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ABSTRACT 

v· 1-. 

The search for new energy sources has indicated that biomass, in the form 

of green plant ma te rials and biologi ca l wastes , can provide a perpetual 

energy source if converted to a useful form. This study investigated the 

production of ethanol by the ferme ntatio n of sugars using immobilized cells. 

The experimental procedure involved the immobilization of two yeast species, 

Kluyveromyces fragilis NRRL Y 1109 and Saccharornyces cerevisiae NCYC 240, 

in polyacrylamide gel for the fermentation of lac tose and glucose 

respectively. The gel methodology of two previous authors, Chibata et al. 

(1974) and Neuhoff (1973) was used. The former author's gel was used as 

a basis for batch experiments t o determine the gel composition for maximum 

ethanol producing activity by both cell species as initial trials with this 

gel yi e lded encouraging results. 

Variations in monomer, BIS and 

containing 15 % (~) acrylamide, 
V w w 

to 0.6% (-) BDMAP and 0.25% (-) 
V V 

ce ll concentration revealed that a gel 

1.5% (~) BIS and 25% (~) cells in addition 
V V 

ammonium persu lfate in tris-HCl buffer pH 

7.1 polymerised at o0 c produced the greatest activity in immobilized 

~ fragilis cells with an activity retention for immobilization of 80%. 

The gel composi tion for greatest activity in immobilized S . cerevisiae 

cells differed only slightly from that above containing 20% (~) acrylamide, 
V 

w w 
1.6% (-) BIS and 40 % (-) cells and r esulted in a 46% activity retention for 

V V 

immobilization. Further experiments at various substrate concentrations 

indicated that the gel imposed small or negligible limitations on the 

diffusion of substrate and p r oduct . 

Experiments to increase the cell activity retention for the immobilization 

of~ cerevisiae using the Neuhoff (1973) gel were unsuccessful but produced 

some important results. It was found that exposure to gel components, 

especially to the acrylamide monomer, reduced the ethanol producing ability 

and the viability of the cells. The general protective agents Tween 80, 

glycerol, gelatin and dithiothreitol proved ineffective. To minimize this 

damage to the cells the gels were polymerised at o0 c with rapid polymerisation 

being induced by high initiator and accelerant concentrations. 



vii. 

Repeated use o f the immobilized cel ls indicated that the simple substrate 

med ium, of the sugar in distilled water used previously , was not sufficient 

to maintain stable ethanol producing activity. Although trials involving 

supplementation with a salt solution wer unsuccessful, the incorporation 

0.5% (~) peptone in the medium and the use of protein- containing media , 
V 

such as whey, was found to stabilize activity . 

Experiments in continuous processing revealed that immobilized~ fragilis 

cells produced ethanol from deproteinise d whey at an efficiency of 70 to 

80% over extended periods with complete substrate utilization of full 

strength whey being achieved at flowrate s of 0.15 SV . The half life of the 

activity of the immobilized cells was estimated to be at least 50 days. 

The experimenta l results suggest that this approach to fermentation may be 

industrially acceptable for the production of ethanol . However, a costing 

exercise on the production of ethanol from whey indicates that unless the 

product is a highly pri ced commodity, such as a pharmaceutical, the process 

is unlikely to be economically feasible due to the high cost of the 

immobilization support monomer. 
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l. 

CHAPTER 1 

INTRODUCTION 

This study investigates an approach to industrial processing that may be 

applied to the energy production and waste disposal fermentations of the 

future, i.e. the use of immobilized cells . 

The current energy crisis , which has been initiated by the diminishing 

supply of fossil fuels, has prompted a search for new energy sources. One 

plentiful and universal energy source is solar radiation. The collection 

of this radiation via plant photosynthesis provides a perpetual energy 

source in the form of plant biomass . Waste disposal can also be an energy 

producing process. The breakdown of biodegradable wastes , or biomass, can 

in some cases yield more energy than that required for the actua l process. 

A number of methods have been proposed for the conversion of the biomass 

to energy. Methane can be produced by pyrolysis, hydrogasification and 

anaerobic digestion. Some research has been directed towards the 

biological production of hydrogen and ethanol may be produced by ferment­

ation of the sugars present. 

The latter process is of interest in this study . With notable exceptions, 

such as the production of beer by continuous fermentation in New Zealand, 

fermentation traditionally has been a batch operation using intact cells 

or cell free extracts . In many cases the extent of processing has been 

limited by the high cost due to the catalyst being used only once and the 

labour intensive nature of the process. The significance of these factors 

may be reduced considerably by the use of continuous fermentation , a mode 

of operation made possible by the use of immobilized catalysts. 

Recent developments in immobilization techniques have enabled the 

introduction of continuous p r ocessing in such areas as the p roduction of 

pharmaceuticals and industrial chemicals , the treatmen t of specialized 

wastes and scientific analysis. A wide range of immobilization techniques 

have been used for both cells and enzymes. These techniques range from 

the mild adsorption, microencapsulation and entrapment procedures to more 

rigorous covalent and crosslinking procedures which may markedly change 

the properties of the cells and enzymes . 
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The most widely used method of whole cell immobilization, entrapment, 

was used in this study. This method of trapping cells in a polymer 

network is a stable form of immobilization which has a relatively mild 

effec t on the cel ls. The polymer c hosen for this study was poly­

acrylamide gel, a synthetic polymer which has been used for the 

successful immobilization of many enzymes , bacteria and fungi. 

Energy production , in the form of alcohol fermentation from sugars, 

has been the topic of few investigations. In this study immobilized 

Kluyveromyces fragilis NRRL Y 1109 will be used for the production of 

ethanol from lactose and immobilized Saccharomyces cerevisiae NCYC 240 

will be used to produce ethanol from glucose . For industrial processing 

it is envisaged that a supply of raw materials could be maintained 

using whey as a source of lactose and energy crops such as sugarbeet or 

wood as a source of carbohydrate . 

The aim of this study was to assess the method of immobilization for 

each species and to determine its probable feasibility for industrial 

processing. Initially two similar po lyacrylamide gel formulations were 

used for the immobilization of bo th c ell species with the formulation 

producing the highest activity being us e d in further experiments to 

maximize this activity. Aspects of the enzymic reaction were also 

studied using immobilized cells in continuous reactors. 
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CHAPTER 2 

REVIEW OF THE RELEVANT LITERATURE 

2. 1 INTRODUCTION 

The natural existence of immobilized cells has been known since the 

time of the Roman empi re when fig tree twigs were used to stir and 

curdle milk (Weetall, 1976). One of the earliest examples of commercial 

production with immobilized cells was vinegar manufacture in the 1930s 

using bacteria adsorbed onto wood chips and shavings (Fetzer, 1930). 

The principle of immobilized cells has been used for many years in the 

waste treatment industry in the operation of trickling filters. 

Further applications of the immobilization technique to industrial 

processing did not occur until the 1960s. The initial research was 

limited to the immobilizat i on of enzymes {Bernfeld and Wan, 1963; Tosa 

et al., 1966) . By 1972 there were two industrial processes using 

immobilized enzymes. Penici llin amidase , coval ent l y bonded to derivatised 

cellulose was used to produce 6- amino penicil l anic acid and columns of 

aminoacylase on DEAE-Sephadex were used for the resolution of D-L amino 

acids {Abbott , 1976). 

The range of catalysts immobilized diversified in the late 1960s with the 

immobilization of lichen {Mosbach and Mosbach, 1966), fungal spores 

{Johnson and Ciegler , 1969) and finally cells {Updike et al., 1969). In 

1973 the first commercial process using immobilized cells was commissioned 

for the production of L-aspartic acid {Chibata and Tosa , 1977). 

In recent years reviews of immobilization techniques have been presented 

by Zaborsky (1973), Messing (1975, 1978), Weetall (1976), Abbott (1976, 1977, 

1978), Chibataand Tosa (1977), Barker and Somers (1978), Brodelius (1978) and 

Durand and Navarro (1978) . 

• 
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2.2 CLASSIFICATION OF IMMOBILIZATION TECHNIQUES 

Immobilization was defined by Zaborsky (1973) as "the p hysical confineme nt 

or localization of enzymes " and cells "during a continuous catalytic 

process" permitting economic r euse of the catalyst (Abbott, 1977 ). This 

is a broad description e mphas i s ing the continuo us mode o f operation made 

possible by immobilization . It also encompasses the use of dialysis 

(S chultz and Gerhardt, 1967 ) , flocculation (Lee and Long, 1974; Kennedy 

et al., 1976 ), hollow fibres (Kan a nd Shul er , 1978) and newer me thods such 

as entrapment in photohardened resins, as revi ewed by Abbott (1978), a s 

means of i mmobili zation . 

Classically immobili zed cells or enzymes are c hemically o r p hysically 

attached t o , o r entrapped in , a water insoluble matrix or support. A 

c l assification of these methods g i ven by Weetall (1976) included seven 

basic types of immobilization . 

1. Adsorption, t h e physica l attachment o f the cell to clays, sand, 

g lass , mineral salts and organic po l y mers. 

2 . 

3 . 

Entrapment, the physical confinement of t h e cel l within the 

lattice struct ure of a syntheti c or natural polymer gel or 

collagen . 

Microencapsulation , the inclus i o n o f cells within mi c rocapsules 

o f semipermeable mernbr,rnes such as ce llulose acetate o r nylo n. 

4. I o n exchange, cell att, ,chment due to a charge difference between 

the cells and supports such as i on e xchange resins. 

5 . Crosslinking, the covaJen t inte r action b e tween the cells and 

bifunctional r eagents i ,uch as g lutara l dehyde di - isothiocynates 

and ary lamines. 

6. 

7. 

Copolymerisation , t he c ovalent inc lusio n o f the cell in a polymer 

matrix . 

Covalent attachment, the covalent binding of the cell to an 

inso luble support mater ial with functional groups. 

Similar classificati ons were given by Zaborsky (1973) , Gutcho (1974), 

Chibata and Tosa (1977) and Jack and Zajic (1977). 
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Of these methods adsorption (Seyhan and Kirwan, 1979), entrapment 

(Sato et al., 1976), microencapsulation (Mohan and Li , 1975) , cross­

linking (Petre et al., 1978) and coval ent attachment (Jack, 1977) have 

been used for the immobilization of whole cel l s. Entrapment has been 

the most widely used method with polyacrylamide gel being the most 

popular support although acryl ic (Kimura et al., 1978; Jirku et al ., 

1979), algin~te {Kierstan and Bucke, 1977) and carrageenan gels 

(Chibata , 1977) and collagen me mbranes (Saini and Vieth, 1975) have been 

used for entrapment . 

2.3 ADVANTAGES OF IMMOBILIZATION 

The motivation for research into immobilized cells is provided by the 

favourable properties bestowed on the cells due to the immobilization 

procedure. 

The most important factor is the possibility of repeated and continuous 

use of the same catalyst. Continuous production is an economically 

attractive mode of operation . 

Another important factor is the variation in cell prop erties that may 

occur on immobilization. In most cases immobilized cells have had a 

greater heat stability than th~ir free counter parts. Other widely 

found variations were broader pH and temperature working ranges and 

longer half lives. In rare cases (Kennedy et al., 1976) the cells have 

had greater activity after immobilization. 

Where immobilized cells have been used in industrial processing minimal 

contamination of the product by the catalyst has occurred eliminating 

the need f or costly separation procedures. An immobilized catalyst 

system can be stopped by the removal of the support making additions of 

chemicals or heat unnecessary, an important factor for consumer goods 

where the contents must be stated on the packing. The cells can also be 

used in a non-growth state where the opportunity for side reactions i s 

limited. 
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Immobilized cells present opportunities for increasing reaction rates. 

Removing the cells from the substrate liquid, by immobilization , 

decreases the liquid viscosity promoting better mixing and increasing 

mass transfer (Abbott, 1977) . The incorporation of large numbers of 

cells to increase the reaction rate is also possible. Thus a higher 

productivity can be achieved . 

The immobilization of ce lls i s preferable to the immobi l ization of 

enzymes , which required costly e xtraction and purification operations and 

tend to have less stable activity. Th e use of whole cells also introduces 

the possibility of multistep reactions as well as the regeneration of 

cofactors which are frequently required for immobilized enzyme reactions. 

2.4 DISADVANTAGES OF IMMOBILIZATION 

With present technology the advantages of immobilization outweigh the 

disadvantages . 

The most commonly found disadvantage was the loss of activity caused by 

the immobilization procedure . Inactivation by the support media was 

common and could sometimes be minimize d by changes i n the support 

compositi on or in the immobilized environment. Diffusion limitations 

may also have been imposed by the support, reducing acti v ity by slow 

diffusion of substrate to the cell or by a build up of inhibitive product 

in the support (Abbott, 1977). 

Other less commonly found disadvantages were the possibility of the 

accumul ation of toxic materials in the support and that of e lectrostatic 

repulsion of substrate and support. Leakage from supports was notable 

only in the less stable forms of immobilization such as flocculation 

although where cell growth occurred within a support the new cells may 

have been expelled. Leakage of essential cofactors was found in some 

polyacrylamide gel immobilized cells (Chibata and Tosa, 1977) and appeared 

to be due to damage to the cell membrane. Certain metal ions were needed 

to maintain activity in these cases. 
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Activity loss by unwanted side reactions has been noted in several 

papers (Yamamoto et al., 1974b, 1976). Heat and chemicals were used 

to stop the side reactions with no appa rent effect on the main reaction. 

2.5 RELEVANT PROPERTIES OF YEAST CELLS 

The yeast used in this study belong to the tribe Saccharomyceteae in 

the subfamily Saccharomycetoideae which is characterised by loose budding 

cells and pseudomycelium with vegetative production by multilateral 

budding . 

Two modes of metabolism are evident in these yeasts. 

Anaerobic metabolism is the energy releasing transformation of carbohydrates 

by the cells from which the major end product is ethanol. Minor products 

such as glycerol, organic acids and fusel oils have also been known to 

accumulate in concentrations dependent on the environmental conditions of 

fermentation (Neish and Bl.1ckwood, 1951; Nordstrom, 1968). 

Aerobic metabolism is the p redominant energy yielding mechanism of the 

cell in which sugars are converted to carbon dioxide and water. 

The metabolic pathway used may be determined by environmental conditions 

and/or certain regulatory e ffects. The Pasteur effect, the inhibition of 

fermentation by the presen~e of molecular oxygen, adjusts the rate of 

sugar utilization to the cell's requirements. Both Saccharomyces and 

Kluyveromyces species exhibit a strong Pasteur effect (Reed and Peppler, 

1973; Moulin and Galzy, 1978). The converse of this effect is the 

Crabtree effect, i.e., depression of r e spiration in the presence of 

excessive sugar concentration, even in the presence of oxygen. 

Kluyveromyces fragilis was found not to exhibit a Crabtree effect (Phaff 

et al., 1978). 

The production of ethanol by Saccharomyces cells has been most widely • 
0 W 

performed at pH 4.5 to 5.0, 28 to 30 C and 10 to 18% (-) sugar 
V 

concentrations (Kardos and Mulcock, 1977; Cysewski and Wilke, 1976a, 

1976b). Under these conditions Rose (1976) obtained an ethanol yield 

from molasses of about 80% by batch fermentation. Ethanol production by 
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immobilized cells has b een achieved with Saccharomyces cerevisiae 

cells immobi l ized in an alginate gel (Kierstan and Bucke , 1977) and 

~ carlsbergensis cells immobilized onto diatomaceous earth (Grinsber gs 

et al., 1977). 

The genus Kluyveromyces has b een charac1:erised by Ladder (1970) as being 

able to ferment lactose to eth anol , a characteristic not shared by the 

genus Saccharomyces. Ethanol production f r om lactose by ~ fragilis, as 

d e s c ribed in the li t erature , is performed at pH 4.~ to 5.0 and 30 to 35°c 

using sugar concentrations o f 4 t o 12% (~) (Rogosa et al., 1947 ; O 'Le ary 
V 

et al ., 1977a) . ~luyveromyces speci es lend themselves to cultivation on 

whey, and , indeed, at l east three economical p lants are operating in North 

America producing food yeast and, in one case , recovering alcohol (Peppler, 

1978; Dicker , 1977). 

Thus the production of ethanol using immobilized yeast is attracting 

continuing inte rest. 

2.6 PROPERTIES OF IMMOBILIZED CELLS 

2 .6.l Ac tivity 

The activity retention of immobilized cel ls has ranged from 0% to mor e 

than 100%. Kimura et a l. (1978) was unsuccessful in the immobilization 

of yeast glycolysis systems in polyacry l amide gel however Uchida et al. 

(1978) gained 102% o f the free activity by immobi li zing "Achromobacter" 

aceris for NADP production. 

In some reports a variety of immobilization methods have been compared . 

Tosa et al. (1973) used nine methods f o r the immobilization of t he enzyme 

aspartase included in the catagories, ionic binding, phys ical adsorption, 

covalent binding and entrapment . The greatest activity retention (29%) 

was found us ing polyacrylamide gel entrapment. This me thod also produced 

the greatest retention (72 %) in the immobilization of aspartase-ccntaining 

Eschericha col i cells (Chibata et al., 1974) whe re enca p sulation and cross--- , ---
linking were also tried. 
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Activity retention is not the sole f ac t or determining the c hoice of 

immobilization metho d. Morikawa et a l. (1979) used polyacrylamide gel 

e ntrapment to immobilize Penicillium chrysogenum ce lls instead of 

alginate gel. Al tho ugh cells immobilize d in alginate gel retai ned a 

higher activity the gel was too fragile f or continuous operation. 

Venkatasubramanian et al. (1974) described a theoretically superior 

metho d of whole cell immobilization, the formation of reconstituted 

collagen compl e xes. The complex was said to require no premodifiers 

a nd had more available s ites than covale nt attachment, it was subj ect to 

less l eakage than simple adsorption and was more stable than entrapment 

due to a wider range of f orces b eing pres ent. The activity rete ntion of 

g lucose i somerase in whole ce l ls was however only 25% due mainly to the 

tanning of the compl ex . 

The variation in conditions used b y different r esearchers greatly affects 

the r esults obtained. For po l yacrylamide ge l e ntrapme nt activity 

retentions of 50-80% we re common . This l eve l o f activity retentio n can 

also be achieved using covalent attachment (Jack , 1977) and e ntrapment in 

cellulose fibres (Linko et al., 19 77) . A comparison o f all methods is 

no t possible as i n many studies no f ree ce ll activity measurement was made 

(Slowinski and Charm , 1973). However, Jack and Za jic (1977) have attempted 

such a review whi l e Chibata and Tosa (1977) have summarise d their own 

detailed work on polyacryl amide gel entrapment . 

2 . 6 . 2 Variations in Fermentation Properties 

The immobilization of cells has imparted variations in fermentati o n 

characte ristics to the cells in a random manner . In some cases (Ohmiya 

et al., 1977) the temperature , pH and thermostability profiles of t he 

immobilized cells were similar to those of the free cells and fre e enzymes. 

For aspartase - containing E:..:_ coli cells the optimum pH for the r eaction was 

reduced from 10.5 t o pH 8 .5 by immobil ization c f the cells (Chibata et al., 

1974), whereas with Brev ibacterium ammoniagenes synthesizing co-enzyme A 

the pH optimum was increased by immobilization (Shimizu et al . , 1975). 

Simi lar changes have also b een found i n temperature profiles (Yamamoto et 

al., 1974a). Where experime ntation has occurred changes in both pH and 

temperature profiles were rare however increases in the therrnostability of 

cells were commonly found (Chibata et a l., 1974; Yamamoto et al . , 1974a, 

1976; Shimizu e t al., 1975) . 
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2.6.3 Kinetics 

A compari son of free and immobilized ce l l kineti cs can be used to gain 

information on the effect of immobilization o n the cell . Such 

comparisons are not common i n the li terature . Yamamoto e t a l . (1977) 

and Ghose and Chand (1978) inves t igated only the i mmobilized cell 

kinetics as part of comprehensive studies of enzymic reactions. 

Kinoshita et al. (1975) revealed that the apparent Michealis Constant 

was similar in batch and continuous hydrolysis of a cyclic dimer using 

immobilized cells. 

The change in kinetics due to i mmobilization in polyacrylamide gel was 

examined by Ohmiya et al. (1977) who found that t he apparent Michealis 

Constant remained the same between the free enzymes and the immobi li z ed 

yeast and bacteria a l though the apparent maximum velocity i nc r eased by 

two fold with K. lactis and decrea sed by 100 to 1, 000 fo ld with~ coli 

and Lactobacillus bulgari cus . Tosa e t al. (1973) studied the enzyme 

aspartase and f ound that the apparent Michealis Constant increased 

s lightly while the apparent maximum velocity decreased by 65% due to the 

immobilization in pol yacrylamide gel. The constancy of the apparent 

Michealis Constant suggested that the gel imposed little r es istance to 

diffusion of the reactan t s or products (Petre et al., 1978) . 

Entrapment in 2-hydroxyethyl methacrylate (HEMA) gels revealed that the 

kinetic parameters of the immobilized cells were dependent o n the cell 

and HEMA concentrations within the gel (Kumakura et al. , 1978 , 1979). 

The parameters were c loses t t o the free cell parameters at low HEMA and 

high cell concentrations. 

Changes in the kinetic paramet e rs due t o immobilization appear to be 

related to the method used with variations within methods due to different 

techniques. 

A simi l ar apparent Michealis Constant was found for free and cellulose 

fibre entrapped cells (Linko et al., 1977) whereas Toda (1975) noted a four 

fold increase in the Michealis Constant whe n cells were immobilized in agar 

spheres. Contrary to theory where the imposition of diffusional 

limitations gives rise to an increase in apparent Michealis Constant, 

Petre et a l . 

crosslinking. 

(1978) gained a four fold decrease us ing cells immobilized by 
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2.7 ENTRAPMENT IN POLYACRYLAMIDE GEL 

In 1963Bernfeld and Wan successfully immobilized enzymes for the first 

time, employing polyacrylamide gel for the entrapment. Although other 

methods of immobiliza tion have proved successful with enzymes the method 

was again used in 1969 for the first successful immobilization of whole 

cells (Updike et al., 1969). In the last few years some research has been 

directe d towards the use of the l ess t o xic gels including starch , 

carrageenan, collagen , alginate and HEMA, however polyacrylamide gel 

remains the most widely used support for the immobilization o f whole cells. 

2 . 7.l The Gel 

Polyacrylamide gel is a synthetic network formed by the joining of 

acrylamide monomers to each other and to a crosslinking agent , N N'­

methylene bisacrylamide (BIS). The reactio n can be initiated by a free 

radicle in combination with an accelerant (persulfate and TEMED or BDMAP), 

by a photocatalyst (riboflavin) or by X-ray radiation (Maeda and Suzuki , 

1977). The first method is the most commonly described in the literature. 

The gels r esulting from the free radicle initiation of addition polymer­

isation as described by Flory (1953) show a continuous spectrum of 

properties, from soft and transparent to hard, brittle and opaque, which . 
are dependent upon the monomer, crosslinking agent and initiator 

concentrations. 

The order of component concentrations used in this study of 5 to 25% (~) 
V 

w w 
acrylamide, 0 .5 to 2.5% (-) BIS and 0.25% (-) initiator produced a 

V V 

relatively firm transparent gel, as r ecorded in the results section. 

