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ABSTRACT

The process of hydrolysing the cellulose content of
various waste materials to sugars was first utilised in
Germany prior to World War 11 to counteract the
industrial ethanol shortage which existed during that
period. Now as the anticipated shortage of vital
energy-producing fossil sources becomes more apparent,
celluloée is once again recognised as an important

potential source.

A bench scale rig has been designed to effect the
chemical hydrolysis of cellulose at high temperature
(230°¢) énd pressure>(3.4X106 Pa) with 1-2% sulphuric
acid as a catalyst., The rate of conVersion to sugars

is a function of temperatﬁre and pH, and a screening and
optimisation exercise of these variables has been under-
taken, The yields of sugars achieved ranged from 0.4%

to 30% conversion (glucose equivalent).

The sugars formed were collected, neutralised and used
for fermentation tests. These were carried out using

Saccharomyces cerevisiae and certain bacteria in pure

and two-membef batch and continuous cultures to produce
ethanol. Analyses of yields, specific growth and
production rates and concentrations were made, with

which knowledge, comparison could be made between the




performances of the various organisms on the hydrolysis

sugars, under specified conditions., S. cerevisiae

performed well in batch and continuous cultures and
yields of ethanol near the theoretical maximum were

achieved., Of the bacteria Aerobacter aerogenes gave a

similar performance in continuous culture. The other

two, Pseudomonas saccharophila and Bacillus polymyxa

gave low yields and hindered the activities of the

yeasts in two-member cultures.
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This research programme is in two parts:

(a)

()

the design of a bench scale rig to produce sugars
by tke continuous acid hydrolysis of waste

cellulose at high temperatures and pressures.

the biochemical utilisation of the sugars formed,
in batch and continuous cultures by one or more

micro-ocrganisms for the production of ethanol.




PART I INTRODUCTION

CHAPTER 1

CELLULOSE: ITS STRUCTURE AND DEGRADATION

1.1 The Structure of Cellulose

Cellulose is our most abundant renewable resource; it
is produced by trees and higher plants and is their
major constitutent and chief structural element (bound
up with iignin). It is a polymer with an empirical
formula of C6H1005 and consists of inert, strong,
insoluble fibres, whiéh by X-ray diffraction revezal a'

definite crystalline structure.

At the molecular level cellulose is a linear unbranched
polysaccharide consisting of long-chain molecules of
D-glucopyranose (glucose) linked at the 1 and 4 carbon
atoms by a.ﬁ~glycosidic.linkage'(figure la). A
glycosidic linkage occurs when the hydroxyl containing
carbon of one monosaccharide is attached to a carbon

of another monosaccharide (figure 1b).
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Figure la Segment of the cellulose molecule
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- Figure 1b  f-glycosidic linkage

The number of glucose units per molecule is called

the

degree of polymérisation (D.P.) and may range from 15

to 15,000, The molecular weight is at least 1.5 x 10

6

The chains of cellulose molecules are organised three-

dimensionally and in the form of four distinct crystal

.

lattice structures (micelles) designated as cellulose I,

II, IIT and IV, which are characterised by their differing

X-ray patterns.

Cellulose I is present in native cellulose.

Cellulose II represents regenerated celluloses such as

cellophane and mercerised cotton.

Cellulose III and IV may be produced artificially by

chemical methods,
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In the crystalline areas, the molecule chains are
parallel and are strongly bound by intermolecular
forces. However, these crystalline structures are not
sufficient to account for the particular physical

properties of cellulose; its strength and insolubility.

There are also non-oriented, asmorphous areas in which
the chains are not fully bound to one another.
Figure 2 (FAO 1972) illustrates the main structural

features of a mature plant cell wall.

The primery wall consists of a loose random network of
cellulose microfibrils embedded in an amorphous pectin
and hemicellulose matrix, The outermost layer of the
secondary wall consists of cellulose fibrils arranged in
a cross-hatched pattern. The middle layer is made up of
parallel fibrils arranged in a steep helix which is
nearly parallel to the structural cell axis. The inner
layer consists of parallel fibrils arranged in a flat
helix. The elementary fibrils in each wall are 3.5 nm
in diemeter, made up of approximately 40 cellulose
chains and then grouped into larger microfibrils of
varying size., Between the plant cells is the middle

lamellsa consisting of lignin in the amorphous state.




Figure 2 Mature plant cell wall
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There are two concentric walls, primary and secondary,

the latter being composed of three layers.




Briefly, the other two consistuents of plant cell walls
are hemiculluloses and lignin (in the middle lamella).
The former is a blanket term covering polysaccharides
with 5 and 6 carbon atoms in the repeating units. Their
general formulae are (05H8O4)n and (C6H1005)n,

pentosans and hexosans respectively,.

All plant hemicelluloses have a main chain structure
based on f-(1-4) linked glycopyranosyl polymers, i.e,

similar to that of cellulose. However the degrees of

‘polymerisation are much smaller, from 50-200 units only

and nearly all show some degree of molecule branching.

Lignin which is present surroundirg the cellulose
micro-fibrils in the leter stages of a plant's life is
non-carbohydrate and is a complex, three-dimensicnal

polymer of phenylpropane residues.

1.2 Degradation by Enzymes and.Acids

In‘nature the degradation of cellulosic biomass occurs
very slowly by enzymatic means e.,g. the rotting of dead
wood and plants., This is essentially a process of
hydrolysis, the reaction of the polysaccharides with

water to simple sugars.
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(C6H + nHZO — nC6H12O6

1065)n

hexosans hexoses

(present in cellulose & hemicelluloses)
and

_ AN
(C5H804)m + mH,0 > mCSHloO5
pentosans : pentoses

(in hemicelluloses)

Since lignin is very resistant to attack by micro-
orgenisms the presence of only 2-4% of it in wood pulp
can reduce the amount of cellulose attacked by 50-60%
(Olsen et al. 1973). Artificially the reaction mey

by catalysed by mineral acids - this is acid hydrolysis.
Of the biomass constituents hemicelluloses are readily
hydrolysed by acid (dilute at 100°C) but cellulose is-
more resistant and there is no effect until 180°C (with
dilute acids). According to Baechler (1954) the
resistance of wood (1ignin) to mild acids is far
superior to that of common steel however Sarkanen and
Ludwig (1971) state that 'lignins are quite sensitive

to even mild treatment with mineral acids!',

(a) enzymatic degradation

Such organisms as ruminants, termites and some snails,

as well as many bacteria and fungi, are metabolically




dependent on their ability to degrade ceilulose and to

use the products for energy and new cell construction.
Organiéms that can degrade and metabolise cellulose are
termed cellulolytic. The degradation is brought about
mairly by the action of extracellular enzymes (cellulases)
which are capable of splitting the f1-4 glycosidic bonds
linking the glucose units of which cellulose is comprised,
Siu and Reese (1953) have shown that the cellulase

enzyme system is in fact a mixed enzyme system consisting
of both endo- and exo-enzymes. An important feature of
the degrading action of this mixture is an enhanced

rate of glucose reiease. The endo-enzymatic rate is very
slow, and that of the exo-system not much faster, but

the combined rate is much higher than the sum of the
individual rates (Sugin et al. 1975). This is due to

the fact that the endo-enzyme increases the substrate
concentration available for the exo-enzyme by breaking

the polysaccharide links and so making shorter chains.

The Trichoderma viride enzyme complex may be used as an
examéie of the cellulase.system, as it has been well
investigated by Mandels (1974). The system, being
multi-enzymatic, consists of three components which are
physically and engymatically distinct. Each playsban
essential role in the overall process of converting

cellulose to glucose.




The enzyme conplex in its total effect is capable of
converting crystalline, amorphous and chemically derived

cellulose to glucose,

Figure 3 Cellulase enzyme complex
crystalline C _
native 1;amorphous X \ E-glucosidase
cellulose cellulose (exo & endo- Cellobionse ~> glucsose
zlucanases).

extracellular ) intracellular
P Nl D
< 7 X 4

As can be seen from Figure 3, the three components have

been termed ¢,y C, and B-glucosidase,

C1 is required to initiate hydrolysis of the highly
crystalline components of cellulose, However, several
lines of evidence (King 1966) suggest that the C; reaction
may not be hydrolytic but more simply a cleavage of the
intermolecular hydrogen bonding* system. Proof of this
has been cited by King (1965)'in that if D,0 is

substituted for HZO in the reaction system the reaction

|
* A hydrogen bond is one where an H atom bonded to
atom X in one molecule makes an additional bond to
atom Y in the same or in another molecule.



rate is unaffected. This event would be highly

improvable for a hydrolytic reaction.

Further evidence is given by the activation energy

. -1 C -
of the Cl reaction (3000 cals mole™™ )., This is a low
value more in line with H bond cleavage than with

hydrolysis (Rautela and King 1968).

The Cx (glucanase) components have the capacity to
degrade amorphous cellulose. They include exo~ and

endo-@ 1-4 glucanases.

B-glucosidases in general vary in their specificities.
Those involved in cellulose breakdown are highly acti#e
on cellobiose, and conversion to glucose occurs, the
glucose is then assimilated by the cell, Alternatively

cellobiose may be assimilated into the cell direcitly.

Cellulases are inhibited by the presence of cellobiose
(Ghose et al. 1971), an excess of cellulose (Van Dyke 1972)
and by glucoée (Eriksson‘ét al. 1974). But work by

Mandels et.al. (1974) on the cellulase system of

T.viride has regarded the reaction as being limited by

the varying degrees of crystallinity, and only secondarily
by substrate and product inhibition. However this enzyme
system has not been effective on lignin-containing

materials such as forest and agricultural residues.
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(b) by mineral acids

This process involves the scission of the bonds bhetwe
the monose residues and the addition of water. This
would by very slow 1f just water were to be used dut
catalysed by acids (H+ ions). The cellulose macromc
are bonded strongly together by H bonds, these are
ruptured as well. The reaction occurs in stages

(Harris 1952).

natural i i4 iii
——=> hydrocellulose —==-3soluble ——==3si
cellulose pclysaccharides

Reaction (i) is rapid, (ii) slow (first order an

determining), reaction (iii) is rapid.

For hemicelluloses —+5 soluble —5 sim
polysaccharides sug

There are two theories about the reasons for
inconsistencies in the rates of hydrolysis.
(1939) Nickerson (1941), Philips et al, (19
and Scroggie (1945) expiain this by stating
amorphous cellulose is hydrolysed quicker
crystalline. The process being further cc
'recrystallisation'. By studying the abs
X-rays by different hydrolysed cellulose

increase in the crystalline fraction was
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hydrolysis, due to the dissolution of the amorphous
part and the partial conversion of amorphous into

- crystalline,

The other theory offered by Pacsu (1947) and Schulz
(1946)’is that the initial weak bonds are better
parted by acid than are the[?-glycosidic bonds and
that these were regularly distributed throughout the
structure of cellulose. However experimental results

were lacking.

A comparison may be made between acid- and enzyme-
catalyzed reactions by considering the difference in
the nature of the catalysts themselves. For example
acid molecules have a much smaller molecular size
(molecular weight) than protein (enzyme) molecules;

HC1 is 36.5 and cellulase is 63,000, Consequently acid
molecules may penetrate deeper into the more resistant
regions of cellulose and hydrolysis by écids is more -
complete, ZEnzymes have been found to be more efficient
hydrolysing agents (Gascoigne 1960) requiring less
molecules of enzyme fo catalyse the éame degree of
hydrolysis, however their conversion of cellulose to
soluble products is very incomplete, The large enzyme
molecules, unable to diffuse into the qellulose; readily
catalyse only the hydrolysis of the regions easily
accessible to them. The reaction proceeds slowly at

-the surfaces of the crystalline areas with dissolution




0of each chain as it btecomes exposed to the surface,
Extensive pre-treatment, often by milling, is needed
to expose a larger area to the enzyme molecules. The
smaller.acid molecules are able to penetrate deeply
into the structure, hydrolysing many more glycosidic
bonds and giving rise to shorter chains. Acid hydzr«
is further characterised by an increase in fluidity
a solution of the fibres dué to loss of strength .
produced by the reduction in chain length.

The specificity of the enzyme or acid catalyst ic
difference which affects the extent of cellulose
hydrolysis. Acids will attack all glycosidic 1i
within the molecules, while enzymes are much mo

specific.

In addition to the differences between acids ¢
themselves, when estimating hydrolysis potent
are certain characteristics of naturally oce
cellulose materials which will influence the
susceptibility to hydroiysis. Those factors:
‘been reported as affecting susceptibility T

attack have been listed by Siu and Reese (7 .

degree of crystallinity
degree of orientation

degree of substitution

S~ 0w |

amount and nature of non-cellul
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To complete this list, point 5, should be added, the
degree of polymerisation; as already noted, the overrid:

factor in point 4 will be the degree of lignification.

Points 1 and 2 may be linked together for discussion
purposes. Cellulose fibrils are laid down mainly in
the secondary wall of plant fibres, those nearest the
primary wall are laid down first. The degree or
orientation is the angle at_which the fibrils lie ir
respect to the long axis of the fibre. This orient
depends to a certain extent on age; during maturati
most of the cellulose chains become arranged in
crystalline areas. Other less oriented molecules
the amorphous regions. The less crystalline and
oriented the fibrils, the more susceptible they ¢
enzyme attack. The extent of hydrolysis by acid
affected too much by the crystallinity. Howeves
hydrolysis occurs preferentially in amorphous r

and then later the acid diffuses into, and atte
crystalline regions, the rate is slowed up by

presence of crystalline regions.

The presence of one or more substituents in «
every glucose unit of a chain renders the ce
immune to enzymic attack (Siu et al. 1949),
rayon, which has at least 2 acetyl groups i

units, is highly resistant to degradation.
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of acid hydrolysis the presence of other chemical

groups will have an effect on the end-products.

