct en c 0ll g rowth o f  LBR , but 

there i s  p robably sufficient riboflavin naturally p resent in the whey 

('.'Thittier and 'Nebb , 1 95 0) . 

S o dium cc.s ei nate has b e e n  shom1 by a numb e r  of exp e riment s in thi s 

s tudy t o  p rovide e s s ential grovrth nutri ent s . Yakani �hi & NnJcazawa ( 1 961 ) re­

p orted a s imilar finding for La ctoba c i J l u s  � in nu tri ent medium . 

S o d ium ca seinate ad::led to whey r1arkedly s timulate s the amount cf 

acid p ro duc tion , al though not all s odium c a s e ina tes have the same 

effe ct . Skim �iL� s olids al so i ncre a se the rate of acid synthes i s ,  

p re sumably because of the addition of c a se in . Attemp t s  t o  find a rea s on 

for the differences b et1•re e n  c as einates were n o t  succe s s ful. Age o f  tl-,e 

ca se in did not correlate v1i th activity, nor i'.-as the activity appre ciably 

al te red by treat�ent of the caseinate s olution with activated charcoal o 

I t  was s hown that up to 1 0  g/1 of adde d s odium ca se inate the s tationary 

rate syn thesi s of aci d was a l inear func t i o n  of adde d s o dium caseinate . 

Further added s odium case inate had l ittle effect . Thes e results are 

cons istent wi th the f oll owing hyp o thes i s . 

I f  i t  i s  as sumed that the s odium caseinate i s  a s ource of e n  e s s ential 

nutrient f'or cell synthe s i s ,  ther. the f'inal c ell c oncentra tion will b e  
proportional t o  the s odium ca seinate c o n c entra t i o n ;  

a c ( 6.3) 

':.'here C i s  the concentration of the aclded sodium ca seinate . Now when 

0 ;  

d.P 
dt 

a N 
m 

Hence c ombining equations 6 .3 and 6 .� 

d.P ' c 
dt a 

( s ee equation 5 .7 ) . 

( 6 . 5)  

�quation ( 6 . 5 )  will holcl unl es s other nutrients or c ell rea ctions 

become limiting o From figure � . 1 1 the re sp onse predic ted by equation 6 . 5  

i s  s een t o  hol d up to a l evel o f  1 0  g/1 added s odium cas einate . At 20 

and lt-0 g/1 s odium cas einate there is only a small increas e in aci d p ro­

duc tion,  p re sumably be cause of some �ther l imitation to the reaction. 

T able � . 1 7  shows that when s o dium c a s einate ( 1 0  g/1) i s  added t o  the 
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whey in c ontinu ou s  culture there is  an increase of a:p roxima-l:ely 60 per 
c ent in the prod�ctivity and y i el d  c omp ared w i th unsupplemented s ter­
il i z ed whey at the s ane di lution ra te c onf i rrc.ing the general predi ctions 

made from the batch cul ture da t a .  

I t  can l� e concluded that whey i s  not a c omp l e te medium for the growth 

of LBR and p roductio n  of lacti c acid .  Suppl err,entary s ourc es o f  amino 

a cids and vitamins are re qui red for maximu:::J ra tes of acid production . 

The supplement of choice will dep end. on the economics bu·t; probably 

small l evels of sodium caseinate woul d be  fe� sible .  

Referring to table 4 . 17  and figure 4 . 23 it can be seen that at a 

diJ.ution rat e of 0 . 1 2 h -1 the a do.i ticn of 1 0  g/1 s o dium caseinate in­

crease s the l a c t i c  acid concentration i n  the effluent out cf a sinGle­

s tage cont inuous culture from 1 9 . 2 g/1 to 30.4 g/1 . Assuming the sodium 

caseinate to be  used  for thi s p ro ce s s costs  1 0  c/kg the incre a s e d  co st 

if it i s  added will be 3 .3 c/kg l ac t i c  acid .  This is small compared 

with the New Zealand. selling p rice of  70  c/kg of 1 oo% lacti c acid  

( edible grade ) . The imp1•oved e n c onom i e s  re sul t ing from the higher con·· 

centration of l act i c  acid in t he feed to the purification pro ces s  and 

the de creased lacto se level of the effluent are further justifications 

for the addition of s ome s o dium ca seinate .  

Suppl ementary source s of amino acids and vi tamins whi ch increase the 
cell c oncentration will increa se the ac i d  conc entrati on in continuous 

cul t ure . 

Another p o s s ible means of i n creas ing the lactic acid concentrat ion and 
the productivity in continuou s  culture p redicted by equation ( 6 . 2 ) is to 

increase the cell c o ncentra t i o n  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 proces s .  Fencl ( 1 966 ) discuss e s  the theore­

tical aspects of feed back of cell s showing the dilution rate can be greater 

than the specific growth rate  of the bacteria and equation 5 . 1 0 must be 

expressed as follows : 

p � 
= D' ( a p  + {3 ) Pm - P 

K + p - p p m 
( 6 . 6 ) 

The concentration of cells (N) in a s ingle stage culture i s  limited by 

the concentration of a limit ing nutrient ( So ) . But it  has been shown 

that non-dividing c ells are capable of pro ducing lactic acid from lacto s e .  

Hence increas ing the concentration of cells by recycle  o f  cells from the 
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effluent. back t o  the cul ture ves s el will result in a n  i n crease i n  the 
amount o f  ac id formed.  Thi s will re sult in an incre aseC. productivity 

and a de crease i n  the amount of l a cto s e  in the effluent .  
F o r  :fe edb ack o f  ba c terial c ell s t o  b e  ar'- advantage ,  the activity 

of the culture mu st no t b e  lowered by rec i rculation o r  inf e cti o n .  
C ontinu o u s  s eparation o f  b acteria o n  a srr.all s c ale i s  diffi cult a nd 

it was not fea sibl e t o  a s s e s s  the effe c t s  in thi s work .  
However, bacte rial cel l s  were re c ov e re d  from a b at ch fermentation 

and added to an a c tive b at ch cul ture . The rate of ac i d  p roduction was 
increa s e d  in app roximate proportion to the nun:be r  of added c ell s . A 

control exp eriment s h owed a slie;ht l o s s  in ac tivity, but thi s was 

p robably du e to the rel atively long time t ak e n  to re cover the cell s 
and a l s o  to l o s s e s  in the centrifug ate . 

I nfe ction by cont aminating b a c teria would not be as g reat a p robl em 
as i n  s ome other fermentat ions . The high temp erature of cul tivation 
con s i de rably limit s the range of infec ting o rgani sm whi ch will b e  abl e  
t o  rep roduce a t  a ra t e  fa s t  enough t o  a ffect the fe rment at i o n .  

A further method o f  i ncreas i ng the util i z ation o f  l a c t o s e  i n  con­
tinu ou s  cul ture would b e  the us e of multi-stage continu ou s  cul ture 
reac t o rs ( ?encl , 1 966 ) . Qual i ta ti vely thi s  can be cons iclered a s  c o n­
s i sting o f  a fir s t  s tage from which cells a.re obta i..11e d  in the b es t  
c ondi tion t o  act a s  an enzyme c a taly s t  fo r the s econi and sub s equent 
stage s o  

The mat�ati cal relati onship s de s c ribed by l<"' encl ( 1 966) can b e  

app l i e d .  They show that the ov e rall diluti o n  rate can b e  incr0 a s e d  

a'::J ove the maximum spec ifi c growth ra te , thu s increas in6 the p ro duc t­
ivity of the equipment . The lactose ut i li z a tion and the acid conc en­
tration in the effluent s tre am from the final rea cto r  will b e  incre a s e d  
i n  comp ari son w ith the equival ent s inel e s tag e uni t .  

B ec aus e the relations hip s b etween the concentration o f  the l imiting 
sub s t rate (S0 )  and the c el l  number conc e�1t ration "Nere not determine d 
in this w o rk the application of the mat�atical relationship s i s  
diff i cult. However th e u s e  of a g rap hi cal es timating te chnique r.ill 
p rovide at least an indi cation of the trends i n  a mul ti-stage c o n� 
tinuous cultur e . 

The method develop ed by �ishoff ( 1 96 6 )  and illustrated by � i c i c a  
( 1 969b ) ha s  b een app lied �� t h e  batch data from B9 .3 . 1 3  ( Fig . 6 . 1 ) .  

From the p l o t o f  (��) vs N the maximum cell produc t ion rate 
-1 would b e  obtained in a homogeneous re a c to r  with D = 0 . 94 h • 
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The acid cor..c,·mt ration in the overflow woul d be  4 g/1 .  A s econ•'i stage with 
a volume s"J ch that D == 0 . 1 58 h-·l ·;; o uld give an ov&rflow acid conc entration 
of' 1 6 .3 g/1 . A thirJ. stage such tha t  D = 0 .3!.,. h

-1 VI OuH give an ovarfl ow 

w ith 1 9  g/1 lactic u.cid, 95 p er cent of the p otential yield. The ove rall 
-1 dilution rate wouJ.d be  0 . 096 h with almost total util ization of the 

lactose.  
A further system sugGested for u s e  in continuous fermentation re­

actions is the tubular flow reactor .  Danckwerts ( 1 954) showed the i deal 

piston flow tubular reactor  to be mo re ad.vantageous than the homogeneous 
reactor when the reaction rat e decreases with the c onc entrati o n  of the 
reactants . Equation 5 . 3  shows the rate of acid production is  redu ced at 
l ow l evel s of lactose and there could b e  a dvantage s in u sing such a ::;ystem. 