Gels of this type were found to polymerise as a first order process with 

an induction period prior to rapid polymerisation. The length of the 

induction period was inversely proportional to the initiator and accelerator 

concentrations (Richards and Lecanidou, 1974). 

Gel volume changes were noted, with the gel volume decreasing on polymer­

isation and swelling by the uptake of solvent when immersed in excess 
w 

water (Richards and Temple , 1971). Gels containing about 15% (-) monomer 
V 

and 1.5% (~) crosslinking agent were found to swell by approximately 80% 
V 

when placed in water. 
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2.7.2 The Effect of the Monomers 

Enzyme inactivati on by polyacrylamide ge l was examined by the uniform 

radioactive labelling of the enzyme p r ote in (Bernfeld et al . , 1968). 

The experimentation revealed that a lthough 55% of the enzyme protein 

was entrapped by immobilization the resulting ge l contained only 1 0% 

of the origina l activity. The remaining enzyme protein was recovered 

in the aqueous phase a l ong with one third of the ori ginal activity. 

This represents a tota l activi ty recovery of less than 4 5% , indicating 

that at leas t 55% of the enzyme was inactiva t ed duri ng the immobilization 

process. 

Miyamoto et al. (1977) a l so noted a loss in enzyme activity on immobiliza­

tio n. Upon inves tigation of the gel components it was found that t he 

acrylamide monomer was the most detrimental t o enzyme activity . Up to 65% 

of glucose- 6-phosphate dehydrogenase activity and 95% of hexokinase 

activity were l os t by exposure to a 12% (~) acrylamide solution at o0 c , 
V 

pH 7.1. Solutions of l ower pH we re f ound to be less damaging. 

Acrylamide was also found to be damaging to cells . Morikawa e t al. (1979) 

l ost 90% of~ chrysogenum activity by twenty minutes exposure to a 
w 

solution o f 4.25% (-) acrylamide and TEMED. Martin and Perlman (1976a) 
V 

found t hat the effect of monomer exposure on Gluconobacter me lanogenus 

was tempe rature d 2pendent. Exposure to an acry lamide so l ution at 1s0 c 

for five minutes resulted in only a s light decrease in activity whereas 

exposure at 45°c for two minutes comp l ete l y inactivated the cells . 

2.7.3 Protective Agents 

The generally l ow retention of enzyme activity on immobilization has 

initiated investigations into the use of enzyme protecti ve agents . These 

compounds appear to fall into two ca t egories , enzyme specific protective 

agents and general protective agents. 

Enzyme specific protective agents are those whi c h have b een found to p r o tect 

certain enzymes onl y. Miyamoto e t al. (1977) found that the incorp oration 

of the substrate , produc t or cofactors of an enzyme reaction in the polyme r ­

isation mixture of a polyacrylamide gel had a protective affect on the 

enzyme. In this manner the activity retention o f the immobil i zed enzyme 

coul d be increased by three to t e n fold. 
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General protective agents used in the immobilization o f e nzymes include 

glycerol (Dinelli , 1972), cysteine and bovine serum albumin (Dahlqvist 

et al., 1973), albumin (Hinberg et al . , 1974), and glutathione and 

dithiothreitol (Ohmiya et ?l., 1975) . The use of dithiothreitol 

(Cleland, 1964) has also been noted in free cell systems. 

Little evidence was found in the litera ture of the use of prote ctive 

agents in the immobilization of cells. It is note d that the activity of 

immobilized cells is, in most cases, s o mewhat higher t han that of 

immobilized enzymes and therefore it may have been considered unnecessary 

to protect the cells against the effe cts o f immobilization. Petre e t al. 

(1978) were noted to include bovine albumin in the crosslinking agent 

solution of E. coli cells but made no r e ference to its function or effect. 

2.7.4 Gel Optimization 

As stated in section 2.6.1 the loss of activity due t o the immobilization 

of whole cells in polyacrylamide gel is mos t commonly 30 to 50% of the 

free cell activity. Research has shown that the highest activity 

retention is obtaine d when the ge l composition is optimized for the 

particular organism in question by experime ntation wi th the gel components. 

Initially the organism may be incubated to the growth stage where the rate 

of product formation is greatest. In lite rature where this has o ccurred 

(Jack, 1977; Kokubu et al., 1978; Seyhan and Kirwan, 1 979) large 

variations in the product formation rates have been noted at different 

growth stages. In the majority of the literature (Chibata et al . , 1974; 

Kinoshita et al., 1975; Sato et al., 1976; Murata et al., 1978, 1979) 

the cells for immobilization were grown iri a medium incorporating the 

intended substrate to induce the desired enzyme complement. This method 

does not ensure good activity in the cellE, prior to immobilization. In 

rare cases the cells were grown in a general growth media without apparent 

regard for the final enzyme complement (Ma rtin and Perlman, 1976a). 

The optimization of at least some of the gel components is more commonly 

found in the literature. The 

using a gel containing 8% (~) 
V 

initial immobilization of cells was performed 
. w 

acrylarnide and 0 . 2% (-) BIS with the 
V 

immobilized cells being described as "viable" (Updike et al . , 1969) . 

Since these experiments a variety of gel compositions have been used 

successfully. 
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Tosa et al. (1973) optimized a gel composition for the immobilization 

of the enzyme aspartase. Chibata et al. (1974) optimized the gel 

composition for whole cells containing 

contained 15% (~) acrylamide, 0.8% (~) 

aspartase. Both these gels 
w 

BIS, 0.5 % (-) BDMAP and 0.25% (~) 
V V V V 

ammonium persulfate, and were polymerised at 30°c. w) . A 20% (- concentration 
V 

of whole cells was included in the latter gel. This ge l composition has 

been used successfully for the immobilization of several bacteria giving 

initial yields of 72 % f or E. coli (Chibata et al., 1974), 73% for 

Brevibacterium ammoniagenes (Yamamoto e t al., 1976) and 64% for 

"Achromobacter" liquidium (Yamamoto et al., 1974b). Variations of this 

method have also been used. Shimizu et al. (1975) immobilized dried cells 

using the gel polymerised at o0 c and Uchida et al. (1978) and Murata et al. 

(1978) increased the cell concentration in the gel to 40% (~). 
V 

A wide range of gel compositions have been obtained using other 

optimization procedures . The most successful gel compositions are similar 

to that of Chibata et al. (1974). The gel of Martin and Perlman (1976a) 

contains 15% (~) 
V 

(1975) contained 

acrylamide and 0.8% (~) BIS whereas that of Saif et al. 
V ---

W . W 
19% (-) acrylamide and 0.6% (-) BIS. The extremities of 

V V 

the range of gel compositions are represented by Kinoshita et al. (1975) 

and Kokubu et al. (1978). The former used continuous fermentations to 

determine a gel composition of 33% (~) acrylamide 
V 

and 5% (~) BIS with 
V 

w 
3. 6% (-) "Achromobacter" guttatus cells, 

V 

BIS gel was used by Kokubu et al. for the 

and a 4% (~) 
V 

acrylamide, 1% (~} 
V 

immobilization of B. subtilis 

with minimal leakage from the gel. It was noted that in immobilization 

procedures with prolonged exposure to acrylamide (high acrylamide 

concentration or low initiator concentrations), the activity retention was 

low (Ohlson et al., 1978). 

The limits of cell concentration have been discussed in several papers. 
w 

Ohlson et al. (1978) stated that at cell concentrations of 10% (-) less 
V 

than half the activity was retained on immobilization with no retention 

at cell concentrations below 5% (~}. Ohmiya et al. (1977) noted a 
V 

reduction in activity retention at celi concentrations above 30% (~) and 
V 

sighted the cause as the increased cell volume hindering polymerisation. 

In contrast Murata et al. (1978) and Uchida et al. (1978) successfully 

immobilized 40% (~) concentrations of yeast and bacteria . 
V 
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A wide range of polymerisation temperatures have been used for 

polyacrylamide gels. Shimizu et al. (1975) gained best results by 

polymerising at o0
c for at least l hour. Martin and Perlman (1976a, 

1976b) used 15°c whereas Chibata et al. (1974) used 30°c to obtain 

comparable activity retentions. 

This section provides an indication of the wide range of polyacrylamide 

gel compositions that may be used for the successful immobilization of 

whole cells and sugges ts the need for optimization of the composition 

for a particular spec i e s of organi s m t o ensure maximum immobilized 

activity. 

2.7.5 Gel Configuration 

The configuration used for immobi lized cells is often dependent on the 

method of immobilization. Polyacrylamide gel is usually made in sheets 

or tubes which can then b e reduced to the desired configuration. 

The most wide ly used me thod of gel size r e duction is disruption in a 

Waring blende r (Chibata e t al., 1974 ; Shimizu et al., 1975). Yang et 

al. (1976) gained a greater activity yie ld using manual disruption but 

favoured disruption in a Warin g blending as the small particle size 

produced was considered to have b e tte r mass transfer characteristics . 

This method did not appear detrimental to the cells and pressure drop was 

not considered a problem with the small particle size as the pressure 

drop for a o ne metre column wa s on]y 20 % that gained with a DEAE Sephadex 

column (Tosa e t al., 197 3 ). Howe ver , when one process was scaled up to 

a pilot plant reactor the particle size was increased to 4 mm mean diameter 

(Sato, 1975) . 

Kinoshita et al. (1975) de termined the optimum particle size for continuous 

flow columns as 5 mesh (about 5 mm mean diameter). Martin and Perlman 

(1976a) found that the gel configurations with high volume to surface 

area ratios had lower specific activity, however the activity was more 

stable than the low ratio configurations. The maximum active particle 

thickness was determined as 0.7 mm, above which the reaction was thought 

to be oxygen limited. 
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2.8 ACTIVATION 

Many researchers have investigated ways to increase the activity of 

immobilized cells, after immobilization. In this section three 

successful methods will be described. 

Chibata et al . (1974) found that the activity of immobilized §_:_ coli 

cells increased on repeated use. Experimentation showed that incubation 

of freshly immobilized cells in the substrate for 24 hours increased the 

initial activity ten fold . Thi s increase was due to cell lysis with the 

lysed cells being retained within the ge l. This phenomenon was not 

indicative of the immobilization method used , polyacrylamide gel entrapment, 

although lysis of E. coli cells was also noted by Updike et al. (1969). 

Somerville et al. (1977) immobilized benzene induced cells and lost 

40-70% of their activity. By inducing the benzene degrading activity 

after immobilization up to 100% of the original induced activity could be 

obtained. The successful induction of immobilized cells suggested the 

possibility of the rejuvenation o f decayed activity. This was performed 

by overnight shaking of the immobilized ce lls with an iron supplemented 

growth medium and produced activity of up to 3 times the original activity 

on two successive rejuvenations. Rejuvenation was also used success fully 

by Mosbach and Larsson (1970). 

The third method of a ctivation involves the supplementation of the substrate 

medium with organic solvents, artificial cofactors, salt solutions and 

nutrients. The latter method proved useful to Klein et al. (1976), 

Kokubu et al. (1978) and Ohlson et al. 
w 

(1978) where 0.5% (-) peptone and 
V --- -- --

0.2% (~) glucose increased Arthrobacter simplex activity 
V 

2.9 CONTINUOUS OPERATION 

by five fold. 

Batch operation, the traditional mode of fermentation, has been used in 

the immobilization literature by Ohmiya et al. 

and Kumakura et al. (1978). 

(1977), Kokubu et al. (1978) 
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According to Chibata and Tosa (1977) continuous operation costs 40 % less 

than the conventional batch operation due to reuse of the catalyst and 

to automation. For this reason it is the ultimate mode of operation for 

the majority of researchers . A small number of studies have been 

conducted using continuous experimentation exclusively (Johnson and Ciegler, 

1969; Kinoshita et al., 1975). In many studies batch experiments have 

been performed to determine the optimum immobilization conditions with 

continuous operation being used for the investigation of fermentation 

conditions or immobilized stability, due to restraints of time and 

equipment availability . Large differences i n characteristics can occur 

between batch and continuous fermentations however little evidence of this 

has been found in the field of immobilized cells. 

Where continuous operation has been used large variations in flow rates 

and substrate concentrations have been noted. Generally continuous 

reactors have been run at a flow rate giving complete substrate 

utilization, which was inversely proportional to the substrate concentration. 

The use of high substrate concentrations, and the corresponding low 

substrate flow rate, was found to increase the stability of an immobilized 

e nzyme colwnn during continuous operation (Tosa et al., 1973). This 

combination of parameters was also favoured by Toda (1975) who suggested 

that mass transfer was enhanced by the use of high substrate concentrations. 

The nature of the enzyme conversion also influences the choice of substrate 

concentration. For single enzyme conversions relatively high substrate 

concentrations were used successfully. L-aspartic acid was produced using 

1.0 M substrate at 0.8 SV (Tosa et al., 1974) and L-citrulline was produced 

using 0.5 M substrate at 0.26 SV (Yamamoto et al., 1974a). Where the 

reaction was complex or multistep low substrate concentrations were used. 

Franks et al. (1971) formed ornithine from 0.0057 M substrate at 0.25 SV 

and Shimizu et al. 

0.44 SV. 

(1975) formed Coenzyme A from 0.002 M substrate at 

These results were gained in fixed bed reactors. Emery and Cardoso (1978) 

concluded that fluidised bed reactors were preferable as they induced 

better mixing of substrate and product and therefore higher activity. The 

effects of the increased liquid velocity and turbulence, inherent in 

fluidised bed reactors, upon the immobilization supports was not examined. 
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The stability of the immobilized columns has varied greatly. Immobilized 

enzyme columns were found to have limited stability with 20 to 40 day 

half lives (Messing and Filbert, 1975). Some of the longest half lives 

were produced by Yamamoto et al. using polyacrylamide gels with 140 days 

for Psuedomonas putida producing L-citrulline (1974a) and 180 days for 

"Achromobacter" liquidum producing urocanic acid (1974b), although a 

recent paper by Chibata (1 977) quoted a half life for aspartase activity 

in~ coli cells immobilized in carrageenan of 686 days. Other researchers 

using polyacrylamide gel have also noted considerable stability in the 

immobilized cells. More than 80% of "Achromobacter" guttatus activity was 

retained after 30 days operation (Kinoshita et al., 1975 ) and 60% of 

Clostridium butyricum activity was retained after 20 days operation 

(Karube et al., 1976). 

Various immobilized cell stabilities have been noted using other 

immobilization methods. Azotobacter vinelandii cells absorbed onto an 

anionic exchange resin fixe d nitrogen at a stable rate for only seventy 

hours after which the activity decreased rapidly (Seyhan and Kirwan, 1979). 

Better stability has been obtained using more permanent immobilization 

methods. A half life of 45 days was obtained using cellulose fibre 

entrapped Actinoplanes missouriensis for g lucose isomerisation (Linko 

et al., 1977) and a 10 day half life was noted for ethanol production by 

alginate gel entrapped S. cerevisiae (Kierstan and Bucke, 1977). Activity 

retentions of 90% were obtained after 15 days operation of a covalently 

bonded cell system (Jack, 1977) and after 10 days operation of glutaral­

dehyde crosslinked ~ coli cells (Petre et al., 1978). 

It was found that although some of the above continuous fermentations 

were more active at higher temperatures the activity was much less stable 
0 

and decayed at a faster rate than at 30 to 37 C (Tosa et al., 1974). 

2.10 APPLICATIONS OF IMMOBILIZED CELLS 

Immobilized cells are widely used in research into the production of 

chemicals and pharmaceuticals. Thorough listings of applicatiorshave 

been presented by Abbott (1977, 1978) and such lists will not be repeated 

here. In recent years the technology has been applied to a wider range of 

processes which include degradation, energy production microbial 

conversions and transformations as well as analytical procedures. 
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2.10.1 Degradation 

In the waste treatment industry, industrial and domestic wastes are 

often processed using immobilized cells. In trickling filters the 

waste is passed over stones or plastic packing which act as supports 

for films of microorangisms. Flocculation is the mode of immobilization 

present in activated sludge operation. Due to the larger volumes involved 

in the processing of wastes more complex means of immobilization are 

impractical, however these methods can be applied to specialised waste 

materials. 

Some of the first trials in degradation using immobilized microorganisms 

were conducted when spores of Aspergillus_ wentii were immobilized on 

ECTEOLA-cellulose for starch hydrolysis. The immobilized activity was 

considered too low for continuous operation (Johnson and Ciegler, 1969). 

Hackel et al. (1975) investigated the degradation of phenol to water and 

carbon dioxide using Candida tropicalis cells entrapped in various polymers. 

The low yields of activity (20 %) were markedly increased by incubation in 

a growth medium (Klein et al., 1976) . 

The degradation of a product of synthetic manufacture was investigated by 

Kinoshita et al. (1975). "Achromobacter" guttatus cells were immobilized 

in a polyacrylamide gel of experimentally determined composition 

producing a stable system. No comparison with free cell activity was made. 

Polyacrylamide gel was also used for the immobilization of~ putida f or 

benzene degradation (Somerville et al., 1975). By rejuvenation at intervals 

the initial immobilized activity was maintained over 73 days of operation. 

Encapsulation in liquid membranes was the immobilization method used for 

the reduction of nitrite and nitrate (Mohctn and Li, 1975). The 

experiments showed that the immobilized CE ·lls were more stable than the 

free cells and were protected from inhibitors such as mercury by the 

surfactant membrane. 
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2.10.2 Energy Production 

The production of ethanol from whey has been investigated by Ragasa et al. 

(1947), O'Leary et al. (1 977a, 1977h) and Marshall (1978). O'Leary et al. 

found that!.:_ fragilis produced higher yields of e tha~ol (2 % (~)) more 
V 

quickly on whey than~ cerevisiae produced on lactose hydrolysed whey. 
. 0 

The conditions for ethanol production we re pH 4.6, 30 C using cottage 

cheese whey which containe d approximate ly 0 .15 M lactose. Similar 

conditions were used for the reduction o f BOD in whey by~ fragilis 
w 

(Knight et al., 197 2) where conce ntrations of up to 1.5% (-) ethanol were 
V 

obtained (Mickle et al., 1974). Yoo (1974) obtained only 55% of the 

theoretical yie ld of ethanol (- 1.3 % (~)) from whey using K. fragilis, as 
V 

a result of possible ethanol inhibition. 

The use of immobilized cells for ethanol production has been confined to a 

handful of papers. Kierstan and Bucke (1977) immobilized S. cerevisiae in 
w 

a calcium alginate gel for the conversion of 10% (-) glucose to ethanol . 
V 

Yields of about 75 % were obtained over 15 days continuous operation. A 

similar system was used for pilot plant trials in the production of beer 

(White and Portno , 1978). S . carlsberge nsis absorbed onto polyvinylchloride 

and porus brick also produced an acceptable beer (Corrieu et al., 1976). 

Compere and Griffith (1976 ) used immobilization by adsorption for ethanol 

production with the yeast cells being supported by crosslinked gelatin 

coated packing while Grinsbergset al. (1977) used diatomaceous earth as a 

support medium. 

In 1976 Karube et al. published information on the immobilization of 

Clostridium butyricum in polyacrylamide gel. The cells were used to 

produce hydrogen from glucose. A further paper (1977a) examined the use 

of these cells in a biochemical fuel cell. The polyacrylamide entrapped 

cells were coated onto one side of a platinum black electrode as in Figure 1. 

The system was based on the theory that the cells would convert the glucose 

(2.7 mMoles/day) to hydrogen ions and formate which the hydrogenase enzyme 

could use to produce hydrogen gas. The drain of electrons caused a 

current of 1.2 mA to flow. The immobilized system was stable for 15 days 

however large amounts of cells were obviously required to produce 

industrial currents. The output of the fuel cell was 2.4 watts/Kg dry 

immobilized cells and is not comp arable with chemical fuel cells. 
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FIGURE 1. Schematic diagram of the biochemical fuel cell of 

Karube et al. (1977a). ---
1. Immobilized cell - platinum black electrode; 

2. Carbon electrode; 3. Catholyte (0.1 M phosphate 

buffer); 4. Anolyte (0.25 M glucose in phosphate 

buffer); 5. Salt bridge; 6. Recorder; 7. Switch. 

21. 
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2.10.3 Analytical Procedures 

The sys t em of immobilization of Karube et al. (1976) was applied to the 

rapid estimation of BOD (Karube et al., 1977b). The method was based 

on the observation that immobilized cells became active when placed in 

a solution of organic compounds. The change in the dissolved oxygen 

(D.O.) content of the solution caused by the activity of the cells , was 

measured by a dissolved oxygen electrode . A linear relationship was 

found between the BOD of the solution and the rate of decrease of current 

in the D.O. electrode within the limits of operation. BOD estimations 

were performed at pH 7.0 , so 0 c with 5 % of cells in the gel and using a 

solution of about 350 ppm BOD. The method had the advantages of being 

a simple, quick and inexpensive means of gaining reproducible results of 

BOD analyses. The bacteria used in the method were not specified but 

said to originate from soil. The range of bacteria used may be important 

to the success of the method. 

The development of immobilized enzyme electrodes is relatively recent . 

In 1978 Enfors and Molin discussed the potential use of enzyme electrodes 

as analytical tools for fermentation control. Some success was obtained 

with the development of a penicillin electrode overcoming some of the 

common problems of low half life, calibration of activity and the 

sensitivity of the enzyme to changes in environmental conditions. Other 

successful enzyme electrodes have been developed for the measurement of 

glucose, (Updike and Hicks, 1976), L-Lactate (Williams et al . , 1970) and 

urea (Montalvo, 1970). The use of cells in this application may increase 

its potential further as immobilized cells are generally more stable than 

immobilized enzymes. 

In 1978 Pache described another analytical use of immobilized cells. E. 

coli cells containing S-Lactamase enzymes were immobilized for the 

assessment of the resistance of S-Lactam antibiotics to attack by 

bacterial enzymes. 
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2.11 CONCLUSION 

Continuous processing is an economically attractive and frequently 

necessary procedure. The immobilization of cells provides another 

approach to the processing of a variety of biological materials of 

commercial interest . Other reasons for the upsurge in research into 

immobilized cells over the past decade are the often favourable 

variations in fermentation conditions bestowed on the cells by the 

immobilization procedure and the relatively stable nature of immobilized 

cells. Ethanol production by immobilize d cells is the topic for 

investigation in this study. Two possible energy sources in New Zealand 

are whey (Mathews, 1977) and e nergy crops (Kardos and Mulcock, 1977) . 

It is hoped to apply the technology reviewed in this chapter to the 

immobilization of yeast for the production of ethanol. 
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CHAPTER 3 

METHODS AND MATERIALS 

This chapter contains a description of the methodology used in this study 

of the immobilization of yeast. 

3.1 MATERIALS SOURCES 

Acrylamide monomer and N,N'-methylene-bis-acrylamide (BIS) were obtained 

from Eastman Kodak, Rochester, New York. The microbial media, Nutrient 

Broth, Yeast Extract, Gelatin, Bacto-Proteose Peptone, Malt Extract Agar 

(MEA) and Potato Dextrose Agar (PDA) were obtained from Oxoid, London, 

England. For the ethanol assay, the yeast enzyme and cofactor, alcohol 

dehydrogenase (crystallised and lyophilized) and S-nicotinamide adenine 

dinucleotide (NAO+) (grade III), were obtained from Sigma Chemicals, St. 

Louis, U.S.A. The whey substrate was supplied by the Repo roa Dairy 

Factory (Waikato) as a 60% (~) total solids concentrated deproteinized 
V 

Lactic Casein Whey. Its use is further described in section 3.4.1.3. 