The non-cellulosic components of a fibre may either be
resistant to enzyme degradation, e.g. lignins and waxes,
or be easily broken down, e.g. pectins. Acids will deal

with all these components more efficiently and easily.

In the case of lignin, hydrolysis with sulphuric acid
removes the carbohydrate consituents by 'condensation
reactions'* and the remainder is an insoluble residue

known as Klason lignin (Sarkanen and Ludwig, 1971).

The degree of polymerisation, (the number of glucose
units per molecule) affects degradation in that the
larger the molecule the more resistant it will be to

enzymic and to some extent, acidic attack.

It is evident that hydrolysis by acid is speedier,
more effective and more complete. The only drawback
is the 1ack.of specificity, once the reaction has been
started hydrolysis of most constituents of the

cellulosic material will be effected. This precludes

*¥A condensation reaction is a combination reaction in
which two or more molecules form a larger molecule with
the elimination of some relatively small molecules such
as water or ethanol.
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an ability to control the reaction if only part of the
material is needed to be broken down. However careful
control can be performed to reduce the occurrence of

decomposition products.
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CHAPTER 2

SOURCES OF CELLULOSIC WASTES

It has been estimated by the World Health Organisatio
(1971) that the total world fixation of carbon dioxil

11 tonnes year*l of which

by green plants is 3.2 x 10
26.5 x 109 tonnes, (approximately 6%) is converted -
cellulose in plant material. Of this plant tissue
cellulose only about 20% is readily available as p
cellulose (such as cotton) which is relatively rar
nature. Usually it occurs in combination with ot’
polymers such as lignin, péctin and hemicellulose
the plant cell walls. It is the presence of lig
ligno-~cellulose complexes which strengthen plant
material but which constitutes a major obstacle

commerical breakdown and utilisation of cellulc

wastes.

Sources of waste cellulosic material are wide
and widely distributed so their UK availabil:

accordingly. (Table 1, Porteous 1976),
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Table 1 The UK availability of cellulosic wastes
(Porteous 1976)

m tonnes
Gross amount m tonnes
of waste Nett cell
Domestic refuse 18 ' 4.0
Straw (50% cellulose) 3.5 (burned) 1.75 -
- 9 available
Sawmill wastes 5.0 9
(45% cellulose) ’ ‘
Forestry Wastes (45%) 1.0 .45
Wood processing
wastes (45%) 1.0 ‘ +45
TOTAL 7.5¢

The processing alternatives for using cellulos
resources of renewable crops have been depict

Weiss (Figure 4, 1976).

From a crop two pathways diverge, one being
conventional feedstock itself such as wheat
etc., the other is concerned ﬁith the 'was-
as stems. The main process envisaged invce

hydrolysis followed by fermentation to us




Pigure 4 Cellulose resource alternatives (Veiss 12
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As an extension of these ideas on crop cellulo:
utilisation, is the availability of cellulose

in urban wastes (Wiley, 1954).

Domestic solid wastes were defined as follow

WHO Expert Committee (1971).




for a particular town but may be subject t
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"These wastes are a consequence of
housekeeping activities, such as food
preparation, sweeping and vacuum
cleaning; they also comprise fuel
residues; empty containers and
packaging; wastes from repair and
redecorating, gardening, and hobbies;
old clothing; reading matter; old

floor coverings; and old furnishing."

Within these categories there are many items whi

comprised of cellulose.

Both, commercial wastes which are mainly the w:
produced by shops and officeé and consists lar
fibreboard containers, wooden crates, paper p:
paper, carbon paper, typewriter ribbons, punc
tape, etc., and street cleaning wastes, may |}

with domestic wastes for the purposes of thi

The proportions of the constituents of dome

collected at a disposal site are virtually

4
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and long-term changes., Table 2 ubdated from Skitt
(1972) gives a breakdown of the guantitative and
qualitative content of domestic refuse in the UK.

It can be seen that the average annuallpaper content
is 29.6%% (1975). The totsl amount of refﬁse produced
annually is 18 x 106_tonnes and 5 x 106 tonnes of
this is paper. If the cellulose content of paper is
assumed to be 50% this becomes 2.5 x 106 tonnes

cellulose per annum availeble in domestic refuse,

From Table 2 it can be seen that 3.44 kg per household
per week of paper is discarded, approximately 1/12

tonne per person per year.
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Figure 5 Domestic refuse trends 1953-1979
. (updated from DOE 1980)
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Figure 5 shows graphically the increase in paper content
between 1953 and 1969 which has probebly been the result
of less open fires and more packaging of goods. It has
been somewhat reduced in later years. Table 3 (Frost &
Sullivan 1973) is a prediction of the composition of

domestic refuse (%) in Europe up to 1990.
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" Table 3 Predictions of compogition of domestic refuse
in Burope (Frost znd Sullivan 1973)

1965 1970 1975 1980

1620
%
Ashes, dust and cinders 60 32 25 18 >
Paper and cardboard 14 40 45 50 €0
Organic matter - 18 . 17 16 15 13
Metals 3 3 3 3 3
Glass 3 4 5 7 10
Plastics 1 3 4 6 8
1 1 1 1 1

Textiles

While the volume of domestic refuse is increasing the
density is decreasing because of a diminution in inorganic
matter and a marked increase in total organic matter. It
should therefore be easier to handle. The latter (vegetable
matter 17% and rags 2%) contains a high proportion of

cellulose.

Apart from agricultural wastes and domestic (urban) wastes
other areas of cellulose production could be developed such
as the use of fresh water reed swamps and waste marshland
where plant tyﬁes of high cellulose productivity could be
grown and harvested (Heslop-Harrison 1975). Also cereal

crops grown for maximum yield of both grain and stalk;




it has been estimated by

could yield a further 5 x 106

that normally

avellable

24

Smith et al. (1975%) that this

tonnes of cellulose, over

such crops.



CHAFPTER 3

ot g e . N T S T

THE UTILISATICON OF CELLULOSIC MATERIALS

AND CURRENT RESEARCH

3.1 Historical

As early as 1819, Braconnot found that water soluble

sugars could be obtained by fhe reaction of strong
sulphuric acid on sawdust. The experiment was not

intended to produce wood'sugar but to investigate the
effects of variéus chemicals on wood. In 1866 Tilghmen
discovered that sulphurous acid would dissolve the lignin
in wood, leaving the cellulose fibres., This discovery
paved the way for the development of the pulp and paper
industry. The acid hydrolysis of cellulose itself was
reported by Calvert in 1855 and an systematic investigation

was reported by Girard in 1875.

The énzymatio breakdown'of cellulose was also being
investigated at the end of the last century. By 1899
MacPaydyen and Blaxall had discovered a bacteria which
would ferment cellulose at 60°C. Omeliansky (1904-6)
pioneered much of the early wbrk in the fermentation of
cellulose by micro-organisms but in 1906 he was still

taking 9-15 months to ferment a few grams of filter paper!
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By 1920 large scale experiments (4550 litres) were being
carried out by the Distillers Company and a paper by
Langwell ir 1932 cited yields of alcohol, acetic and
butyric acids of 3.2%, 31.6% and 1% respectively from 4ary

corn cobs in 7 days.

In the field of acié hydrolysis, Willstatter and
Zeichmeister (1913) used hyperconcentrated hydrochloric
acid on wood and obtained 15% cellulose decomposifion but
with only 3-4% monosaccharide. Hagglund's (1951)
discovery that spent hydrochloric zcid which had lost ifs
dissolving'capacity still had an effect on & fresh supply
of wood, finally produced up to 30g of sugar dissolved

in 100g HCl. This made pogssible the economical recovery

of HCl1l by evaporation under vacuun.

On a larger commerical scale three methods were used in
the years encompassing the two world wars; the 1914-1918
'war' process, the Bergius-Rheinau process and the
Scholler process., The {war' process (in Germany) which
employed dilute acids in autoclaves proved uneconomical
and was abandoned in 1919, Unfortunately this gave rise
to the assumption that wood saccharification with dilute

acid was uneconomical.
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The Bergius-Rheinau process used concentrated hydrochlcric

acid at room temperature and pressure. Scholler (1936
and his collaborators in Germany returned to the use of
dilute acid (HZSO4) and managed to obtain a four-fold

increese in yield compared with the process used during
the 1914-1918 war. Realising that sugar decomposition
takes place aé well as saccharification he operated a

percolating process obtaining 80% of tlLeoretical sugar

yield. This was fermented to ethanol.

In 211 calculations of sugars from wood the following'

values are used as a theoretical stoichiometry:

dry wood > celigigse > gl;gﬁge %;?iﬁég

In the USA research was conducted by Saeman (1945) during

the same period to develop a commercial process for
ethanol from wood waste. It was based on the Scholler
process (Madison process). In both countries these |
commerciél practices gradually came to an end with the

increased availability of relatively cheap oil and its

associated products. Now as the anticipated shortages of

energy producing raw materizls from fossil fuels becomes
a reality, cellulose is once more becoming recognised as
an important potential resource, the use of which may

help the conservation of scarce and costly o0il reserves.
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A process using concentrated sulphuric acid was used

in Ttaly during the 2nd World War and has recently

been developed in Japan as the the Hokkaidé process
(Rieche 1964). 80% concentrated HQSO4_is sprayed on
ground dried wood in the reaction chamber with a contact
time of 30 seconds. The resultant sugar solution is
neutralised and the glucose precipitated and purified.
28 kilos of sugar from 100 kilos dry wood are produced

representing a yield of 56% of the theoretical.
The key to any type of cellulose utilisation lies in

the development of methods to convert the waste

economically to readily useable forms of energy.

3.2  Present Dgy Usage

There are already some industrial chemical processes
which use cellulosics directly or indirectly, these
include wastes from wood processing, pulp and paper
manufacture, and agriculture. PFigure 6 shows an outline
of such uses which are then discussed in more detail
(the strong acid process is thbught to be operating in

the USSR at present).
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In addition scme &agricultural wastes such as sugar cane

stalks (bagasse) and potato sterch are used.

(a) spent sulphite liguor (Inskeep 1951)

This is a weak (1.5 - 2.2%) sugar solution containirg

about 0.5% acetic acid and 5-6% lignin as lignosulphonic
acids. The sugars are hexoses (1.1 - 1.6%) and pentoses
(0.4 - C.6%). The traditional method of utilising this

waste stream has been to grow Candida utilis (Torula
1
)

yeast) for feed yeast (134kg tonne™~). Other products
include alcohol (80 litres tonne"l) by fermentation of
the hexoses, veanillin (from the lignosulphonic acids),

oxalic acid, tanning material and dispersing agents.

(b) chips and sawdust (Frost and Kurth 1951)

These are heated with dilute acid to form glucose and
then on to levulinid and formic zcids (1474kg tonne—l).
- The levulinic acié is used as raw material for the
production of diphenolic acid (DPA) which is an
ingredient of resins, printing inks and coatings.
Processing of the chips and sawdust by heat and pressure
produces chemical cellulosekwhich is converted to

cellulose triacetate with acetic anhydride.
In the USSR two dilute acid processes are definitely in

use "(Nikitin 1966). One is a batch reaction based on

the Simonsen method, wood is. heated to 170°C with 0.1¥
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H,50 This yields 25-26% monosaccharides in 4-6 hours.

4°
This process with its low yield is used only for the
pre-hycdrolysis of wood to remove the hemicelluloses.
The sugars are used for fodder yeast, ethanol and
furfural production. The residue from the wood is used
to meske a high quality viscose pulp by sulphate cooking,

or crystalline glucose by hydrolysis with concentrated

- acids.

A continuous percolation method (0.5% acid, 180—19000)
with a total of 3 hours contact time is used for the
production of sugars for alcohol (170-1801 'I:ane"1 oven
dry wood). Recent developments have been towards
counter-current percolation (Pohjola 1977). A bottom-

fed 440 litre pilot percolator has given 45-52% yield
sugar from dry wood, the reactor opérating at 80 kg,'hour"l

substrate feed.

3.3 Present Day Research

A wide range of research has been initiated in the USA
and other countries (Dunlap et al., Briksson et al.,
Grethlein et al., Thayer Scﬁool of Engineering, Darmouth
College; Mandels et al., US Army Natick Laboratories
Mass; Wilke et al., University of California at Berkeley),
with tﬁe exception of the Thayer School work, this

research has been concentrated on the biological breakdown




of cellulose by cellulase-producing organisms; the
resultant sugar being converted to single cell protein

(scp).

(a) enzymatic research

Since the cellulase enzyme system is far more efficient
when the cells themselveées are used rather than a cell-

free extract the most favoured method of microbial

n

degradation has been by the culture of the micro-organisz
themselves. Work has included batch and continuous

cultivation.

" The micro-organisms which have been used experimentally

for cellulolytic breakdown fall into three distinct
groups according to optimum temperzture and oxygen

requirement:

aerobic mesophiles o
optirum temperature 20-45°C

anaerobic mesophiles

aerobic thermophiles - obligate 47-75°C

facultative 40-60°C

A fourth group, anaerobic thermophiles, has been used
for the production of organic acids from cellulose in

laboratory studies.




1. aerobic mesophiles

The use of these organisms for the degrudation of waste
céllqlosics has proved the most popular, boih fungi and
bacteria have heen used. Table 4 gives some details of
these experiments. The meximum utilisation of cellulose
was 57% plus and also in the shortest time. 1In recent
years the US Army Natick Laboratories have concentrated
on maximising cellulase production in a two-stage
continuous process (Mandels et al. 1979) since the
hydrolysis system they had developed was not considered
economically viable (Noyes Data Corpofation 1980).
Realising this Wilke (1977) continued the investigation
on enzymatic hydrolysis by using dilute acid as a
pretreatment to remove the hemicelluloses and open up

the cellulose prior to using the enzyme.

The initizl growth medium used for the cellulase-producinz
organisms affects their later performance. For example
T.viride first grown in glucose, and then put into a

cellulose substrate has an adaptation time of 30 hours

(Rosenbluth and Wilke 1970) before the lag phase commences.