In the early stages of the fe rr:.entation the conversion of lacto se to 
lactic acid is e s s entially zero-order and it is irrel evant whether a homog­
eneous or tubular reactor is used. However as the lactose content de­
cre a s e s  the reacti on rate approaches  first-order and a tubular reactor 
could be advantageous . For maximulil utilization of substrate a tubular 
"finishing 11 reactor appears attractive . 

There is  a number of p ractical difficulties  however. The tubular 

reactor would need to be quite large because of the relativ ely slor. rate 
of the reaction. The maj or diffi culty is one of pH control . Though the 

fermentation rate is not too g reatly affected by ch:mges of pH in the 
raT1..g e  5 . 5-6 . 0, outside this range the rate fall s off qui t e  markedly . The 
use of a bufter such as calcium carbonate is p o ss ible ,  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-stnge homo ­

geneous reactor, particularly if recycle is used (Fencl ,1 966 ) and this i s  
a more practical method t o  attain maximum substrate utiliza ti on. 

Continuous culture of whey to produ ce lactic acid is feasible ,  but to 
attain maximum utilization of the lac tose the whey must be supplemented 
with a source of amino acids and vitamins . J,:ul ti-stage continuous culture 
(maximum of three stages would b e  satisfacto� ) with cell recycle  i s  nee de d  

to  give a lactose concentration low enough t o  reduce the pollution to  an 
acceptable level . 

The advantages of operatine with multi-stage continuous culture would 

be enhanced by using the optimum fermentation conditions .  
On  the small scale of  op eration u s ed in  thi s study pasteurization of 

the whey was more satisfacto� than sterilization. The whey proteins or 
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other heat labile comp ounds pres ent app arently act as a s ourc e  of 

supplementary nu trients but their effectiveness is reduced by s evere 

heat t reatocnt . 

From an econorr.ic vie;vp o in t  there is a c onsiderable advantage in 
b eing abl e  to use pasteurized nhey rathe r than aiming for complete 
s terility.  The relatively high temperature of ferment a tion makes  this 
feasible for this ap:plication  whereas in fermentations at lower temp e r­

ature s the risk of contamination from o rganis::Js in the p asteuri z e d  medium 

woul i b e  too great for op eration in c ont inuous culture o High heat treat­
ments will also cause p recipitation of sludg e  with its resultant problems 

( Swaby, 1 94-5 ) .  It has been shown that a c ontinuous cultu re can be operat ed 

for more than ten d ays wi t.bou t any app arent effects due t .J  c ontamina t ion 

desp ite the us e o f  p asteuriz ed whey . As woul d  b e  the case in C O!Bi!ite rcial 

op eration thi s whey was p rep ared and heat-treate d every 24-48 h .  The 

savings in heat treatment c o s t s  will be wo rth•Yhile and a high p re s sure 

sys tem i s  no t required for pa steuri zing . The heat tr-eatment p ro p os ed 

is  similar to that advocated by others us ing chee s e  v;hey ( S ampbell ,  1 953 ; 

Jankowska , 1 954- ; Surazynski e t  al 1 1 967 , and Swaby , 1 945 ) . 

The pH of f ermentati on ha s b een shown to b e  an op timum for ac id 

p roduction in the range of 5 .4-6 . 0 .  From the exp eriment s in cont inuous 

culture the pH i n  the range 5 .4 - 6 . 0  was shown to have l ittl e  effe ct 

on a cid concentration, p roductivity or yield.  As the pH increases  
above 6 . 0 however, the s e  pararr.e ters fall quite sharply . A t  pH 6 . 5  the 
p rodu ctivity for exampl e i s  reduced to 0 . 29 g/1 h (35  g/1 whey s ol ids , 
46 °C ,  D = 0 . 061 h-1 ) .  In a few batch exp eriments in whj ch the pH was 

uncontroll e·i, aci d p roduction slowed down as the pH fell below 5 .3 and 

virtually ceas ed as the pH fel l  b elow 4 . 0 .  

A s  ha s been found by o th e r  7iorkers , pH control markedly in cre a s e s  the 

maximum cell p opul ation and the rate of a cid production in b at ch cul ture 

( Rodgers and Whittier , 1 928 ; Longsworth ani 1.:acinnes , 1 935 , 1 936 ) . Wi tho'.lt 

pH control it to ok 24 h to produce 1 0 g/1 of acid. 

The ob servation made by O etiker ( 1 960) of an optimum pH b e tween 4 . 2  

and 4 . 6  us ing LB� in whey i s  not conf irme d . Swaby ( 1 945 ) had p robl ems 

v;ith c ontamination at pH ' s  above 5 . 8 ,  but the only time in this work 

that diffi cul tie s were noticed with contamination was in a continuous 

cul ture experiment aft e r  3 days op eration a t  pH 6 . 5 ,  tempe rature 45°C .  

O ne interes ting observat ion made in a number of batch e xp eriment s 

cannot be explaine d but w�ants further i�res tigati on . Some of the acid 

p ro duction rates vre re f ound to be much g reater than w ould b e  expe cted 
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from p revious results . A study of  the re con:ls of alkal i  ad.di tion  and 

pH of the cul �'-lre showed. in most of the se cases  the hic;h rate s of acid 

production followed a fa:i..lure in the pH control system. The pH fell -to 

4 .5-5 . 5  b efore the control system was rep aired . After the pH of the 

medium was adjus ted to  the correct s e t p oint acid p roduct ion was at  a 

rate almos t  twice as fast as exp ected. A similar obs ervation has since 

been ma de by Hansen and T s ao ( 1 97 2)  in a study of lactic ac id production 

from a glucose and yeast extract med.ium.  Possibly the lower pH re-

leases some nutrient which }:l.ad previou sly be en b ound in a way which fi1.ade 
it inacce ssible to the bacteria o r  the pH causes. some alteration · to 

the permease sys tem used to transp ort lactose into the cell . 'rhere was 

no evidence of changes in the app earance or concentratio n  of the 

bacterial cell s .  

I f  this increased  activity due t o  pH " sho ck"  is a real effect a three­

stage oontinuous system coul d  be  envisaged ; in the first stage cells 

would be produced in the maximum possibl e numbers , in the second the 

cells would be subje cted to a low pH, and in the third s tage the re­

mainder of the lactose  would be converted to lactic acid by the non­

dividing c ells with an increased glycolytic activity .  

From the results obtained it is obviously ne cessary for maximum aci d  

proiuction, by batch or continuous fermentation, t o  control the pH a t  
a level between 5 .4 and 6 . 0 .  

The difference s  between. neutralizers have not been studied. In 

corrunerc ial p ractice  chalk or limestone ha s b een the main choice  but there 

are some difficulties in us ing these  ma terials whe re precis e pH co�trol 

is de sired. Sodium carbonate was used in most of the reported. work b e­

cause the evolved carbon dioxide assi sted in maintaining an anaerobic 

enviro��ent . The use of  concentrated sodium hydroxide would cause le ss  

dilutio n  of the final pro:iuct and this could have benefits in the 

subs equent processing stages .  

The temp erature of  incubation has a marked effect on  production of 

lactic acid from whey. At a given pH and. dilution rate,  the productivity, 

acid conc entration and yield have op timum values at 46°- 46 . 29c .  At a 

d.ilutio n r ate of 0 . 21 h-1
, pH 5 . 65 ,  the pro:iuctivity is 3 . 1  g/1 h at 

46 . 2
°
C and decreas es  to 2 . 2  g/1 h if the temperature is l ovre red to 44

°
C 

o r  incre ased to 48 .4°C .  The temperature optimum is similar to the 

values rep orted for L .  bulgaricus strains growing in other me dia. 
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B ecause of t!-le prec i s e  temp erature c ontroJ. re qu i red it is ques t i o nabl e  

whe ther the op en fermentation vat s rep o rte d. as bcir.g us ed in the coJL.merc i al 

producti on of lac tic a c i d  are des irab l e  ( C ampbelJ , 1 953 ; O e tiker, 1 9 6 0 ;  

and O l ive , 1 93 6 ) . 

Ano ther reascr. f o r  no t us i ng op en vats is  the inhib i t ory effect of 

oxyg en en the growth of LDR . Air in the heads p a c e  a.b ove the w!:.ey, p art­

icularly if the cul ture s u rfa c e  was not quies cent,  caus ed the g roi7 th of 

the LBR culture to cease due to the adverse effect of oxyg e n .  Then the 

air was replac ed with ni trogen or carb c n d i oxide c el l  growth proc eede d  

normally . Once a culture of LBR had entere d  the s tati onary growth phase 

air ha d no effe ct on ac id p ro lu ction , e ven when bubbled through the 

culture medium . Acid was being produc e d by non-dividing cell s and 

oxygen appeared to be toxic only tc cel ls  whi ch were grow ing and dividing . 