Other chemicals used in this study were of reagent grade and obtained from 

B.D.H., Poole, England. 

3.2 MICROBIOLOGY 

3.2.1 Culture Source and Description 

1 
Kluyveromyces fragilis NRRL Y 1109 was used to ferment lactose to 

ethanol in both free and immobilized cell preparations. The strain used 

was found to vary from the description of Lodder (1970), being weakly 

melezitose positive in assimilation tests. Saccharomyces cerevisiae 

NCYC
2 

240 was used in studies of the fermentation of glucose to ethanol 

in both free and immobilized cells systems. 

1 NRRL, Northern Utilization Research and Development Division of the 
United Stated Department of Agriculture. 

2 NCYC, National Collection of Yeast Cultures, Surrey, England. 
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3.2.2 Culture Maintenance 

Stock cultures of K. fragilis were grown at 30°c for 12 hours on MEA 

slo1,es and stored at 4°c. S. cerevisiae stock cultures were grown at 

30°c for 24 hours on MEA slopes and stored at 4°c. 

3.2 . 3 Inoculum Preparation 

Inoculum was prepared from the slope cultures by suspending the cells in 

2 ml of sterile peptone water . A 0.5 ml volume of this suspension 

containing approximately 10
9 

cells was used to inoculate 300 ml of 

fermentation medium. 

3 . 2.4 Culture Growth 

!..:_ frag i lis cells 

containing 300 ml 

inoculated medium 

for 16 hours. 

were grown for immobilization in 500 ml Erlenmeyer flasks 

of 1.3% (~) Nutrient Broth, 0.12 M lactose. The 
V 

was incubated at 30°C on a rotary shaker at 200 r.p . m. 

S. cerevisiae cells were grown in similar flasks containing 300 ml of 

1.3% (~) Nutrient broth, 0.44 M glucose. The inoculated medium was 
V 

. 0 
incubated at 30 C, 200 r.p . m. for 28 hours. 

3.2 . 5 Cell Harvest 

!..:_ fragilis and§_:_ cerevisiae cells were harvested by centrifugation at 

ambient temperature and 1100 x g for 5 minutes , (M.S.E. Super Medium 

Centrifuge, Number 4.62) and washed twice in 4°c Krebs Ringer (Krebs 

and Henseleit, 1932) with separation at 1000 x g for 10 minutes (Martin 

Christ Centrifuge, UJlS) under aseptic conditions at ambient temperature. 

The importance of the washing procedure was noted when gels containing 

unwashed cells failed to polymerise. 
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3.3 POLYACRYLAMIDE GEL IMMOBILIZATION PROCEDURES 

3.3.1 Immobilization in a Gel after Chibata et al. (1974) 

The concentrations of gel components described in this section were 

established in this study as the most appropriate for maximum ethanol 

producing activity in immobilized cells. The gel composition defined 

by Chibata et al. (1974) was used as a basis for this study as many 

bacteria and enzymes have been successfully immobilized using the 

methodology of Chibata et al. 

For!..:_ fragilis, 1.25 gm cells, (wet weight equivalent to 0.32 gm dry 

weight) grown and harvested as above, were placed in a sterile glass 

beaker and suspended in 4 ml 0.1 M tris-HCl buffer pH 7.1 (Dawson et al., 

1969) at o
0
c. Unless otherwise stated 750 mg acrylamide and 75 mg BIS 

followed by 0.5 ml 6% (~) S-dimethylaminopropionitrile (BDMAP) and 
V 

0.5 ml 2.5% (~) ammonium persulfate were combined with the suspension 
V 

in an icebath within the space of 1 minute. The 5 ml volume of gel 

produced was then transferred to a sterile glass tube (10 mm internal 

diameter, 70 mm length) where it became rigid within 2 minutes. In this 

thesis, the quantity of gel formed in this tube is frequently referred to 

as 11 a single gel II or simply as 11 a gel 11
• 

A further 30 minutesstorage at 4°c was allowed for the completion of 

polymerisation. During this time a slight decrease in gel volume 

occurred causing indentations of 1 mm at either end of the gel cylinder. 

The gel configuration used in this study was a cylindrical pellet (10 mm 

diameter, 1-2 mm thick). The pellets were obtained by manually cutting 

the gel with a knife while extruding it from the glass tube under aseptic 

conditions. By using this method 40 uniform gel discs or pellets could 

be obtained. In all batch fermentations the quantity of immobilized 

catalyst used was a gel which was equivalent to about 40 pellets. 

The pellets were washed twice in 0.1 M tris-HCl buffer pH 7.1 at 4°c by 

5 minutes swirling in the buffer at 100 r.p.m. on a rotary shaker 

followed by decantation of the liquid. The washed pellets were then ready 

for use in fermentations . 
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For S. cerevisiae the above procedure was modified to include 2 gm cells 

(wet weight, equivalent t o 0.52 gm dry weight) in eac h 5 ml gel along 

with 1000 mg a c rylamide and 80 mg BIS. 

3.3.2 Immobilization in a Gel as Used for Elec trophoresis by Neuhoff (197 3 ) 

A gel used for e lectrop hore tic p r ote in separation was also used for yeast 

immobilization. The studies will show that this gel was of limited value. 

To prepare the gel 2 ml solution A, 3 ml solution Band 1 ml solution D, 

where the compositions of these so lutions are specified below, were mixed 

with 1.5 gm cells (wet weight, equivalen t to 0.39 gm dry weight) from 

section 3.2.5to give a final volume of 7 ml. The mixture was vacuum 

deaerated and put into sterile glass tubes for 30 minutes to polymerise at 

room temperature. The r esulting gel was extruded and manually cut into 

cylindrical pe llets (10 mm diameter , 1-2 mm length) under aseptic 

conditions. The pellets we re then ready t o be used in fermentations. 

The solutions used had the following composi tions: 

A, 0.65 % (~) N,N,N'N'-tetra methy l-e thy l ene diamine (TEMED) 
V 

in 0.7 M tris-HCl buffer at pH 8 . 3 . 

B, 40 % (~) acrylamide and 0 .4% (~) BIS in glass distilled wate r. 
V V 

C, 0.14 % (~) ammonium pe rsulfate (initiator) in glass distilled 
V 

water. 

Solutions A and B were made and stored in bulk away from light at 4°c. 

The solution containing the initiator was prepared prior to use. 

The main differences in gel composition between the modified Chibata et al. 

(1974) gel and the Neuhoff (1973) gel are as follows: 

1. The modified Chibata et al. (1974) gel has BIS and initiator 

concentrations ten fold those in the Neuhoff (1973) gel. 

2. The modified Chibata et al. (1974) gel was formed at o0 c 
whereas the Neuhoff (1973) gel was formed at room temperature. 

3. TEMED was used in place of BDMAP in the electrophoretic gel. 

These compounds are similar in composition and perform the same 

function. 
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A tris-HCl buffer was used in both gel preparations in the study 

replacing the salt solution of Chibata et al. (1974) which was found 

to inhibit activity (Ohlson et al., 1978). 

3.4 FERMENTATION PROCEDURES 

Two modes of operation were used for the fermentation experiments, i.e. 

batch and cont inuous. 

Batch fermentations in shake flasks were used for: 

1. Trials with cells immobilized in the Neuhoff (1973) gel 

and the testing of the affect of gel components. 

2. The determination of component concentrations in the 

modified Chibata et al. (1974) gel. 

3. The "repeated use" experiments using simple and 

supplemented media. 

In all cases where free-cell experiments were performed, for comparison 

with the immobilized cell experiments, the same fermentation procedure 

was followed, with equivalent weights of cells being used. The sampling 

procedure was modified to include a separation step where the sample was 

centrifuged (5 minutes at 1000 x g) to remove the cells which were 

discarded. 

Continuous fermentations in a continuous flow reactor were used for the 

fermentation of whey to ethanol by K. fragilis (see section 3.4.2). 

3.4.1 Batch Fermentations 

3.4.1.1 FERMENTATIONS TO DETERMINE THE EFFECTS OF GEL COMPONENTS 
AND THE ACTIVITY OF CELLS IN THE NEUHOFF (1973) GEL. 

These experiments were performed by aseptically mixing cells or gel 

pellets with 125 ml of sterile fermentation medium in a 250 ml 

Erlenmeyer flask. The fermentati on media consisted of 0.12 M 

lactose for!..:_ fragilis and 0.44 M glucose for S. cerevisiae prepared 

in double distilled water. 
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No buffering system was incorporated in the media. Experimental 

results showed that the initial pH of the lactose and glucose 

systems of about 5 . 0 dropped by up to 1 pH unit during the fermentation . 

.!S..:._ fragilis is known to grow best between pH 4.0 and 6.0 (Knight et al., 

1972) and S. cerevisiae grows best between pH 3.5 and pH 6.0 (Reed and 

Peppler, 1973). 

The flasks were shaken at 100 r . p . m. on a rotary shaker at 30°c and 

2 to 3 ml samples were taken at 10 hourly intervals for pH, sugar 

concentration and ethanol concentration analyses. 

3.4.1.2 FERMENTATIONS TO ESTABLISH ThE CONCENTRATION OF GEL COMPONENTS 
FOR MAXIMUM IMMOBILIZED ACTIVITY. 

The components tested in these experiments are, in order , as follows: 

For K. fragilis 

1. Monomer Concentration : Range t e sted, 5 to 25% (~) acrylamide, 
V 

with the other components held at 5.5% of acrylamide weight as 

BIS, 1.5 gm cells per gel and 0.12 M lactose. 

2. Crosslinking Agent Concentration: Range tested, 0.6 to 2.3% (~) 
V 

BIS with the other components h e ld at 15% (~) acrylamide, 1.5 gm, 
V 

cells per gel and 0.12 M lactose . 

3. Yeast Cell Concentration : Range tested, 0.5 to 2 .5 gm per gel , 

with the other components held at 15 % (~) acrylamide, 1.5% (~) 
V V 

BIS and 0.12 M lactose. 

4. Substrate Concentration Range tested, 0.06 to 0.26 M lactose 

with the other components held at 15% (~) acrylamide, 1.5% (~) 
V V 

BIS and 1.25 gm cells per gel. 

For S. cerevisiae 

1. Monomer Concentration : Range tested, 5 to 30% (~) acrylamide, 
V 

2. 

with the other components held at 5.5% of acrylamide weight as 

BIS, 1.5 gm cells per gel and 0.44 M glucose. 

w 
Crosslinking Agent Ccncentration : Range tested, 0.4 to 2.4% (-) 

V 

BIS with the other components held at 20% (~) acrylamide, 1.5 gm 
V 

cells per gel and 0.44 M glucose. 
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3. Yeast Cell Concentration : Range teste d, 0.5 to 3.0 gm per 

gel with the other components held at 20% (~) acrylamide, 
V 

1.6% (~) BIS and 0.44 M glucose. 
V 

4 . Substrate Concentration Range t es ted, 0.11 to 0.66 glucose 
w w 

with the other compone nts held at 20 % (-) acrylamide , 1.6% (-) 
V V 

BIS and 2.0 gm cells per gel. 

The gel composition us e d for the substrate concentration experiments 

for both K. fragilis and S. cerevisiae is that stated in section 3.3.1 

as the most appropriate for maximum e thanol production. 

These batch fermentations were performed by aseptically mixing a 

gel or free cells with 25 ml of f e rmentation medium in a 50 ml 

Erlenmeyer flask. The flasks were incubated at 30°c on a Griffin 

wrist action shaker at the slowest setting and sampled hourly by the 

aseptic removal of a 1 ml volume of medium . The sample was analysed 

for pH, sugar concentration and ethanol concentration . 

The unbuffered media was found to decrease in pH by 0 . 5 to 1 . 0 unit 

during the 6 hour fermentations. 

3.4.1 . 3 FERMENTATIONS INVOLVING THE REPEATED USE OF IMMOBILIZED 
CATALYSTS . 

In experiments considering the repeated use of immobilized cells, 

each individual experiment was performed as above (section 3.4.1.2). 

After each fermentation the media was decanted from the gel. The 

gel was then washed twice with 0.1 M tris-HCl buffer pH 7.1 at 4°c 

before being stored in tris-HCl buffer at 4°c for up to 5 days until 

the next fermentation. 

In addition to the simple sugar media used above in section 3 . 4.1.2 
w 

supplemented media and whey were used. The 0.5% (-) peptone and 0.1% 
V 

(~) salt solution supplements were mixed prior to sterilization . 
V 
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Salt solution (Takagi et al., 1977) 

KH
2

Po
4 

2.2 gm 

KCl J.. 7 gm 

MgS0
4

.7H
2

0 0.5 gm 

CaC1
2

.2H
2
o 0.25 gm 

Potassium citrate 4.0 gm 

Citric Acid 0.8 gm 

(NH4)2S04 2.6 gm 

FeC1
3 

10 mg 

Mn S0
4

. 4 - 5H
2

0 10 mg 

ZnS0
4

.7H
2

0 10 mg 

Cuso
4 

l mg 

to pH 5.0 with 2N KOH or 2N H
2
so

4 
Distilled water to 1 litre 

The whey was received as a 60% (~) total solid concentrate of 
V 

deproteinised lactic casein whey. This was diluted to 1020 specific 

gravity with the lactose content being adjusted to about 5 % (~) prior 
V 

to sterilization at 121°c for 15 minutes. Any precipitate was removed 

by filtration before the whey substrate was resterilized r eady for use. 

The final substrate contained 5.9% (~) total solids and 5.1 % (~) 
V V 

lactose at pH 4.4. 

3.4.2 Continuous Fermentations 

A tubular reactor was constructed for the continuous conversion of whey 

lactose to ethanol by immobilized~ fragilis cells. The reactor 

consisted of a glass tube (2.2 cm internal diameter, 15 cm length) in 

which a 40 cm
3 

working volume was obtained. The tube was stoppered with 

rubber bungs and contained glass wool as a support for the pellets. 

Veterinary hypodermic needles (gauge 14) and tygon tubing were used to 

connect the reactor to the feed. An upward flow of feed was maintained 

by a Buchler Multi-staltic pump. The overflow from the reactor was 

collected in an ice cooled vessel and removed at regular intervals. 

Both composite and instantaneous samples were taken during the course of 

each run. The results suggested that the use of the ice bath was 

effective for minimizing changes in effluent composition as under steady 

state conditions composite and instantaneous samples displayed similar 

pH values and ethanol and lactose concentrations. 
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The glass reactor, feed tank and collection vessel were dry heat 

sterilized at 160°c for 2 hours and all tubing was sterilized in 5% (~) 
V 

formalin at 15°c for 15 minutes before thorough rinsing with sterile 

distilled water. 

When loaded, the column contained 4.3 gm cells (wet weight, equivalent to 

1.10 gm d r y weight). The reactor was ope rated at flow rates within the 

range 0.13 to 0.46 SV, where 1.0 SV (space velocity) is equivalent to a 

substrate flowrate of one column volume pe r hour. The relationship 

between SV, volumetric flowrate and retention time is given in Table I. 

TABLE I. Relationship b e tween substrate flowrate parameters used in 
this study. 

sv1 

0.10 
0.13 
0.24 
0 . 34 
0.46 
1.0 

Volumetric Flowrate 
mls/h r 

4.0 
5.2 
9.6 

13.6 
1 8 .4 
40.0 

Retention Time 
hrs 

10.0 
7.7 
4.2 
2.9 
2.2 
1.0 

1 
SV, space velocity has units of column volumes 
(40 ccm) per hour. 

3.5 REJUVENATION ATTEMPTS 

An attempt was made to rejuvenate inactivated immobilized !S_:_ fragilis 

cells during the extended use experiments. The pellets were placed in 

a medium consisting of the salt solution described in section 3.4.1.3 

plus 0.5 gm/1 Yeast Extract. Approximately 100 ml medium was used for 

each 5 ml volume of gel. The mixture was shaken on a wrist action 

shaker at a medium setting and at 30°c. After 24 hours the rejuvenation 

medium was decanted and the pellets were washed twice with 4°c 0.1 M tris­

HCl buffer prior to continued fermentations as in 3.4.1.2. 
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3.6 GEL COMPONENT TESTS 

These tests were performed to determine the effects of some of the gel 

components on free yeast cells. 

3.6.1 Individual Gel Component Tests 

One gram of cells (wet weight, equivalent to 0.26 gm dry weight), grown 

and harvested as described in sections 3.2.4 and 3.2.5, were shaken at 
0 

30 Con a rotary shaker for 30 minutes with 50 ml of 0.1 M tris-HCl 

buffer containing the single component being tested. The components 

tested were 15% (~) acrylamide pH 7.1, 15% (~) acrylarnide pH 8.3, 0.32% 
V V 

w w 
(-) TEMED pH 7.1 and 0.10 % (-) ammonium persulfate pH 7.1. The cells 
V V 

were then separated from the solution by aseptic centrifugation (1000 x g 

for 10 minutes at 4°c) and washed twi ce with tris-HCl buffer pH 7.1 at 

4°c. The separated cells were placed in 125 ml of the appropriate 

sugar solution and the batch fermentation followed the procedure 

described in section 3.4.1.1. The usual analyses were conducted at 

approximately 10 hour intervals. 

3.6.2 Gel Component Tests with Protective Agents 

In these experiments cells of .!S..,_ fragilis were preshaken vigorously 

(for 10 minutes at 200 r.p.m.) in 20 ml of the protective agent solution. 

Agents used were 1 % (~) glycerol, 1 % (~) gelatin, 1% (~) Tween 80 and 
V V V 

0.75% (~) (0.05 M) dithiothreitol. After the 10 minutes, 10 ml of 
V 

acrylamide monomer solution was added to give a total concentration of 
w 

15% (-) at pH 7.1. Shaking, monomer removal and fermenting studies 
V 

were conducted as described above in section 3.6.1. 

3.6.3 Viability Tests 

To test the effect of acrylamide monomer on~ fragilis cells a plate 

count of cells was taken before and after contact with the acrylamide. 

A cell mass of 1.6 gm (wet weight, equivalent to 0.41 gm dry weight) 

was suspended in 30 ml Krebs Ringer and 1 ml was taken and dilution 

plated on PDA. The remaining cells were separated by aseptic centrifug­

ation and treated with 15% (~) acrylamide pH 7.1 as in section 3.6.1 
V 

above. After washing, the cells were again suspended in 30 ml Krebs 

Ringer and replated. 
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3.7 ANAL YSES 

3.7.1 Ethanol Analysis 

Ethanol was assayed by an enzymatic method after Bonnischen (1963) in 

which alcohol dehydrogenase (AOH) ca talyse s the following reaction, 

Ethano l + + + 
NAO ;;;:= Aceta lde h yde + NAOH + H 

A Hitachi spectrophotometer (model 101) was used to follow the increase 

in NAOH concentration by absorption changes at 340 nm. The assay mixture 
w 

contained 2.3 ml 15 % (-) glycine, 0.7 ml 0.25 N NaOH, 0.013 gm s e mi­
v 

+ 
carbazide hydrochloride, 0 .1 ml NAO (12 mg/ml), 0.05 ml alcohol 

dehydrogenase (6 mg/ ml) and 0. 1 ml dilute d sample to gi ve a final volume 

of 3.25 ml at pH 9.0. All solutions were prepared with glass distilled 

water. The mixture was incubated at 28°c for 70 minutes prior to reading. 

Calculations of the results were based upon the extinction coefficient of 
6 3 

6.22 x 10 cm /mo l e cm for the reaction read at 340 nm, 1 cm optical path 

using quartz ce lls. Trials with this method indicated that l ess than 5% 

error was obtained between standards and measured values. 

The reversible reacti o n has a constant K of 1.1 x 10-
11 

mole/1 at pH 7 

where the equilibrium lies t o the left. At alkaline pH the equilibrium 

is displaced to right. To ensure virtually complete displacement, 

Bonnischen (1963) included s e micarbazide hydrochloride in the reaction 

mixture to trap the acetaldehyde. 

In this study trials in the absence of s e micarbazide hydrochloride 

measured less than 15% of the ethanol present in the sample at pH 9.0. 

This increased to up to 80% of the ethano l present when the pH was 

increased to 10.0 with the a c tual amount of ethanol measured being 

dependent on the concentration of the sample. A smaller percentage o f 

the ethanol present was measured in the more concentrated samples. 

These trials indicate the necessity of the inclusion of semicarbazide 

in the reaction mixture to ensure accurate and reproducible ethanol 

analyses. 
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3.7.2 Reducing Sugar Analysis 

The volumetric copper r e duction me thod of Evnon and Lane (1923) was 

used for measurement of lactose and glucose. A modification involving 

the use of 1 ml of sample diluted to 25 ml was us e d to accommodate the 

sample size available in this study. 

3.7.3 Dry Weight Determinations 

For the growth curve deterwinations a 5 ml vo]ume of c ulture was 

centrifuged at 15°c (1000 x g for 10 minute s). The cells were washed 

twice in 15°c glass distilled water and dried to constant weight for 

6 hours at 105°c. 

The dry weight of washe d cells from section 3.2.5 was determined by 

drying 10 gm cells (wet weight) t o constant weight at 105°c for 24 hours. 

The total solids composition o f whey was determined by drying 10 ml to 

. h 0 constant weig t for 6 hours at 105 C. 

3.8 DATA ANALYSIS 

3.8.1 Measurement of Yeast Activity with Respect to Ethanol Production 

Initial fermentation studies of both fr ee and immobilized cells in 25 ml 

volumes of medium indicated a significantly linear relationship between 

ethanol production and time from the first hour of fermentation until 

substrate depletion, 4 to 8 hours later. The ethanol production rate over 

the first six hours of f e rmentation has been used as a measure of activity 

of the cells, assuming a constant substrate volume of 25 ml. 

The six hour fermentations minimized ethanol production from sources 

outside the gel. Cell leakage from the gel was evident in fermentations 

taking several days . Any free cells present would contribute to the 

activity of the system. Contamination by bacteria was also noted in some 

of the longer fermentations, but remained negligible in six hour fermenta­

tions. This method of activity measurement also enabled rapid determination 

of immobilized activity and direct comparison between experiments. 
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The activity with respect to ethanol fonrati on , has been calculated 

using a linear regression analysis (Most, ·ller et al., 1970) to determine 

a line of best fit and the correlation cc,ef ficient. Tables are available 

which define the correlation coefficient at various confidence levels 

(Rohlf and Sokal, 1969 ). In this study , tll the activities used were 

significant at the 95% confidence l evel ()r greater. 

3.8.2 Efficiency Calculations 

At various stages in this study the eff i c i ency of the conversion of 

sugar to ethanol has been calculated. Tl1 is calculation has been based 

upon the sugar utilize d (not the sugar a •,ai lable) and the theory that 

2 molecules of glucose or 1 molecule of .actose can produce 4 molecules 

of ethanol. The actual ethanol produced is expressed as a percentage 

of the possible theoretica l production. 

Sample Calculation of Efficiency 

Initial Lactose Concentration 

Final Lactose Concentration 

Lactose Utilized 

Theoreti ca l Ethanol Concentrat j on 

Initial Ethanol Concentration 

Final Ethanol Concentration 

0.12 M 

0.04 M 

0.08 M 80 mM 

4 X 80 = 320 mM 

0~ 

240 ~ 

Efficiency % = Final Ethanol Concentration 
theoretical ethanol concentration 

240 
= 320 % 75% 

3.8.3 Error Evaluation 

There are two main sources of error in the experimentsperformed, 

measurement errors and variations in cell cultures. 