Yamane (1969) found that both filter paper (celluloée)
and sophorose (a disaccharide) enhance cellulase
production but as found by other authors glucose
(Eriksson and Goodall 1974) and cellobiose (Ghose and

Das 1971) inhibited it.
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Pfeffer (op cit.) used shredded refuse seeded with raw
sewage sludge and fermented 1t anaerobically to produce
s

2. anzerobic nesopshiles

These org:inisms have been used to »roduce methane fron
cellulosic wustes, with SCP as a by-product (Pfeffer

1974, Bellamy 1974).

FICTR
CN&Y

methane. The disadvantage of this process being
lignin and large fractions of lignin-cellulose complex

are not utilised by the anaerobic organisms.

The most common and effective of these organisms are

those in nature, the micro-flora of the alimentary trzct
of ruminant herbivores. However no large scale experiment
have been attempted using these organisms, probably

because of the isolation and cultivation difficulties.

3. aerobic thermophiles

Some of these use lignin and because of the higher
working temperature exhibit a higher rate of digestion.
The most frequently used have been the thermophilic
actinomycetes (Bellamy 1974, Crawford and McCoy 1973).
Both pulping fines and fibre were used and utilisation
of cellulose reached 60-80% with up to 30-35% protein

yield.



——

In reviewing these methods i1t is apparent that they all

have problsms in common, viz. the necessity for

¢

pre-treatment of the cellulose, thin suspensions only

.

(1) can be used, the presence of lignin and ligno-

cellulose complexes which resist degradation and the

need for additional nutrients to promote adequate growth.

Klee and Rogers (1978) noted a substantial number of
disadvantages, to the enzymatic hydrolysis process

applied to municipal solid waste:

1 the feedstock must be milled to approximately

250 pm (60 mesh), a costly operation;

2 the feedstock concentration typically is low
(54 to 10%), since higher concentrations are

difficult to stir;

3 it reguired 48 to 64 hours to produce a
dilute (2.5% to 5.0%) sugar solution (high glucose
concentration interferes with the enzymatic

hydrolysis);

4 there have been difficulties in recovery of

the enzyme for reuse;




5 precautions must be taken to maintain sterile
conditions to prevent loss of enzyme or sugar

{(some bzeteria will consume either);

6 if conversion to ethyl alcohol is elected,

the dilute sugar solution must first be concentratesl

(about 15% or better is required for best results).

On the positive side, the engymatically-produced sugars
are free of extraneous decomposition products, also the
o) .
process operates at low temperatures (30O to 60°C) and
) :
V]

does not require corrosion-resistant equipment.

(b) acid hydrolysis research

Porteous (1967) analysed the kinetics of cellulose
hydrolysis by acid and predicted that under éuitable
processing conditions, namely temperature and acid
concentration, the hydrolysis time could be cut (from
hours) to minutes or even seconds. This also meant
that a continuous reactor could be used and the process
transformed from a slow batch method to a rapid
continuous one, resulting in fermentable sugars. He
suggested the application of the process to the

cellulose content of domestic refuse.
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Figure 7 gives the predicted concentration in time
profiles for the continuous hydrolysis of cellulose at
230°C and 0.4% H,S0,. It can be seen that the predicted

reactor residence time for maximum yield is 1.2 minutes.

Experimental work was then carried out in two stages &t

the Thayer School of Engineering, Dartmouth College,

New Hampshire, USA to verify: 1. the kinetic predictio=s
of Porteous (1967) and 2. the effect of refuse
contaminants on sugar fermentability. The experimental
results of FPagan (1969) showed a substantial agreement
between the predic?ions and the experimental results;
yields of approximately 75% of those predicted by Porteous,
with Saeman's (dp.cit) kinetics, were obtained. The main

cause of error in the calculaztions for these initial




to heat the samnle

kinetic studias was the btime
17OOC, where the rezction rate first
to the final temperzture. This time was approaching
minuﬁes giving a large error due to heat up.

It was also shown that a 10% yield increase was
encouraged by doubling the acid concentration at 23000,

and that a 5% yield increase occurred when a 10° rise

in temperature was used.

Converse et al. (1973) obtained yields of 52-54% sugar
in a bench scale flow reactor while verifying the
kinetics of the process, and also attempted fermentation

of the sugars (see Chapter 8).

Bremnner et al. (1977) at New York University also
verified the kinetics, using a batch 1 litre autoclave

with glucose yields of up to 50% of the original

'cellulose._ Klee and Rogers (1978) reported on Brenner's

later research in which the substrate is subjected to

an ionising radiation pre-treatment before heating to
230°C in a batch reactor with 1-2% sulphuric acid.

Yields of 50% were achieved in 10-20 seconds. Recent

work by Grethlein (1978) has yielded 10% glucosé solutio=s
using newsprint (77% cellulose and hemicelluloses). In
Sepﬁember 1978 Grethlein was advocating the use of acid
hydrolysis_aé a pre-treatment of solka floq and other

particulates from wood mills, followed by enzymatic



conversion with T.viride. The pre-treatment converts

the hemicelluloses to mainly pentoses and the enzymes
attacking the cellulose. Thompson and Grethlein (1979
obtained about 50% of the potential glucose in solka floc
and in newsprint at 24000, 1% acid and 0.22 minutes

residence time in a plug flow reactor. They concluded

commercial interest if slurries greater than 10% "/v

were used.

that a continuous acid hydrolysis process would be of 1
In 1978 Guha et al. performed an engineering évaluation

of the chemical conversion of wood to liquid fuel

alcohol. They found that a dilute sulphuric acid process

was the most attractive for present day energy application.

They used kinetic data obtained from the investigation

of the four reaction steps (diffusion of acid, conversion

of cellulose to sugar, diffusion of sugar, decomposition

of sugar) in a non-isothermal batch reactor to optimise a
percolator reactor. Calculations showed that fhe

percolation time can be reduced from 3 houré (Madison

process) to 45 minutes with a higher yield than can be

obtained in a tubular reactor. Also Emery (1979) has

costed the hydrolysis of newsprint, sorted refuse, stréw

and ryegrass by enzymatic and acidic methods. He |
concluded that ethanol produced (by fermentation) from

the sugars obtained by acid hydrolysis was cheaper than

by the other route, and that sorted refuse was the only




“economically Teas!

material which appeared to bhe energetically and

os'

le as the substrate.

Worx in Russia is being directed towards dilute acid
percolation plants using dry wood. The parameters
studied include hydrolysis rate constants, the effects
of particle size (wood shavings), temperature gradients,
liquid to solid volume ratios, contact time and
coefficients of mass transfer (Belyaevskii 1973,
Starostina and Belyaevskii 1973, Molchanova et al 197

and 1974).
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PART IT  ACID HYDROLYSIS

CHAPTER 4

THE KINETICS OF ACID HYDROLYSIS

As noted in Chapter 1, chemical hydrolysis'of cellulosic
wastes may be accomplished by treatment with dilute acid.
The rate increases with temperature. Between 160-200°¢
the rate increases 2-2.5 times for each 10°C rise. The

1 Wwood (Rieche 1964).

process is exothermic 36 cal.g
The rate is also a function of the pH. The chemical

reaction may be simply expressed as:

H,50,
C6H1005 + HZOH CoHy 506 (1)

cellulose hexoses

The acid acts as a catalyst. Unfortunatel&, those
conditions which favour cellulose hydrolysis also favour
the decomposition of the sugars so formed. The
decomposition reéétions are shown in equations 2-5. If
pentoses are present (from the hemicellulose fraction)

they degrade as in equations 4 and 5.

CeHy00 —> \C6H6O3 + 3H,0 (2)

Hydroxymethyl-
furfural
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' \

CgHyp0g —>  CgHgO3 + HCOO H + H,y0 (3)

levulinic formic

acid acid
CsH 005 —> CgH,0p + 3Hy0 (4)

4furfura1

N

C,H,,0, and C.H,A~O humic substances (5)

- The hydrolysis of cellulose is a heterogeneous reaction

but for small‘particle sizes and high liquid to solid
ratio it may be considered as homogeneous. The two types
of reaction (production and decomposition) are
consecutive and havé been expressed by Saeman (1945)

(for wood) and Fagan (1969) as pseudo-first order.

C = cellulose concentration
S = fermentable sugars
D = decomposition products
k, &k, are reaction rate constants
The rate of cellulose decomposition dC = k,C (a)
dat
The rate of sugar accumulation 4§ = kC - k,8 (b)
d .
and similarly the rate of decomposition products 4D = kéS
at



- 44 -

p { CG Q-E' /RT

&

Q,
T=

1

, -E /AT
Ky = Picae o

where P = pre-exponential factor s—l

E = activation energy J.mo1~t

C, = acid concentration (%)

T = temperature °g

R = ideal gas law constant J.mol":L
By integrating (a) and (b):

L '
C = COe CO = initial cellulose concentration
and s = Cok2 —klt —th

- e - e :
1 72 ’

| 1=K /1))
The maximum yield of sugar = Co (K, /kg(l, 1/x%,)

is dependant only on k1 and k2 and it increases with
temperature (and/or acid concentration) due to the

increase in the ratio of ky (the selectivity).

K,

The maximum temperature is limited by the practicality
of the very short residence time which would be needed.

The residence time in a plug flow reactor at which
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maximum concentration would occur is:

el

2

fme) = (B =) 12

The rate of production of glucose (or the rate of
conversion of cellulose) is the mass of the product (or
reactant) in moles per unit time and unit volume. Since
the acid hydrolysis of cellulose is a fast reaction (once
started) the mixing of the reactants (cellulose, water
and acid) will probably be rate~limiting.. It has also
been shown (Saeman 1945) that for any given hydrolySis
conditions (e.g. acid concentration and temperature)'
there is an optimum reaction time for maximum sugar yield
after which the temperafure must be sharply reduced to
quench the reaction and stabilise the yield. Porteous

(1967) extended this work in order to produce an economic

process for the disposal of municipal waste by hydrolysing

the cellulosic content in a continuous tubular reactor.
Conditions of 0.4% H,50, and 230°¢ were found to be the
approximate upper limits for é controllable reaction
(Porteous 1969). The predicted optimum residence time
in the continuous reactor, under these conditions was
1.2 minutes with a 55% conversioﬁ to fermentable sugars.
The design of such a reactor (length large with respect
to diameter) is such that the fluid velocity ig
sufficient to retard or inhibit back-mixing and it is

possible to approach plug flow performance.
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The form of the rate expression and the value of the rate
constant for a reaction cannot be predicted or calculated
without experimental déta. The most commonly used method
for homogeneous reactions invblves adding known quantities
of the reactants to a batch reactor which is 6perating
isothermally at conStant volume. The reactants are mixed
thoroughly and the change in concentration of the key
component with time is measured. The data obtained are
compared with various rate equations to find the one givirng
the best agreement. This comparison can be méde by éither

the integration or the differéntial method.

The integration method involves a comparison of the
predicted énd observed compositions of the reaction
mixture as a function of time and it is necessary to
integrate rateiexpressions to give concentration as a

function of time,

If irreversible and first order as predicted in the
formation of sugar from cellulose

then d&C = -kG
at

If the initial condition of cellulose equals ¢, and C,

represents the concentration at time t, then integration

leads to:
C
1n-69-=k't
.t

and a plot of 1In Co versus t should be a straight line

.t
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with a slope equal to kl'

The differential method involves comparison of predicted
and observed rates obtained by differentiating the
experimental data when the concentration of glucose is
plotted against time, the slope of the curve at any
point is equal to rate of reaction dS and a collection

of these,values (r) at different times can be.obtained(

If the reaction is first order

rate (r) = 4S = k,C

which may be written as lég rate (r) = log k; + log C.
If the log rate (r) is plbtted against log C, a straight

line of slope 1.0 should be obtained.
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CHAPTER 5

HYDROLYSIS RIG DESIGN AND CONSTRUCTION

The objective of this part of the research was to verify
in outline the acid hydrolysis reaction in a laboratory
bench-scale set up worked on a continuous basis at high
temperature and pressure and to obtain sugars for
subsequent %ermentation. The planning of thevprocess

development included information of the following:

flow diagram of the process (Figure 8)

raw material available, the effect of its quality .
on the process and product

pre-treatment of substrate

the effects of process variables on conversion
and yield

equipment |

collection and cooling of product
constructional materials
‘analytical‘méthods for evaluation

safety

A short discussion of each point now follows.
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5.1 Flow Diagram for the Process

Figure 8 Flow diagram
heat heat
reactant re-reaction reaction cooling |—> aste
+ catalyst p © oling heat
pressure ~ product

Fagan (1969) has demonstrated the desirability of =
single stage continuous flow reactor (with recycle
capabilities) and later Converse et al. (1973) used the
same basic planf: However Fagan et al. (1971) found that
the heat up time that had to be allowed for daused
considerable errors in the kinetic calculations. In his
process the total heating of the cellulose slurry was |
accomplished by direct mixing with a high temperature
acid stream. No mention was made of the starting
temperature or the mechanisms of maintenance of a 200°C

reactor temperature.

In this\present research a pre-reactor has been used,
heated to approximatély 18000, and a reactor proper,
in-line heated to 230°c. The reaction, cellulose to sugars
does not take place appreciably below 1800C, and because

of the problems of heating (no steam in the laboratory)

it proved more feasible to heat the cellulose slurry in

two stages.
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5.2 Raw Materials

The cellulose input to the process was both computer paper
and filter paper. The use of these will give an
approximation.of the conditions likely to prevail when

the process is applied to the cellulose content of
domestic refuse which includes newsprint and other types

of paper.

In addition sulphuric acid and water were used.

5.3 Pre~treatment of the Substrate

The need and the methods for the preftreatment of wvarious
cellulosic wastes has been the subject of a considerable
amount of research (Rogers et al. 1972, Crawford and
McCoy 1973, Han et al. 1971, Mandels et.al. 1974, Updegraff
1971 and Bellamy 1974). The methods empibyed include
both physical.and chemica; treatment, Of the physical
treatments a variety of mills have been tested to reduce
the cellulose to very small diameter (SOp) particles.