The adverse effect of oxygen on cell growth i s consi stent ·;;i th the 

descrip tion of L . bulga ricus as an anaerob ic or microaerophi l i c  organi sm 

(Breed e t  al , 1 957 ) .  One possible cause o'f th e toxic effe ct of oxygen is the 

lack of the enzyme p e roxida s e  in LBR . Thi s enzyme reduces hydrogen 

peroxide formed by cell metabolism. If the hydrogen p eroxide is not re­

moved from the mediuo it cau s e s  death of the cell . LBR was in fact killed 

when air was sparg e d  into the medium . The organi sm was incap able of re­

producing after air sp arging cea s ed . However no p ermanent tox i c  c omp ound 

a ccumulated as was shown by no rmal grovtth after reinoculation (4. . 2 . 6� 
C atala s e ad.ded to the m edium would have no effec t b ecause this er:.zyme is 

inactivated at 4.5°C . 
Experiments on the effe ct of agitation show an increase in acid pro­

duction rate as the level o f  agitation i s  incre ased to a parti cul a r  level , 

but above that level further increas e s  in agi tati on offer no advantag e s . 

The decrease in acid production at high imp eller sp eecls ob served by Keen 

( 1 972 )  was not observed. 

For each imp eller there was a distinct increase in a cid pro duc t i o n  

rate with increased speed of rotation ( ?ig .4. . 1 5 ,  4 . 1 6 ) . The average 

irnpeller shear rate is a function of the imp eller sp eed and is important 

if coalescence of p articles in parts of the vessel remote from the im­

peller causes  reaction rates to be limited. As dis cus sed la ter, at low 

imp eller sp eeds the agitation was insufficient to susp end all solid 

parti cles and thi s is re.f1ected in Figs . 4 . 1 5 and 1+ . 1 6 .  

The maximum imp eller shear rate i s  a function of tip speed and would 

b e  important if the bacterial system was sensitive to shearing f o r c e s . 

There i s  no discernible trend in acid production as the tip sp ee d i s  in-
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c re a s e d .  This is al s o  refle c t ed by the small changes in the average 

chain length as ag i ta t i o n  was in c reas ed . I t  c a n  the re f o re be c oncluded 

that thi s b a cterial sy s tem i s  n o t  s ensitive tc shear forc e s . 

The c o rrelation of Reynolds number wi th acid. producti o n  rate 

( Fi g . 4- . 1 7 ,  L� . 1 8 )  i s  similar i n  sr..B.p e to that ob ta ined by Kneule ( 1 956)  
in a n  i nve s tigation o f  the effect o f  ag itati o n  intensity on ma s s - trans f e r  

c o eff i c i ents fo r s ol i d  p arti c l e s  i n  agitated l i quids . Kneul � correla te d 
the mass-transfer co e f:f i c i ent with the imp el l e r  Reynolds l':umb e r .  He 

showe d that two di stinc t reg i o n s  ex i s t  and c oncluded tha t up to a 

p arti cul ar agitatio n  intens i ty the p articl e s  w e re inc omp l e t ely susp e nded .  

Cnce the p a rticl e s  were comp l e tely susp ended, increas ed mix ing re sulted 

in only a small incre a s e  in the Mas s -trans fe r rate . 

For the sy stem of Lac tobac illus bulge ri cus fermenting l a c t o s e  in whey 

to lacti c ac i d  a similar explanation i s  lik ely . B el ow a R.eyno lds !':umb e r  

of 1 0 , 000 s olids i n  t h e  medium are p robably inc omp l etely su spended . 

I n  fac t ,  in runs 1 and 8 ( Re < 5 , 000 tab l e  4 . 1 2 )  a layer of s ettl e d  

s olids was ob s erved o n  the b a s e  o f  the fe rmenter. 1 t  i s  unl ikely the 

lack of susp e n s i on of b a c terial cells i s  t he cause of reduced a cid 

p roduc t i o n  ra te . B a c terial c el l s  have a sp e c ifi c gravi t-y of ap proximately 

1 . 03 and hence \7ill b e  rea dily susp ended eve n  at low levels of agitati o n .  

Howeve r  there are o ther s ol ids i n  the whey which c o n s i s t  o f  c a s e i n  

:fines , b acte J'ial d ebris and ins olub l e ,  denatured whey p r o te ins . Y!hen 

whey wa s centri fuged at 1 0 , 000 x g to remove s ome of th e susp ended. s o l ids , 

total a c i d  p rodu ctio n  and the a c id ::;ynthe s i s  rate were redu ced c ortp ared 

with wh ey at the s.:1me l a c t o s e  c onc entra tion . ','/hen the whey vr a s  s terile­

filtered, thu s removing e s s enti e�ly al l the su sp ended s o l id s ,  c el l  g ro\'rth 

and a c i d  proCJ.uction were reduc e d  almost to z er o . ( F ig . l+ .7 ) . 

l'�o toxic comp onent was b e i ng introdu ced by the pro cedure b ecause a 

supply of amino ac ids allowed cell growth and acid productio!1 to p ro ce e d  

normally . The amino acid s c o ul d b e  added i n  a defined f o rm ( tryp tophan 

and c a s amin o  ac ids , f ig .4 . 6 )  or as s odium c a s e inate ( fi g .l+ . 8 ) . Heating 

t o  69°C aft er sterile -fil tration di d no t increase the acid production rate . 

Henc e ,  when agita t i o n  o f  the whey culture medium is insuff i c i ent t o  

fully su sp end the ins oluble o r  c olloidal material i n  the whey the redu c ed 

availab i l ity of some e s s ential nutrient c aus e s  the acid p ro du c t i o n  rate 
to b e  c onsiderably re du ced . As sh own by Kneule ( 1 956) an increa s e  o f  the 

imp el l e r  Reynold s  �!umb e r  up to 1 O, COO cau s e s  an increa s e  in the mass 

transfer ra te from the susp ende d  � olids . Once the solids are c ompl e te ly 
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suspended there i s  only a minor increase in the rate of convers i on of 
lac to s e  to l ac ti c acid. 

Kerr,p e and ·:. est ( 1 959 ) and K ee n  ( 1 972 )  cla in1ed a possible increase in 
the ra te of rr:ass tran sfe r between th e b act erial cell wall and the medium 
as the agitation int enn i ty was increased. If tl-;.e rate of' reaction \';as 

limited by the rat e  of L1as s -trans:fer then it 7tould be exp ec t ed :rro!n th e 

empirical correlation derived by C: alderbank ( 1 967 ) that the rate of ac id. 
formation v;ould increase as the 0 . 25 power of the pow·er input .  The 

value of 0 .032 ( 0 . 065 if a single straight l ine i s  d.ravrn through all 
exp erimental points fig .1f . 20) ob tained with whey i s  significantly le s s  

than 0 . 25 ,  s.howing that mass-transfer b e tween s olid and liquid i s  no t 

the rate limiting step in the reac tion s equence . 
Kempe and '.':est  ( 1 959 ) ob tained a value of 0 . 08 as the exponent for 

a g i tator spe ed as a function of acid production rate . Their exp eriments 

were p e rformed with a single turbine and if i t  is assumed that power is 

prop ortional to n3 the n  their results can be exp res s ed as : 

dP 
a.t 

= aP 0.027 
0 

which is very close  to  the exp ress ion obtained in the work reported here . 
Keen ( 1 972 )  reported a decrease in the rate of change of pH and hence 

p rc swrably acid synth e s i s  rate as the level of agitat ion 11as incre a s e d  in 

a culture of Streptoco ccus lac tis g ro-;Ying in sk im-milk . ','iith LBR g rowing 

in pas teuri z e d  whey the rate of acid synthesis i s increase d  as the 
agitation level i s  increased. 

From the resul t s  obta ined in this v.rork it can b e  conclud.ed that the 

main requirement of agitation in the whey-LB� system is to ma intain in­

soluble or colloidal mate rial in suspension ensuring maximum availability 

of nutrients for the bacterial cell s ,  allowing the maximum rate of cell 
growth and a cid p roduction . The imp ell er 'teynolds �;umber should be  
great er than 1 0 , 000 . 

The production of lactic acid from lactic cas ein whey is  obviously 
technically 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 outs ide the scop e  of this study. 
Successful operation in continuous culture is po ssible with product­

ivities improved c ompared with batch culture . Eowever yields are redu ced 
unless multi-stage cultures are used.  
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In b atch culture the bes t overall productivity ob tained was 2 .0 g/1 h 

in whey sup p l emented w ith amino ac i :ls ,  sal ts ar.d. vitamins ( abed fig . \ . 6b ) . 

In a typ i cal batch cul ture the p roduc tivity ·,·;a;; 0 . 3  g/1 h .  "'hi s incll;.:'l.e s  

only the fe ri!'enta tion tiL:.e and not the time t o  p repare t h e  ves s el and the 

medium . In c ontinu o us culture , prod.uctiv ities vari ed with the iil u t i o n  !'ate . 

The ;uaximum attained with 35 g/1 w�ey s o l ids was i . 8  g/1 h but the yield 
was only 0 . 23 . At lower d.ilution ra tes so tha t the produc tivi ty approached 

0 . 8  g/1 h ( 0 . 061 h
-1 with p a s t euri zed vth 3y ) the yield i'ias incre a s ed t o  

7 0 p er cent c ompared. vrith 9 5  p ercent i n  the batch culture . The e s t imated 

productivity from the three stag e continuous uni t would bo 1 . 8 g/1 h but 

the yield would be increased to 95 p erc ent . Pro ductivity i s  p rop ortional 

to th e concentra t ion of whey s ol ids . 