3.8.3.1 MEASURED ERRORS 

The measured parameters in this study were pH, sugar concentration, 

ethanol concentration, and cell mass (wet and dry). Errors in pH 

measurement (Metrohm Herisau E 520) and dry weight were estimated 

as negligible. However in the measurement of wet cells the 

composition of the yeast cake may vary, particularly with respect to 



moisture. A standard separation and washing procedure was 

maintained to minimize this source of error. 
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In section 3.7.1 the ethanol analysis was found to record results 

within 5% of the actual value. 

The calculation of sugar concentration for the sugar analysis was 

performed with the use of a standard curve. The following equations 

were obtained for the standards curves by the use of at least 8 

points within the range tested: 

Fehlings solution volume (ml) 
Titration volume (ml) 

Fehlings solution volume (ml) 
Titration volume (ml) 

X (0.56 ± 0.03) 

Lactose concentration (M) 

X (0.725 ± 0.05) = 

Glucose concentration (M) 

Using these equation s the e rro r in a 0.12 M lactose measurement was 

5% and that in a 0.44 M glucose measure me nt was 7%. 

3 . 8 .3.2 CULTURE VARIATION 

In the determination of the gel composition for maximum i~mobilized 

activity (section 4.6) each experiment and each duplicate was 

conducted with freshly immobilized cells. This introduces possible 

variations in yeast culture composition, particularly in the enzyme 

complement. To gain an indication of the trend of the results each 

set of experiments (i.e. the range of BIS concentrations) was 

performed together using the same batch of cells. The duplicate set 

of experiments was performed on a subsequent day with a separate culture. 

The effect of this is particularly notable in the S. cerevisiae results 

where up to 20% difference was found between some duplicates however 

the trend of the duplicate experiments was similar. Differences of up 

to 12% were found between K. fragilis duplicates. 
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CHAPTER 4 

RESULTS 

4.1 DETERMINATION OF CELL GROWTH CURVES 

The growth curves and related ethanol production of~ fragilis and 

S. cerevisiae were established for incubation in the substrate media 

(0.12 M lactose or 0.44 M glucose) , supplemented with 1.3% (~) Nutrient 
V 

0 
Broth , at 30 C and 200 r.p.m. shaking. 

The maximum rate of ethanol production for~ fragilis, of 2.2 mMoles/hr/ 

gm cells was obtained between 15 and 22 hours after inoculation, as 

recorded in Figure 2. A logarithmic plot of these results, presented in 

Figure 3,allowed the ca lculation of the equations of cell mass and ethanol 

concentration as functions of incubation time. For the conditions 

described in section 3 . 2 .4; 

log (cell mass (gm/1)) -2.04 + 1.92 log (time (hours)) 

log (ethanol concentration (mM)) -· -1. 22 + 2 . 65 log (time 
hours)) 

These mathematically determined equations are only valid where the 

fermentation is not substrate limited. In Figure 2 the substrate has 

most likely limited the cell mass production after about 20 hours 

incubation and the ethanol production after about 25 hours incubation. 

This point is illustrated by Table II in which the measured values and 

the values predicted by the equations are compared. 

(1) 

(2) 



3 

2 

rl 
"--s 
~ 

~ 
~ 
~ 

1 ·.-I 
w 
~ 

~ 
H 
0 

0 
10 20 30 40 

Time (Ho urs) 

FIGURE 2. Growth curve for~ fragilis NRRL Y 1109. Cell mass 

and ethanol concentration were determined for cultures 
w 

grown in 0.12 M lactose, 1.3% (-) Nutrient Broth at 
V 

30°c. Cell mass, -o- ethanol concentration,-.-

39. 

300 i 
C 
0 

·.-I 
~ m 
H 
~ 
C 

200 w 
u 
C 
0 u 
rl 
0 
C m 
~ 

100 ~ 
~ 



40. 

rl 

'--g, 3.0 

0-, 
0 
..:I 

U) 
U) 

cu 
::s 
rl 

2.0 
rl 
Q) 

u 
01 
0 
..:I 

~ 1.0 

01 

/ 
0 
..:I 

s:: 
0 

·rl 
.µ 
cu 0 
H 

1.5 Log Time .µ 
s:: 

(Log Hours) Q) 
u 
s:: 
0 u 
rl D 0 
s:: -1.0 cu 

..c: 
.µ 
~ 

01 
0 
..:I 

-2.0 

FIGURE 3. Logarithmic plot of growth curve of!..:_ fragilis NRRL Y 1109 . 

Cell mass and ethanol concentration were determined for 

cultures grown in 0.12 M lactose, 1.3% (~) Nutrient Broth at 
V 

30°c . Cell mass ,--<>- Ethanol Concentration ,------ . 



41. 

· TABLE II. Measured and predicted values of cell mass and ethanol 
concentration during growth* of K. fragilis NRRL Y 1109. 

Time (hr) 
Cell Mass (gm/1) Ethanol Concentration {mM) 

Measured Predicted Measured Predicted 

4 0.14 ± .05 0.13 2 
8 0.45 ± .05 0.49 14 ± 4 15 

12 1. 20 ± .05 1.19 50 ± 3 44 
16 2.30 ± .05 1. 87 95 ± 5 94 
20 2.90 ± .05 2.87 190 ± 10 169 
24 3.10 ± .05 5.48 296 ± 15 274 
28 327 ± 18 412 

* The culture was grown in 0 .12 M lactose and 1. 3% (~) 

Nutrient Broth at 30°c . 
V 

The difference between the two sets of values, measured and predicte d, 

ranges from 1% to 18% of the measured values. The equations should 

provide for subsequent investigators, an estimate of cell mass and 

ethanol concentration during incubation prior t o substrate depletion. 

With S. cerevisiae the maximum rate of ethanol production of 2.8 mMoles/hr/ 

gm cells was achieved b e tween 26 and 32 hours after inoculation as 

portrayed in Figure 4. The equations for the prediction of cell mass and 

ethanol concentrati o n during incubation were calculated from Figure 5, a 

logarithmic plot of the results in Figure 4, where; 

log (cell mass (gm/1) ) -1.32 + 1.25 log (time (hours)) 

log (ethanol concen trati on (mM)) -0.34 + 1.83 log (time 
hours)) 

( 3) 

(4) 

Table III contains a comparison of the actual and predicted values obtained 

by using these equations. Prior to apparent substrate limitation of cell 

mass production at approximately 30 hours after inoculation the predicted 

values are within 10% of the measured values. For ethanol production it 

is likely that substrate limitation has occurred after 35 hours of 

incubation before which the predicted values are within 20% of the measured 

values . The equations may be used in further investigations to approximate 

cell mass and ethanol production during the incubation prior to substrate 

depletion . 
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TABLE III. Measured and predicted values for cell mass and ethanol 
concentration during growth* of S . cerevisiae NCYC 240. 

Cell Mass (gm/ 1) Ethanol Concentration (mM) 
Time (hr) 

Measured Predicted Measured Predicted 

4 0 .2 5 ± . OS 0 .2 7 7 ± 4 6 
8 0.60 ± .OS 0 . 64 17 ± 4 20 

12 1.10 ± .OS 1. 07 40 ± 2 43 
16 1.65 ± . 05 1. 53 85 ± 4 73 
20 2.03 ± . 05 2 . 02 100 ± 5 109 
24 2.34 ± . 05 2.54 180 ± 8 153 
28 2.60 ± .05 3.08 250 ± 15 203 
32 2.71 ± .05 3 . 64 390 ± 20 260 
36 420 ± 25 322 

* The culture was grown in 0.44 M glucose and 1. 3% (~} 

Nutrient Broth 3o0 c . V 
at 

The data obtained in thi s section was used to predict the incubation time 

for cells to b e immobilize d. Incubation periods of 16 hours for~ 

fragilis and 28 ho urs for S. cerevis i ae were used in all subsequent 

experiments. By harves ti ng at these times the maximum free cell ethanol 

producing a c tivity was obtained . 

4.2 FERMENTATIONS AT OPTIMIZED GEL CONDITIONS 

Cells immobilize d in the modified Ch iba t a et al . (1 974 ) gel, descr ibed 

in section 3.3.1, were found to give reproducible fermentation results 

for both K. fragilis and S . cere visiae with r e spect to ethanol production. 

In Figure 6 the ethanol p roduction results over 7 to 8 hours of fermenta­

tion are presented for free and immobilized cells of~ fragilis and~ 

cerevisiae. In all cases ethanol was produced at a constant rate from 

about the first hour of fermentation until substrate depletion. The 

constant rates of ethanol production r e ferred to as activity, were calculated 

from Figure 6 (as per section 3.8.1). All subsequent activity measurements 

were calculated in the same manne r. Act ivities of 1.25 ± .1 mMoles/hr for 
3 

1.25 gm of free K. fragilis cells and 1.00 ± .1 mMoles/ hr for 1.25 gm of 

3 A value of 1.25 gm weight wet o f cells represents the standardized 
quantity of!.:. fragilis cells us e d in the preparation of a gel 
10 mm x 70 mm and also is equivale nt to 0 .3 2 gm dry weight cells. 
The standard quantity of S. cerevisiae cells is 2.0 gm wet weight, 
or 0.52 gm dry weight. 
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immobilized K. fragilis cells were obtained. This is an activity yield 

of 80% for the immobilization procedure. Using 2.0 gm of~ cerevisiae 

cells, the free cells produced ethanol at 3 .20 ± .3 mMoles / hr and the 

immobilized cells at 1.50 ± .1 mMoles /hr g iving a yield of 47 % activity 

for the immobilization procedure. These r e sults are summarized in Table 

IV. The results represent the greatest immobilized ethano l producing 

activity found for both K. fragilis and S . cerevisiae . 

TABLE IV. Ethanol production rates for free and immobilize d* 
K. fragilis NRRL Y 1109 and S . cerevi s iae NCYC 240 cells. 

Yeast Activity (mMoles/hr) 
Nature of Preparation !S__:_ fragilis S. cerevisiae 

(1.25 gm) (2.0 gm) 

Free Cells 1. 25 ± .1 3.20 ± . 3 
Immobilized Ce lls 

(after Chibata) 1.00 ± .1 1.50 ± .1 
Immobilized Cells 

(after Neuhoff) No reproducib l e No reproducible 
resul ts results 

* Immobilized ce ll s were entrapped in polyacrylamide 
gel as described in s ecti on 3.3.1. 

The results have been expres s ed in mMoles/hr ethanol and all mass has 

been specified simply as 1.25 gm {wet weight) or 2 . 0 gm (wet weight). 

The reasons for presenting the data in this m~nner will be developed 

in sections 4.5.1 .3 and 4.5. 2 .3 where the af f ects of cell concentration 

on immobilized activity are investigated . In the initial experiments 

with this gel and with the Neuhoff (197 3 ) gel 1.5 gm (wet weight) cells 

were used. 

4.3 FERMENTATIONS WITH CELLS IMMOBILIZED IN THE ELECTROPHORETIC GEL 
OF NEUHOFF (1973) 

Experiments with cells immobilized in the Neuhoff (1973) gel, described 

in section 3.3.2, were performed by incubating 1.5 gm cells, in a 7 ml 

gel volume, in 125 ml of sugar solution at 30°c. Fermentation under 

these conditions did not exhibit reproducible results. In contrast 

fermentations incorporating 1.5 gm of free cells did give reproducible 

results. 
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FIGURE 7. Ethanol production by~ fragilis NRRL Y 1109 cells 

immobilized in the Neuhoff (1973) gel . A gel containing 

1.5 gm cells was used to ferment 125 ml 0.12 M lactose 

at 30°c, in experiments I and II. Asterisks indicate the 

first detection of visible turbidity in the medium and 

arrows indicate substrate depletion. The control 

experiments with free cells are represented by the 

broken line . 
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The data presented in Figure 7 for~ fragilis illustrates these points. 

Included in this figure are the results of two immobilized cell 

f e rmentations and of two free cell or control experiments performed 

under the conditions described in section 3.4 .1. 1. 

Using the free cells an initial e thanol production rate of 1.75 mMoles/hr/ 

1.5 gm cells preceded the maximum ethanol concentration o f 340 ± 35 mM 

and substrate depletion which occurre d after 40 hours of fermentation in 

both experiments. 

In the first immobilized cell experiment (I) ethanol was produced within 

the first 10 hours of fermentation. The detection of turbidity in the 

medium after 16 hours was followed by the maximum ethanol production rate 

of 1.35 mMoles/hr/1.5 gm cells . The maximum ethanol concentration of 

200 ± 20 mM and substrate depletion occurred after 50 hours of fermentation. 

In the second immobilized cell experiment (II) turbidity was detected in 

the medium after 45 hours of incubation and ethanol was present after 

60 hours incubation. A maximum ethanol production rate of 0.75 mMoles / hr/ 

1.5 gm cells was obtained prior to the maximum ethanol concentration of 

240 ± 25 rnM and substrate depletion afte r 120 hours o f fermentation. 

It is noted that the r e sults fro m these four fermentations were obtained 

under similar conditions. The two fermentation patterns, using immobilized 

~ fragilis, were repre sentative of the results obtained with both cell 

species. Lag periods o f up to 100 hours were obtained prior to ethanol 

production. In cases where the gel was noted to polymerise particularly 

slowly no ethanol production or substrate utilization was observed within 

150 hours of fermentation. When produced, the maximum concentration of 

ethanol attained was 40-70% of that produced by the free cells. The ethanol 

production rates were also decreased by 25 to 60%, after immobilization. 

A feature of these experiments was the coincidental appearance of turbidity 

and ethanol in the medium. In most experiments this turbidity was micro­

scopically shown to be due to the presenc e of a free cell yeast population 

in the fermentation medium. 

The results gained in this section suggested that the immobilization 

technique was detrimental to the ethanol producing ability of the cells. 

In particular, prolonged contact with the unpolymerised gel components 
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appeared to destroy ethanol producing ability totally. The effect of 

the gel components on the yeast cells will b e investigated in the next 

section . 

4.4 THE EFFECT OF GEL COMPONENTS ON ETHANOL PRODUCTION 

As the conditions used in the polymerization process appeared to have a 

significant influence on the subsequent activity of the immobilized cells, 

the effect of individual gel components on ethanol p roduction was tested. 

Figure 8 shows the e thano l p roducing a ct ivity of free~ fragilis cells 

which were subjected to 30 minutes exposure to solutions of gel components. 

w 
When compared with the results for the untreated cells 0 . 32% (-) TEMED 

V 

had little effect on the fermentative ability of the K. fragilis cells 

with a maximum ethanol concentration of 320 ± 30 mM and maximum ethanol 

production rate of 1.45 mMoles/hr/gm cells being reached. The untreated 

cell maximum production rate and concentration were 1.4 mMoles/hr/gm cell 

and 300 ± 30 mM, respectively. 

Ethanol was produced from the beginning of the fermentation using the 0.1% 

(~) ammonium persulfate treated cells. The ethanol production rate was 
V 

reduced to 0 .9 mMoles / hr/gm cells and the maximum ethanol concentration was 

decreased by 25% to 240 ± 25 mM due to the treatment. It was noted that 

substrate depletion occurred 30 hours after ethanol production ceased. 

Contact with 15 % (~) acrylamide at pH 7.1 and 8.3 produced two obvious 
V 

effects . Firstly the total ethanol production was lowered and secondly 

a lag period of 20 hours was present before ethanol production commenced. 

Inspection of Figure 8 suggests that the e ffect of exposure to acrylamide 

is pH dependent. At pH 7.1 a maximum ethanol concentration of 250 ± 25mM 

was attained by a maximum production rate of 0.8 mMoles/hr/gm cells. At 

pH 8.3 the reduction of these values was more pronounced with a maximum 

rate of 0.45 mMoles/hr/gm cells and a maximum ethanol concentration of 

130 ± 10 mM being recorded. Substrate depletion was also noted to occur 

50 hours after ethanol production has ceased. 

A similar set of results was obtained using S. cerevisiae and these are 

presented in Figure 9. 
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FIGURE 8. Ethanol production by~ fragilis NRRL Y 1109 cells 

exposed to gel components . One gram of fre e cells 

was exposed to a solution containing one of the 

following components for 30 minutes at 30°c and washed 

prior to the fermentation of 0.12 M lactose at 30°c. 
w 
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Arrows represent substrate depletion in each experiment. 
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FIGURE 9. Ethanol production by~ cerevisiae NCYC 240 cells 

exposed to gel components. One gram of free cells 

was exposed to a solution containing one of the 
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washed prior to the fermentation of 0.44 M glucose at 
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0.1% (~) ammonium persulfate,·" D··.. 15% (~) acrylamide 
V V 

pH 8.3,--i>--; 15% (~) acrylamide pH 7.1,--­
v 

Arrows represent substrate depletion where appropriate. 
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w 
Experiments testing the exposure of free~ cerevisiae cells to 0.32% (-) 

V 

TEMED and 0.1% (~) ammonium persulfate recorded ethanol production from 
V 

the beginning o f the fermentations at rates of 1.65 and 1.50 mMoles/hr/gm 

ce lls, slightly less than the rate of the untreated cel ls of 1.95 mMoles/hr/ 

gm cells. 

w . 
Contact with 15 % (-) acrylamide had three effects on the ethanol production 

V 

of S. cerevisiae cells. The amount of ethanol produced was reduced by 75%, 

with the rate of production being reduced by 82% to 0.35 mMoles/hr/gm cells. 

A lag period of about 20 hours was present prior to ethanol production. 

Thirdly , it was noted that substrate was not comp l etely utilized in 200 

hours of fermentation although ethanol production ceased after 60 hours. 

The results presented in Figures 8 and 9 are summarized in Table V. It is 

evident that exposure to acrylamide monomer causes a loss in ethanol 

producing activity in both cell species . This effect is more marked at 

pH 8.3 with!..:__ fragilis, than at pH 7.1 , and with S. cerevisiae . In these 

cases substrate depletion occurred at least 30 hours after ethanol 

production ceased. The effects of exposure to TEMED and ammonium persulfate 

are less significant . 

In addition to examining the ethanol producing ability of the cells 

exposed to acrylamide a viability test was performed using K. fragilis 

cells. The cells were treated in the same manner, i.e. 30 minutes 

exposure at 30°c with 15% (~) acrylamide at pH 7 .1, with plate counts 
V 

being performed on PDA before and 
8 

concentration of 5 x 10 cells/ ml 

a reduction of greater than 99.9%. 

after treatment . The initial cell 
5 

was reduced to l ess than 10 cells/ml, 

From the results of these experiments examining the effects of the gel 

components on ethanol production the following hypothesis was formed for 

the monomer treate d cells. Acrylamide monomer was found to exert the 

greatest damaging effect on the free cells . As a result of the large loss 

in cell viability, through exposure to acrylamide, in the initial stages · 

of the fermentation the cell mass consisted of primarily dead cells and 

therefore ethanol production was at a low level, not detected by the 

method of analysis used. These dead ce lls then lysed releasing nutrients 

into the medium upon which the remaining viable cells could multiply and 

produce detectable levels of ethanol. The overall e ffect of this was to 

produce lag periods prior to ethanol production. 
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TABLE V. Ethanol production by !S._ fragilis NRRL Y 1109 and§...:_ 
cerevisiae NCYC 240 cells after exposure * to gel compone nts. 

Gel Component Tested 

Lag period 
(hr) 

Maximum Rate 
mMoles/hr/ gm 

cells 

Maximum 
Concentration 

mM 
w w w m m m m ·rl m ·rl m ·rl 

·rl m ·rl m ·rl m 
rl ·rl rl ·rl rl ·rl 
·rl > ·rl > ·rl > 
~ w ~ w ~ w m H m H m H 'I H ~~ ·1 w ~ u 'I H ~~ ·1 w ~ u 'IH 

~~ ·lw 
~ u 

None 1.40 1.95 300 560 
TEMED 0.32 % ,~, 1.45 1.65 320 560 

. V f ,~, Ammonium persul ate 0.10% 0.90 1.50 220 500 
Acrylamide pH 7.1 15% ,~, V 

20 20 0.80 0.35 240 150 
Acrylamide pH 8.3 15% v(~) 25 25 0.45 0 .35 130 130 

V 

* Free cells were exposed to individual ge l components for 30 minutes 
at 30°c. 

It also appears that the acrylamide affects the movement of product 

within the cell' senvironment in an inheritable manner causing a build 

up of product near the cell. Alternatively contact with acrylamide may 

affect the cell's tolerance to ethanol. Both of these possibilities 

would introduce the phenomenon where ethanol production ceased prior to 

substrate depletion. 

4.5 THE EFFECT OF PROTECTIVE AGENTS AGAINST ACRYLAMIDE DAMAGE 

It was recorded in the previous section that contact with acrylamide 

destroyed at least 99 . 9% of .!S_ fragilis cell viability. To minimize 

the damage caused by the acrylamide four general protective compounds 

were used to pretreat the cells before exposure to acrylamide. The 

compounds, 1% (~) glycerol, 1% (~) gelatin, 1 % (~) Tween 80 and 0.75% {~) 
V V V V 

dithiothreitol, were used as described in section 3.6.2. 

The results of these fermentations are presented in Figure 10. Similar 

fermentation patterns were recorded by all treated cells with such 

obvious features as a 20 to 30 hour lag period prior to ethanol 

production and a maximum production rate of 0.6 to 0.9 mMoles/hr/gm cells. 

The results are compatible with those on Figure 8 for contact with 15% (~) 
V 

acrylamide at pH 7.1 suggesting that the general protective agents were 

not effective against acrylamide damage to K. fragilis cells. 
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FIGURE 10. Ethanol production by~ fragilis NRRL Y 1109 cells after 

exposure to protective agents and acrylamide monomer. 

One gram of cells was exposed to one protective agent 
w 

for 10 minutes prior to 30 minutes exposure to 15% (-) 
0 

V 

acrylarnide pH 7.1 at 30 C , washing and fermentation of 

0.12 M lactose. 

Untreated cells, -o-
w 

1% (-) Tween 80, ·· ·•···· 1% (~) 
V V 

glycerol, - ~ - ; 1 (~) . 7 (w) % gelatin,····O···; 0. 5% -
V V 

dithiothreitol,-+- Arrows represent substrate 

depletion in each experiment. 
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At this stage, the exact site of acrylamide damage has not been located. 

As acrylamide appeared more damaging to~ cerevisiae than~ fragilis 

in section 4.4 it was highly doubtful that the protective agents would 

be effective with S. cerevisiae cells. Consequently, continued 

experiments with S. cerevisiae were terminated. 

The results from this section indicate that simple protective agents do 

not affect acrylamide damage to~ fragilis cells. No further 

experimentation was performed to elucidate the nature of this damage 

caused by the immobilization of cells in the Neuhoff (1973) gel. 

4.6 FACTORS AFFECTING IMMOBILIZED ACTIVITY 

In this section of work four factors affecting immobilized cell activity 

were investigated. These were: 

1) monomer concentration in the gel. 

2) Crosslinking agent concentration in the gel. 

3) Yeast cell concentration in the gel. 

4) Fermentation substrate concentration. 

In a series of batch fermentations the concentrations of these components 

resulting in maximum immobilized activity were determined for both K. 

fragilis and S. cerevisiae. In all batch fermentations 1 gel of 5 ml 

volume was incubated in 25 ml of fermentation media at 30°c as described 

in section 3.4.1.2. 