The types most commonly used were ball mills, hammer
mills and knife mills. Shredders were also used for
preliminary work. In this research initial thoughts on
the pré—treatment of computer paper produced the idea of
a two stage pre-treatment, first shredding and the use of

a knife mill to produce the fine particles demanded by the
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very small scale experimental apparatus. It is quite

possible that an industrial scale plant would not

need such fine milling of the feedstock.

5.4 Process Variables

The screening and optimisation of Qariables according to
the Plackett-Burman designs (Stowe and Mayer 1966) has

been done retrospectively.

The candidate varisgbles were:

1 acid concentration (% H2804W/v) :

2 flow rate (l.hr-l)j

3 residence time in reactor sections vy and/or Vo

(minutes) (see Figure 9).

4 pre-reactor temperature (°C)
5 reactor temperature (°C)

6 difference in.temperature between the two

reactors (°Q)

Three of these factors were chosen (acid concentration,
flow fate and temperature difference) and an 8-trial
design utilised (see Chapfér 6 - results). To eliminate
bias errors the trials were held in random order. Four

unassigned factors were employed in computation to get
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-some measure of experimental error in order to decide

which variables are really significant.

5.5 The Equipment

(2) knife mill

A 3 phase 1.5 kw (3HP) mill, comprising a rotating g
cylinder (300 rpm) with 3 knives within the body containing |
4 stationary knives. Approximately 17 minutes grinding

of 1 kg paper produces a fine dust of which 25% of the

particles ‘were below 150 pm,

(v) plunger pump

This is made of Hastelloy and stainless steel with a

ceramic plunger and has a capacity of 0-30 1.hr t. The

stroke control may be altered from 0-100%. The pumping

speed is 135 strokes per minute_at a working pressure

© pa, Tt was used to handle a 1:20 w/v acid

and paper slurry at 20 1.hr7t,

of 3.45 x 10

(¢) pre-heaters

There are two containing feedstock (including acid) and
flushing water respectively, heated to 9000. The one

containing feedstock includes a 'stirrer'.
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(d) pre-reaction tube

This is heated to 180°C by electrical tapes, it is
6 metres in length, 2 cm internal diameter, of a spiral

form and made of stainless steel E W 58J.

~(e) reactor tube

This is heated to 230°C by electrical tapes, it is 1 metre
long, 2 cm internal diameter, and of stainless steel
E W 58J. Using a flow rate of 17-20 1.hr™! gives a

residence time of approximately 1 minute.

(f) electrical heating tapes

These are of varying kilowattage and have fibre or quartz

fabrie insulation.

(g) temperature confrol sensors and thermocouples

These are placed on the reactor tubing and connected to

control boxes.

(h) pressure relief valves

There are two of these, one on the inlet manifold with

6

the pressure gauge, adjustable from 2.4 x 10° Pa (350 psi)

6

to 1 x 107 Pa (1500 psi) and set to vent at 4.1 x 10~ Pa

(600 psi). The second is a stainless steel holder with

bursting disc at the maximum temperature end of the

6

reactor tube and is calibrated to burst at 4.6 x 10~ Pa

6

(675 psi) at 260°C or 8.7 x 10° Pa (1255 psi) at 15°C.
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(1) needle, or orifice valve

This is at.the end of the reactor.

(j) cooling coils

These are used to reduce acid vapour to liquid and to

cool it to a manageable temperature.

Figure 9 shows the layout.

5.6 Collection and Cooling

Converse (1973) quenched his reaction by flashing to
150°C and then centrifuging to separate out the solids.
At this point some of the solids (containing unreacted
cellulose)‘were recycled to the slurry pre-heater. The
liquid stream was neutralized with lime and entered a
second centrifuge to removed unreacted lime and
precipitated calcium sulphate. The sugar solution was
concentrated in a series of long tube vertical evaporators.
In the Scholler Woéd sugar process (Greaves 1945) the
sugar solution was neutralised hot (60-—700), first with
calcium carbonate which neutralised most of the sulphuric
acid, and then with calcium oxide which neutralised the
organic acids (formic, acetic, etc.). However, Harris
et.al. (1946) found that if the hydrolysate were
neutralised hot (130°-135°C) with lime and then flashed
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to atmospheriq pressure, cooled to 30°C and then
filtered, all traces of furfural and calcium sulphate

could be removed.

The actual procedure followed was to flash to atmospheric,
cool through a cooling coil and neutralise to pH 5.0 witk

sodium carbonate before use for fermentation.

5.7 Constructional Materials

It was necessary that all materials used in the rig were
acid resistant, and capable 6f withstanding pressures and
6 Pa and-230°0-respectively.
The additional chemicals needed were sulphuric aecid, to

be diluted to 1-2%, and sodium carbonate for neutralising

the product.

5.8 Analytical Methods

During the running of the hydrolysis rig various physical
and chemical tests need to be carried out. Table 5

summarises them.



- 57 -

qounpoxd TeUTLT

X X X
§4U8NLTLSU0D
X X I030BaI
, S3USNYTF3SUOD
X X JI010BOI-9ad
RxaaTs
X X . X 9soTNTIeo
0T4BI
2onpoxd sTtsfTeur Qus4u0d . opmabrIT
uoTqTsodwooap Ieduas 8soTnTTeo Hd  exmssead mmﬁpmnmmﬁmp /PTTOoS
A/m

81a eyy Jo Suruumx oyy FuTanp S488% TBOTWAOYD pue H@uﬁmhmm G 9TaBg




- 58 -

Sugar analysis waé by the Somogyi-Shaffer-Hartman method
(Shaffer & Somogyi 1933) and by high pressure liquid
chromatography. (Appendix 1). = The former method was
found suitable by Saeman et al. (1945) énd was easily
adapted to sugar concentrations as low as 0.2 mg.ml"l by
increasing fhe boiiing time to 30 minutes. The

chromatographic method was far quicker and more accurate.

5.9 Safefy

Safety valves and bursting disecs were incorporated into

the system and set to certain limits. Before each run the

system was run on 90°C water, up to pressﬁre and then the

slurry was released. After each run the system was flushed

with hot water.
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CHAPTER 6

EXPERIMENTAL DETAILS OF THE TRIALS,

THE RESULTS AND DISCUSSION

- Details of the successful tests are listed below and the
results in Table 7 (only successful trials have been
numbered). Notes on the unsuccessful trials and problems
are summarised in Table 8. Analysis of the sugars was
by the SSH method and high preésure liquid chromatography
(Appendix 15.

6.1 Trials

Trial 1 - Ground computer paper was the substrate. It
proved difficult fo grind énd an evenly distributed slurry
was not achieved because of the poor wetting ability of
the paper. A needle valve was used (i.d4. 1.19 mn) ;
considerable "blocking océurred behind this valve. The

end product was a clear brownish liquid.

Trial 2 - In all trials from now on, ground filter paper
was used (99%e¢-cellulose). The 'wetting' was good and
the consistency of the slurry even., Balling occurred
behind the needle valve. The end product was a clear
brownish liquid. After this trial the rig was seriously

blocked with unreacted paper. Following the experience
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of Grethlein and Lang (1977) the needle valve was replaced
by a fixed orifice valve. Valves of 0.25 mm - 0.75 mm Z.d.

were tested.

Trial 3 - A fixed orifice valve of 0,75 mm i.d. was used.
A 10% slurry was used in error, however only a minor
amount of blocking occurred. The end product was a
brownish liquid containing some carbonised paper particles

(identified'microscopically).
Trisl 4 - Fixed orifice valve blew a hole in the side.
Trial 5 - No mechanical problems.

Trial 6/7 - Blocking occurred early on in runs. Brownish-
black end product containing charréd paper particles.
Despité the macroscopic colour, microscopically they

resembled freshly ground filter paper particles.
Trial 8 - No mechanical problems.

Trial 9/10 - Pre-reactor temperaturés were too high,

sugars decomposed to volatile components such as furfural.
Sample colour ranged from green through to brown and

black, fluctuating during the 25 minutes of coilection.

The product was found to be contaminated with chromium, iroxn
and nickel which could have come either from corrosion of

the pre-heaters or the stainless steel tubing (Table 6).

a
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Table 6 Metallic contamination (May 3 & 4)

Metal ion ppm g1”1
Chromium 1400 1.4
Iron | 6000 6.0
Nickel 1500 1.5

Copper <1 ; _——

These ions are roughly in the same proportions as their
original alloy quantitiés in the type of stainless steel
used for most of the pipe work. However on dismantling
the reactor and pre-reactor no corrosion of the tubing

was found to have occurred.

Trial 11 - Pre-reactor temperature'kept lower, but no
sugars, unidentified products were present, but not

furfural.

Trial 12/13/14 - All pre-reactor temperatures were kept
steady but 6ne'bf the tfials (13) failed to produce

sugars. But no evidence of charred paper particles.
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Between trials 7 and 8, new valves, heating tapes,

condenser, bursting discs and pre-héaters were fitted

and tested.

The main problems with the failed tests were blockages

in various parts of the equipment, and corrosion.

© Table 8 Testing and failed runs

1977
December 7

1978

January 23
June 21
1979

January - 30
February 1
February 3

February 12

April 78 -
March 79

1979

April  2/3

April  9/10

May 9

Pressure trials, 90°C water

New valve, pressure trials
Fire in heating tape

Pressure trials 9000 waters-
300 psi only reached
360 psi reached ‘
500 psi reached
satisfactory -

New parts because of pre-heater corrosion,
valve blocking and unsatisfactory heating

Bursting disc blew, small valve blocked
with rusty particles.

Pressure and temperature tests

Bursting disc blew, pressure difficult
to control,.
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6.2 Screening and Optimisation of the Variables

As mentioned in Chapter 5, the process variables (Table 3)
may be screened ahd optimised by»use of Plackett-Burman
designs. Using an 8-trial design,flow rate, acid
concentration and temperature difference between the

pre-reactor-and reactor were tested. (Table 10).

Table 9 Process variables and responses

High Level Low Level

- +
X, flow rate l.hr 16-17.5 15
X, acid concentration % Y/ 2-3 0.5-1
X3 temperature difference °G 40-60 <40

X@-X7 Unassigned factors to calculate standard deviation

and minimum significant fact effect.

The minimum value for fdctor effect (MIN) to be significant -

is computed using'the 4 unassigned factors as in Table 10.
- Using that value (1.71 see Table 10) as the cut off poins
to eliminate experimental error it can be seen that the
temperature difference between reactor and pre-reactor
(X3 Table 10) is of some significance but the flow rate
and acid concentration are not significant within the 90%
confidgnce level. In Table 10 X4 (unassigned factor), as

all the others should be as near zero as possible if there
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is to be minimal experimentai error. However in fhis

case an effect calculated from a dummy variable in which
no change was made is appearing as a significant effect.
The explanation of this could be 'confounding', in which
the interaction of some of‘the other effects is producing
an experimental error which is showing up as a significant
effect. The results (responses)_éf the process in this
case yield, are considered to be functions of the process
variables and a study of them and their interactions may

- allow optimisation of the variables and the development of

an empirical model. The following generalisations are made:

1 Over the experimental range of interest the
response function is usually smooth; slopes and curves

but not bumps and sharp kinks.

2 Interactions between the process variables occur

and are common.

3 Experimental error occurs and is significant.

The‘experimental-&esign;to which the'variables and responses
have~been fitted is Yates pattern, for 3 factors (process
variables) 23 (8) trials are used: +there is one critical
Tresponse (yield). Some trials were duplicated.' The.
results are shown in Tabie 11l. The data from runs 8 and 14
have both been omitted because of the significant deviation
of their yields from the other trials and from the mean, i

the 4D method was used to decide this. (Appendix 2).
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Table 10 Screening experlimen‘b
Trial iig Xl X2 X3 X4 X5 X6 X7 ilelg
1 1 + + + - + - - 6
2 2 + + - + - - + 1.2
3 4 + - + - - + + 4.0
4 i2 - . - - + . + 1.2
5 6 + - - + + - 0.4
6 9 - - + - + 0.5
7 '3 - o+ + - + - 3.0
8 7 - - - - - - - 0.7
Sum +'s 11.6 11.4 13.5 5.1 8.1 8.6 6.9
Sum -'s 5.4 5.6 3.5 11.9 8.9 8.4 10.1
difference +6.2 }5.8 - +10.0 -6.8 -0.8 +O.2v -3.2
effect (34) +1.55 +1.45 - + 2.5 -1.7 -0.2 +0.05 -0.8
| 1.44 0.04 0.0025 0.64 (UFE)”
2.12 ' I (UFE) 2
0.53 - variance Z(UFE)2
| 4
0.728 = 5 __ VT (uFE) 2
4
(MIN) g, = 0.728 x 2.353
= 1.71
S__ = significént factor efféct

FE

(MIN)90 = minimum significant factor effect to .90% confidence levél

2.353 - from Gosset distribution table of t-values at 90% confidence

level, 3(n~1) degrees of freedom

at. 95% confidence level (MIN)95 = 0,7288-x 3.182 = 2.3 (still

significant).
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Table 11 Results of the three factor experiment

Yield %
Trial Rig Y Y ¥
ran : 1 2

1 7,13 0.7 0 0.35
2 6 0.4 ‘ 0.4
3 11,12 0 1.2 0.6
4 2 1.2 1.2
5 9,10 0.5 0 0.25
6 4,5 4.0 2.0 3.0
7 3 3.0 3.0
8 1 6.0 6.0

Standard deviation = 2.03

Mean 1.85

Degrees of freedom 4(2-1) + 4(1-1)
= 4

-t value g?%32 2?576 2?%04 level of confidence

The computational analysis for the experiments is shown
in Table 12, The design matrix has been supplemented

with a computation matrix used to detéct any interaction
effects. The minimum significant factor effect (MIN) is

derived from + - test significance criteria.
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6.3 Discussion

By looking at the calculated effects and using the (MIN)
(Table 12) we see that the effect of the temperature
difference between the two reactor stages is just under

this figure and is hot really significant at 90% confidence
level. However, of the 3 factors it is the most
significant.‘ The rate of hydrolysis of cellulose to sugars
and. then to decomposition products increases 2-2.5 times
for. each 10°C rise in temperature between 160°C and 200°C.
Looking at the trial results (Table 7), which were operated
within these temperatures, the fluctuations which occurred.
in both the pre-reactor and the reactor for different runs
indicate a possible reason for the difference in yields.