I t  i s  intere s ting t o  note tha t  with the L3� organis m, the opt imum 

c ond.i tions o f  fermentatio n and the addition of' s o dium caseinate to the 

whey, the time to completion of a b atch culture of wh ey v;-as ab out 1 5  h 

compared with the lit erature rep o rted values o f  from one to s ix days 

(Whittier and Webb , 1 950) . 

The production o f  lac tic ac id from lacti c c as ein Ylhey as a me an s of 

was te di spo s al w ill be successful only if mul ti- stage c ontinuous culture 

with cell fee d-back is used.  A s ingl e - s tag e c o ntinuous cul ture vr ill not 

g iv e  an effl uent w i th a lact o s e  conce ntrat ion lovr e nough . 
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Though the la c t o s e in lae tic cas ein whey can be fermented t o  lactic 

acid with yi el ds in batch culture of 90-95 p ercent , in a s i ngl e stae; e 

continuous cul ture fermentat ion the y i el d  of lac ti c  acid and the util­

ization of lac t o s e  are unac cep tably lov: . If p ollution abatement is the 
main aim the l a c t o s e  in the effluent from the fermenter mus t  b e  redu c e d  

t o  as l ow a level a s  p o s s ible . 

I n  continuous cul ture the ac i d  c once ntration and d e crease in l acto s e  

c oncentration are l imited by the low level o f  e s s ential nutrients in 

whey for the op t imum g rowth of LBR , a s t rain of L .bulgari�us . The cell 

con centrat ion and the rat e of acid formation can be increased by the 

addi tion of supplementary nutrients in the form o:' t ryp tophan and casamino 

a cids , or s odium cas einate . 

The rate of a c i d  synthes i s  is al s o  increa s ed by the u s e  o f  p a s t­

euri z ed rather than s te ri l e  whey, by op erating at the op t imum temp era ture 

o f  46 °C and pH 5 .4 - 6 . 0 ,  p rovi ding s ufficient agitation to fully 

susp end ins oluble o r  c o l l o idal comp oun1s in the whey and re stri cting the 

a cc e s s  of oxygen to the g rowing cell s .  

K i netic equations derived from batch culture data can b e  u s e d  

t o  p redi c t  the op era t i on of variou s  typ e s  o f  c ontinu ou s cul ture 

app aratus . These equations show that the use of a multi-stage 

c on ti nuou s  cul ture sy stem w i th feedback of' cel l s  will b e  ne ce s sary 

to reduce the l a c t o s e  c oncentration in the effluent whey l ow 

enough to g ive an a c c ep tably l ow BOD . The u s e  of such a sys t em 

i s  p o s sible b ec au s e  non-dividing cell s of LBR are c apable of 

c onv e rting l a c t o s e  to lactic acid, ac t ing as a sourc e of 

gly c olyti c  enzyme s t o  cataly se the rea c t i on .  

The two b i o ch emical p r ob l em s ,  p rodu c t ion o f  lac tic acid by 

non-dividing o rganisms and the inc rea sed rat e  o f  a c id synthes i s  

after the cul ture has b ee n  e xp o s e d  t o  a l ow pH, are worthy o f  

further study . 

An economic a s s e s sment of the c o st of the multi-stag e 

continuous cul ture op eration c omp are d  w i th batch cul ture op eration 

will need to b e  carri ed out before a firm de c i s i on can b e  made as 

to the b es t  sys t em for c ommercial op e rat ion. Such an a s s e s sment 
1.<.;·� 

woul d  be part of an overall study wh i ch ' include the re cove �J 
r 

o f  the lactic acid from the fermented vrhey , an asp e c t  not s tud i e d  

i n  this work .  
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APPENDIX 1 .  

LACTIC C A S"EIN Wh'BY 

I n  New Zealand , c a s e in i s  no rmally p ro du c e d  by inocula ting sk im milk 
with a mix ed s train culture of lac tic acid p roduc ing b ac t eri a .  The a c i d  
f'orme d a s  the bacteria rep roduce caus es the pH of' the sk im milk t o  f'all 
to the i s o ele ctric p o int of the c as ein. The c oagulated c a s e i n  is re­
moved from the liquid by heating and draining . The l iquid remaining i s  
known a s  whey. Of the who l e  milk pro c es s ed i n  a ca s e in factory ,  76 p e r  
c ent app ears as whey ( M cD ow al l  a n d  Thcmas ; 1 961 ) .  The e s tima ted vHuJI.le 
of lact i c  casein whey p roduc e d  in New Z ealand in 1 969/70 was 356 
million gallons . 

The c omp o s ition of whey is variab1 e dep ending on the s tage ot· l a ct­
ation of the cow s ,  the s eas o n  and the pro c e s s ing c ondi t i ons . A typ ical 
lactic ca s e in whey comp o s it i o n  i s  shown in tab l e  A1 . 1 . The c omp o s i ti o n  
given c an only b e  us ed as a guide . T h e  s e a so nal o r  lac tational variation 
can b e  very l arge so that la cto se can be a s  high as 54- g/ 1  i n  O ctober and 
as low as 3 8  g/ 1  in J une . Processing also has an effe c t .  Eight samp l es 
ot· whey 1'rom a corwnerc ial c a s ei n  f'actory tak e n  over a p e ri od o r· o ne month 
had t o t al s o lids concentrati o n s  t·rom 44 to 60 g/1 vrith average 57 g/1 . 

S ome p hys ical p rop e rt ies of whey are g iven i n  table A1 . 2 .  

Table A1 o 1  Typi cal c ompo s i t i ons of who l e  milk and lac t i c  ca s e in whey 

Who l e  
M ilk Whey 

g/ 1  g/ 1  

'l'o tal p rote in (N x 6 . 3 8 )  37 . 3  9 . 5  

Non-p ro te in nitrogen 0 . 2 5  0 .4.8 

Ash 7 . 0  7 . 2  

Lac t o s e  49 44 . 7 

J<'at 46 0 . 5  

Acidity ( as lactic acid) 2 . 1  6 .4 

Water 870 932 

pH 6 .5 4 . 5  

Tabl e A 1  . 2  S ome phys i cal properties of'  l a c t i c  cas ein whey 

'l'emp era tu re Vi s co s ity Density 

0 c cP � o s twald2 k g/1 
20 1 . 24 1 . 0209 

35 0 .86 1 .01 63 

50 0 . 63 1 . 0097 
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Classification of LBR 
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Tests  vrere c arri ecl out by J.l r . H . A . Heap , !"ZD�I }.�icrobiol ogy Jept . to 
conf'irm tha t the o rg ani sm used in the s tudy of the p rocJ.u ction of lactic 
a cid from whey \'la s  a s train of Lo.c tobac illus bulgari cus . 

The strain, des igno.te3. Ln,P_, had b ee n  de rived by X -radiation o f  an 
�ZDRI rack culture of Lact obacillus bulgaricus and was characteri s ed by 
fas t  a cid p roduct ion.  It had b ee n used f o r  s ome years by the "?.angi taiki  
Pl a ins Dairy C omp any t o  produce lac tic acid f o r  cas ein making ( Oetiker, 1 960) . 

The tests used are outl ined by Sharp e  ( 1 962 ) . 

L .bulgari cus  and L . helve ticus g row at I..5 °C but not at  1 5°C . They do 
not p roJuce rH3 f'rom a rginine . '?h ey ferment galactos e and gluc o s e .  
L . helve ticus ferments �altose and trehalose but L . bulga�i cus uoes not .  
L .  helve ticus p roduces up to 2 . 7 p e r c ent acid in n:ilk and. L . bulga ricus 
1 .7 per cent . I:etachromatic or  volutin granule s  can b e  de tected i n  
L . bulgari cus , but no t L . helve ticus . 

O ther test� which can b e  used to dif'ferentiate Lactoba.ciJ.lus spp . are 
b a s ed on lac ti c acid configura t i o n ,  nutritional requirements and s e ro­
l o g i cal tTp ing but thes e �ere not carried out . 

C o ntrol cultures used in the t ests  were strains of L . bulga ricus and 
L .  hel veticus f'rom the ��ZDRI culture c ol lection. Cul tures  tes ted are 
shown in table A2 . 1  and results in tabl e s  A2 . 2 - A2 . 5 .  

The results obtained though n o t  c o nclus ive , a re c onsistent with the 
hypothesis that LBR is a s t rain of Lactobacil lus  bulgari cus . 

Table A2 . 1  

Key 

A 
B 

c 
D 

E 

Lactobacilli clas sificat ion - tes t culture s 

Cul ture Source 

TJ)Tt NZDRI rack culture 
L .  bul�ari cus l':ZDRI rack culture 

L .  helveticus NZDRI rack cul ture 

LBR Stra in b eing tested 
LBR From c ontinuous cul ture 

LB::t on whey 
of 



RF. SULTS 

Tab l e  A2 . 2 G rowth in ;:.-q c: B ro th .  C c tical dens i ty at 580 r:m 

after 48 h.  

CuJ,.ture 1 5
°

C _45
°

C 

A . 005 . 68 

B . 000 . 83 

c . 01 0  1 . oa 
D . ooo 1 . 23 

E . 005 1 . 23 

0 0 
The test org anism g rew at 45 C but not at 1 5  C .  T e s t s  

f o r  l a c ti c  acid production i n  skim milk confirmed this. 

Tab l e  A2 .3  F i cro s c opic appearanc e of L a c tob a c i l l i  cul tures 

Table 

A long s lende r rods , occuring mainly in c hains with round 

end s .  Volatin p articl e s . 