4.6.l Immobilization of K. fragilis in Polyacrylamide Gel 

4.6.1.1 ACRYLAMIDE CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

The results of the investigation of the effect of acrylamide 

concentration on ethanol production by immobilized!..:_ fragilis are 

presented on Figure 11. For concentrations of acrylamide below 

12 - 15% (~) a low immobilized cell activity was recorded however 
V 

this increased to a relatively constant value of 0.95 mMoles/hr/ 
w 

1.5 gm cells for acrylamide concentrations between 12 and 25% (-) 
V 

monomer. The range of monomer concentrations was not extended 

further as the gels became rigid and fragile above 25% 
w 

(-) monomer 
V 
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FIGURE 11. Ethanol production activity (mMoles/hr) by immobilized 

~ fragilis NRRL Y 1109 as a function of the 

concentration of acrylamide in the gel. A cell 

concentration of 1.5 gm/gel and 5.5% of the 

acrylamide weight as BIS were included in the gel 

which was used to ferment 0 .1 2 M lactose at 30°c. All 

other conditions are described in sections 3.3.1 and 

3.4.1.2. 
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and jelly-like below 5% (~) monomer making handling difficult. 
V 

In subsequent experiments with~~ fragilis a 15% (~} acrylamide 
V 

concentration was used in gel preparation. This concentration 

was chosen from within the range of monomer concentrations for 

maximum activity while limiting the opportunity for acylamide 

damage that is present at higher concentrations. 

4 . 6.1.2 BIS CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

The range of BIS concentrations used was chosen arbitrarily from 

literature data. The p hysi ca l properties of the gel we re similar 

over the range tested , 0 . 6 to 2.4% (~} crosslinking agent . 
V 

The results, presented in Figure 12, suggested ethanol producing 

activity of!..:_ fragilis is sensitive to the amount of crosslinking 

in the gel. Ethanol activity increases with increasing BIS 

concentration t o a maximum of 1. 2 mMoles/hr/1.5 gm cells at 1.5% (~) 
V 

BIS. The activity at any point within the range used can be 

estimated by the equation : 

Activity (mMo l e s / hr) - 0 . 4 (BIS ( % ~)) - 1.5)
2 

+ 1.20 
V 

( 5) 

As recorded by the line on Figure 12, this equation is representative 

of the measured results. 

In subsequent experiments with K. fragilis 1.5% (~) BIS was used in 
V 

the gel. 

To test the uniformity of the cell activity between experiments the 

results obtained in this e xperiment we re compared with the results 

from the acrylamide experiments (4.6.1.1). The compatibility is 

illustrated on Figure 12 where the asterisk represents the result 
w 

for 15% (-) acrylamide from Figure 11 which was obtained under the 
V 

same conditions as used in this experiment . 
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FIGURE 12. Ethanol production activity (mMoles / hr) by immobilized 

K. fragilis NRRL Y 1109 as a function of BIS concentration 

in the gel. Th e gel also contained 1.5 gm/gel cells and 

15% (~) acrylamide and was used to ferment 0.12 lactose at 
V 

30 C. All other conditions are described in sections 

3.3.1 and 3.4.1.3. The line is representative of the 

equation: 

activity (rnMoles / hr) - 0.4 (BIS (% (~)) - 1.5)
2 

+ 1.20. 
V 
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4.6.1.3 YEAST CELL CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

Using the gel methodology described in section 3.3.1 the concentration 

of immobilized~ fragilis cells was varied from 0.5 to 2.5 grams per 

5 ml volume of gel. Following bat c h fermentations in 0.12 M lactose 

the results were recorded on Figure 13. 

The results indicate that immobilized activity increased rapidly with 

increasing cell concentrati on until 1 gm cells per gel. At cell 

concentrations above 1 gm per gel small increases in activity were 

gained with increased cell concentrations . 

Two possible reasons for this effect are: 

a) the increased inactivation of the cells due to a retardation 

of the po lymerisation reaction by high ce ll concentration 

(the effects of increased exposure of gel components to cells 

were discussed in section 4.4) and 

b) the use of an inefficient particle size where cells at the 

centre are not r eceiving sufficient substrate . Diffusion 

limitations were proved negligible in subsequent experiments 

(sections 4.5.1.4 and 4.7.4) h owe ver the relatively high 

immobilized activity may cause near complete substrate 

utilization at the gel surface producing low substrate 

concentrations within the gel. 

The non linear relationship between cell concentration and 

immobilized activity precluded the use of standard activity units 

of mMoles /hr/gm cells. In activity measurement the cell mass has 

been stated. It is noted that in all cases of immobilization 

1.5 gm of cells were used prior to the determination of the 

concentrations, of 1.25 gm per gel for~ fragilis and2.0 gm per 

gel for S. cerevisiae, for maximum immobilized activity per gram of 

cells. 

A reciprocal plot of this data suggests that the maximum activity of 

2.05 mM/hr can be obtained with a cell mass of 1.25 gm per gel. The 

equation predicting immobilized activity as a function of cell 

concentration of: 

1 
activity (mMoles/hr) 0.43 + 

0.52 
(gm cells per gel) 

(6) 
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FIGURE 13. Ethanol production activity (mMoles/hr) by immobilized 

h fragilis NRRL Y 1109 as a function of cell 

concentration in the gel . The gel also contained 

15% (~) acrylamide and 1 . 5% (~) BIS and was used 
V V 

to ferment 0 . 12 M lactose at 30°c . The line is 

representative of the equation : 
0 . 52 

l = 0 . 43 + 
activi t y (mMoles/hr) cell concentration (gm/gel) · 
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was obtained from this plot . As illustrated by the line on Figure 

13 this equation is representative of the measured results. 

The compatability betwee n the r e sults of this experiment and the 

results of the BIS expe rime nts is s hown by the inc lusion of the 

1.5% (~) BIS result as an aste risk o n Figure 13. 
V 

4.6.1.4 THE EFFECT OF SUBSTRATE CONCENTRATION ON CELL ACTIVITY 

A range o f substrate co ncentrations o f 0.06 M to 0.26 M lactose were 

used to determine the influence of substrate conce ntration on the 

ethanol production of free and immobilized K. fragilis cells . 

The experimental results indi c ate d that for both free and immobilized 

cells the ethanol producing a c tivity increase d with increasing substrate 

concentration . At high substrate c o ncentrations l e ss ethanol was 

produced per unit substrate . These results are presented in Table VI 

along with informatio n about the yi e ld of ethanol e xpressed as a 

percentage efficiency a s d e scribe d in s e ction 3.8.2. 

It was n o t e d that the e ffici ency f or both fre e and immobilized c e lls wa s 

greatest at low lactose con centrations and de c rease d as an exponential 

decay with increasing substrate c once ntration. For maximum ethanol 

production low substrate conce ntrations should be used in batch 

fermentations. 

The efficiencies of the free ce lls we re 10 - 20 % higher than those of 

the immobilized cells. The immobili zed cells appear to have a higher 

maintenance energy requirement than the free cells which may be due to 

the effect on the metabolic processes of the cells of the unpolymerised 

gel components. 

A Lineweaver-Burk plot of the results is presented in Figure 14. 

This shows that the apparent Vmax for both the free and immobilized 

cells is the same at 2 .7 rnMoles / hr. The apparent Michealis Constant 

(Km) increases on immobilization from 0.15 M to 0.19 M. The equations 

of the lines can be used to predict activity as a function of substrate 

concentration where, 

1 
activity 

o. 36 + 
0.059 

substrate concentration 
( 7) 
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l 
activity 

0 .36 + 
0.076 

substrate concentration 

for free and immobilized cel l s respective ly. 

TABLE VI. Ethanol production activity and e fficiency* of free and 
immobilized~ fragilis NRRL Y 1109 ce ll s as a fun c tion 
of substra t e concentrati on . 

Lactose Concentration 
(M) 

0.06 
0.09 
0.12 
0.15 
0.18 
0 . 2 1 
0.26 

Immobilized Cel l s 

r-1 s::: 
0 0 
s::: ·.-i 
'1l .µ 
.c '1l 
.µ H ::S 
t:il +J E 

s::: 
r-1 QJ 
'1l u 
s::: s::: 

·.-i 0 
ii., u 

1 80 
215 
280 
300 
325 
320 
365 

If) 

N 

0 . 55 
0 .7 0 
1. 00 
1.10 
l. 25 
l. 40 
l. 55 

o\O 

>, 
u 
s::: 
Q) 

·.-i 
u 

·.-i 
4-l 
4-l 
t:il 

75 
60 
58 
50 
45 
38 
35 

205 
250 
310 
360 
430 
460 
570 

Free Cells 

If) 

N 

r-1 
'-.. 
H .c ~ 

>, '-.. E 
.µ Ul tJ, 
·.-i Q) 
::, r-1 

·.-i 0 

t ~ 
,.i:: 

0. 70 
1.00 
l. 20 
l. 30 
1.40 
1. 65 
l. 80 

* Efficiency was calculated as described in section 3 .8.2. 

(8) 

o\O 

85 
70 
65 
60 
60 
55 
55 

These results indicate that the polyacrylami de gel imposed only a 

slight resistance to diffusion of substrate and produc t as the 

apparent Km in c re ased by on l y 25% on immobilization . Although the 

specific activity is reduced by 20% on immobilization it appears 

that the apparent Vmax was unaltered. 

4.6.2 Immobilization of S. ce r evisiae in Polyacrylamide Gel 

4.6.2.l ACRYLAMIDE CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

The ethanol production rates of immobilized~ cerevisiae for 0.44 M 

glucose fermentations a s a function o f acrylamide concentration were 

recorded on Figure 15. 
w 

At con centrations of acrylamide between 5% (-) 
V 

and 25% (~) the immobilized e thanol producing activity was constant 
V 

at 1.15 mMoles / hr/ 1.5 gm cells. At higher concentrations of acrylamide 

the activity decreased rapidly. This decrease in activity may be due 
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FIGURE 14. Lineweaver-Burk p l ot of!..:._ fragilis NRRL Y 1109. A 

range of substrate concentrations of 0.06 M to 0.26 M 

lactose was used for fermentation by 1.25 gm cells as 

described in section 3.4.1.2. The immobilized cells 

gel containing 15% (~) acrylamide 
V 

were entrapped in a 
w 

and 1.5% (-) BIS as 
V 

described in section 3 . 3 .1. Free 

cells, -o-- immobilized cells, -+- . 

20 
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to the increased toxicity of greater acrylamide concentrations 

or to limitations on mass transfer with the gel at higher monomer 

concentrations. At this stage the experiments do not permit 

separation of these two effects. 

In subsequent experiments 20% (~) acrylamide was included in the gel 
V 

for the immobilization of S . cerevisiae . The initial analysis of 

r esults indicated a slightly higher activity at 20% (~) acrylamide. 
V 

4.6.2.2 BIS CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

Variations in BIS concentration affected the physical properties of 
w 

the gels containing~ cerevisiae cells. At 5 - 10% (-) BIS the gels 
V 

were flexible and the cutting of uniform particles was difficult. 

The effect of the cross linking agent concentration on the ethanol 

producing activity of the immobilized ce lls is presented in Figure 16. 

At low concentrations of BIS the activity was low, rising to a maximum 

of 1.35 rnMoles/hr/ 1.5 gm cells at approximately 1.4% (~) BIS. The 
V 

production of activity as a function of BIS concentration can be 

estimated by the equation: 

activity (rnMoles/hr) 0.35 (BIS (% (~)) - 2.0)
2 + 1.35 

V 
(9) 

This equation is represented by the line on Figure 16 and lies within 

the experimental error of all points above 0.5% (~) BIS. 
V 

Concentrations of 1.6% (~) BIS were used in subsequent expe riments . 
V 

It was noted that the results in this experiment were not compatible 

with the results of the acrylamide experiments (section 4.6.2.1). 

The results from the fermentation of a gel of similar composition in 

the acrylamide experiments is included on Figure 16 as an asterisk. 

The activity in the BIS experiments at this point is approximately 

25% lower than that indicated by the asterisk. Further discussion 

on this difference is included in section 4.6.2.4. 

4.6.2.3 YEAST CELL CONCENTRATION FOR MAXIMUM IMMOBILIZED ACTIVITY 

The range of cell concentrations investigated using S. cerevisiae, 

of 0.5 to 3 gm cells/gell, was similar to that used for K. fragilis 

(section 4.6.1.3). 
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FIGURE 16. Ethanol p rod u c ti on a c tivity (mMo l e s / hr) by immobilized 

S. cerevisiae NCYC 240 as a fun c tion of BIS concentration 

in the gel. The g e l also contained 1.5 gm/ gel cells and 

20 % (~) a c rylamide and was u s ed t o ferme nt 0.44 M glucose 
V 

at 30°c. All o ther conditio ns are described in sections 

3.3.1 and 3.4.1.2. The line is representative of the 

equation: 

activity (mMol e s / hr) = - 0.35 (BIS (% (~)) - 2.0)
2 

+ 1.35. 
V 
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The effect of cell concentration on the immobilized cell's ethanol 

producing activity is represented on Figure 17. The results show 

that immobilized activity increased rapidly in a linear manner from 

1.0 gm cells/ gel to 2.0 gm cells/gel. At concentrations above 

2.0 gm cells/gel there was a marked reduction in the rate of increase 

of activity with increasing cell concentration. The ethanol producing 

activity of S. cerevisiae as a function of cell concentration can be 

represented by the equation : 

log (activity (mMoles / hr)) -0. 1 7 (:c 
2 

3 ) + 0 . 34 

where x = cell concentration (gm/ge l) 

This equation is presented as the line on Figure 17. 

As for~ fragilis the non-linear nature of the activity as a 

function of cell concentration precluded the use of the standard 

(10) 

uni ts of measurement mMoles/hr/gm cells. Activity results have been 

re corded with the cell mass stated. 

In subsequent experiments the cell concentration o f 2 gm cells/gel 

was used because at hi gher cel l concentrations the activity per gram 

of cells diminished, although the overall activity continued to 

increase slowly . 

As with the previous sets of e xperime nts the results are not 

compatible with those o f the BIS experiments . This is illustrated on 

Figure l7 by the inclusion of the BIS result for 1.5 gm cells 

(represented by the asterisk) which is approximately 25% greater than 

the corresponding result obtained in this experiment. 

4.6.2.4 THE EFFECT OF SUBSTRATE CONCENTRATION ON CELL ACTIVITY 

A range of substrate concentrations of 0 .11 to 0.66 M were used to 

determine the effect of glucose concentrations on the ethanol 

producing activity of both free and immobilized S. cerevisiae cells. 
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FIGURE 17. Ethanol production activity (mMoles/hr) by immobilized 

S. cerevisiae NCYC 240 as a function of cell concentration 

in the gel. 

1.6% (~} BIS 
V 

The line is 

The gel also 

and was used 

representative 

contained 20% (~) acrylarnide and 
V 

0 
to ferment 0.44 M glucose at 30 C. 

of the equation : 
2 

log (activity (rnMoles / hr)) = - 0.17 (x - 3) + 0 .34 where 

x = cell concentration (gm/ge l). 
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It was found that the activity of both free and immobilized cells 

did not increase indefinitely with increasing substrate concentration 

but reached a maximum rate of production of approximately 3.2 mMoles/ 

hr/2 gm cells for free cells and 1. 5 mMoles/hr/2 gm cells for immobilized 

cells at a glucose concentration of 0 . 27 M. These results are 

presented on Table VII along with the efficiency calculations. 

TABLE VII. Ethanol production activity and efficiency* for free and 
immobilized S. cerevisiae NCYC 240 as a function of 
substrate concent rati on . 

Immobilized Cells Free Cel ls 

rl s:: & dP rl s:: & dP 
Glucose Concentration 0 0 N 0 0 N s:: ·rl '-- s:: ·rl '--(M) C1l .µ H >, C1l .µ H >, 

.c C1l .c u .c: C1l .c u 
.µ H i >, '-- C: .µ H >, '-- C: w .µ .µ (/) Q) w .µ i .µ (/) Q) 

s:: ·rl Q) ·rl C: ·rl Q) ·rl 
rl Q) :> rl u rl Q) :> rl u 

C1l u ·rl 0 ·rl C1l u ·rl 0 ·rl 
s:: C: ti 4-< C: C: ti 4-< 

·rl 0 4-< ·rl 0 4-< 
µ. u ,:i; w µ. u ,i: w 

0.11 165 0.60 75 210 1. 30 95 
0.22 265 1. 30 60 395 2.20 90 
0.33 360 1. 4 8 55 530 3 .25 80 
0.44 385 1. 54 44 620 3.00 70 
0.55 430 1. 54 39 715 3.10 65 
0.66 430 1. 45 35 730 3.30 60 

* Efficiency calculations are described in section 3.8.2. 

The efficiency of glucose conversion is greatest at low substrate 

concentrations, as with .!S__ fragilis (section 4.6.1.4). The immobilized 

cells show an exponential efficiency decay whereas the free cell 

efficiency decreases in a linear manner with increasing substrate 

concentration. In the case of S. cerevisiae the immobilized cells 

are 20 - 30% less efficient than the free cells. 

A Lineweaver-Burk plot of the results from Table VII (Figure 18) 

indicates that the apparent Km is the same (within experimental error) 

for both free and immobilized ce lls at 0.27 M for the immobilized ce lls 

and 0.28 M for the free cells. The apparent maximum velocity is 

halved from 5.0 mMoles / hr to 2.3 mMoles/hr on immobilization. This 

reduction in velocity is consistent with the loss in specific activity 

evident on immobilization. The equations derived from Figure 18: 
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FIGURE 18 . Lineweaver-Burk plot of_§..:_ cerevisiae NCYC 240 . A 

range of substrate conc entrations of 0 . 11 to 0.66 M 

glucose was used for fermentation by 2.0 gm cells as 

described in section 3.4.1 . 2. The immobilized cells 

20% (~) acrylamide 
V 

were entrapped in a gel containing 
w 

and 1.6% (-) BIS as described in section 
V 

3 . 3 . 1. Free 

cells , -o-- ; immobilized cells, -.- . 
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1 0.055 
+ free cell activity 

1 

0.20 
substrate concentration 

(11) 

immobilized activity 
0.43 + 

0 .11 7 
substrate concentration 

(12) 

may be used to predict~ cerevisiae activity as a function of 

subs trate concentration for free and immobilized cells respectively . 

The results (Table VII) suggest that it is advantageous to use low 

substrate concentrations with this s train of S . cerevisiae in batch 

fermentations. Above 0.27 M substrate concentrations therewas no 

increase in activity and the efficiency of conversion was reduced. 

Immobilization in polyacrylamide gel imposed no apparent resistance 

to diffusion of substrate and product as the apparent Km was unchanged 

on immobilization. 

It is noted that the activity in this e xperiment for 0.44 M glucose 

at 1.54 mMoles / hr/2 gm cells was s lightly les s than that of 1.65 mMoles/ 

hr/2 gm cells obtained under the same conditions in the cell concentra­

tion experiment (secti on 4.6.2.3). This trend has been evident 

throughout these experiments with_§.:_ cerevisiae. The comparison of 

these results with p r evious data has indicated that the BIS results 

(section 4.6.2.2) were 25% lower than those of the acrylamide experiment 

(section 4.6.2.1) and the cell concentration experimental results 

(section 4.6.2.3) were 25% lower than the BIS results. 

Free cell experiments, performed as ' control' experiments for the 

immobilized cell fermentations, showed that the ethanol production 

activity prior to these batch fermen tations was similar to that 

obtained for the free cells in the substrate concentration experiment 

which was performed as the last experiment. One explanation for this 

deterioration in activity is a gradual increase in the susceptibility 

of the ethanol producing mechanism to damage by the immobilization 

procedure. This may have been due to either changes in the cells 

during storage of the stock cultures as slopes for these experiments 

were subcultured at one time and stored for one to four weeks until 

required or alternatively to undetected changes in the immobilization 

procedure. At this stage, no satisfactory explanation for the 

observation exists. 
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4.7 INVESTIGATION OF THE FEPEATED AND CONTINUOUS USE OF IMMOBILIZED CELLS 

4.7 .1 Repeated Batch Experiments with K. fragilis 

In all experiments performed up to this point~ fraqilis cells have been 

immobilized, used for a fermentation of lactose and discarded. In this 

experiment the cells we re not dis carded , but rather sto red for up to 5 days 

in 0.1 M tri s -HCl buffer pH 7.1 at 4°c a nd reused as required in 

fermentation studies. In total s ome eighte en 6 hour f e rmenta t ions were 

performed over 45 days using a ge l containing 1.5 gm we t weight cells as 

described in section 3 . 3.1 . 

The results of these ferme ntations are presented on Figure 19. The ethanol 

production rate obtained for the first f ermentation was 1.20 rnMoles/hr/ 

1. 5 gm cells. This is comparable with that found un,for the same conditions 

in sections 4.6.1.2 and 4.6.1 . 3 o f 1.25 rnMoles/hr/1.5 gm cells. 

Over the first eight ferme ntatio ns the e thanol produ ~ing activity at the 

immobilized cells was found t o d e cre ase at a relativ=lY constant rate of 

0.008 rnMoles / hr/ hr fermentati o n time . This indicatej that the immobilized 

system was not stable unde r the conditi o ns used. 

4.7.2 Rejuvenation of the Decayed Acti 'lity of Immobilized K. fragilis 

Cells 

One possible means of increasing the 1019 term stability of the immobilized 

cell system was to rejuvenate the decay 3d activity in the gel. In this 

experiment the gel used for the e ight 1 2peated-use fermentations was placed 

in a complete growth medium as decribed in section 3.5 for 24 hours at 

30°c. During the incubation the medium became heavily clouded with cells, 

microscopically shown to be yeast . This result suggested that the cells 

were still viable after nineteen days of intermittent use. At the end of 

the growth period the gel pellets were washed twice and returned to the 

fermentation and storage pattern of above (section 4.7.1). 

In the next fermentation of 0.12 M lactose the substrate medium became 

turbid within an hour due to the presence of a free cell population. The 

higher ethanol production rate was attributed to these free cells in the 

medium. In the five subsequent fermentations the turbidity was not 

apparent and the activity decreased at a faster rate than previously. 
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FIGURE 19 . Ethanol production activity (mMoles / hr) in repeated 

batchwise fermentations by~ fragilis NRRL Y 1109 

cell s of 0.12 M l actose. Between each 6 hour 

fermentation the gel was stored at 4°c in tris- HCl 

buffer for up to 5 days. The arrows represent the 

at t empts at rejuvenation as described i n section 3 . 5 . 

Immob ilization was performed by entrapping the ce lls 

in a ge l con t aining 15% (~) acr ylami de , 1. 5% (~) BIS 
V V 

and 1.5 gm/gel ce ll s as described in section 3 . 3 . 1 . 

73. 
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The calculated rate of ethanol a c tivity decay was 0.02 mMoles/hr/hr 

of fermentation, 2.5 times the decay rate prior to rejuvenation. A 

second attempt at rejuvenation produced similar results, i.e. an initial 

activity increase followed by a rapid de c ay in activity of 0.04 mMoles/hr/ 

hr fermentation in subsequent fermentati ons 

The broken line of Figure 19 depi c ts the e xtrapolated rate of decay curve 

over the first eight f ermentations. Insp ection of the fermentation results 

following rejuvenation suggests that the decay in activ ity tends to this 

line. 