A rough,graphical analysis of reactor temperature,
pre-reactor tempefature, and temperature difference versus
yield, showed that there was indeed some significance,
especially for the temperature difference. Tﬁe results

of the Plackett-Burman analysis substanfiates this claim

(for this particular rig).

Apart from the temperature differenée, the éotual presence
of a two-part reactor has been rate - limiting and error
producing. The initial plan for overcoming the various
problems of heat-up time, residence time at the critical
temperatures, the necessity to add the acid at the
beginning and the method of heating, was to pre-heat as

far as possible without the hydrolysis reaction taking




- 70 -

place. This though has proved to be the major drawback
and weaknesskof the rig, since the balance between the

two sets of temperatures has proved to be significant,

In additioﬁ, the 1ength of the pre-reactor caused heating
and pumping problems, and there was a lack of knowledge

of what was going on inside, as evidence by the occasional
appearance of charred particles and the two runs from
which the sugars were contaminated'with metal ions;
However, this last problem has not occurred in any other

subsequent runs.

The variation in acid contents, and the flow rate which
are not obviously significant at 90% confidence level,
may be shown to be so at the 75% level:

(MIN)75 = 0.728 (Table 10) x 1.42 (t-value) = 1.03

Under the conditions of the rig the parameters proposed by
Porteous (1967) were undertaken i.e. 230°C and reactor
residence time of‘<1.2‘minutes. As seen in Table 7 the
temperature varied because of control problems, but the
residence time in the reactor proper was kept below 1.2
minutes (0.98-1.14). The acid conéentration was higher
fhan that recommended by Porteous; since the rate
expression is affected by pH this added concentration
probably aocounfed for thé low yields produced'especially

- in the later runs when the reactor temperature was at a

high level too.
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This method of screening the process variables and their
optimisation has enabled the design of this hydrolysis rig
to be analysed and assessed. The heating in two parts of
the pre-reactor and reactor has been a major problem and
is an area where future work could tzke place in order to
eliminatg the errors and facilitate the continuous running

of this type of rig.
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PART ITII FERMENTATION

CHAPTER 7

CARBOHYDRATE METABOLISM AND FERMENTATION

' Before discussing the fermentation and the types of

organisms used, it 1s necessary to define various
biochemical reacfions concerned with carbohydrate
metabolism by micro-organisms. The breakdown of
carbohydrates (and of other compounds)'is biochemically
significant for two reasohs:.firstly %he cell is provided
with energy which is released as the carbohydrate breaks
down to compounds of 1bwer energy content, secondly, the
cell is furnishéd with various other carbon compounds

which are used in a variety of biochemical reactions.

It is now well establishedAthat there are several differsnt
metabolic pathways by which sugars can be fermented by
microeorganisms,”in all these pathways a key position is
occupied by pyruﬁate. ‘There are therefore several ways in
which pyruvate is formed initially from the sugars, each
pathway providing a characteristic amount of adenosine
triphosphate (ATP a high energy molecule) per mole of

substrate fermented.
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7.1 * Hexose Diphosphate Pathway (Figure 10a)

Also knovm as the Embden—Mayerhof-Parnés (EMP) pathway, is
the best documented glycolytic scheme, and the most

commonly used by micro-organisms. The overall results of
the breakdown of 1 molecule of glucose to pyruvic acid may

be summarised as follows:

CGHiZOé + 2 NAD + 2 ADP + 2P->2CH3CO. COOH + 2 NADH, + 2 ATP

It is an anaerobic reaction and is the major energy-

yielding paﬁhway of many yeasts, fungi and bacteria.

‘7.2 __Hexose Monophosphate Pathway (Figure 10D)

Many of the alternative schemes to EMP operate via hexose

monophosphate.

(2) wvia pentophosphate

this is a ’éhuntf mechanism occurring during the breakdown
of sugars during the EMP scheme; its point of departure

is the oxidation of glucose - 6 - phosphate. The scheme
is variously known as the hexosemonophosphate (HMP) shunt,
" the Warburg-Dickens scheme and the pentose cycle. It is

aerobic, and non—proliferating cells of S.cerevisiae and

C.utilis are capable of utilising a substantial amount of
glucose by means of this cycle. Although the cycle can

provide for the-anaerobic breakdown of carbohydrates, its
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significance in this respect is uncertain. It is known,

however that Leuconostoc mesenteroides uses this pathway

during the fermentation of glucose to lactic acid, ethanol

and carbon dioxide.

(b) via 2-0x0-3-deoxy-6-phosphogluconate

Otherwise known as the Entner-Doudoroff pathway (Figure 10c)..
This is relatively rare, it has been reported in some

bacteria including Pseudomonads and some species of

Aeromonas, (Ramachandran and Gottlieb 1963) and in two
fungi (Newburgh and Cheldelin 1958)., It is known to be
ineffective or absent in the lactic acid bacteria,

Clostridia, propionic acid bacteria and the yeasts.

Once pyruvate has been formed, it may be used anaerobically
or aerobically. As the formation of ethanol is of prime
importance in this research below are the four possible

routes for its formation from hexoses.

1. Yeasts, some other fungi and a few bacteria (e.g.

Zymosarcing ventriculi) will anerobically convert pyruvate

to ethanol via acetaldehyde., The complete cycle may be

represented by:

Glucose + 21 P + 2 ADP - 2 ethanol + 2 ATP + 2H,0
inorganic
phosphate

Figure 10 (4d)
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2 moles of ethanol can be formed from 1 mole of glucose.
In addition approximately 15.4 K calories of biologicelly
useful energy are mobilised. Table 13 from Neish and
Blackwood (1951) shows the main and subsidary produéts

of this rezction.

Table 13 Ethanol production by yeast
(condensed from Neish and Blackwood 1951)

mMoles 100 mmoles 1 of glucose fermented

Product pH 3.0 pH 6.0 pE 7.6
2, 3-Butanediol 0.75 0.39 0.33
Acetoin Nil _ Nil 0.01
Ethanol 171.5 165.9 148.0
Glycerol 6.16 10.4 25.1
Mixed acids* 2.36 7.99 11.24
Carbon dioxide : 180.8 178.0 167.8
Glucose carbon assimilated 12.4. N : —_
Fermentation time, hr. 28.0.- 16.0 ’ 32.0
Glucose fermented, % 98.5 : 98.5 98.1
Carbon recovered, % 93.8 94.0 , 24,1

*Butyric, acetic, formic, succinic and lactic

Also a mixed acid fermentation of glucose occurs via the .
EMP pathway yielding, lactic, acetic and butyric acids

as well as ethanol by such organisms as E. coli.



- 78 -

2. The only bacterium which exhibits an almost pure
ethanolic fermentation, as displayed by yeast is

Pseudomonas lindneri (Zymomonas mobilis), but the pathway

to pyruvate is the Entner-Doudoroff not the EMP (Horecker
1962). This organism is one of the principals in the
- mixed fermentation of cactus fruit to the Mexican drink

pulque.

3. During aerobic metabolism the pyruvate formed is
converted to acetyl coenzyme A (Figure 10e). Then via
the TCA (tricarboxylic acid) cycle, (not shown), carbon
dioxide and water are formed as thé final products. Two

types of bacteria, the Enterobacteriaceae and Clostridia

form acetylco-A from pyruvate by a cleavage reaction
involving lipoic acid. A reduction to acetaldehyde and
then to ethanol follows. The maximum yield of ethanol

is 1 mole per 1 mole of glucose.

4. In the last route organisims such as Leuconostoc

mesenteroides ferment glucose to yield lactate, ethanol
and carbon dioxide (Horecker 1961). The production of

these is via pentophosphate (HMP shunt).
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743 Pentose Fermentation

The glycolytic pathways previously discussed pertain to
hexoses. The fermentation of pentoses does not occur
through those pathways; there are two distinct different

patterns (Gunsalus and Stanier 1961).

1. A cleavage of the pentose molecule resulting in the
formation of lactate and acetate, with the end products
of lactic and acetic acids. This is restricted to the
lactic acid bacteria and Fusarium,.

Pentose + 21iP + 2ADPslactate + acetate + 2ATP + HZO

2. Involves the synthesis of hexose from the pentose

molecule.

3Pentose + 5iP + 2ADP35 pyruvate + 10H + 5 ATP + SHQO

Affer the formation of pyruvate, ethanol formation can
proceed. In virtually all organisms the enzymes for the
initial steps in pentose metabolism are inducible.
(Gunsalus and Stanier 1961). The production of these
adaptive enzymes may be encouraged by growing the organism
on a pentose prior to its use as a pentose fermenter, |
as demonstrated by Karstrbm (1938), Lampen et al. (1951)
and Cohen et.al. (1951).
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CHAPTER 8

THE KINETICS OF BATCH AND

CONTINUOUS CULTURE OF MICRO-ORGANISMS

8.1 Microbiel Growth

The cells of all micro-organisms consist of carbohydrate,
protein, lipids, nucleic acids and vitamins. The exact
composition depends upon the species or strain., During
growth each biochemical change is catalysed by a specific
enzyme and within a culture medium, the components are
changing all the time, being depleted of those substances
which the cells need, and being enriched by excretory

products.

When a‘micro—organism is inoculated into a nutritionally
balanced medium it starts t0 grow and divide. The
metabolism of this cell in the microbial culture falls
into four well defined stages (lag, logarithmic,

stationary and death) as described by Monod (1949).

The variation in metabolism through these phases is
dependent on the concentration gradients of the substrate

and metabolites in the immediate environment.
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When microbial cells are transferred from one medium

to another, a period elapses before a constant rate of
growth is established. This is the lag phase. A varisty
of physical and physiological conditions govern this
phase, such as the previous growth medium, the nutritional
substances present or absent in the new medium and the
method of cultivatibn technique. During this phase tksre
is little or no.visible increase in the number of cells
in the culture, but it is a period of intense metabolic
activity during which the cells become adapted to the =ew
conditions. If the organism has already adapted to th= |
medium (in a previous culture) then the lag phase is

considerably shortened or is non-existent.

Once a constant growth rate has been achieved, growth

will continue at the maximum fate possible, given that 2ll
of the factors are at a steady state. This is the log

or exponential phase, when the cells are in a state of
balanced growth and are dividing at a constant rate. :he
growth rate is proportional to the concentration of
biomass; the logarithm of the number of cells plotted
against time yields a straight line graph. The time taiten
for the population to double in size (generation time )
is given by the equation:

tp = %
& = 3033 (log X, - log Xl)
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where the concentration of organisms at time tl is Xl

the concentration of organisms at time ty, is X,

The generation time may be 20-30 minutes for some bacteria

or several days for slower organisms.

Eventually the concentration of nutrients decreases, axd
growth and reproduction slow down (negative acceleraticn of
growth). The concentration of nutrients eventually drcovs
so low that the specific growth rate approaches zero. In
addition the waste prod@cts of metabolism will have
accunulated probably making the medium undesirable for
growth., A stage is reached when the rate of multiplicadion
‘equals the rate of death (stationary phase). At this
'point the number of viable cells is constant, It is nct
only the lack of4nutrients which is responsible for this
phase, but also the possible rise in temperature,
alteration of pH value and the presence of inhibiting
products. This phase may last for a considerable pericd

of time.

- In the death phase, the rate of death is faster than
multiplication; the cells cease to reproduce and the
number of viable cells (not the total number of cells)
drops steadily. This phase too may extend over a long

period of time,
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8.2  Types of Culture

The growth phases described occur naturally in a batch
culture, which is a spatially closed and constant volume
of culture medium, where the concentration of the
nutrients decreases and the amount of products increases
until growth finally stops. The final mass and volume
of cells depend on the size of the initial inéculum, the
starting concentration 6f nutrients and the sum of

conditions determining the process (02, pH, temperature).

operate the batch system economically the process must bte.

stopped at the end of the log phase, and the cells or

products harvested,

The basic arrangement for a batch fermentér (B.F.) is =&
deep tank in which motion of the liquid is induced by
either mechanical stirring, or by the evolution of a gas
as a biochemical product or by bubbling air through the
medium. This last provides the free O, demanded by
aerobic processes. Industrially the capacity of the
vessel may rénge from a‘few hundred to several thousand
gallohs. The time required fdr a batch fermentation
varies from hours to weeks. Throughout this time
contaminétion must be avoided, the contents kept agitated

and their temperature and pH controlled.

m,

-
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The design problems associated with these fermeniers
include the specification of size of vessel, the process
time, the initial nutrient concentrations, the volume of
microbial mass per unit volume of fermenter, the power

and aeration requirements and the area of heat transfer

surface.

If fresh nutrients could be added to the culture and at
the same time, the waste products removéd, 1t should then
be possible to maintain the micro-organisms indefinitely
in the exponential phase., Much research work has been
done on continually growing culturés such as that by

Abbott & Clamen (1973), Mateles (1971), and Humphrey (1968).