B a s  for A 
C rods , oc curing s ingly and in chains . 

D l ong slende r  rods , o c curing mainly in chains . Volatin 

p arti cles . 

E as for D .  

A2 .4 Acid Eroduc tion in s te�ile 

per cent 
Cul ture lac t i c  ac id 

afte r 24 hr 

A 1 • 1 5 

B 1 . 53 

c 0 . 96 

D 1 . 1 8  

E 1 . 08 

reconstituted skim milk 

per c ent 
lactic acid 
after 48 hr 

1 . 66 

1 .88 

1 .74 

2 .06 

1 . 92 
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The t'ollowing are t he detail s o f  the calculation u sed to determine 
the responses in the experiments to select the Vdriable s .  (Appendix 6 )  

Exp eriment 1 .  Run No . 8 

0 Temp erature 48 C ;  pH b . 0 ;  Agitator 300 rpm ;  

Flow rate 0 .375 1/h ;  Gas 1 5  1/h ;  EDTA, lactose 

inorganic nutrients and organic nutrients added. 

Results 

Feed pH = 5 . o ;  1 0 ml of' f'eed required 1 .32 ml of' 

0 . 1N  NaOH to adjust pH to 6 . 0  

Alkali 

Lactose = 52 . 0  g/1 

.Lactate ( P . )  = 1 1+- e 5 g/1 l. 
Flow rate ( Fi)  = 400 ml/h 

Normality = 1 1 .7 

Flow rate at "steady state" = 6 .35 ml/h 

Culture medium 

Lactate ( Po )  = 28 . 5  g/1 

Cell number - not recorded ( smear washed  of'f') 

Calculation 

Over:t'low rate (Fo) = 

= 

400 + 6 .35 

406 ml/h 

(Adjusts the reed f'low-ra te f'or the alkali 

added to neutralize the acid formed) . 

Lactate c oncentration increase = �o - PA 

Lactate p roduction rate 

= 28 . 5  - 1 4 . 5  

= 1 4 . 0  g/1 

= ljlo :£1o - Fi Pi\ 
: 0.406 X 28 .5  - 0.400 X 1 4 . 5  

= 5 .8  g/h 

Volume of' 1 1 .7N NaOH to change the pH of' the 

f'eed f'rom 5 . 0  to 6 . 0 = 400 x 1 . 3 2  x 0.1  
1 0 x 1 1 .7 

= 0 .451 ml/h 

. .  Volume of' 1 1 .7N NaOH to neutralize the lactic 

acid f'ormed = 6 . 35 - 0 .45 

= 5 .90 ml/h 
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The lactate measured analyti cally includes dissociated and undi s ­

sociated acid,  whereas the alkali is  a measure o� the dissociated acid 
only. Hence a c o rrection i s  require•i .  This i s  significant at low p H  1 

values . The dis s ociation constant of lactic acid at 4-5°C is  1 . 309 x 1 0� 
(llartin and Tartar, 1 937 ) The equation for the dis sociation c onstant i s  

K = ( H+t �LA -l 
HLA) 

where (H + ) = concentration 0� hydro g en ions 

(LA-) = concentration of lactate ions 

(HLA) = concentration o� undissociated lacti0 acid 

K = dissoci ation constant 

Total lactic acid formed, P, is  

• • 

p 

p 

= 

= 

(HLA) + (LA-) 
(LA-)  (1 + ¥1) 

( H+ ) is  fixed by the pHo 
It' the acid were compl etely dissociated each ml of' alkali would be 
. t f.89 .08 X 1 1  -7) f 1 t t H ' th th t ' equ�valen to \ 1 000 g o ac a e .  ence Wl e correc �on 

to allow for undissociated acid each m1 of alkali is  e qu ivalent to 

89 . 08 x 1 1 .7  ( 1 0-6 ) g of lactate at pH 6 . 0 .  
1 000 1 + 1 .309 X 1 0-4-

. 
• • Amount of lactate formed 

5 90 e9 . o8 x 1 1 .7 
= • X 1 000 

= 6 . 20  g/h 

Lactate by analysis 
lactate equivalent to alkali 

Yield = 5 . 8  
0 .4-00 X 

Productivity = 

52 . 0  

5 . 8 
2 

( 1  + 1 n-6 

1 .309 x 1 o- 4 ) 

= 5 . eo 
6.20 

= 0 .94-
= 0 .28 

= 2 .9  g/1 h 

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

E�t·ect of variable A ( temperature ) on the productivi "bJ . 
Eff'ect = � ( 2 .9 + 0 . 6  + 2 .2 + 0 . 2  + 0 .6 + 1 .6  + 4- .4- + 0 . 5) 

- i ( 0 .8  + 0 . 5  + 1 .2 + 3 . 0  + 2 .3 +4 . 0  + 3 . 2  + 0 .9 )  

t 

= - 0 .36 

= E:ff'ect 
SD 

= 0 .36 
0 .49 

= 0 .73 

The probability of obtaining a t-value this high by chance is 0 .48 . 
Hence temperature can be as sumed to have no eft'ect over the range of' 
values investigated. 
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YIELD OF LACTAT"R FROl!. LACTOSE 
. . 

The foll owing t'igures w ere tak en 1'rom a series of b atch experiments in 

146 

which lactose and la eta te concentrati o n s  were rec o rded. as !'unctions of time . 

B8 . 2 . 1 

B8 . 2 .2 

B8 o 2 o3 

B8 . 2 .4 

B8 . 2 . 5 

B8 . 2 . 6  

B8 .2 .7 

Time h 

2 . 20 

4.36 

6 .86 

1 0 .50 

1 .00 

1 . 50 

2 . 27 

3 .38 

5 .42 

7 . 00 

1 o .o1 

22 .75 

9 .35 

14.23 

6 .'d2 

0 . 63 

1 .1 3 

1 .92 

2 .40 

2 .94 

3 .97 

5 .20 

6 .60 

7 .75 

9 . 17  

1 0.92 

1 7 . 58 

Average yield. taking all times ( mean .±. sd.) 

i = o .so � o .27 

Average yield.  for a batch run 

X = 0.95  = o.o6 

lactate 
J.ac tos e  

1 . 05 

1 .1 1 

1 . 03 

1 .02 

0 .26 

0.27 

0 .67 

0 .91 

0 .94 

0 .92 

O.'d7 

0.86 

0 .99 

0.90 

0.97 

0 .33 

0 .57 

0 .39 

0 .37 

0 .53 

0.79 

1 . 02 

0 . 91 

0 .92  

0 .96 

0 . 93 

1 . 01 
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The Analysi s  o:r a C entral C om-pos ite Rotatable Design : 
The e ffect of pH, temnerature and dilution-rate on the increase 
in acid co nce ntrat ) on . (0oshran and C ox, 1 962) 
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The relationships between the coded x- scales and the original scales 
are shown by equations 1 - 3 .  

X = J2H - 5 . 65 ( 1 ) 
1 0 . 1 5 

X = Temperature - 46 °C ( 2 ) 
2 

DilUtion:-rate - 0 .206 
-1 ( 3 ) X = h 

3 0 . 1 03 

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

Rach column of the X matrix is multiplied in turn by the Y column, 
giving the sums of products ( Oy) , ( ly) , e tc o  shown in Tabl e A5 . 2 .  The 

auxiliary total i: ( iiy) i s  computed and the regression coefficients 
b , b . ,  etc.  a re f'ound from the following equations : 0 J. 

b = 0 . 1 66338 ( �y) - o .os6791 L: < iiy) 0 
b .  = Oo0732L4 ( iy) 

J. 
b . .  = 0 .062?00 ( iiy) + o . oo68t)9 L ( iiy) J.J. - 0. 056791 ( Oy)  
b . .  = 0 . 1 25000 ( i,iy)  l. J  
The values of b i j  are g iven in Table A5 . 2 .  

The analysis ot· variance i s  shown i n  Table A5 . 3  and is 
obtained as t•ollows 

The sums of square s due to first order terms : 
3 L: bi ( iy)  

i=-1 
The sums of squares  due to second 

3 
= b ( Oy) + "' b . . ( iiy) 0 L..J J. J.  

i:;1 
where G is the g rand total . 

order terms : 

+ l: b . . l.J 

The total sums of squares is  calculated in the normal way . The error 
sums of· squares is computed t•rom the 6 central p o ints .  The sums of s quare s  
f·or lack of fit is  obtained by subtraction. 

11· S is the s tandard e rror p er observation ( computed t"rom the s ix cent ral 
p oints ) then the standard errors ot· the regres sion coetTicients are g iven by : 

s. e .  
s. e .  
s. e .  