From the results obtained in thi s s e ction it does not appear at this stage 

possible to rejuvenate the ethanol produc ing activity of .!S..:_ fragilis cells 

fermented in 0.12 M lactose by inc ubation in a complete medium for yeast 

growth. This work was no t continued. 

4.7.3 The Reuse of Immobilized Ce lls Using Supplemented Fermentation 
Media 

The second approach t o incre ase d immobilized cell stability during 

r epeated fermentations i nvo lve d the incorporation of cell maintenance 

nutrients in the substra t e s o lutio n. For~ fragilis supplements of 
w 

0.5% (-) peptone and a salt solution were used, along with whey. For 
V 

w 
§__:__ cerevisiae, a 0.5% (-) peptone supplement was used. The results of 

V 

the successive fermentations are give n in Table VIII. 

The results from~ fragilis expe riments without these supplements 

(section 4.7.1) indicated a rate of decre ase in ethanol production activity 

of 0.008 mMoles/hr/hr fermentation during the first eight ferme ntations. 

A similar rate of activity decay of 0.013 mMoles / hr/hr fermentation was 

seen when the 0.1% (~) salt s o lution was used as the supplement. When 
V 

0.5% (~) peptone was used the initial immobilized activity was maintained 
V 

in both yeast species. The activity of~ fragilis in whey increased 

slightly with repeated use, presumably due to the production of cells 

within the gel. Some turbidity was noted in these fermentations due to 

free yeast cells leaking from the gel and into the medium. These cells 

would have contributed to the activity. The gels were washed thoroughly 

between fermentation to remove free yeast cells and therefore any remaining 

free cells would have originated in the gel. The addition of peptone on 

the nutrients in whey may have induced cell growth. 



TABLE VIII. Repeated batchwise fermentation of immobilized*~ fragilis NRRL Y 1109 and_§..:_ cerevisiae 
NCYC 240 utilizing various fermentation media. 

Cell Species Substrate Activity (mMoles/hr) Average Efficiency 
Reuse l 2 3 4 5 (%) 

fragilis 
w 

K. 0.12 M Lactose+ 0 .5% (-) peptone 1. 25 1.20 1.05 1.25 1.20 65 
V 

0.12 M Lactose+ 0 .1 % (~) salt 
1. 25 1.15 1.00 0.95 0.90 

solution 
V 60 

Whey 1. 75 1.85 1.65 1.80 1.90 60 

cerevisiae 0.44 M Glucose+ 0 . 5% 
w s. (-) peptone 1. 35 1.45 1.45 1.45 1.50 50 
V 

* Both yeast species were immobilized in a gel optimized for K. fragilis as described in section 3 . 3 .1. 

'-..l 
U1 
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The use of supplemented fermentation media may be a beneficial means of 

· preventing activity decay in immobilized!_: fragilis and~ cerevisiae 
w 

In these experiments (Table VIII) the jncorporation of 0.5% (-} peptone 
V 

appears to stop activity decay for at least five repeated fermentations 

whereas the incorporation of d salt solution had no apparent effect on 

the results. This suggests the value of adding peptone (0 . 5% (~)) to 
V 

the substrate. 

4.7.4 Continuous Ethanol Production from Whey by Immobilized K. fragilis 

The ultimate step in repeated-use experimentation was the construction of 

a continuous system. The results from the previous section (4.7.2) 

indicated that immobilized~ fragilis cells systems were more stable, with 

respect to ethanol producing ability, when a more complex growth medium 

was used , i.e. a medium supplemented with 0.5% (~) peptone or a whey medium. 
V 

The latter was used for continuous experimentation. 

Run No . 1 

In the first run the continuous f e ed subs trate was a dilute whey (of 
w 

approximately half strength) containing 0.08 M lactose and 3.6% (-) total 
V 

solids with a pH of 4.5. This was fed into the reactor at a constant rate 

of 0 . 25 SV at 30°c over a period of 10 days. The concentration of ethanol 

in the eff l~ ent is recorded in Figure 20 and indicated that the maximum 
w 

ethanol concentration of 240 mM ethanol (1.1 % (-}) was produced during 
V 

the second day of operation. This had d e creased to 220 mM ethanol after 

10 days. During the fermentation lactose levels in the eff l~.ent were l e ss 

than 10 mM giving a conversion efficiency of lactose to ethanol of about 

70 to 75%. A plate count of cells in the eff l~ent after 10 days indicated 
6 

that a cell concentration of 10 cells/ml was present. This would be less 

than 0.1% of the initial immobilized cell population of approximately 10
10 

cells . The free cell population was therefore expected to contribute little 

to the ethanol production of the reaction. 

The results of this run indicated that the reactor contained a relatively 

stable ethanol production activity in the form of immobilized~ fragilis 

cells . Over a 10 day period the effluent ethanol concentration decreased 

by less than 10%. If this rate of activity decay continued the reaction 

contents would have a half life of greater than 50 days. 
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FIGURE 20 . Effl u ent e thanol conce ntratio n as a function of time 

in a continuous reactor containing immobilized K. fragilis 

NRRL Y 1109 cells. The cells were immobilized in a 

modified Chibata et al. (1974) gel (3.7 gm in total) and 

were used to ferment a half strength deproteinized whey 

containing 0.08 M lactose at 0 . 25 SV and 30°c as described 

in sections 3 . 3.1 and 3 . 4.2 . 
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Run No. 2 

The second run was performed using a whey containing 0.15 M lactose to 

establish the flowrate at which the substrate was completely utilized. 

A range of four substrate flowrates was used to produce the results in 

Figure 21, where each point represents at least 70 hours of steady-state 

fermentation. Over the range of flowrates tested, 0.13SVto 0.46 SV, the 

decrease in effluent e thanol concentration with increasing flowrate 

appears to be linear. The ethanol concentration for a particular flowrate 

within the range can be predicted from the equation : 

Ethanol Concentration (mM) 547 - 604 Flowrate (SV) (13) 

The information from these experiments is also presented on Table IX . 

TABLE IX . Ethanol production from deproteinized whey by immobilized 
K. fragilis NRRL Y 1109 as a function of substrate flowrate . 

Q) 
.µ 

~ ~ rJfJ cu 
0 0 p::; 

·ri ·ri 
.µ .µ >, C H 
rO rO u 0 ..c: 

Flowrate Retention Time .µ H .µ H ~ ·ri ......._ 

C rl .µ C QJ .µ 
~ QJ rl .µ (/) 

(SV) (hrs) QJ 0 C ~ 
Q) {/] C ·ri 0 u Q) 

~ 
C Q) 

.2 
0 Q) u C ::, rl 

cu u .µ u ·ri rO 'd 0 
~ ..c: C ~ u C ~ ..c: 0 ~ ~ .µ 0 ~ rO 0 ~ .µ H 
µ1 µ1 u w ...:l u µ1 µ1 P< 

0.13 7.7 475 <10 > 79 2.8 
0.24 4.2 400 23 79 3.8 
0.34 2.9 330 48 81 4.5 
0.46 2.2 280 58 76 5.2 

It appears that substrate depletion occurs at flowrates of at least 0 . 13 SV. 

At 0.15 SV an ethanol concentration of 455 mM (from Figure 21) would be 

obtained with approximately total substrate utilization to give an 

average conversion efficiency of 79 %. It is recommended that this flow­

rate of 0.15 SV be used for future stability trials as it appears to be 

the fastest flowrate at which complete substrate utilization may be 

achieved . A flowrate of 0.15 SV was used in the costing exercise (Appendix 

3). 
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FIGURE 21. Eff lu ent ethano l concentration as a function of 

substrate flowrate in a continuous reactor containing 

immobilized~ fragilis NRRL Y 1109 cells. The cells 

were immobilized in a modified Chibata et al. (1974) 

gel and were used to ferment a deproteinized whey 

containing 0 .1 5 M lactose as described in sections 

3.3.1 and 3.4.2. 
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The effi c i ency obtained in the continuous experiments of 76 to 81% is 

much greater than that obtained in the batch experiments with whey of 

about 60% (section 4.7.3) . For a 0.15 M lactose concentration the 

efficiency of batch experiments is estimated at 60% for free cells and 

50% for immobilized cells (see Table VI). The probable cause of this 

increase in efficiency is the reduction in oxygen present in the media 

due to the continuous mode of operation. In batch fermentations oxygen 

is able to diffuse into the medium due to the shaking used to mix the 

substrate and pellets , whe reas carbon dioxide is constantly bubbling 

through the reactor helping to keep the substrate anaerobic . The 

presence of the carbon dioxide in the reactor did not appear to decrease 

the pH of the substrate . It is also noted that there is less opportunity 

for the loss of ethanol by evaporation in the continuous system . 

The results in Table IX also indicate that the amount of ethanol increases 

greatly with substrate flowrates. Although only 61% of the lactose was 

removed from the whey at 0 . 46 SV the ethanol production rate for the cells 

was 5 . 2 mMoles/hr , twice that at 0.13 SV of 2.8 mMoles/hr. This 

observation will be important in determining the economics of the system. 

From the viewpo int of ethanol production, maximum production rate 

(mMoles/hr) is obviously important. Further studies are needed here to 

show whethe r any further increase in flowrate above 0.46 SV will increase 

the ethanol production rate above 5.2 mMoles/hr. However the concentration 

of unused lactose in the eff lu ent may also increase. This is economically 

undesirable and also presents a pollution problem. It would therefore 

appear essential to run the fermentation of whey using immobilized yeast 

cells as a two stage process in an attempt to convert the remaining 

lactose from stage one to ethanol in stage two. This is seen as an area 

for future work . 

The results from these continuous experiments were also used to estimate 

the importance of external film diffusion in the fixed bed reactor, by 

calculating the height of the bed necessary for mass transfer as in 

Appendix 1 . The film dif fu sion was found to have a negligible affect on 

the reaction rate . Thi s is in agreement with the interpretation obtained 

from the Kinetic parameters in section 4.6.1 . 4 and indicates that the gel 

structure imposes negligible resistance to the diffusion of substrate and 

product . 
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The use of a column of immobolized K. fragilis appears to be a fe asib l e 

means of producing ethano l from whey. The immobilized ce ll sy s tem is 

relatively stable with an estimat ed half life of at least 50 days 

allowing for possible scale up to industrial operation . 
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CHAP'I'ER 5 

DISCUSSION 

5 .1 THE GROWTH OF FREE CEI,L POPfJLA'T'IONS FOR IMMOBILIZATION 

Literature reports provide little detail on the physiological status of 

cells being immobilized. In this study preliminary experiments provided 

the necessary information indi cating the best possible stage of growth, 

in terms of cell density and metabo li c vitality, at which harvesting and 

immobilization should be conducted. Many investigators (Chibata et al., 

1974; Yamamoto ~t ~ -, 1974a; Franks, 1975; Kjnoshita P.t al ., 1975; 

Martin and Perlman, 1976a ; Sato et ~1-:_:_, 1976) do not appear to have taken 

the physiological standardisation of cells into account . 

Information containing detailed analysis of product related growth is 

available (Jack, 1977; Kokubu et al., 1978; Seyhan and Kirwan, 1979). 

The results of these studies are reflected in the present work for it was 

demonstrated (not unexpectedly) that in the system under study product 

formation is growth related and that the product 's formation rate varies 

throughout the growth phases. Thus a preliminary investigation t o 

establish when the maximum product formation rate occurs is justified. 

Growth curves and ethano l production curves were established for~ 

fragilis and~ cerevisiae, growing in lactose and glucose respectively, 

to determine the period of growth required for maximum ethanol production 

in carefully standardised batch cultures. Maximum ethanol production 

rates of 2.2 mMoles/hr/gm cells for K. fragilis and 2.8 mMoles/hr/gm cells 

for S . cerevisiae were obtained during this growth period . These rates 

were approximately double those obtained in experiments performed with 

resting cells in sections 4.6.1.4 and 4.6 . 2 .4 of 1.0 mMoles / hr/gm ~ 

fragilis cells and 1.5 mMoles/hr/qm ~ cerevisiae cells . It appears that 

the presence of the growth nutrients in the Nutrient Broth stimulated 

ethanol production during the cell growth . The effect of growth nutrients 

on immobilized cells will be discussed in section 5.6.4. 
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The incubation time required to reach the maximum ethanol production rate 

was fifteen hours for~ fragilis but increased to twenty six hours for 

~ cerevisiae, due to the slower growth of the~ cerevisiae culture. 

Incubation times were standardised at sixteen and twenty eight hours for 

~ fragilis and§_..:__ ~erevisiae respectively to gain maximum ethanol 

producing activity in the fre e cells and thereby produce a highly active 

immobilized catalyst. 

5.2 FERMENTATION AT OPTIMIZED GEL CONDITIONS 

Of the two polyacrylamide gel preparations used in this study the most 

promising results were obtained using the gel of Chibata et al. (1974) 

which was modified for the immobilization of K. fragilis and S. cerevisiae. 

5.2.1 The Chibata et al . (1974) Gel 

Chibata and Tosa (1977 ) reviewed the use of the Chibata et al. (1974) gel, 

originally described for maximum aspartase activity in§..:_ coli cells, for 

the immobilization of both enzymes and a range of bacteria . Retention of 

immobilized cell activity varied from Sb% for Psuedomonas putida in the 

production of L- c itrulline (Yamamoto et al., 1974a) and 63% for 

"Achromobacter" liquidum in urocanic acid production (Yamamoto et al., 1974b) 

to 72% for both E. coli cells producing aspartic acid (Chibata et al., 1974) 

and Brevibacterium ammoniagenes producing L-malic acid (Yamamoto et al,, 

1976). The following points were drawn from this review: 

a. The full cell or enzyme activity has NOT been retained on 

immobilization and there fore some loss in activity must be 

expected. 

b. The extent of the loss in activity on immobilization may be 

minimized by changes in the gel composition. 

c. Other researchers using the gel of Chibata et al. (1974) have 

given no suggestion that experiments to minimize the loss in 

activity were conducted . 

In this current study the gel of Chibata et al. (1974) was used as the 

basis for the determination of the gel composition resulting in maximum 

immobilized activity. The results obtained agree with the review of 

Chibata and Tosa (1977) in that at no stage was full activity retained 

on immobilization and that the activity retention was dependent on the 
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gel compositj on. The results obtained of 80% ethanol production 

activity retention for~ fragilis and 46% retention for S. cerevisiae 

were of a similar order to those obtained by Yamamoto et al. (1974a, 

1974b, 1976). These results repre sent the maximum ethanol production 

obtained in this study and indicate that the effect of the immobilization 

procedure is much more inhibitory to S. cerevisiae a c tivity than to K. 

fragilis activity. 

5.2.2 The Neuhoff (1973) Gel 

Tests using an alternative gel, the Neuhoff (1973) gel, which might reduce 

the activity loss on~ cerevisiae immobilization were singularly 

unsuccessful. No reproducible results were obtained using~ fragilis or 

S. cerevisiae. Lag periods of up to 100 hours preceded ethanol production 

and the coincidental appearance of turbidity in the supernatant. The rate 

and quantity of ethanol production was 40 to 70% that of the free cells. 

The variability of these results prompted the investigation into the effect 

on free cell ethanol production of exposure to gel components, which is 

discussed in the next s ec tion. 

5.3 THE EFFECTS OF GEL COMPONENTS ON YEAST ETHANOL PRODUCING ACTIVITY 

5.3.1 The Effects of Individual Gel Components 

Inspection of the literature indicates that decreases in cell activity 

after immobilization in polyacrylamide gel are attributed to the exposure 

of the cells to the polymerisation agents, particularly the acrylamide 

monomer (Martin and Perlman, 1976a; Miyamoto et al., 1977). This is 

exemplified by the 90% reduction in the penicillin producing activity of 

Penicillium chrysogenum cells obtained after 20 minutes exposure to a 

6.75% (~) acrylamide and TEMED solution at pH 7.1 , o0 c (Morikawa et al . , 
V 

1977) . 

Experiments with yeast glycolysis enzymes revealed that exposure to TEMED 

and ammonium persulfate had little effect on the enzyme activity . However, 
W 0 

exposure to 12% (-) acrylamide monomer at pH 7.8, 0 C destroyed 95 % of 
V 

hexokinase activity and 65% of glucose-6-phosphate dehydrogenase activity 

(Miyamoto et al., 1977). This particular report unde rlines the importance 

of the monomer. Further observations showed that the affect of the 
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monomer can be temperature dependent (Martin and Perlman, 1976a) and 

pH dependent (Miyamoto et al., 1977). 

The results ir. this study were in agreement with those obtained by 

Miyamoto et al. (1977) for enzy~es . For free cell of both~ fragilis 

and~ cerevisiae exposure to the accele rant TEMED and the initiator 

ammonium persulfate had only a small effect on ethanol production causing 

decreases of up to 35% in ethanol produc tion rates with no lag period 

prior to ethanol production. 

In all cases where acrylamide monomer was used a lag period of about 

twenty hours was evident prior to ethanol production. The total ethanol 

production was decreased by twenty to e ighty percent from that observed 

for the untreated cells. For~ fragilis the effect on ethanol · production 

appeared to be pH dependent with pH 7 .1 being less inhibitory than pH 8.3. 

Where the acrylamide damage is most severe, with S . cerevisiae and at pH 

8.3 with K. fragilis, complete substrate utilization was found to occur 

at least 30 hours after ethanol producti o n had ceased. This phenomenon 

was not mentioned in the relevant lite rature. Its occ urrence may be due 

to 8 thanol inhibition brought abo ut by c hanges in ethanol tolerance or 

changes in product transport due to the immobilization procedure. 

Further investigation into the lag period revealed 

~ fragilis cells were killed during e xposure to a 
0 

solution at pH 7.1, 30 C and that prolonged periods 

that at least 99 .9 % of 
w 

15 % (-) acrylamide 
V 

were presumed necessary 

for the surviving population to re-establish itself and generate 

detectable levels of ethanol. 

5.3.2 Polymerisation of a Neuhoff (1973) Gel 

The following hypothesis concerning the effects of exposure to acrylamide 

on the cells immobilized in a Neuhoff (1973) gel was formulated from the 

results obtained in this study. 
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It was found that 30 minutes exposure with 15 % (~) acry lamide decre ased 
V 10 5 

the number of vi able cells in a gel from approximately 10 to 10 or 

fewer. The e ffect of monomer exposure was expected t o be dependent on 

both temperature and time (Martin and Per lman, 19 763.) and , in fact, it was 

noted that those Neuhoff (1973) gels that polymerised particularly slowly 

retained no immobilize d cel l activity. It is p r esumed that over exposure 

to the monomer accounted f or thi s l oss in ac tivity. 

In the first few h ours of fermentation by the gel the ce ll s killed by 

exposure to the monomer were expected t o l yse , provid ing growth 

components for the remaini ng viable cells . Th ese cells , able to multiply, 

produced buds which may h ave left the gel and continued to multiply in 

the solution. As the fre e ce ll population grew the medium became turbid, 

the growth nutrient supply diminished and ethano l was produced in 

detectable concentrations from the remaining sugar subs trate. The ethanol 

production was there fore attributed to the free cell population and to a 

l e sser extent to the immobilized cells . 

This hypothes is was supported by the coincidental appearance of ethanol 

and turbidity in the medium, microscopically shown t o be yeas t. I t o ffers 

an explanation for the existence of the l ag period in ethano l production, 

the variability of whi ch would b e due to variations in ambient temperature 

and gel component solution ages whi ch influence the rate of polymerisation 

of the gel. 

Notable methodological differences between the relatively unsuccessful 

Ne uhoff (1973) ge l and the relatively successful modified Chibata ~.!. al. 

(1974) gel were the temperature of polymerisation , the initiator 

concentration and the BIS concentration. The combination of high 

polymerisation temperature , low initiator concentration and low BIS 

concentration as used in the Neuhoff (1 9 73) gel produced a gel that was 

slow to polymerise and had a high rate of cell inactivation. The slow 

polymerisation reaction was due primarily to the low initiator concentration, 

however, the low BIS concentration and the use of aged gel solutions would 

also contribute to this rate. The elevated temperature of polymerisation 

would increase the polymerisation rate to a small extent, however the rate 

of inactivation of cells would also be increased. 
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In this study it appeared that the use of low temperature::;and high 

initiator concentrations was important. Under t hese conditions the 

polymerisation proceeded at a rapid pace decreasing the exposure time 

of the cells to the monomers and the opposing acrylamide deactivating 

reaction proceeded slowly at the l ow t emperature. These conditions a r e 

provided for in the methodo l ogy of the modified Ch ibata e t al. (1974) 

gel. 

5.3.3 Experimentation with Protective Agents 

Protective compounds are widely used in the immobilization of enzymes to 

minimize the inhibitory affects o f acrylamide. The incorporation of the 

substrate solution in the po lymerisation mixture was found to give the 

best protection against acrylamide exposure however the product and 

cofactors specific to the reac tion also had a protective influence on the 

enzymes (Tos a et al., 1973; Miyamoto et al., 197 7). 

Compounds not related to the r eac tions have also been used for the general 

protection of ce lls and enzymes from the ir environments such as glycerol, 

(Dinelli, 1972) , di thiothrei to l, (Cl e l and , 1964) and a lbumin (Hinberg et al., 1974) 

Due to the large number of enzymes in the me tabolic pathway required for 

the conversion of sugars to ethanol it was considered impracticable to 

protect specifically those considered v ulnerable to damage by acrylamide. 

However, no evidence was found t o sugges t agents protective towards 

extrac ted enzymes could be applied, with equa l success, to intracellular 

enzymes. 

Some general protective agents were tested in this current study, namely 

glycerol, Tween 80, gelatin anddithiothreitol . None of these proved 

useful. At this stage no explanation can be offered as to why these agents 

were not successful as the mechanism of acrylamide inhibition remains 

unknown. Further experimentation in this regard was terminated. 
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5.4 ACRYLAMIDE GEL COMPOSITIONS FOR MAXIMUM IMMOBILIZED ACTIVITY 

5.4.1 Individual Gel Components 

One deduces from the literature that the composition of polyacrylamide 

gel varied greatly from investigation to investigation (Chibata et al., 

1974; Abbott, 1977, 1978; Morikawa et a l . , 1977). In this 

sec tion the gel component concentrations es tablishe d f or maximum 

immobilized activity in this study will be compared with successful gel 

component concentrations from the literature. 

The primary component of polyacrylamide gel is the monomer, acrylamide. 
w 

In the majority of papers an acrylamide concentration of 15 - 20% (-) 
V 

was incorporated in the gel (Chibata e t al., 1974; Saif et al., 1975; 

Ohlson et al., 1978; Murata et al ., 1979). However acrylamide 
w 

concentrations as low as 4 % (-) have been used with no apparent leakage 
V 

problems (Kokubu et al., 1978; Morikawa et al., 1977). In this current 

study 15% (~) and 20% (~) acrylamide concentrations were found to give 
V V 

maximum immobilized activity for K. fragilis and S. cerevisiae cells. 

The crosslinking agent (BIS) concentrations most widely used are within 

the range of O - 5 % (~) to 1. 5% (~) (Martin and Perlman, 1976a), al though 
V V 

concentrations as high as 5% (~) have been used successfully (Kinoshita 
V 

et al., 1975). BIS concentrations of approximately 1.5 % (~) have been 
V 

used in this current study to obtain maximum immobilized activity . In 

this study BIS has been treated as a separate gel component, not directly 

linked to acrylamide concentration as with Ohmiya et al. (1975) and 

Kinoshita et al. (1975). All literature comparison have been made on this 

basis. 