The logical conclusion of this has been to the continuous
culture in which a continuous supply of nutrients is fed
into the fermenter, while biomass and byproducts are bled
out. During an ideal homogeneous continuous culture the
log phase of microbial growth is extendea by maintenance
of a constant unchanging environment. The nutrients mus%
enter the system, of constant volume, at the same rate

as they are used up or leave the system. This type of
culture can be characterized ideally as a system of
constant volume in a steady dynamic state with a constant
concentration of all necessary components. The reactions

proceed at a constant rate but are independent of time.
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Mathematically the stoichiometric relationship (lfonod 294Z
between organic substrate consumed and micro-organisms
produced in either batch or continuous culture is ususlly

expressed as a:

Y = weight of organisms formed
weight of substrate. consumec

Q-alQJ
ot

= -=Yd
d

yield

[}

l

ot

over any finite period of time during exponential grow=h
phase. Similar relationships can be established for tre
'formation‘of products. Y, the yield coefficient is a
function of the species of organism, the type bf subst—ate
and the environmental conditions. Factors which affec:

it are the utilisation of the substrate to provide

maintenance energy, the formation of storage products =nd

changes in the concentration of viable organisms.

The rate of increase, the specific growth rate, (p) is
proportional to the concentration (s) of the limiting

factor in the system.

o= Py (K;is) _ - ()

where Ry, is the maximum value of p at saturation level of
the substrate and KS is a saturation constant numericaeily
equai to the substrate concentration at which n = O.S,PE.
It is a measure of the affinity of the organism for a
substrate, the higher the substrate affinity the lower
the KS value. The growth rate is the actual rate of

. . . X -
increase of concentration of organisms %? . The specific



- 86 -

growth rate is the rate of increase per unit of organis=s

concentration:
. dx -
o« o ar = px (z)

In batch culture, when nutrients are initially present
in adequate concentrations during the exponential growt=

phase the growth rate is generally equal to p max.

An important characteristic of continuous cultures is

the dilution rate (D), that is the number of complete

(flowrate)

olume The reciprocal of

volume changes per hour
fhis value is the mean residence time of the culture.

All continuous cultures start their existance as batch
cultures, however if during therlog phase fresh medium

is added at a rate sufficient to maintain the culture
population density at a submaximal value, then growth
should continue indefinitely. If the nutrient is added
too quickly the culture will be washed out of the vessel,
if too slowly the growth rate will be diminished. In &

continuous culture with one growth limiting substrate,

increase = growth - output

y

Ls)

or (p - D) x ‘ (

Qx!Qs
cHX
i

If p > D, %% will be positive and the concentration of
organisms will increase, If p< D, %% will be negative,
the number of organisms will decrease and will eventually

be 'washed out!' of the culture vessel,
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Only when p =D will %% = 0 and x the concentration
of organisms will be constant. At this stage a steady
state will exist. The continuous culture of organisms
in a chemostat depends on'providing such conditions so

that p and D can be equal and invariant with time.

One must also consider the effect of D on the
concentration of organisms formed and of the substrate

(Monod 1950). By substituting equation 1 into equation 3:

ax

& = [y (K:ls ) - D] x | (4)

The net change in substrate concentration resulting from

passage through the culture vessel = input- output -

consumption
or 8. Ds_ - Ds - &EQuth _ 5 (sp-s) - && (5)
dt =~ T°r -yield ~ - R Y

where Y (over any finite period of growth) =

‘weight -of bacteria formed x .
weight of substrate used Sp—S ’

Sp is the substrate

concentration entering the culture vessel from the

reservoir and s is that concentration leaving the culture

vessel.

Substituting for equation 1:

g—g;D(sR—S)—E%-nX(TK—:_FST-) (6)



- 88 -

When equations are solved for %% = %§ =0 1i.e., the

steady state when unique values of x and s exist:

thén x =Y (s - s) ' | (7)
and s = K (%:‘-) (8)

Substituting s from equation 8 into eQuation 7 then

X=Y[R s()lmD)jl

From equations 7 and 8, if x s D and sy can be measured,
then Y, K, and p may be calculated. They will be
constant for any given organism and growth medium. Then
the steady-state concentratiohs and micro—organiSms‘and
substrate in the vessel may be predicted for any value

of D and Sp e It follows that prbduct formation also has
a yield coefficient associated with substrate consumption,
and since product formation cannot occur without cells,

it is closely coupled with growth and/or cell mass

concentratlon

product _ product _ product _ product

accunulation synthesis removal destruction
g—%:qpx—DP—KP
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Where qp is the specific rate of product accumulatior
g g cell mass™t hr-t independent of cell mass
concentration. It describes the effectiveness of the
cells in product synthesis or material utilization.

It is most useful for comparing results between

fermentations.

The volumetric rate Q g.l'l nr=t is dependent on cell
mass concentration énd describes the rate of product
synthesis or material demand per unit of fermenter
capacity. Also in the case of primary metabolites such

as ethanol from glucose

4P _  nx
at Ip/c

where Yp/c is the g product g cell“l.

Productivity P (volumetric) g 171 ppd in batech cultures

is a measure of the overall performance of the process.

In continuous culture the fundamentals of product

formation have been described by Fencl (1966).

bt I LJ

P = Dx and gp (specific rate of product accumulation) = A? 
So as D decreases P increases and efficiency of conversion
of sugar to product also improves. Bazua & Wilke (1977)
calculated growth aﬁd production rates for ethanol

production from glucose by S.cerevisiae using the following

equations:
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Pnax = Ho (1 + E )%
, max
and
i) i
v =V _ (1 + )2
max 0 'Pmax

where U and VO are the productivity rates at P = 0 and
Pmax is the highest concentration of ethanol that can te
tolerated before either growth limitation or ethanol
production limitation occurred, A different value in

each case.

When there is more than one substraté present és a
nutrient source for the growth of an organism, the
nutrients will usually be utilised sequentially. This
phenomenon was named ‘diauxie' by Monod (1942). In'batch
cultures this represents a sequence in which growth takes
place successively on substrates which are all present

at the beginning of growth and which are consumed

successively during the period.

In the case of a’continuous culture containing more than
one substrate the situation differs in that the organisms
are always exposed to all substrates and might either
utilise all simultaneously or attack one or the other

depending on the growth and dilution rates.
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The physiological explanation of the sequential

utilization may be in two different ways:

(a) enzyme repression

The enzymes necessary for the utilisation of the various
other subétrates are not synthesised by the microbial
culture in the presence of the repressor substrate.

This was originally called the ‘'glucose effect' but it
has since been demonstrated that it is not caused by
glucose itself but by the products originating from the
catabolism of the readily accepted or availablé carbon

source.

(b) engyme inhibition

The enzymes are formed but remain inactive, inhibited
by either the other carbon sources or their intermediéry

catabolites.

Chian and Mateles (1968) showed that in pure‘cultures
of an organism there was simultaneous uptake of both
glucose and fructose at low dilution.rates. At higher
dilution rates, when substrate concentration increases,

the cultures showed diauxic behaviour.

Yoon et.al. (1977) described the growth of an organism

on two substrates
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o
~

33 =% (0 - D) (10)
and

ds 1. X

1 1
Tt =D (sgy - 5y) - T, (1)
ds PrX

2 2
T =D (spe - s2) - 37 (12)
K =.)11"' Mo (13)

At a steady state the following linear relation can be
obtained by eliminating By B and p from equations

10—130

It is difficult to find the dependency of Py and R, on
89 and So experimentally because a biomass measurement

only represents total growth.
There are two possible steady-states:

1. the washout state where x = 0
: S1 = Sp1

and Sy = spp .

This can be obtained when D3>pm.



2. Vhen the organism is present and equation 14 is
true. It can be obtained when D K u, and for all

p0551ble comblnatlons of Sq and Soy W Wop + Upoe

Por competition by 2 organisms on 2 substrates (Yoon &

Blanch 1977).

dxl .
T = (y - D) x (15)
dx, . .
dsl ( ) ulil UpXp (17)
-+ = D (s - 8q) = - 17
dt R1 1 Yil Yél _

dS2 ( ' ) Uy Xq WX, (18)
— =D (s - 8 - - 18

t R2 2 Y12 Y22-

where Yll is the yield constant given by the effect of

substrate 1 on organism 1;

Y2l is the yield constant given by the effect of substrate

1l on organism 2;

Y o is the yield constant given by the effect of substrate

1
2 on organism 1;

Yo, 1s the yield constant given by the effect of substrate

2 on organism 2;
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énd

548
152 (;

YW = Uy (Kll -+ sl) (K12 + 52) 19)
S~ 8
- 152
Uo = Wpo (K, + 57) (Kpp + 85) (29}

The above model equations yield four possible steady

states:
1 both orgenisms coexist
2 organism 1 exists
3 organism 2 exists
4  both organisms are 'washed out!

For steady state 1 to occur the population densities of
the two organisms, and dilution rates and the concentration

of substrates must satisfy equations 15 - 18 equalling O.

There will be a range of conditions which might support

steady-state populations of organisms 1 and 2.

Sp and s

At a steady state, D = Uy = Uy and equations 17 and 18
must yield positive values of Xq and X from these

equations the following may be obtained:



- 95 -

5 2

?EZ + TEI = Spy - Sy (21)
X X

1 2

T, ¥ T, ~ SR2 T %2 (22)

The solution of equations 21 and 22 may be obtained and
from them the feed concentration of substrates 1 and 2
can be found and should be larger than the steady-state
concentrations of substrates which satisfy equatibns

15 and 16.

D
There will be a range of dilution rates rather than a

point value.

Y

———

If W = Yo then competition depends on the value of

saturation constants.
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CHAPTER 9

CHOOSING THE ORGANISMS

The types of sugars present following the acid hydrolysis
of cellulbse materials include both hexoses and pentoses;
a mixture of glucose and.smaller amounts of xylose,
arabinose, galactose and ménnose. Different species of
micro-organisms (fungi and bacteria) and aiso different®
strains within the species are able to utilize widely

varying substrates. Two common examples are:

Saccharomyces cerevisiae which is able to ferment only

hexoses, and Candida utilis which can ferment hexoses and

be adapted to grow on pentoses.

When considering the use of these sugars for the production
of ethanol, or other chemicals, rather than SCP, it

has been necessary to differentiate between fermentable

and non-fermentable sugars. Generally if a sugar has been
labelled non-fermentablé it has been thought of in terms

of 5. cerevisiae only. There are, however, many organisms

which will ferment pentoses, as well as hexoses, to ethanol
and other by-products. The fermentation tests practised
by Saeman et al.(1945) and the Herich-Toth-Osztrovsky
method cited by Snell and Hilton (1966) where only '

S. cerevisiae is used do not give an accurate analysis

and must be adapted for the evaluation of the ability of

other micro-organisms to ferment a wide variety of sugars
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if the true fermentebility of the cellulose hydrolysate

is to be known. From both an economic and pdllution
prevention aspect it is advantageous that all sugars
present in the acid hydrolysis product prove to be
fermentable by some organism. (A fail-safe may be provides
by using the particular sugar as a growth substrate for

SCP).

Both fungi and bacteria are able to ferment a variety éf
carbohydrates. TFungi are commonly thought of as strictly
aerobic organisms, as they cannot grow without ox&gen.
However many fungi can utilise carbohydrates anaerobicslly
to ﬁroduce 'typical' fermentation products. Ethanol
formation is quite common, especially in the true yeasts,
the Mucorales and Fusaria. In addition, certain members

of the genus Aspergillus, ordinarily thought of as

strongly oxidative (A. clavatus and others) have been

shown to have an extremely high capacity for alcoholic
fermentation, (Foster (1949) and Cochrane (1958)). In
attempting to find possible micro-organisms to fully
utilise the acid hydrolysis sugars consideration must

be given to those alfeady employed in the fermentation
industries., These may be.plaoed in-one of three groups:
Yeasts, other fungi and bacteria and it is under these
headings that their possible use in relation to previous
research on wood hydrolysate sugars will be discussed,
(wood sugars may be used to represent the sugars that
might be expected from the acid hydrolysis of cellulosic

wastes).
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For industrial use a micro-organism must have amongst

other characteristics the ability to:

1 propagafe readily on the substrate

2 reproduce itself in large quantities or to

produce quantities of useful chemicals, as required
3 maintain uniform growth or fermentation rates

4 grow or ferment without the use of special
treatments or the addition of extra substrates
other than a few cheap inorganics to boost the
nutritional levels of Nitrogen, Potassium and

Phosphorus.

9.1 Yeasts

Many yeast species have been identified, all ﬁarying wid=ly
in choice of habitat and nutritional requirements. The
types that would be obvieus to investigate are tﬁose
similar to the ones in use in the beers, wines, spirits =nd

bread making industries,; Saccharomyces species; and also

the 'feed and food' yeasts (i.e. edible) such as Torula

species.

Often a yeast (and indeed other micro-organisms) can be
persuaded to utilise a particular sugar only after a

period of adaption., Johnson and Harris (1948) experimenzed
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with various types of yeast, using Douglas Pir hydrolysate
as the carbohydrate substrate. During World War II,
Torula yeast species had been adapted to grow on this
substrate, so they attempted to acclimatise other yeasts,
both to propagate and to produce alcohol. Their results

may be seen in Table 14.

Six of the eight Torula species showed good initial sugar

utilisation as did C. albicans, S. anonensis and the

unidentified yeast. (x). S. ellipsoideus was also

initially quite well adapted. These stréins showed little
change in utilisation at the 12th transfer but the
percentage yield was increased. All yeast strains showed
some improvement in sugar utilisation and yeast cell yield
between the first and 12th transfers. It may be noted that
only three of the eight Torula species were initially well

adépted to utilise the sugar and produce a good yield of

alcohol, as also were C. albicans and C. arborae, but that

improvements occurred between the 1lst and 12th transfers.

In this stuay, for both‘yeast growth and alcoholic
fermentation, it was found necessary to transfer the

cells regularly to new sugar solutions during the
acclimaﬁization procedure. If the yeasts were left in
bontact with a spent solution after the necessary time for
the complete utilisation of the sugars, autolysis of the
remaining cells and an inhibition of activity resulted.