= 0.354 s 
= 0.379 s 
= 0 . 5  s 

The s tandard error p er observation t•or thi s  experiJnent is  1 . 734 and the 
standard e rrors :t"or t he regression coetTicients are snown in Table A5 . 2 .  
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Table A 5 . 1  Central C omposite Ro tatabl e D e s i�n t'or 3 Variables 

X = Matr�x of �-vari�bles y 
X x1 x2 x3 x1 x2 x3 x1 x2 x1 x3 x2x3 y 0 

1 -1 -1 -1 1 1 1 1 1 1 1 6 . 00 

1 1 -1 -1 1 1 1 -1 -1 1 1 9 . 1 0 

1 -1 1 -1 1 1 1 -1 1 -1 1 9 . 00 

1 1 1 -1 1 1 1 1 -1 -1 1 7 . 20 

1 -1 -1 1 1 1 1 1 -1 -1 1 0 . 80 

1 1 -1 1 1 1 1 -1 1 -1 1 1  . 1 3  

1 -1 1 1 1 1 1 -1 -1 1 1 0 .70 

1 1 1 1 1 1 1 1 1 1 1 0 .95 

1 -1 . 682 0 0 2 .828 0 0 0 0 0 1 4 . 20 

1 1 . blj2 0 0 2 . 828 0 0 0 0 0 1 4 .85 

1 0 -1 . 682 0 0 2 . 828 0 0 0 0 1 1 . 50 

1 0 1 .682 0 0 2 . 828 0 0 0 0 1 2 . 93 

1 0 0 -1 . 682 0 0 2 . 828 0 0 0 27 .38 

1 0 0 1 . 682 0 0 2 . 828 0 0 0 8 .9lt-

1 0 0 0 0 0 0 0 0 0 1 3 .90 

1 0 0 0 0 0 0 0 0 0 1 3 . 1 8  

1 0 0 0 0 0 0 0 0 0 1 7 . 22 

1 0 0 0 0 0 0 0 0 0 1 3 . 52 

1 0 0 0 0 0 0 0 0 0 1 5 . 82 

1 0 0 0 0 0 0 0 0 0 1 6 . 55 
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Tab l e  A 5 .2  Regre s s i on c o e -ffic i ents f'or the esuation showing the 
ef'i'e ct of' pHl temEerature and dilut ion-rate on acid 
concentration.  

S td . erro r 

( oy) C.94- . tj] b 1 5 .05 1 .  73 0 
( 1 y) 2 .9733 b1 0 . 22 0 . 61 

( 2y) 3 . 22526 b2 
0 . 24- 0 . 61 

( 3y) -58 .73608 b
3 -4 .30 0 . 61 

( 1 '1 y) 1 97 .0334-0 b1 1  -0 .31 0 . 66 

( 22y) 1 83 .96804. b
22 

-1 . 1 2 0 . 66 

( 33y) 21 7 . 59296 b
33 

0 .98 o . 66 

( 1 2y) -L,.. . 98 b1 2 
-0.62 o . 87 

( 1 3y) -0 .72 b
1 3  

-0 . 09 0 .87 

( 23y) -1 .38 b23 
-0 . 1 7  0 . 87 

2.: ( iiy) 598 • 594-LI-0 

Table A 5 .3 Analysi s of' variance !'or the equation s howing the 
eft·ect ot' pH, tempe rature and d ilution-ra te o n  
� c id c on c entra tion . 

D egrees of' Sum of Mean 
Freedom s quares s quares 

:B'irst order 
terms 3 254-.027 84-. 676 

S e cond order 
terms 6 39 .967 6 . 661 

Lack ot· t'i t 5 1 8 . 04.1 3 . 007 

Error 5 14-.71 0 2 .94-2 

'ro tal 1 9  326.74-5 
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APP�TDIX 6 

The work reported in this app endix was carried out in an attempt to 
determine the maj or  va:::-iables  affecting the procl'...lction of  lacti c acid 
from whey • .  For a number of reasons the results are not cons iderecl to 
be  reliable but the work is p resented for completeness . 

The development of new p ro cesses or the improvement of exi sting ones 
requires  a conside ration of the effects of a large number of variables . 
For the p roper utilization of re sources a screening technique whi ch 
efficiently determines those variables  whi ch merit most investigation i s  
essential . 

The experimental designs most commonly used to investigate the variables 
in p roce s s  systems are the factorial and fractional-factorial des igns . 
A special case of fractional factorial d es igns ,  known as the saturated 
fractional factorial s can be us ed to inves tigate ( n-1 ) variables in n 
experiments . The designs are kncwn as the\\ Plackett-Burman des igns " 
( Plackett and Burman, 1 94-6 ) or the "2 k-p fractional factorial s of  
resolution I II 1 1  (B ox and Hunter, 1 961 ) .  

Plackett and Burrnan ( 1 91+6) determined des igns for screening ( n-1 ) 
variables,  each at two levels ,  in n expe riments where n is  a multiple 
of four. They p resented the des ign matri ces for 4 up to 1 00 runs 
( exc ep t  n = 92 ) . Where n is  a p ower of two the designs are identical 
with the 2k-p fractional factorial designs of Box & Hunter ( 1 961 ) .  
Plackett & Burman ( 1 94-6 ) al so  p resented designs for screening variables 
at 3 ,4-, 5 and 7 l evel s .  

Stowe & Kayer ( 1 966 ) illustrated the use o f  the Pl ackett-Burman 
exp erimental a.es ign for screening the effect of twelve variable s  on 
catalyst activity . Williams ( 1 963) compared three designs for s creening 
variables  :i.n the development of an epoxide adhe sive . A Plackett- Burman 
design in 28 expe riments was shown to be more efficient than a f'ractional­
fac torial design in 32 experime nts or a random balance desig� in 28 
experiments . 

The method i s  as  follows . After cpoosing the independent variables 
to b e  studied, each is as signed two values or level s ;  a low level 
designated ( . ) or ( -) and a high level designated ( + ) . The number of 
variables determine s the exp erimental p lan to be us ed.  Up to ( n-1 ) 
variables can be  studied in n exp eriments , but it i s desirable to in­
clude a number of additional experiments for e stimating the variance 
due to experimental errors . The V<:1riables so included are called "durmr.y 
variables 11 and no chant;e s are a s so ciated with them in the design. 

The design matrix i s  set up by writing down the first row of the 
given design ( Plackett and Burman,1 946 ) then s hifting this first row 
cyclically to the left one place (n-2 ) times to generate ( n-1 ) row s .The nth 
row is a row of ( . ) ' s . Thu s  the des ign consists of n rows designating 
the exp erimental runs and ( n-1 )  columns designating the variable s .  

Thus for n = 1 6  the first row of the design is (Plackett and 
Burman, 1 94-6) 

+ + + + • + • + + • • + • 
The fUll design matrix is shown in table A6 . 1  



Table A6.1 l\�atri x  for 1 6  runs fo r a Pl ackett and B urean des ign 

VARIABLE Exp eriment 
No . A B c D E F G H I J L 1l N 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3 

1 4  

1 5  

1 6  

' +  

+ 

+ 

+ 

• 

+ 

+ 

+ 

• 

+ 

• 

0 

• 

0 

+ + 

+ + 

+ • 

+ 

+ 0 

• + 

+ + 

+ 

• + 

+ 

• 

• • 

• + 

+ + 

0 0 

+ 

• + 

+ • 

• + 

+ + 

+ • 

• 

• + 

+ 

• • 

• • 

+ 

+ + 

+ + 

+ + 

• • 

+ 

+ 

+ 

. . 

+ 

+ 

+ 

+ 

+ 

• 

• 

• 

+ 

+ 

0 

• 

+ 

• 

+ 

+ 

+ 

+ 

• 

+ 

• 

+ + 

+ 

. . . 

• + 

+ • 

• • 

• • 

• + 

+ + 

+ + 

+ + 

+ • 

• + 

+ 

• + 

• • 

• .. 

• + 

+ 

• 

• • 

• + 

+ + 

+ + 

+ + 

+ 

• + 

+ 

• + 

+ + 

+ • 

+ • 

• • • 

• • + 

• + + 

+ + + 

+ + + 

+ + 

+ + 

+ 

+ + 

• + + 

+ + • 

+ • • 

• + 

+ 

• 
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0 

• 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

• 

+ 

• 

• 

• 

The exp eriments are p erfo1�ed in random o rder and the resp o n s e  for 
each exp eriment determine d. 

The effect on the re s p ons e of chang ing e a ch independent va riable from 
i ts l ow level to its high level is the difference be t·neen the av erage 
of the values o f  the re s p o n s e  ob tained at the high l evel o f  the variab l e  
and the avera g e  of the value s o f  the resp onse obta ined a t  the l ow l e vel . 
Thus if EA i s  the eff e c t  of A, and R i s  the resp onse of one exp eriment 
then 

L(R at f+l ) _ 
!-To . of + valu es 

L(R at _(_J_J_ 
No . of ( �alues 

The effe c t s  o f  the dummy variabl es are dete rmined in the same way . 
If there are n o  int eractions o r  exp erimental e rrors , the eff e ct shown 
by the dummy variable should be ze ro . 

The variance V ,  i s  e qual to the a ve ra � e  o f  the square s o f  t he dummy 
effe cts ; 

V ( e ffe cts ) = 

Numb e r  of Dummy Variabl e s  

T h e  Standard D eviation (S  D ) = �V ( effects ) 
The si �nificance of ea ch effect i s  dete rmine d  by the u s e  of the 

s tandard t-te s t  with the degrees of free dom equal to the n�b er of du� 
var i abl e s .  

t 
Effect 

= 
SD (e ffect) 
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The t-te s t  for each effect i s  an evalua tion of the p robab ility o f  
finding a n  effect thi s  large by chanc e  when in fact no effect really 
ex ists . If th i s  p rob ab il i ty i s  Sffiall e nough i 7.  means t ha t  i n  going 
from t h e  l o w  l evel t o  the high l evel of that va riable the change 
ob s erve d  i n - the re sp ons e is due to c hang ing the variabl e and no t to 
random erro r . 'rhe confide nce level of being c o rre ct in a c c ep ting that 
the effect wa s c au s e d  by the change in l evel i s  1 00 x ( 1 -probab ili ty 
due to c hanc e ) . 