Cell concentrations of about 20% (~) have been used widely in the 
V 

literature. Ohmiya et al. (1977) found that at cell concentrations above 

30% (~) immobilized activity was reduced due to the high cell concentration 
V 

reducing the polymerisation rate. Murata et al. (1979) disagreed with this, 

however, the results obtained in this study for!..:_ fragilis agree with the 

observation of Ohrniya et al. (1977) as at cell concentrations above 20 -
w 

30% (-) cells (1 to 1.5 gm/gel) the immobilized activity increases only 
V 

slightly with increasing cell concentrations. The cell concentration 

used for maximum immobilized activity in this study was 1.25 gm per 5 ml gel 

Or 25% (~) t . h we weig t. 
V 

For S. cerevisiae a reduction in activity per unit 
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cell mass is noted above a 40% (~) cell concentration (2 gm/gel) which 
V 

was used for maximum activity. 

w w 
Initiator and accelerant levels of 0.05 to 0.3% (-} and 0.25 to 0.6% (-) 

V V 

are described in literature. Where low initiator concentrations have 

been used the yields of immobilized activity have been less than 50% 

(Ohlson et al., 1978; Morikawa et al., 1977). The levels of initiator 
w 

and accelerant used in this study of 0.25 % (-) ammonium persulfate and 
V 

0.6% (~) BDMAP were chosen from the literature information with 
V 

consideration given to producing a rapid polymerisation . 

Together, these five components , acrylamide, BIS, cells, initiator and 

accelerant form a polyacrylamide gel . The overall composition of the gel 

is discussed in the next section. 

5.4.2 Modification of the Chibata et al. (1974) Gel 

Chibata et al. (1974) investigated the production of L-aspartic acid. 

Polyacrylamide gel entrapment was found to be the best method of 

immobilization for bo th the enzyme asparta se (Tosa et al ., 1975) and 

aspartase-containing .!:_ coli cells. The same gel composition was 

determined for maximum immobilized activity of both the enzymes and the 

cells. The gel contained 15% (~) acrylamide, 0.8% (~} BIS, 0.5% (~) 
V V V 

BDMAP and 0.25% (~} ammonium persulfate and was polymerised at 30°c. The 
V 

successful immobilization of yeast and bacterial cells and enzymes by 

this method and its provision of favourable conditions for the immobiliza­

tion of yeast prompted its use as a basis for the determination of gel 

conditions for maximum activity in this study. 

The results of this study indicate that a 5 ml gel containing 750 mg 

acrylamide (15% (~)), 75 mg BIS (1.5% (~}) and about 1.25 gm cells (wet 
V V 

weight) (25 % (~}) produced the greatest immobilized activity per gram of 
V 

cells for~ fragilis. For S. cerevisiae the corresponding gel contained 

1000 mg acrylamide (20% (~)), 
V 

These gels also contained 0.5 

(~) ammonium persulfate (0.25% 
V 

80 mg 

ml 6% 

(~)) 
V 

w w 
(1.6% (-)) and 2 gm cells (40% (-)). 

V V 
BIS 

(~} BDMAP (0.6% (~)) and 0.5 ml 2.5% 
V V 

and were prepared in an icebath. 

These gel compositions vary only slightly from that of Chibata et al. (1974) 

with the notable variations being the increase in BIS concentrations, from 

0.8% (~) to about 1.5% (~) and the reduction in polymerisation temperature. 
V V 
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The modified gel composition also resembles 

Ohmiya et al. (1975) of 23% (~) acrylamide, 
V 
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the gel compos ition of 
w w 

2.5% (-) BIS, 0.1% (-) 
V V 

TEMED and 0.33% (~) ammonium 
V 

persulfate which was determined for yeast 

S-galactosidase activity. A comparison of the gel compositions discussed 

in this section is presented on Table X. 

TABLE X. Comparison of the gel compositions used inthisstudy with gel 
compositions from the literature. 

Component Concentra tion (~) 
d

. V 

Gel Component 

Acrylamide 
BIS 
Cells 
TEMED or BDMAP 
Ammonium persulfate 

Chibata et al. 
(1974) -

15 
0.8 

20 
0.5 
0.25 

5.4.3 The Importance of Gel Modificatio n 

accor ing to 
Present Study 

(lJ 

co 
Ul ·.-i 

·.-i Ul 
rl ·.-i 
·.-i :> 
0-, (lJ 
co H 

·1 H ·1 (lJ ~ 4-l Ul CJ 

15 20 
1.5 1.6 

25 40 
0.6 0.6 
0.25 0.25 

Ohmiya et al. 
(197sY -

23 
2.5 

<15 
0.1 
0.33 

The modification of gel composition to enhance cellular activity is 

commonly described in the literature (Kinoshita et al., 1975; Martin 

and Perlman, 1976a). 

In this study two closely related yeast species were used. Inspection of 

the results obtained with variations in gel composition indicate that the 

response to these variations was dependent upon the yeast species used. 

Some of the more notable differences observed between~ fragilis and S. 

cerevisiae response to gel composition are in the BIS experiments, where 

changes in BIS concentration had a more marked effect on the ethanol producing 

ability of S. cerevisiae than of~ fragilis, and in the cell concentration 

experiments, where gels containing!..:_ fragilis cells became saturated with 

cells at about 1 gram cells per gel (20% (~)) but saturation was much less 
V 

evident in gels containing§...:_ cerevisiae cells. In addition the overall 

affect of immobilization reduced K. fragilis activity by 20% and S. 

cerevisiae activity by 55%. 
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It seemed therefore vital that a gel immobilization procedure be 

modified for maximum activity with each cell species under investigation. 

The results suggest the adoption, without testing of a gelation method 

is inadvisable. Experiments with the Neuhoff (1973) method attests to 

this. 

Evidence of the use of the gel of Chibata et al. (1974) for many different 

bacteria and fungi has been p ublished by Yamamoto et al. (1 97 4a, 1974b, 1976), 

Uchida et al. (1978) and Murata et al. (1978). It is probable that 

higher immobilized activity could have been obtained by these authors 

had the gel composition been optimized. This literature does not indicate 

whether investigations were undertaken to ascertain that the gel composition, 

as originally developed for maximum aspartase activity in~ coli cells, 

was suitable for maximum immobilized activity for the bacterial species used. 

5.5 THE EFFECT OF IMMOBILIZATION ON THE REACTION KINETICS 

Many previous researchers (Yamamoto et al., 1977; Kinoshita et al., 1975) 

have made detailed studies of the reaction kinetics of immobilized cells. 

However comparison of this data with that derived from free cell kinetic 

studies are rare. Where such comparisons have been made the effects of 

immobilization upon the kinetic parameters i.e. apparent maximum velocity 

and Michealis Constant, appeared to be dependent on the mode of immobiliza­

tion (Toda, 1975; Linko et al., 1977; Kumakura et al., 1978). 

Immobilization in polyacrylamide gel has been found to cause small or 

negligible increases in the apparent Michealis constant and variable 

decreases in the apparent maximum velocity exemplified by a 65% decrease 

in aspartase activity on immobilization (Tosa et al., 1973) and a 100 

fold decrease in the B-galactosidase activity of immobilized~ coli cells 

(Ohmiya et. ~' 1977). 

In this study the immobilization of whole cells in polyacrylamide gel did 

not appear to greatly affect the apparent Michealis Constant. This 

parameter increased from 0.15 M to 0.19 Mon immobilization of!_:_ fragilis 

and remained constant at 0.27 M for the immobilization of s. cerevisiae. 
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From theory, the imposition of diffusion limitations gives rise to an 

increase in the Michealis Constant (Petre et al., 1978). Therefore 

immobilization in polyacrylamide gel imposes only small diffusional 

limitations on substrate or product in the case of the~ fragilis 

fermentation and no diffusional limitations for the S. cerevisiae 

fermentation. The variations in diffusional limitations between the 

cell species may be due to the size of the substrate molecule. Lactose 

molecules are about twice the size of glucose molecule s and may therefore 

diffuse more s lowly through the gel. 

The apparent maximum velocity for the metabolic pathway would be dependent 

on the rate of which the slowest enzyme is functioning. In this study 

the apparent maximum velocity remained the same at 2.75 mMoles/hr for the 

immobilization of 1.25 gm of K. fragilis cells, although the specific 

activity was found to decrease by 20%. The reduction in specific activity 

is probably due to the inhibition of the enzymes by the immobilization 

process. The apparent maximum velocity may be maintained due to increased 

cell membrane permeability (Yamamoto et al., 1974a) imposing no limitations 

on metabolic conversion rates or the gel structure limiting oxygen to what 

is essentially an anaerobic fermentation. 

The same apparent maximum velocity for both free and immobilized cells also 

suggests that any accumulation of product in the gel does not inhibit the 

activity. Expe riments in the range of ethanol concentrations used in this 

study of 1 to 3% (~) confirmed this (Appendix 2). 
V 

For S. cerevisiae the apparent maximum velocity attained by the immobilized 

cells was 45% that of the free cells with the specific metabolic activity 

retention being of the same order, 4 6% . The simplest explanation for this 

loss in activity would be that the cells were inactivated during immobiliza­

tion through exposure to the gel components, particularly the monomer 

(Martin and Perlman, 1976a; Miyamoto et al., 1977). Other factors which may 

have decreased the immobilized activity are the high cell concentration 

used, which would increase the exposure time to the unpolymerised gel 

components, and a possible shift in the fermentation conditions for 

maximum activity such as pH, temperature or ionic strength. 
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5.6 REPEATED BATCH EXPERIMENTS 

5.6.1 Introduction to Repeated Batch Experiments 

Chibata (1977) indicated that a continuous immobilized cell operation was 

60% as costly as a conventional batch operation with major savings being 

made in the production of the catalyst . These savings are dependent upon 

the stability of the immobilized cell system with respect to overall 

metabolic activity and leakage from the gel . 

Previous researchershave used repeated batch exper iments to give indications 

of the stability of immobilized systems under extended use (Kokubu et al., 

1978; Kumakura et al., 1978). In this study repeated batch experiments 

were used to determine the suitability of various substrate media for 

continuous use in addition to determining the stability of the immobilized 

activity. 

5.6.2 Simple Substrate Media 

Previous researchers have gained long term stability of immobilized 

activity using a medium containing the substrate in a buffer or salt 

solution (Kinoshita et al., 1975; Kierstan and Bucke, 1977; Abbott, 1978). 

In fact simple substrate media have been used in the industrial scale 

production of L-aspartic acid and L-malic acid using cells immobilized in 

polyacrylamide gel, although the addition of a divalent metal ion was 

required for stability (Chibata and Tosa, 1977). 

In contrast Ohlson et al. (1 978 ) found that Arthrobacter simplex activity, 

immobilized in a polyacrylamide gel, declined rapidly with repeated use in 

a simple substrate media. Those findings parallel the current conclusion 

regarding~ fragilis activity. Using a pure sugar substrate of 0.12 M 

lactose the initial immobilized activity was reduced by 30% during eight 

6 hour fermentations. The simple substrate medium containing no other 

ingredients was not considered suitable for the extended use of 

immobilized K. fragilis cells . 
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5.6.3 Rejuvenation 

One method of increasing the useful life of immobilized cells is to 

rejuvenate the activity following its reduction with repeated use. In 

this study the yeast cells immobilized in the gel pellets were incubated 

in a complete yeast growth medium for this purpose. 

The immobilized cells were shown to be viable by the presence of the 

large free cell population in the supernatant at the end of the rejuvenation 

period. In subsequent fermentations the immobilized cells were found to 

have a greater activity , of up to twice that prior to rejuvenation, however, 

the rate of decay of this activity was also increased by about two fold 

when compared with that obtained previous to the rejuvenation attempt. It 

appears that this approach to increasing immobilized K. fragilis activity 

was not acceptable. 

A similar procedure was used by Somerville et al. (1977) where the benzene 

degrading activity of Pseudomonas putida cells immobilized in poly­

acrylamide gel was increased by 50 to 100 fold, to three times the initial 

activity by shaking overn i ght in a growth medium supplemented with iron. 

This activity was found to decay but over a period of 15 to 20 days 

continuous us e as compared with 15 to 20 hours use in this study. 

An attempt to reactivate the decayed activity of Curvularia lunata in 

polyacrylamide gel by incubating the fungus in a glucose enriched substrate 

wa s also successful (Mosbach and Larsson, 1970). 

5.6.4 Supplemented and Complex Substrate Media 

Where efforts have been made to hinder the decay of, or enhance, the 

metabolic activity of immobilized cells the most popular method has been 

through the addition of relatively simple nutrients to the medium such as 

meat and yeast extracts (Kokubu et al., 1978) and 0.5% (~) peptone and 
--- V 

0.2% (~) glucose (Ohlson et al., 1978). In cases where a single enzyme 
V 

reaction was used the inclusion of one or a combination of divalent metal 

ions has been found beneficial (Chibata et al., 1974; Yamamoto et al., 

1974b). 
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In this study the incorporation of a salt solution in the fermentation 

medium resulted in a similar loss in activity to that obtained in the 

fermentations using pure lactose substrate. This indicated that leakage 

of metal ions from the ce lls was not the cause of the loss in activity. 

The addition of 0 .5 % (~} peptone to the substrate appeared to stabilize 
V 

both !S..:._ fragilis and~ cerevisiae activity over five repeated fermentations 

although no significant activity increase was found. These results suggest 

that the activity loss in fermentations without peptone may be due to a 

disruption of the protein synthesis in the cell , possibly due to the 

immobilization procedure. The peptone supplement thus can be incorporated 

rapidly into the yeast prot ein. 

The use of the more complex medium, the whey, enhanced the activity of the 

immobilized !S..:._ fragilis cells on repeated use. This increase appeared to 

be due to the leakage of cel ls from the gel and the production of new cells 

in the medium as during the six hour fermentations the medium became turbid 

with the growth of a free yeast population . 

Evidence of similar leakage of cells from within polyacrylamide gels is 

found in the literature where a complete growth medium has been used to 

replace the usual fermentation medium to test immobilized cell viability 

(Franks, 1971; Kinoshita et al., 1977; Somerville et al., 1977). 

Kierstan and Bucke (1 9 77) investigated cell growth in alginate gels by 

dissolving parts of the gel, before and after incubation in a growth media, 

to count the cells. A significant increase in cell numbers was found after 

incubation indicating that cell division occurred within the alginate gel. 

Updike et al. (1969) and Chibata et al . (1974) found no such leakage of 

cells from the gel after immobilization. The E. coli cells were found to 

lyse during the immobilization procedure and thereby lose their ability to 

reproduce. 

The results obtained in this study indicate the value of the supplement 

peptone in the maintenance of immobilized cell activity during repeated 
w 

use. The concentration used of 0.5% (-) was that used by Ohlson et al. 
V 

(1978) and was not optimized for use in this study. Future work on 

peptone concentration and similar supplements may increase the stability 

and activity of immobilized yeast cells. 
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5.7 CONTINUOUS OPERATION 

5.7.1 Ethanol Production by Immobilized Cells 

Documented evidence for the produc tion of ethanol by immobilized yeast 

has been published by Compere and Griffith (1976); Corrieu et al. (1976), 

Grinsbergset al. (1977), Kierstan and Bucke (1977) and White and Portno 

(1978). These papers investigate the production of ethanol from glucose 

sources by immobilized Saccharomyces species. Detailed information is 

given by Kierstan and Bucke (1977) where _h cerevisiae immobilized in 

alginate gel was used to continuously convert 10% (~) glucose to 3.5% (~) 
V V 

ethanol with an efficiency of 70%. The column activity was fully stable 

for five days and then decreased t o about 50% of the initial activity after 

13 days operation. 

It was observed that an efficiency of conversion similar to that of 

Kierstan and Bucke (1977) of 70% was obtained during continuous conversion 

of an 0.08 M lactose-containing dilute whe y to 240 rnM (1.1% (~)) ethanol 
V 

in this study. The efficiency of conversion was found to increase with a 

higher substrate concentration reaching 80 % using 0.15 M lactose-containing 

whey . The stability of the immobilized K. fragilis cells appeared to be 

greater than that of S. cerevisiae cells in alginate gel with only 10% of 

the initial activity being lost during 10 days operation at 0.25 SV. 

No evidence was found for ethanol production from lactose by immobilized 

cells and therefore a direct comparison between the results obtained in 

this study and the literature can not be made. 

5.7.2 The Influence of Flowrate on Immobilized Activity 

Investigation of ethanol production at various substrate flowrates in this 

study revealed that the rate of ethanol production at 0.48 SV was twice that 

at 0.13 SV. It seems therefore important to use the maximum flowrate while 

attaining complete substrate utilization. This flowrate was established by 

increasing the reactor flowrate from one where no detectable lactose was 

found in the eff lu ent. It was estimated that a flowrate of 0.15 SV is the 

maximum at which all detectable lactose is removed from a 0.15 M (5.1% (~)) 
V 

lactose substrate by the reactor. 
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Under these conditions the eff lu.ent ethanol concentration is as high 

as possible making the distillation of ethanol more economically 

feasible and wasted energy in the form of lactose in the eff (u.ent is 

minimized. An alternative method of processing may involve the use of 

two stages, with the first stage run at a high flowrate to achieve a 

high ethanol production rate and the second stage removing the residual 

lactose. 

The conversion efficiency of utilized lactose to ethano l at 0.13 to 0.46 SV 

was 76 to 81 %, slightly greater than that in the batch fermentations. 

This may be due to the minimal inclusion of oxygen in continuous operation . 

Various substrate flowrates have been used by researchers for 100% 

conversion of substrate, such as 0 . 16 SV (Tosa et al., 1973) and 0.8 SV 

(Tosa et al., 1974) . Generally the flowrate used appears to be dependent 

on the nature of the conversion reaction with low substrate concentrations 

and/or low flowrates being used for multistep reactions (Saif et al., 1975; 

Shimizu et al., 1975; Uchida et al., 1978). A substrate flowrate of 0.15 SV --- ----
corresponded with 100% conversion of 0 .15 M substrate for the multistep 

conversion in this study. 

No direct comparison with the literature can be made as in the author's 

opinion no other report on the production of ethanol from whey has included 

data on the rate and efficiency of conversion at various flowrates . 

5.7.3 Reactor Stability 

The stability of immobilized cell columns has varied enormously. For 

immobilized enzymes half lives of 20 to 30 days for immobilized aspartase 

(Tosa et al., 1973) and 25 to 40 days for immobilized glucose isomerase 

(Messing and Filbert, 1975) exemplify the stability problem. 

Half lives of 120 days and 140 days have been obtained using immobilized 

cells (Sato, 1975; Yamamoto et al., 1974a), although Kierstan and Bucke 

(1977) estimated that the half life of immobilized S . cerevisiae activity 

was only ten and a half days. More recently a half life of 686 days has 

been reported for cells immobilized in carrageenan (Chibata, 1977). 
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The estimated half life of the immobilized cell system in this study was 

at least 50 days. This estimate assumes that the rate of activity decay 

of the first continuous experiment, of 10% of the initial activity in 10 

days does not increase. As the immobilized cells were shown to be viable 

after 10 days processing by the presence of free cells in the effluent it 

is possible that a half life much longer than 50 days could be obtained. 

However, although viability is used here in the sense that cells can leak 

from the gel and divide and eventually form a turbidity, cell vitality, 

(the ability to convert lactose to ethanol) has not been tested. This 

would be a more difficult ce llular characteristic to establ ish. 

5.7 .4 Ethanol Production from Whey 

Whey production over the past five seasons in New Zealand has remained at 

a level of approximately one million tonne each for acid whey (pH 4.6) and 

sweet whey (pH 6.0) . The precise amount of whey is dependent on the 

product requirements of the industry (Matthews, 1977; Anonymous, 1978). 

Currently much of this whey is passed to waste disposal and can become a 

serious pollution problem (Knight et al., 1972; O'Leary et al., 1977a). 

A small amount of the lactose is purified for use industrially and in some 

factories whey protein is recovered . Recently, interest has focused on 

protein recovery by ultrafiltration, a method which does not denature 

protein . Ultrafilte red whey protein is a valuable protein commodity 

(Dicker, 1977). It is envisaged that the acid whey permeate from such a 

filtration plant containing about 5% (~) lactose can be used as feed stock 
V 

for an immobilized yeast column for the production of ethanol. This 

permeate contains some soluble protein and all the salts and lactose of the 

whey and would be similar in composition to the substrate used in this 

study (Matthews, 1976). 

The production of ethanol from whey has been the subject of several 

previous investigations (Ragasa et al., 1947; O'Leary et al., 1977a). 

Rogosa et al. (1947) chose Torula cremoris #2, as the most rapid and 

complete lactose fermenter of those experimented with, to produce 80 - 85% 

yields of ethanol in batch fermentations. O'Leary et al. (1977) gained 

about 75% conversion of whey lactose using~ fragilis in batch fermentations. 

The yields obtained were slightly greater than those obtained in this 

current study of 60% in batch fermentations of whey using immobilized cells. 

No evidence for the current use of immobilized cells as biocatalysts for 

the conversion of whey to ethanol was found by the writer. 
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No further research on this topic was performed by Rogosa et al. (1947) 

as the cost of distillation of alcohol was considered too great for the 

process to be economically feasible. A similar conclusion was reached by 

Marshall (19 78) when reviewing the utilization of whey products for motor 

fuels. It may be possible to incorporate the distillation of ethanol into 

the heat recovery system of the Dairy factory producing the whey ethano l 

and thereby ove rcome this problem . 

The remaining eff lu ent generally had a low BOD and would be acceptable for 

disposal. Knight et al. (1972) found tha t two thirds of whey's chemical 

.Jxygen demand (COD ) was removed by the growth of~ fragilis. As all the 

lactose was removed by cel l growth the remaining COD of 200 ppm would be 

mainly due to the lactalbumin in the whey . In this study this fraction was 

removed prior to the fermentation. 

The production of ethanol from whey is one poss ible means of whey utilization 

under investi gation by the New Zealand Dairy Industry. The use of immobili zed 

ce lls may be the preferred method of achieving this. 

5.7.5 Possibl e Industrial Application 

The scale up from a continuous column of immobilized aspartase-containing 

~ coli cells in the laboratory through a pi l ot p lant to an industrial 

reactor was perf ormed with apparent success by Sato et al. (1974) and Sato 

(1975). Comparison o f the l aboratory sca l e (40 cm
3

) and the pilot sca le 
3 

(1044 cm) reactors showed that in both systems the maximum substrate fl ow-

rate for comp lete substrate utilization ¼as abou t 0 . 8 SV , with 20% of the 

initial activity being l ost during 40 days processing at this flowrate. 

The activity of the~ coli cells was found to decay uniformly in al l parts 

of the sectiona l column of the p ilot p lant reactor using the techniques 

developed in the laboratory with the results of the pilot plant experiments 

being applied directly to the industrial reactor. This has been operating 

successfully since 1973 (Chibata and Tosa, 1977) . 

A similar scale up procedure should b e pcssible with the immobilized K. 
3 

fragilis cells as the 40 cm laboratory CQ lumn of cells used in this study 

was found to give reproducible results with no major problems. 