During the thirty or so consecutive transfers, the cells

became discoloured and small but still remained active.
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Leonard and Hajny (1945) tested Saccharomyces species

as well as Torula species. They found that the Torula

species and S. ellipsoideus were slower fermenters than

'S. cerevisiae, C. tropicalis and ‘S, anonensis. The work

by Johnson & Harris, (1948) does not support this, but
considering the varying strains within the species and
the unlikelihood of both sets of investigators using the

same ones, this is not surprising.

Concerning the use of pentoses; Plevako reported a wezk

fermentation of xylose by Monilia murmanica and Kadriavzev

found that some species of Hansenula, Zygowillia,

Deboromyces and Schwanniomyces could use some pentose
- :

sugars (both cited in Karczewska (1959)).

Karandikar (1971) compiled a set of batch fermentations o=n
sugars from hydrolysed ground refuse. A continuation of
this work has been carried out by Converse et.al. (1973).
The sugars from the hydrolysed refuse weré filtered and
neutralised with calcium carbonate. The precipitate of
calcium sulphate is inhibiting to yeast and had to be
removed by heating to 100°C for 15 minutes to eliminate

it more or less completely. »Two levelsrof temperature,
30° and 35%% and two levels of pH, 4.4 and 5.0, were used

in the trials.

Also two levels of initial sugar concentration, 4% and 12%

and two levels of initial micro-organism (S. cerevisiae)
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L (0.7 and 3.4 g 177)

concentration, 10 and 50 million ml~
were used. The yield of ethanol was not significantly
affected by a variation in either of these last two

variables. However, é higher rate of fermentation was

obtained for the higher cell concentration and the higher

initial sugar concentrations.

With respeét to the temperature and pH, a higher rate of
fermentafion was obtained at 30°¢ and pH 4.4; since the
optimum temperature for yeast éctivity is about 2700,

30°C is a little too high and 35° much too high! If

Table 15 (composed from information in Converse et al.
op.cit) is examined it may be seen in columns é and 7 tkat
at pH. 5.0 and 35°C alcohol proauction dropped off arourd
4 - 6 hours compared with 30°C results but caught up agezin
after 10. Thus with both unfavourable conditions, the
yeast had to bebome acclimatized before a yield equivalent
to that of only 1 unfavourable condition was achieved.

At pH. 4.4 (Table 16) the temperature effect was not so

noticeable,

The conditions for fermenting S. cerevisiae in a low

concentration of sugar may be likened to that of brewing -
beer., During that process the temperature naturally
rises rapidly during fermentation from 10°¢ to about 22°¢
and then drops back to 15°C or less as fermentation ends.
Similarly the pH starts about 5.5 and drops to 3.9 - 4.4

approximately. As long ago as 1892 Max Delbruck
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investigated the possibilities of accelerating the
ferméntation process. His experiments with an increased
amount of yeast (up to 20 times the usual, which is 2g 1"1)
at a higher temperature showed that the yeasts did not

grow, they only fermented, at 30°¢0. (Mitchell's results

(1973) disagree with this.)

From Table 17 (Converse et al) it may be seen that in
general when there is a high concentration to start wita
(50 million ml‘l) the increase in yeast cell concentration
during the runs is slight, 7.1 - 23.8%. The higher
percentage (18 - 24) occurred rather erratically, run 4
probably because of the lower temperature and in run 9
because of a longer incubation time, It is significant
that in runs 10 and 11 where the initial concentration

was much lower, the yeast tended to grow, but that a
similar yield of alcohol was achieved presumably because

of the longer running time.

Mitchell (1973) used C. utilis on refuse hydrolysate but
did not acclimatise the cells. Growth of yeast did not
start for 18 hours on average and was slow up to 24 hours.
Using Black—Clawson fibre claim refuse he obtained
approximately 1.4 gm dry yeast 100 ml“l hydrolysate.
However, using laboratory refuse which consisted of 80¢%
food wastes, only 0.5 gm dry yeast 100 ml—:L were obtained.
In tests Nitrogen and Phosphorus had to be added to the

hydrolysate.
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Following the enzymatic hydrolysis of cellulosic wastes
two sets of researchers Cysewski and Wilke (1976) and
Ghose and Tyagi (1979) have used the sugars so formed to

produce ethanol.

Cysewski and Wilke (1976) concentrated their sugars from
4% to 14.3% and obtained an ethanol yield of 46.5%
(average) at 35°C. They also added nutrients (NH@)ZSO4,
Mg SO4, CaCl and protein nutrient to the fermentation

vessel,

Ghose and Tyagi (1979) used bagasse hydrolysate oonﬁaining
6-7% w/v total reducing sugars (70% glucose and 30% xylose
and cellobiose), which they concentrated to 10-26% before
use. They obtained 12% alcohol from 26g 1-1 glucose
(yield 46.2%), and 10% from 22g 17T (45.5%). They also
used CaClg, Mg SO4 and an Nitrogen souroe,.pH 4,00 and

temperature 30°¢c.

Leonafd and Hajny (1945) conducted researéh into a possible
preparatory freatment which would yield a more easily
fermentable sugar solution and also to find a fermentation
process to give rapid sugar conversion. They investigated
the effects of metals, methods of neutralization, addition
of reducing substances, additional nutrients and micro-
organism types. Their main éonolusions were that heat
treatment of a neutral solution for 15 - 30 minutes at

140°¢ pH 4.5 -5.2 was favourable to fermentation (however,

the favourable pH for fermentation is 5.6 -5.8) as was
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the addition of reducing substances such as Na2 SO3,
sulphite waste liquor, alkali-decomposed sugar, ascorbic

acid and cysteine.

The difficulty of fermentation may be enhanced by the
presence of toxic constituents. Four potential sources

of toxic substances have been identified:

metals resulting from corrosion of the equipment;
carbohydrate decomposition products;

lignin decomposition products;

S~ W o

extraneous products in the wood.

Of these it is likély that the carbohydrate decomposition
products, and possibly the corrosion metal ions will be
the most influential on the rate or extent of fermentation
of acid-hydrolysed cellulose. Of the possible
decomposition products furfural is the one most toxic to
yeast. According to Luers et al. (1938) the concentration
of furfural needed to produce a 25% inhibiting effect in
yeast fermentations is 6.74g litre T (740 ppm) and in
yeast propagation 1l.lg litre'l (1100 ppm)., Hydrolysates
from the Scholler process in Germany were found to contain
furfural in concentrations varying from 0.15 to

0.4g litre~t (150-400 ppm). However, Harris et al. (1946)
found that under laboratory conditions flashing the

hydrolysate after neutralisation with lime removed all
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“but traces of furfural* and at the same time permits
removal of calcium sulphate which would otherwise inhibis

yeast fermentation.

A variety of authors (Leonard and Hajny (1945), Johnson
and Harris (1948), Harris et al. (1946), Luers et al. (1938)
Ledland et al. (1954)) have researched other treatments '
or conditions that are advantageous in reducing toxicity
of hydrolysates'such as steam distilation, acclimatization
of'the‘yeast, detoxification reactions brought about in
the presence of actively fermenting yeast, use of large
yeast inocula and neutralisation at high temperatures.
Other treatments have been reviewed in Industrial

Fermentations, Volume 1 (Leland et al).

Other problems include ethanol or end-product inhibition.
When a concentrated sugar solution is fermented and the
ethanol concentiation increases above 7-10%, the specific
ethanol production rate and the specific‘growth rate of
the yeast is severely suppressed. This ethanol

inhibition may produce economic implications when
consideration of industrial ethanol fermentation is made
although it is possible to use certain yeast species which

will produce 14-20% ethanol, as in the production of sake,

* It is converted to furan which may be used commercially
as an intermediate in the manufacture of nylon.
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To circumvent the problem of ethanol inhibition, ethanol
could be removed from the fermenting solution as it is
formed. This may be achieved by taking advantage of the
high volatility of ethanol and boiling it off as it forms.
Vacuum operation is necessary to achieve a boiling of the
fermentation broth at temperatures compatible with those

for yeast survival and metabolism (about 30°¢).

Cysewski and Wilke (1977) have investigated both
semicontinuous and continuous vacuum operation using about
33% glucose feedstock. The major constraint of the
semicontinuous procéss is the accumulation of non-volatile
components in the fermenter which poison the yeast. The
continuous process in which bleeding off of some broth to
maintain a non-inhibitory concentration of these components
solves this problem. About 4-6% (by weight) of alcohol

was formed per hour.

This then seems an ideal process to use, however, it has
been more or less abandoned owing to economic constraints
(Cysewski (1978)). There has to be at least 11¢%
fermentable sugars in the broth for the process to be
ecoﬁomically viable; this concentration of sugars is not

available in enzymatically hydrolysed cellulose.
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Table 18 Production of organic acids by thermophilic
soil bacteria on wood sugars. (Hajny et al.1351°

substrate % concentration aoegigduggiyéigidigctic %giiiii

sugar
glucose 2.85 0.69 0.25 0.58 53.3
galactose 3.04 0.39 0.59 0.52 43,3
mannose 2.52 ‘ 0.33 0.17 0.37 63.4
xylose : 3.16 0.37 0.36 0.81 43,0
arabinose 3.00 0.35 0.41 0.68 43,8

Various other types of bacteria have been reported by
Horecker (1962) to ferment pentoses, such as the aerobes,

E. coli, Aerobacter aerogenes, Pseudomonas saccharophils,

Acetobacter xylinum, and the anaerobes, Clostridia sp. and

Leuconostoc mesenteroides. Table 19 shows their products.

The only purely ethanolic fermentation in bacteria is by

Pseuvdomonas lindneri.

Dr. Rosenburg (1978), University of California, Berkeley
is wdrking on the fermentation of xylose by fungi and
bacteria., He i1s using a made up xylose solution with =
view to utilising the xylose from an enzymatic hydrolysis

process.
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He has fully investigated Fusarium suboxydans (a fungus)

which produced up to 4% ethanol by weight but which is
very, very slow (weeks). He is currently using Bacillué
macerans, which produces ethanol much faster but in‘not
nearly so large quantities, in addition it produces
acetone, formic and acetic acids. Its optimum temperature

is 40-50°C so any fermentation vessel must be heated.

Dr. Rosenburg is interésted in Bacillus thermoacidans

which effects a mixed acid fermentation containing
acetic, butyric etc. According to his information
engineering and economic restraints mean that any organism

must produce at least 5% ethanol to be useful.

9.4 Interactional Utilisation of Micro-organisms

Ideélly, for the efficient use of the acid hydrolysié
sugars, the conversion of both hexoses and pentoses, to
useful products, should take place in the shortest

possible timé and with the maximum conversion of those
sugars. A mixed population of twobor more organisms

which will utilise both hexoses and pentoses simultaneously
would be advantageous as yet no attempt has been made o

do thié. Commercially the cultures of micro-organisms

in fermentable sugars has so far been confined to the
growth of one organismv(Faith et.al 1965) or two in series

(Skogman 1976). In the former either the hexoses or the
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pentoses could be utilised, in the latter example (Symba

process) potato starch wastes are converted in a two

stage system. Endomycopsis is grown, this hydrolyses the

starch to glucose, which is then utilised by C. utilis.

In a simultaneous, or a two stage conversion of hexoses
"and pentoses the nutrient requirements for optimum cell
growth may be very different from those which will give
maximum yields of the metabolic by-products. If, for
example, the fermentation of hydrolysis sugars is for
the production of ethanol then the aim is to produce

the maximum concentration of this and not to encourage
the production of microbial cell material. In the case
of two organisms being used together there is the danger
that the ethanol formed by one of them may be used as a

carbon source by the other.

A detailed understanding of population dynamics is
necessary. In areas where mixed populatibns are already
worked to produce a desired end result such as in sewage
works (activated sludge process) and certain commerical
fermentations (brine pickling and cerfain cheeses) this
understanding still aweits elucidation. Attempted
studies of mixed batch cultures have often yielded data
which is difficult to interpret by virtue of the many

interactional culture factors which occur simultaneously.
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Neturally occurring miorobiai systems such as in the scoi
and in streams are also a complex mixture of many
different kinds of organisms. To effect an ecological
analysis of such a system various parameters must be
exemined; these have been summarised by Paynter and

Bungay (1971);

1 the system boundaries must be defined

2 the major chemical changes which occur must be

recognised
3 identification of organisms, qualitatively
-4 identification of organisms, quantitatively

5 detection of biochemical reactions associated

with the important organisms’

6 | kinetics and stoichiometry of significant

reactions:

7  population dynamics and biochemical interacticrs

of the populating organisms .

8 environmental influences on all system variables

Before attempting the setting up and simulation of a
balanced culture the above points must be carefully
investigated and experimented, If points 1-8 are applied
to the theoretical setting up and working of a systenm in

which 2 or more micro-organisms will ferment or use all
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available hexoses and pentoses in the hydrolysate from
the acid hydrolysis of cellulose, these experimental

parameters may be described in more detail:-

1 The system boundaries will be defined by the results
of sugar analysis which will show the amounts and
proportions of hexoses and pentoses, and other products

;bpresent.

2 The major chemical changes may be pre-set; they are
the goal of the exercise, i.e. ethanol production/SCP/

other useful chemicals.

3 Similarly the organism identities are pre-defined to

achieve points 1 and 2.

4 Once the types of organisms have been decided upon,
the correct balance between them must be established.
This factor may change over the period of time, or may

fluctuate about a stable balance.

5 This point links intimately with all 4 above, since
it will be those major biochemical reactions which will

determine the success or failure of the operation. .

6 For the successful system to work economically the
kinetics of the reactions must be established to enable the
minimum requirements of say nutrients, initial starter

cultures, oxygen, time and heat to be used.
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7 This could be the most important unknown factor. The
effect that one organism will have on another may well

alter the end.products or the population balance.

8 Hopefully, in a continuous steady-state mixed
population experiment, external environmental factors will
be at a minimum. The internal environment will be set by

points 5 and 7.