Se1 e c t i o n  o f  va riabl e s  in whey fe r-menta tion 
The numb e r  of fact o rs wh i ch could influ enc e the p roduc tion of lactic 

acid u s ing c a s ein whey a s  a sub s trate i s  J. arg e . The organi s m ,  the 
phys ical variab1 e s  of temp e rature , pH, deg ree of agitation and residen ce 
t ime in the cul ture v e s sel and the pres ence of stimula to ry a nd i nhib itory 
substanc e s  p re sent a b ewi1de ring array of variabl es whi ch coul d  b e  studied . 

The expe rimental des ign t e chniques of Pl ackett and Burman w e re cho s en 
a s  a me ans of s c reening s o�8 o f  the variab l e s  in a s eries of cont inu ou s  
culture exp erin:ents . The o rgani sm was n o t  c o n s i dered a s  a variab l e  b e ­
caus0 init i al expe riments ha d s hown that LBR p roduc ed mo re l a ctic ac i d  
faster than any other o rgan i sm availab l e  i n  the ��ZDRI cul ture c olle ct ion . 

The p hy s i cal variabl e s  t eu:p erature , pH, the degree of ag itation a nd 
the re s i de nc e  time coul d  be re a dily s tudied i n  the ava ilabl e equipmen t .  
The deg ree of a g it a t i o n  coul d  b e  v&ried e i the r by altering the d iame ter 
of the imp el1 e r  o r  by altering i ts rotational sp eed . The latt e r  was mo re 
c onven i ent. The dilution ra te ( rec ipro cal o f  residenc e time) c oul d b e  
altere d by adjus ting the volume of the ves s el co ntents o r  by adjust ing 
the flow-rate of the i n coming medium . Al terati ons in voluoc of the 
ves 0el contents would affect the deg re e  of a g i tation and he nce the flow 
rate of the medium was consi dered to be the indep endent variab l e . 

The suppl ementary nutrient i'actors w e re cons idered in g roup s : 
a) Chemic ally defined nutri e nts , ace tate , ci trat e ,  magne s ium, mangane se , 
cal c ium and i ron ; b )  undefined nutrient s , p ep tone , b ee f  ex tra c t ,  yeast 
extract and tw een 80 ; c )  phosphate ; d) EDTA ( a.etded to c o!llp 1 ex any 
copp e r  which might b e  pr es ent in the whey . Rogo s·a ·and Sharp ( 1 959 ) 
showed c opp e r  t o  have a del e t e rious effect on L . bu1gari cus ) e )  l acto s e ; 
and f )  C arb on diox ide . 

Thi s g av e  a to tal of ten variabl es t o  b e  con s i d ered . The Pl ack ett and 
Burman de s ign sho<m j n table A 6 . 1 allows fo r 1 5  variabl es . This de s ign 
wa s cho s en in p reference to the s tandard de s ign for 1 1  variab l e s  b e cau s e  
it allowed a g reater numb er o f  duiDI!ly variabl e s  to be ins ert e d  a nd b e ­
cause o f  the p o ssibil ity of fo �ning a table o f  two -fa c t o r  a nd main fact o r  
intera c t i o ns ( St owe and Mayer, 1 96 6 ) . T h e  variables s tudi ed a nd t h e  high 
and l ow level s u s e d  are sh own in tab l e  A6 . 2 .  The levels "ere cho s en to 
c over the range of value s  mentioned in th e variou s lit erature references 
and such that the eff ects obtained woul d  b e  me a surabl e but not to o g reat . 

The r-uns were carried out i n  random ord e r .  As an example of the con­
ditions u s ed in an exp eriment i n  run 1 a ( + )  in table A6 . 1  indi cates the 
high l evel of the variable and ( . ) the low l evel ; ie t empe rature wa s 48 ° C , 
EDTA , chemi cal ly defined nutrients , gas and undefined nutrient s we re 
added, pH was 6 . 0 the lact o s e  conc ent ration w as 50 g/1 , a g itation wa s 
set at 300 rpm and the feed rat e  of inc oming medium was maintained a t  
0 . 37 5  1/h. 

The result s  obt a ined are shown in table A6-. 3 . A sample c al cula t ion i s  
shown in ap p endix 3 .  

The effe cts of the variab l e s  on the increase i n  a cid conc ent ra t i on, 
produc tivity , and yi eld are shown in table s  A6 .4 - A6 . 6 together w i th 
the cal cula ted valu e s  of Student ' s  t and the tabula ted. value s  of t h e  
p robab il i ty of obtain ing a value of t that high by chan c e o  



Table A 6 . 2 Level s of the ind�.P.endent variable s i n  the Plackett 
and .Surn:.an s c reenint; experill'.ents . 
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Code Variable Level 

A 

B 
Temperature °C 
EDTA g/1 

C Dummy 
D Chemically defined nutrients g/1 

Na c2 R3 02 3H20 

(}T.H4) 2 HC6 H5 °7 
Mg so4 7R2o 
Mn �04 4H20 

Ca c1 2 6H2o 

Fe so4 7H2o 

Dummy 
Gas ( 95 p er cent N2 5 p er c ent C o2 ) 1/h 

G Dummy 
H 

I 

pH 
Undefined nutrients 

Pep tone ( O xoid) 
beef extract ( oxoid) 

g/1 

yeast  extract ( BBL p owder) 
Tween 80 ( Atlas Powder G o )  

J Dummy 
K 

L 

M 

N 

Phosphate K2 HPo4 
Lacto se conc entration 
Agitation rpm 
Flow rate of feed 

0 Dummy 
1/h 

+ 

48 

0 .3  

5 
2 

0 . 2 

1 5  

6 . 0  

5 

5 
2 . 5  

1 

2 

50 

450 

0.75 

4-5 

0 

0 

0 

0 

0 

0 

0 

0 

5 . 0  

0 

0 

0 

0 

0 
40 

300 

0 .375 
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Table A6 . 3  Sel e ction of v�ri3b l es z  exEerimental re sults 

Exp eriment 'tun Incre a s e  
No . No . acid Producti vity Yi eld c one . g/1 h 

g/1 . 

1 C .7 . 1 2 . 8  1 4-o O  2 . 9 0 . 28 

2 1 5 2 .8 0 . 6  0 . 07 

3 1 3  5 . 6  2 . 2  0 . 1 4 

4- 6 0 .3  0 .2  0 . 01 

5 7 2 . 1 0 .8  0 . 05 

6 5 1 . 5  o . 6  0 . 03 

7 1 4  2 .4- 0. 5 0 .05 

8 1 0  4- . 2  1 .  6 0 . 09 

9 9 21 . 2  4- .4- 0 . 54-

1 0  1 3 .6 1 . 2  o .o6 

1 1 1 1  8 . 0  3 . 1 0 . 21 

1 2  2 2 .4- 0 . 5  0 . 04-

1 3 1 6  1 1  . 6  2 .3 0 . 26 

14- 4- 1 o . o  4- . 0  0 . 25 

1 5  3 1 6 . 3  3 . 2 0 .4-2 

1 6  1 2  4- .8  0. 9 o . o6 
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Tab l e  A6 .l�o S c re ening of variable s :  incre a s e  in a c id concent ration 

E. 
B 
c 
D 

E. 
F 
G: 
H 

I 

J 

K 

L 

M 

N 

0 

"Sffe c t  
g/1 

T emp e rature 0.9 

EDTA o. o 

Dummy 0. 1  

C heroically defined nutrients 6 .7 

Dummy 1 .4 

G as 0.3  

Dummy Oo9 

pH 2 . 2  

Undefined nutrients 6 . 0  

Durr.my 2 . 6  

Phosphate 1 . 6  

Lac t o s e  c onc entra tion -3 .4 

A g i tat ion -0 .3  

Flow-rate 5 . 0  

Dummy 1 . 5 

t Probab il i t-y 

0.56 0 . 60 

4.40 0 001 

Oo1 8 0 . 85 

1 .42 0.22  

3 . 91 0 . 01 

1 .03 0 . 35  

2 . 22 o. os 

0.20 0 . 85 

3 . 29 0 . 02 

No te : - The s tandard deviat ion of an effec t = 1 . 5 g/1 

As an examp l e  of inte rpretat i on of the s e  re sul t s  the addi tion of 
the chemi cally defined nu tri ents ( n )  incre a s e s  the lactic a c i d  
conc entrati on by an average o f  6 .7 g/1 , t h e  p roduc t iv ity by 1 .5 g/1 h ( A6 . 5 ) 
and yield from th e ing o i ng l a c t o sa by 1 7 . 3 p e r  c e nt (A6 . 6 ) . 



Table A6 . 5  Screening experiment : ?roductivity. 