In conjunction with the scale up procedure other topics of investigation 

with immobilized K. fragilis cells include the determination of the half 

life and the use of methods to increase the half life such as rejuvenation­

type procedures or the inclusion of stabilizing compounds in the substrate. 

MASSEY UNIVERSITY 
[IBRARY 
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More basic studies may encompass the investigation of f ermentation 

conditions and the use of more concentrated substrates than the whey 

in this study. 

The proposed use of immobilized§...:_ cerevisiae was in ethanol production 

from energy crops such as wood and sugar b ee t (Kardos andMulcock, 1977). 

Research into this area must be preceded by continued investigation of 

the immobilization technique. Specific topics should inc lude, the 

change in optimum fermentation conditions on immobilization (not 

experimented with in this study), the us e of substrate additives and 

rejuvenation techniques to enhance the stability of the immobilized 

activily and continuous processing . 

5.7.6 Feasibility Analysis of Ethanol Production from Whey 

To gain an indication of the feasibility of the production of ethanol 

from whey a simplified design and costing has been performed , as 

de scribed in Appendix 3 . 

For the purposes of the design an ethanol produc tion unit has been 

added to an existing acid casein fa ctory producing casein at 500 kg/ hr 

for 10 hours each day. The resulting whey was ultrafiltered to remove 

the lactalbumin and the permeate , containing 

through columns of immobilized K. fragilis. 

w 
4.6 % (-) lactose was passed 

V 

Where possib le the assumptions 

made in the design have been based upon the results obtained in this study. 

Two obvious features arise from the design. The first is the large volume 

of immobilized cata l yst needed . To process the 174,000 kg of whey each 
3 

day about 40 m of ge l is required . The second is the small volume of low 

value product formed. From the 174,000 kg whey only 3,500 kg 95% ethanol 

is formed due to the low substrate concentration . 

Polyacrylamide gel is a relatively expensive catalyst support and when 

this was used to manufacture a low value product such as ethanol the process 

did not appear economically feasible. This conclusion was gained from the 

cost estimate in which the value of the produc t was related to the current 

price of fuel oil. The product value was found to be less than 5 0 % of the 

estimated production costs. The estimated production cost of the ethanol 
• 

was 5 9 c/1. This estimate was not accurate, having an error of about 30%, 

however it indicates that no return on invested capital would be gained. 
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A g reater value may be placed on ethanol used in industrial manufacturing 

howevertheadditional processing required to meet the standard for 

industrial alcohol would further increase the production costs. The cost 

of alternative whey disposal such as waste treatment or distribution onto 

land may positive l y influence the economic feasibility of this process 

however it is _ unlikely to change the above conclusion . 

It is possible that this process could be made economically feasible by 

improvements in the catalyst stability o r the use of an alternative 

immobilization support such as the carrageenan used by Chibata (1977). 

However, the value of the product will probably be the determining factor. 
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CHAPTER 6 

CONCLUSION 

The investigation of polyacrylamide gel entrapment revealed that this 

method of immobilization was successful for the immobilization of yeast, 

under the methodology of the modified Chibata et al. (1974) gel. With 

conditions modified for maximum immobilize d activity eighty percent of 

the!.:_ fragilis fermentative activity and fourty six percent of S. 

cerevisiae activity was retained after cell immobilization. 

Several important features arose from this study. 

The highly toxic nature of the gel components, particularly the monomer, 

necessitated the use of the polymerisation conditions resulting in the 

minimal inactivation of the enzymes. The results obtained in this study 

show that exposure to the a c rylamide monomer inactivated enzyme activity 

and reduced cell viability dramati cally, with the other gel components 

having a relatively small effe c t o n the ce lls. These results are supported 

by literatur L information. Attemp ts t o p rotect the cells with the 

general protective agents glycerol, gelatin, Tween 80 and dithiothreitol 

were unsuccessful. To minimize the effect of exposure to acrylamide 

monomer the polymerisation reaction rate was set at a rapid pace by the 

inclusion of relatively high initi ato r and accelerant concentrations. 

The rate of the inactivation reaction was kept low by polymerising at low 
0 

temperatures, 0 C. These conditions were incorporated in the formation of 

a modified Chibata et al. (1974) gel. 

It was considered important to modify the gel composition for maximum 

activity of the immobilized cell species used. Comparison of the results 

obtained with the two cell species and various gel compositions indicated 

that the response to the conditions of immobilization was dependent on 

the cell species. Differences in the response to changes in BIS 

concentration, cell concentration and substrate concentration were evident 

in the results with the overall maximum activity retention after immobiliza­

tion of K. fragilis being almost twice that of S. cerevisiae cells. 

To obtain a high enzymic activity in the immobilized cells the period of 

maximum activity in the growth of the free cell culture was established. 
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~ fragilis cells were grown for sixteen hours and~ £erevisiae cells 

were grown for twenty eight hours in a growth medium incorporating the 

relevant sugar substrate to induce the desired enzyme complement . 

The gel resulting in maximum immobilized activity in 

contained 15 % (~) acrylamide, 1.5 % (~) BIS, 0.6% (~) 
V V V 

~ fragilis cells 
w 

BDMAP , 0.25% (-) 
V 

ammonium persulfate and 25% (~) cells (wet weight) 
V 

and was polymerised 

at o0 c. This composition was modified for maximum activity in S . 

cerevisiae to contain 20% (~) acrylamide, 1.6% (~) BIS and 40% (~) cells. 
V V V 

Thes e gel compositions differed from the Chibata et al. (1974) gel 

primari ly in BIS concentration and polymerisation temperature. 

The most notable affect of the gel on immobilized cell ethanol producing 

activity was the loss in activity on immobilization. Twenty percent of 

~ fragilis activity and fifty four percent of S . cerevisiae activity was 

lost by immobilization in the above gels. 

The gel appeared t o impose only minor limitations on diffusion of substrate 

or product as the kinetic parameter of apparent Michealis Constant was 

relatively constant for both cell species before and after immobilization. 

The apparent maximum velocity was also not affected by the immobilization 

of!.:_ fragilis however with S. cerevisiae the apparent maximum velocity was 

reduced by 55% as was the specific activity. 

Initial simulation of continuous process ing by repeated batch experiments 

revealed that the p ure sugar substrate used in the determination of gel 

composition experiments was not suitable for extended use of~ fragilis 

cells, as the activity was unstable. Trials with supp lemented media 

showed that the loss in activity was not due to the leakage of critical 

metabolic cofactors such as metal ions from the cells as the incorporation 

of a salt solution in the substrate did not appear to reduce the rate of 

activity de cay. 

The incorporation of 0.5% (~) peptone stabilized the ethanol production rate 
V 

of!.:_ fragilis and S. cerevisiae cells over five repeated batch experiments . 

This suggested that the yeast's ability to synthesize protein may have been 

disrupted by the immobilization procedure and that the supplemented peptone 

was being incorporated into the yeast protein thereby stabilizing the 

activity. The repeated fermentation of a whey substrate indicated an 

increase in activity due to the production of free cells. 
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The continuous production of ethano l from whey by~ fragilis cells 

appeared to be a stable operation with only 10% of the initial activity 

being lost in ten days operation at 0.25 SV of a half-strength whey. 

Using a whey of 0.15 M lactose complete substrate utilization by 4.35 gm 

cells (wet weight) in a reactor was found to occur at a flowrate of about 

0.15 SV. It was also noted that the rate of ethanol production at this 

flowrate was about half that at 0.48 SV, an important factor when examining 

process economics . 

An estimate of the type of plant required to produce ethanol from whey and 

of the cost of production was made. It was envisaged that a series of 

reactors of immobilized cells be added to a casein factory producing acid 

casein and lactalbumin. The three main factors influencing the ultimate 

cost of the venture were the high gel replacement cost, the low substrate 

concentration and therefore product concentration and the l ow value of the 

product . These factors contributed to the conclusion that the production 

of ethanol from whey by immobilized K. fragilis may not be economcally 

feasib l e. 

The feasibility of this process and of a similar one for the production 

of ethanol from glucose could be increased by the production of a longer 

life for the immobilized cells by the use of substrate supplementation or 

rejuvenation although the determining factor may be the value of the 

product, ethanol. 
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APPENDIX 1 

CALCULATION OF THE THEORETICAL HEIGHT NECESSARY FOR FILM DIFFUSION IN THE 

REACTOR 

The equation 

z 

.2.. ...2...3 
ENT N 

RE SC 
1.09 av 

(Al) 

was determined by Satterfield (1970) for the estimation of the importance 

of film diffusion in a fixe d bed reactor. This equation has been applied 

to the results from the continuous experiments and the theoretical height, 

Z will be compared with the r eac tor height used. 

Z = theoretical height for film diffusion 

E void volume 

Reynolds Number dpG 
µ 

Schmidt Number _µ_ 
~D 

av = ratio of particle surface area to reactor volume 

Y
2 

Mole frac tion of substrate in product 

µ 

D 

Mole fraction of substrate in feed 

particle diameter 

mass velocity per unit superficial bed cross-section 

substrate viscosity 

diffus ¾}'ity 

f) density 

Certain assumptions have been made to perform this calculation. 

1. The particle diameter was taken to be the smallest thickness of the 

particle i.e. 1.5 mm (average). 

2. The diffusivity of whey through the gel pellet was assumed to be 
-5 2 

0.3 x 10 cm /sec. Toda and Shoda (1975) found that the diffusivity 
o - 5 2 

of 0.117 M sucrose at 45 C in 2% agar gel was 0.66 x 10 cm /sec. 
-5 2 0 

Havewala and Pitcher (1974) used 0.21 x 10 cm /sec for 60 C, 50% 

glucose solutions diffusing into zinconia coated controlled pore 

glass. 

3. The void volume was assumed to be 25% of the total volume of 40 ccm. 

This allows for an 80% swelling of the gel volume as defined by 

Richards and Temple (1971). The original gel volume of 4.8 ml for 
3 3 

each of 3.5 gels of 16.8 cm was increased to 30.2 cm. 
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4. 
0 3 - 2 

Whey density at 30 C is 1. 03 g/cm and viscosity is 1. 2 x 10 cp 

(Mark et al., 1965). 

5. The calculation was based upon complete substrate utilization at 

0.15 sv. 

Calculation 

G 

av 

= 

z 

Flowrate x whey density 
cross section of column 

6 ml /h r x 1.03 
2 

-4 2 -1 
5.7 x 10 g cm sec 

( 1. 1) TT X 3600 

)J 

po 

-4 
.15 X 5.7 X 10 

1.2 X 10- 2 

1 2 10
-2 

• X 

-5 
1. OJ x . 3 x 10 

particle surface area (1 

particle volume 

2 
(2-1f ( . 5) + .15 TT 2 . 5) 

2 
TT (. 5) . 15 

13.0 

(7 .1 10-3) (3.88 
.25 

X 

1.09 X 13.0 

0.69 cm 

- E) 

(1 -

-3 
7 .1 X 1 0 

3.88 X 10
3 

. 25) 

3 
X 10 ) 1 

1 - .985 

The actual column height is 10.5 cm. As the height necessary for film 

diffusion is only 6.5% of the column height this indicates negligible 

external mass transfer resistance. 

The theoretical calculation result agrees with the indication given in 

4.6.1.4 that the ge l imposes little resistance to mass transfer as the 

apparent Michealis Constant of the immobilized cells is only slightly 

greater than that of the free cells. 
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APPENDIX 2 

ETHANOL INHIBITION OF K. FRAGILIS 

This experiment was conducted to determine whether ethanol was inhibiting 

the immobilized cells . Product inhibition was une possible cause for the 

reduced activity in the immobilized cells. 

~ fragilis cells were immobilized in the modified Chibata et al. (1974) 

ge l was described in section 3 . 3.l and used in fermentations as described 

in section 3 . 4.1.2. The fermentation media consisted of 0 . 06 Mand 0.12 M 

lactose containing initial ethanol concentrations of 200 to 500 mM . The 

activi t y of the cells was measured as described in section 3 . 8 . 1 and is 

presented in Figures Al and A2 for the free and immobilized cells 

respectively. These results can be compared with Figures A3 and A4 plots 

after Dixon (1953) in which the typical inhibition patterns are shown. 

The results obtained in this experiment bear no resemblance to the Dixon 

plots. For both free and immobilized cells activity does not decrease 

with increasing inhibitor (ethanol) concentration. There appears no 

significant difference between the affect of ethanol on free or immobilized 

cells. It is concluded that ethanol does not inhibit free o r immobilized 

K. fragilis at the concentrations used in this study . 
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FIGURE Al. Reciprocal p lot of the ethanol produc ing activity of 
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Conditions used are described in sections 3 . 2.4 , 

3.2 . 5 and 3 . 4.1.2 . Substrate concentrations of 0.12 M, 
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initial product concentration in the medium. The 
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APPENDIX 3 

ESTIMATE COST OF ETHANOL PRODUCTION FROM WHEY 

A.3.1 Introduction 

Using the data recorded in this study an es timate design and costing has 

been performe d for the addition o f immobilized catalyst s to an existing 

sulphuric cas e in factory to utilize the whey for ethanol production. It 

is proposed that an ultrafiltration plant is incorporated in the factory 

to remove lactalbumin from the whey, with the permeate being passed for 

the immobili zed cell processing . 

For the purposes of the design the casein factory produces½ tonne / hr 

casein for 10 hours a day at peak p r oduction, with the average annual 

production ove r 300 days being 67% of peak production, equiva l e nt to 

200 days of peak produ ction . 

The immobilized r eactor was assumed to con t a in the gel optimized for 

~ fragilis NRRL Y 1109 activity as described in section 3 .3.1 and was 
w 

operated at 0.18 SV on a 4 . 6% (-) lactose substrate. The reactor 
V 

ff 9 (-w) . e lu ent was then assumed to be distilled to recover ethano l at 5% 
V 

It is proposed to operate the reactor in a series manner as depicted in 

Figure AS to maintain constant production after the initial start up. 

A.3.2 Assumptions 

The following assumptions have been made in this design. 

1) The casein factory is capable of producing 500 kg/hr for each of 

10 hours per day. 

2) The factory operates at an average of 67% of peak production for 

300 days annually. 

3) The skim milk used for casein manufacture contains 2.8% (~) casein . 
V 

4) All casein is removed from the skim milk . 

5) To precipitate the casein 4% (~) skim weight of steam and 8 . 5% (~) 
V V 

skim weight 0.1 M sulphuric acid is required. 

6) Whey produced is 85% (~) skim volume plus al l steam and acid . 
V 

7) One l itre of whey is equivalent to one kilogram . 

8) The whey volume is unaltered by the ultrafiltration process. 
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9) The whey 
w 

4.6 % (-) 

permeate feed to the immobilized ce ll r eactors contains 

lactose and 5.4 % (".:'.'.) total so lids . 
V V 

10) The immobilized cell reactors operate 24 hours per day . 

11) The immobilized cells have 50 day half lives and 2 half lives will 

be used for pro d11 c tion . 

12) For 4.6 % (".:'.'.) lac t ose it is es timated that complete s ubstrate 
V 

utilization would •:ot occur above O .18 SV. 

13) The reactor efflu 2nt contains 2% (~) ethano l. 
V 

14) The ethanol i s distilled t o 95% (~). 
V 

15) The immobilized c e ll activity is not a ffe c ted by the reduced 

flowrates used during o ff peak production pe riods . 

16) The cost indexes of Peters and Timmerhau s (19 68 ) are compatable 

with dairy processing. 

A.3.3 Plant Capacity Design 

Hourly production of 500 kg casein 

Skim milk required 

Acid required 

Steam required 

Whey produced 

Daily whey production 

Hourly feed to immobilized ce lls 

17,860 kg 

1,518 kg 

714 kg 

17 ,41 0 kg 

174 ,1 00 kg 

7 , 255 kg 

The following equation was used to determine the number of reactors 

required. 

-H 
Rp = exp (- ln 2) (Havewa la and Pitc h e r, 1974) 

N 

where Rp is the ratio of low to high production rates which will be 

1 for a constant production rate (s ee Figure AS ). 

For Rp 

H number of half lives used (2) 

N = number of reactors required 

1, H 2 =t N 7 

At 0.18 SV and peak production of 7255 kg/h r 

7 reactors of 5.76 m
3 

working volume are required 



Hourly ethanol 
. w 

product1011 2 % (-) 
V 

w 
95% (-) 

V 

145 kg in 725 5 kg 

145 kg in 153 kg 

192 1 
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Storage Required, - At l east total whey produced minus whey that can be 

produced in 10 hours 

174,100 - 7 2 , 550 kg 

= 101, 550 kg 

A.3.4 Cost Estimation 

For the purposes of the cost estimation the fixed capital investment and 

the operating costs will be calculated. 

Fixed Capital Investment (FCI) 

This can be divided into direct costs , which include equipment , buildings 

and installation, and th e indirect costs which are the contractors fees 

and expenses and contingency . The fixed capital investment will be 

calculated on the basis of the delivere d equipment cost of the major 

equipment (DEC) using factors. The factors are those from Peters and 

Timmerhaus (1968) and have been adjusted to comply with an addition to 

dairy processing conditions. A list of the factors used appears in 

Table AI. 

TABLE AI. Cost Factors 

Factor 

Direct Costs 

Installation 
Insulation 
Piping 
Instrumentation 
Electrical 
Buildings and Services 
Yard Improveme nts 

Indirect Costs 

Engineering and Supervision 
Construction Expenses 
Contractors Fees 
Contingency 

% DEC 

30 
3 

15 
15 
20 
50 

5 

25 
20 

8 
20 

221% DEC 
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l11s tallation, piping and i nsulation costs include all labour and materia l s 

used in the ope rations. Electrical encompasses a ll electri cal wiring and 

starter panels and installa tion labour a nd materials. The building and 

services category includes the cost of erecting the building and fittings 

of lighting, p lumbing a nd ventillation and the provision o f steam , water 

and other services to the building. 

Also included in the fixed capital investme nt is the working capital , 

estimated t o be 15 % of the capital used to buy an d instal l the plant. 

Operating Costs 

The costs take n into account in the operating cos ts. The manne r in which 

they are estimated are inc luded b e l ow (Pe t ers and Timmerhaus , 1968 ). 

Direct costs 

Fixed charges 

Ge neral Expenses 

A.3 . 5 Cost Index 

Operat ing l abour and supervi sion 

Utilities - steam, e l ectr i city 

Maintenance and repairs (1.5 % FCI annually) 

Maintenance labour (1.0 % FCI annually) 

Operating suppli es (Gel reagents ) 

Dep r eciation 10% fixed percentage 

Taxes -· rates etc . (1.0 % FCI annuall v ) 

Insurance (1. 0% FCI annual l y ) 

Overheads (60% o f total labour) 

Admin i strati on (20 % of operating l abour and 

supervi sion ) 

Inte r est -11 % fixed rate 

Mark e ting and distribution (1 % of FCI annually) 

The cost index of Marshall and Stevens (Peters and Timmerhaus, 1968 ) has 

been used in these calculations. In 1967, January , the index was 256 . 

Figure A6 shows the indexes for 1975 to 1979 and a projection to December 

1979 for which t he estimated index is 630. 

Conversion factor from January 67 to De cember 79 

Convers ion factor from March 1976 t o Decembe r 79 

6 30 
256 

630 
460 

2.46 

1. 37 
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FIGURE A6 . Marshall and Stevens cost index for equipment costs 

from March 1976 until June 1979 including the 

projection for December 1979. 



A.3.6 Cost o f Major Plant Items 

a . Storage tanks for whey permeate 

Size , 150,000 1 

Ty1, , Stainless steel with cooling facilities 

130 . 

Cost, $30,000 ,January 67 (Peters and Timmcrhaus, 1968, Figure 13-56) 

$73,800 December 79 

b. Reactors 

Size, 7 of 5.76 m
3 

capacjty 

Type, stainless steel with temperature control 

Cost, 7@ $20,000 January 67 (Peters and Timmerhaus, 1968, Figure 

$344,400 December 79 

c. Distillation Equipment 

( si_·ze requjred )0.6 Cost= Cost of similar equi pment 
size of similar 

13-90) 

(Pet~rs and Timmerhaus, 1968 , pg 107) 

Distillation equipment costs are based on those of Cysewski and Wilke (1976a ) 

of $124,700 for a complete distillation unit capacity 24,000 gal/day of 

95% (:'.:.) ethanol. 
V 

$124,000 ( 636 )0.6 
24,000 = $14,120 March 76 

$19,340 December 79 

d. Ethanol Storage tank 

Size, 500 l 

Type, Stainless steel 

Cost, $1, 000 January 67 (Peters and Timmerhaus, 1968, Figure 13-56) 

$2,460 December 79 

e. Pumps 

Type, rotary (Peters and Timmerhaus , 1968, Figure 13-41) 

Size, 20 , 000 1/hr (Pump for whey to storage) 

Cost, $1 , 000 January 67 

Size, 2 x 10,000 1/hr (Pumps to and from reactors) 

Cost, $1,400 January 67 

Size , l x 200 1/hr (Pump for ethanol to storage) 

Cost , $350 January 67 

Total cost $6,760 December 79 

DEC De l ivered Equipment Cost (Main Items Only) = $446 , 750 



A.3.7 Fixed Capital Investment 

211% of DEC = $942,640 

plus 15% Working Capital $1,084,040 

A.3.8 Operating Costs 

a) Labour 1 man 24 hr/day 

plus 1 man 8 hr/day@ $5/hr 

= $48,000 

131. 

b) Utilities - Steam 40/gal distillation of 95% ethanol (Cysewski and 

Wilke, 1976a) 

$1.07/hr at peak (7 6) 

= $0.98/hr average (79) 

= $7,070 annually December 79 

plus an estimated 20% for reheating whey 

= $8,490 December 79 

Electricity, estimated e lectricity usage for pumps is 

40 Kw 

At 3.5¢/Kwh 

= $10,080 

c) Operating Supplies 

Yearly gel replacement 

Acrylamide required 

Cost@ $6/kg = 

21 column volumes 

121 m 
3 

ge l 

18,144 kg 

$108,860 

Acrylamide costs is quoted from Koch-Light Laboratories Ltd as $7/kg. 

Bulk costs were estimated at $6/kg. 

The cost of the gel is assumed to be 130% the cost of the acrylamide, 

this includes, BIS, initiator, accelerant and cell costs. 

Total Gel Cost $141,520 



d) Summary of Operating Costs 

Labour 

Utilitie c-

Maintenance and repairs 

Maintenance labour 

Operating supplies 

Depreciation 

Taxes 

Insurance 

Overheads 

Administration 

Interest 

Marketing and distribution 

A.3.9 Cost Comparison 

Annual Operating Cost 

Annual Ethanol Producti o n 

48,000 

18,570 

16,260 

10,840 

141,520 

108,400 

10,840 

10,840 

34,620 

14,400 

119,240 

10,840 

544 , 370 

$ 544,370 

7 34 ,L.OO kg 

920 ,980 1 

Operating or production cost 59 ¢/1 

Energy output of ethanol@ 36740 BTU/ kg 

26,982 MBTU 

This is equivalent to 608,660 kg fue l oil@ 44,330 BTU/kg 

Estimated value@ 40¢/1 $243,460 

132. 

The approximate value of the fuel oil and therefore the ethanol is only 

about half of producing the ethanol. 

The estimated cost of ethanol production from whey in this study is 

approximately double that obtained by Marshall, (1978),who estimated 

that continuous fermentation using free yeast cells would produce 

ethanol at a cost of 45c/l. 