A 
B 
c 
D 
E 

F 

G 
H 
I 
J 
K 
L 

N 
0 

Temperature 
EDTA 
Dummy 
Chemically defined nutrients 
Dummy 

Gas 
Dummy 
pH 
Undefined nutrients 
Dummy 

Phosphate 
Lactose concentration  
Agitation 
Flow-rate 
Dummy 

"Rffect 
g/l h 

-0.4 

-0. 3  

1 . 5 

-0.3  

0.3 

0 . 2  

0 . 8  

1 . 1  

o .8  

o. 6 

-1 . o  

0 .3  

-0. 2  

o .6  

t 

0.73 

0 . 20 

2 .99 

0 . 55 

1 . 55 

2 .30 

1 . 25 

2 .08 

0 .65 

0.41 
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Frobab il i ty 

0 .4.8 

0 .85  

0 .03 

o.6o 

0 . 1 8 

0 . 07 

0 . 27 

0 . 1 0 

0 . 55 

0 .70 

Note : - The standard deviat ion of an effect = 0 . 5  g/1 h 

Table A6 . 6  Screening experiment 

A 
B 

c 

D 
E 
F 
G 
H 
I 
J 
K 
L 

N 
0 

Temp erature 
EDTA 
DUI!liey 

Chemically defined nutrients 
Dummy 
Gas 
Dummy 
pH 
Undefined nutrients 
Dummy 
Phosphate 
Lacto s e  concentration 
Agitation 
Flow-rate 
Durr:.my 

yield 

"Effect 
p er cent 

-2 . 0  

0 .5  

-2 . 6  

1 7 .3 

-2 . 0  

-1 . 1  

-1 . 3  

5 .7 

1 4. 6  

7 . 8 

5 .4 

-1 0 . 5  

1 . 8 

-1 1 . 2  

- 2 . 5  

t 

0.52 

0 . 14  

4.33 

0 .27 

1 .42 

3 . 65 

1 .35  

2 . 62 

0.46 

2 .79 

Probab ility 

o.Go 

0 . 90 

0 . 01 

0 .82 

0 . 21 

0 .01 

0 .24 

o.� 

Note :  The standard deviation of  an effect = 4 . 0  per cent 
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Discussion 
The maximum value of the p robab il ity which is taken to be significant 

i s  arbitary . For the purpos e s  of thi s e:>..1J eriment 0.3  ( Stor;e 3: I\�ayer 
( 1 966) ) was taken to be sit;nificant . Thus any variable for which the 
p robabil ity of obtaining the calculated value of t by chance i s  greater 
than 0 .3  can be  rej ected a s  having no effect on the respons e .  \'7here 
the probability i s  les s than 0 .3 it can be a s surr.ed that the variable has 
a significant effect on the re sp ons e .  

From the tabulated values o f  the probabHi tie s the responses all 
increased when the d efined nutrients , undefined nutrients and phosphate 
were added. Increase in pH al so increased all re sp onses .  Increasing 
the lactose conc entration caused all resp onses to de crease . The flow-rate 
had an adverse effect on the lactate con�entration and the yield  but did 
not �effect the produc tivity . In the range studi ed the other variabl es  
had no  effect on any of the resp ons es . I t i s  surpris ing that the temp­
erature had l ittle effect. 1 t is p o ssible that the values used were not 
far enough apart to produce a significant effect,  or the values cho sen 
are on either side of the optimum value . 

From the tabulated results ( tables  AG.4 - A6 . 6) it can b e  seen that 
the dummy variable s  all had fairly high values .  The expect ed value i s  
zero .  There are three p o s sible explanations , 
( 1 ) In Plackett-Burman designs the main effects are not confounded with 
each other, but be cause the designs arc highly fractionated factorial s  ( the 
design used i s  a 2 -1 1 fraction of a 2 1 5  factorial )  each main effect is  
confounded with large numb ers of  two-factor and higher order interactions . 
Hence the dummy variable with an e ffect greater than zero may be confounded 
with a s i5nifi cant intera ction.  
( 2 )  C onsiderable 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 p rimary and two-factor effe ct confounding which 
exists in this d e s ign ( Sto•·re & }.!ayer, 1 966 ) . 
Table A6 .7 and two-factor effect confoundin� in a 

nackett and 3urman des ign 

A Temp erajmre ' BM CJ DE FK 

B RDTA AM CN DK EF 
6 Dummy AJ BN DO EL 

D Chemically defined nutrients AE BK e o  FM 
E Dummy AD BF CL GN 

F Gas AK BE CG DM 

G Dummy AI BL CF DH' 

H pH AN BJ c:r.: DG 

I Undefined nutrients AG BO CK DN 

J Dummy AC BH DL EO 

K Phosphate AF BD C l  EM 
L Lactos e C oncentration AO BG CE DJ 

M Agitation AB CH DF EK 

N Flow-rate AH BD DI EG 

0 Dummy AL B I  CD EJ 

GI HN LO 

GL HJ I O  

FG HM IK 

GH IN J L  

HI J O  KM 
HO IJ LN 

EN JK MO 

EI FO KL 

EH FJ LM 
FI GK MN 
GJ HL NO 

nr HK IM 

G O  IL J7'.T . ' 
FL J1.� KO 

FH GM KN 
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Dummy variable C i s  c onfounded w i th IK, variable E wi th HI, vari ab l e  G 
wi th DH ann variabl e J wi th DL al l of which c oul d b e  exp ec t ed fron the 
re s ult s to be s i gnificant s ec o nd or<ler effect s ,  variables D , H, I , K  and L 
b e ing those with the high e s t  effe c t s . 

Thu s  it i s  not too su rp ri s ing that the dummy variabl e s have h i gh value s . 
I.t h owev e r  highl ights a p robl em cf us int; thi s typ e o f  e:x:pe rimental design 
when a numb er of vari P.bl e s  expe c t ed to have a l u rg e effe ct o n  the exp er­
imental re sell t s  i s  b e inc inves t igated . The inevi t B.ble s i gnificant s e c ond­
and hi ghe r-order int era G  tions b e ing conf"ounj_e d with main e ffec t s  may · 
p o s s ibly l ea d  t o  erro n e ou s  conclu s i on s . I t  would b e  better to c onfine thi s 
typ e of exp erimental de s ign to s ituat i o n s  where only one o r  two fa c t o rs 
are th ought t o  b e  s ignifi cant but a l arge numb e r  of app arently minor 
facto rs need to b e  s cre ene d f o r  p o s s ible eff e cts . The exp e riment can 
then be cons idered to be a r ep eated f'ac t o ri al exp e riment of the ma j o r 
fac tors with the min o r  v ariabl e s  confounded w ith the interactions .  

Subsequent expe rimental vrork C.i d not show that a maj o r variab l e  vms 
un controll e d .  

· 
As  a re suJ.t of thi s s eri e s  of' e xpe riments the fa cto rs ll'.os t  l ikely to 

improve the EConom.ics of continuou sly p ro ce s s ing w·ney to p rodu c e  l a ct i c  
acid are the supply o f' s upp l e. entr1ry nutrient s ,  and the detennina tion of' 
op timum level s o f  pH ana mediur;1 f'l ow rate . Sub s equ ent exp e riment s we re 
dire c ted. tov;ards determining which sp e c ifi c comp o unds we re mo st us eful . 

The lac to s e l evel was not s tudied further ex cep t  indire c tly as it vari e d  
during fermentation b e cause of the d ift•i cul ty of acljus t i n e;  i t  in c omrr.e rc i al 
p rr:c-c�ce . Pho sphat e ,  sho1m to have a marginal effect on the re sp o n s e s  
was not s tudie d furthe r, but was added t o  the alkal i used fo r neut ral i z ing 

(L ue deking and Piret 1 959a ) . Temp e rature was al so studi ed a s  a vari abl e  
i n  s ome exp eriments to dete rmine i f  i t  i n  fact had no effect over the 
range studi ed o r  whe ther the values cho s en i n  the sel e c t ion of v ariabl e s  
exp e riments were on e i th e r  s ide o f  an op timum tewpe rature . 

Sub s equent exp e rimental work sho·t:ed in fact that the tempe rature ef'fe ct 
d i d  give a curved re sp o ns e  surface vri th an op timum valu e cl o s e  to 4-60 C 
( Section 4-.3  . 1 ) .  The s ame resul t s  s h owed pH had very little effect, a 
resp onse contrary to exp e c tation from the screening exp eriment . O ne p o s s ­
ible expl ana tion for this was the ob s e rvati on i n  b atch cultur-e exp eriment s 
tha t fe rmentation at low pH fo r a pe rio d of time ( due to a t•a ilure of the 
c ontroller) gave an in creased rate o f  ac i d  p rodu 0tion when the pH wa s ad­
j u 3 ted up to i t s  des i red value . A s ir . , ar obs e �Jation has since be en v� de 
by Hans o n  and T s ao ( 1 97 2 ) . Thus in ·�., . .  e c ontinuouS exp e riments i n  which 
c ondit ions w ere alte red without re-inoculation it is p o s s ibl e the re w as a 
bias introduced to the results as a c o n s equence of op eration at a p rev iou s  pH . 

Sub s equent work al s o  s howed that ag itat ion and the g a se s oxy5en and 
carbon dioxide affe cted the rate of' acid p ro du ct io n . The s e  were not shown 
to be signifi cant variabl e s  in the s cre ening exp eriment s b e cause the 
agi tation l evel �as above that requi red fo r c omp lete susp en s i o n  of insoluble p art­

i cl e s  and the u s e  of a ba ffled ves sel meant the me dium surfa ce was s ta t-

ionary and air was no1; entrained in those  experiments in v; hi ch carb on 
dioxide was absent .  
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