9.5 IMixed Culture Interactions

Before making an attempt to decide on 2 or more organisms,
some generalisations must be made about microbial
interactions. As noted in point 7 above the population
dynamics and interactions will be vital to the efficiency
of the system. Little research attention has been paid
“to the various micrébial interactions which occur in
,natural mixed populations. HoWever, the various
interactions which do occur have been described and may

be divided into benevolent and antagonistic reactions.

Benevolence is the interaction between one or more
different species during which none is harmed, and often
one or more are benefited by the association. Antagonism
is the interference with, or the inhibition of, grthh of
one kind of organism by another through the creation of
unfavourable conditions e.g. exhaustion of food supply

or the production of a specific inhibitory substance -
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Table 20 Microbial interactidns

Benevolent . Antagonistic

Commensalism - Close association ‘> Parasitism - One steals
with one partner from another
benefiting '

Synergism - Both benefit by Predation - One feeds on
co-operative another
metabolism

Mutualism - Broad relationship Antibiosis -~ One excretess
where in some way. harmful factors

each benefits

Symbiosis — Close physical Competition - A race for

' relationship with nutrients, etc.
interchange of
physiological

functions - an
extreme form of
mutualism.

(a) commensalism

One df the partners of the relationship profits by living
in close association with the second species, but the |
latter receives neither gobd nor harm from the organism
it favours. Various kinds of commensalism involving

micro-organisms have beén described by Alexander (1971}.

1 One population converts a substrate unavailable to
a second population into a product that is assimilated

and serves as a macro-nutrient for the latter.

2 One species excretes a growth feactor essential for

the proliferation of the second.
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3 One destroys toxins or removes inhibitory factors
from the environment, thereby allowing for multiplicaticn
of its associate. Destruction of organic or inorganic
toxins, lowering or-raising of the pH,removal of 0o, the
creation of light-shading effects, reducing the osmotic
pressure by microbial meteabolism of sugar or salts, and
changing the inorganic nutrient level to favourable

concentrations are means by which the benefit is conferred.

4 A macro- or a micro—drganism provides a surface that®
ig particularly suitable for colonization by the commensal,
a surface giving the partner a marked ecological advantzge

over free individuals of the same or different species.

5 One individual provides nutrients, protection, or
shelter to another that is living within it, the commensal
doing neither harm nor good to the organism in which i%
resides. Such relationships occasionally verge on

parasitism,

A parficular example of commensalism is noted by Oates

et al. (1963). The proliferation of a mesophilic bacillus
species &t 6500 may be made possible when it is culturec
at that temperature with a thermophile. Also Chan and
Johnson (1966) investigated the growth of the bacterium

Arthrobacter citreus at 37°C in the presence of a variety

of fungi and bacteria, but it would not grow in pure

culture.
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(b) synergism

This is a state of co-operative metabolism; an example
being given by Castallani (1953). 1In his example gaseous
products were evolved during the fermentation of mono- cx
disaccharides by the joint participation of two microbisgl
species, neither of which could genérate gas from the
test.sugars in pure culture. Among the gas produced in
this way Were 002, H, and CH4. The transformations
leading to gas formation were probably performed by a
sugar-decomposing, non gas-producing culture and a gas
producer that is inactive on sugars. The latter then
uses the decomposition products of the former to generate

the gases.,

(¢) mutvalism and symbiosis

The two may be discussed simultaneously. Mutualism is &
broad relationship in which each bénefits the other,
Symbiosis, an extreme form of mutuvalism, is a state ih
which two dissimilar species co-exert mutually beneficizli
effects. Nét uncommonlﬁ one, or possibly both, of the
associates is an obligate symbiont, always requiring the

other to maintain an active existence in nature.

(d) antagonistics

These harmful relationships must obviously be avoided
in the fermentation vat. The occurrence of the first

three in Table 20 will be easily identified but the last,
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competition, may occur at a slow rate the results of wrich
will not be altogether obvious at first. It is widely
believed that competition is keenest between élosely
related strains and species. They tend to héve simila=
needs, nutrient requirements, biochemical functions and
tolerance ranges. The essential factor is their ecological
likenesses rather than their systematic position in a

taxonomy textbook,

9.6 Method of Investigation

The problem of finding two or more organisms to efficiezmtly
ferment these sugars has to be approached in both a
theoretical and a practical way: study of biochemical
1iteratﬁre first, then repeated controlled ferﬁentatioa

and growth experiments to decide the final composition

of the culture.

. The first step in making the preliminary selection of
micro-organisms which might possibly ferment pentoses nd
hexoses efficiently is by consultation with various
faxonomical reference works, such as Skerman 1967,

Lodder 1970‘and Bergey 1974, in order to evaluate the
organisms' biochemical reactions and by-products. In axn
industrial fermentation process the overall aim is to use

a feature of the metabolism of an organism for a

)]

Js

particular biochemical conversion, The industrialist
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usually concerned with using cheap readily availsble raw
materials as the substrate and the efficient conversion

of thesé to the desired end product. This latter may b=
achieved by selection of a particular strain of a speciss
or by altering the process parameters to as near the
optimum as possible. It is advantageous to enhance the
production of the desired end products while suppressing
any undesirables. The final choice of organism will be
governed by the speed and efficiency of sugar fermentation,

and the formation of useful by-products, such as ethanol.

Since S. cerevisiae is more than adequately competent

to ferment hexoses to alcohol, it remains to find an
organism which will likewise utilise the pentoses.
Cysewski and Wilke (1976) found that 70% of their enzymasic
cellulose hydrolysis product was fermenteble by

Saccharomyces cerevisiae and Saeman et al. (1945) estim=ted

that 73 -81% of wood sugers from spruce and Douglas fir

was fermentable by that yeast.

In order to establish that the theoretically chosen
organisms will ferment the sugars, it has been necessarzy
to run initial tests using: (1) solutions of pure sugers
corresponding to those found in the hydrolysate, and

(2) a mixture of these sugars in the similér proportions
in which they occur in the hydrolysate in small laboratory
scale fermentationsv(SOO ml or 1 litre). The by-producss

and fhe‘degree of utilisation of the sugars have been



- 124 -

evaluated and the hydrolysate from the reactor used.
This latter test evaluates the effects of other,
extraneous, substances on growth and ethanol production

of the organisms.

In moving from laboratory bench-scale fermentations to a
larger pilot plant it is more economical to mix together

the two organisms - S. cerevisiae and the pentose

fermenter in the fermentétion vessel instead of an in-line
plant. The main problem with this layout could be the
occurrence of antagonistic or inhibitory effects between
the two organisms. In natural ecosystems the complete
dominance of one organism over any others does not

usually occur. In a fermenter, under relatively
artificial conditions, if two organisms are competing for
a common growth-limiting substance then the dominance

of one species might happen in a relatively short time,

' The behaviour of mixed organisms on mixed éubstrates

(e.g. the hydrolysate sugars) depends on the similarities
in the organisms' affinities for the contents of the mixed
substrate. If the two organisms have élosely overlapping
preferences for the substrate they will compete severely
for the common nutrient source. This may result in the
exblusion of the 'weaker' one from the system. If

however they have different preferences they may co-exist,
occupying different ecological niches, Ideally a

symbiotic state should occur - each one growing or



- 125 ~

fermenting better, than if it.were alone, or at least
commensalism - where each will derive some benefit from
the other. 1In the latter, the one organism could be
dependent upon the production of an essential nutrient

by the other organism, rather than the growth-limiting
substance being in the medium. Only a few experiments
have been carried out with mixed cultures showing
commensalism, It has been observed in continuous cultures
by Contois and Yango (1964), Shindala et al. (1965);

and Mateles and Chian (1969). Also mixed culture studies
in multi-stage continuous systems have received little
attention, Fencl and Berger (1958) have described the
microbial transformation of hexoses and pentoses from
sulphité waste liquor, using 2 or 3 reactors connected

in series.

Two other methods of investigation are of interest:

1 the use of a naturally occurring mixed populaticn
e.g. from sulphite wastes (Spencer et.al.) (1974) or
activated sludge (Painter et.al.) (1968).

2  the use of cell-free enzymes (Fullbrook &
Vabg) (1977).

The use of the latter would reduce the problems of
inhibition caused by the by-products of microbial cells.
However the scope of these two alternatives is too wide

to be encompassed within the present research restraints.
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10.1 Introduction

The parameters of Paynter & Bungay noted in Chapter 9
are those which maybe needed to effect an analysis of a
microbial system and its workings. The important points
that are unknown and which are to be investigated are
4-'7, nemely quantitative identifications of organisms,
detection of biochemical reactions, kinetics of
significant reactions, and population dynamics and

interactions.

The quelitative identification of the orgunisms has been
undertaken in the light of their taxonomic classification,

Saccharomyces cerevisiae is the most commonly used

species of yeast for ethanol production. Iany strains
have been described which exhibit varying capabilities
and tolerances for the envirounments encountered. It

is possible to adapt and breed yeast trpes for a given
set of conditions. Quantitatively, tests with high and
1ow inocula have been undertaken to determine their effect
on ethanol production. Heavy inocula may be needed to
overconme iaitially unfavourable growth conditiosns. In

addition various buacteria were chosen for testing.
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The detecbion of snzciTic biochemicn] rencbinng, o7iar

o

than the sroduction of ethanol and cells, was not

undertaken tecause of analytical difficulties,

4 study of the kinetics produced values for yields,

oroduction and growth rates, and nroductivity cnd

FaBRELY
Vi

Termentztion rates. Graphical reyresentztion of

Rt

Fad

values guve a picture of the population and proiuct

Tormation interactions.

1 Saccharonyces cerevisige National Collection of

Yeast Cultures, NCYC 1060.

T

2 Bacillus polymyxa National Collection of Tywve Culituzes.

NCTC 10343.

3 Pseudomonas saccharophila National Collection of

Industrial Bacteria, NCIB 8570.

4 Lerobacter aerogenes National Collection of Tyue

Cultures, NCTC 10006.

5 liixed soil coliforms (isolated br the researcher).

(V%)

Organisms 2 - 4 were obtained freeze dried, see Appendix

Tor details of resuscitation mediea,.



10,3 Hedia

A medium for microbial growhth should contain similar

elements (excent the carbon) to those making ur tre cell
and in the correct prosortioas. In the case of hyirsi]
sugurs a minimal amount of extra constituents is desirsz:
to be added vecazuse of cost., A basal synthetic meciun

was devised (Appendix 3) according to elemental cell

(¢¥]

couposition. The sugars were added accordirg to

,
up %o 5 g 1 * hydrolysis rig sugars.
< O )

test, usin

m

10.4  Anelytical Methods (Appendix 1)

Both sugars and ethanol analyses were carried out by

chemical 'wet' methods and b chromatography. Cell

3

counts were by haemocytometer and Coulter counter., Tns

e

Coulter method wus used so thit separate organisms

could be identified by size distribution; this would

- >

~bance method.

oy
[}
O
t-l

have been imvossible using an a
Calibration graphs were prepared relating numbers of

organisns to dry weight values.
(=)
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10.5 Appariius
The bench scule apparztus consisted of a 1 Litre co-zeitr
Gallenka:nn nodular fermenter (Pigure 11), working v.lumz
about 600 mls and included accessory »H and temoseritire
contrels, magnetic stirrer, and autrient supply and
harvesting pump.
Figure 11 Hodular fermenter for batch and continuous
cultures
filtered PH meter
air and control
nutrient supply . 2lkali <(<ﬂ—77\ {
w e
\J ! :
temperature ) v - :
control loop )=
- < — —— .
sampler
SIS N /
~_ I :
! NN
:
i —
i ! i
nutrient , | . . plkz1i
reservolyxy ' T

magnetic stirrer

The fermenter was sterilised empty in an autoclave =zt

1.4 x lO5 Pa forxr 20

minutes. The medium was sterilised

separately by membrane filtration and was,added

aseptically to the fermenter.

apparatus consisted

For batch cultures the

h

of a magnetic stirrer and temperastur
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and »H coabtrol., Por continuous runs o neristu

IR I B ayq Ao B T 3 P s o 26y rx 3
controlling utrient sussly and sameling was added.

1 lidxed so0il coliforms were used to practvice tae 'we
sugar analysis methods and to gain expertise using Ths

L

fermentation apnaratus.

=

car

2

g

art wey through the hydrolysis trials a c
greenish-black sugar solution was found to be contaminz<
with chromium, nickel and iron. In order to evaluaze
the effect of this anomalous product of th hydrol Ss S

rig es N AT O igic S
rig, a series of Saccharomyces cerevigsiae glucose

fermentations was set up. Since the solution from ==z

rig was low in sugars (glucose) the medium was nade un

N
\

9

to 5% councentretion with glucose. (4npendix 3.)

€.

3-=11 acid hydrolysis sugars augmented with glucose,

3  S.cerevisiae, batch - low inoculum <1.0 g 17—,

4 S.cerevisiae, batch - high inoculum 2-3 g 1 ~.

5 S.cerevisiae, continuous.

6 Ps.saccharophila, batch.

7 Ps.saccharophila, continuous.

£

()



3 Us.secchorophily + J.cerevisiae, butch and continuduz.,
9  B.polymyxa, batch,

i

10  RB.polymyxza + S.cerevisiae, buftch and continuous.

11  A.aerozenas, batch and continuous.

10.7 Growth Conditions

(a) temperature

since all orgenisme are mesoonilic the femperature

the pH value of 5.0 was set at a compromise between the

€
LS.

optima of bacvteria and that of yeas

(c) aeration
the avparatus was not artificially szerated; there was
an air vent into the fermenter and filtered air was

allowed to diffuse in by the action of mixing. The

production of ethenol from glﬁoose by S.cerevisiae is
essentially an anaerobic process but is stimulated by
small amnounts of oxygen; in fact, there is a rapid

loss of cell viability at high cell concentrations if
the process is completely anaerobic and, therefore, a

drop in ethanol production. The other organisms used

also reguired aerobic conditions.



from 24 hour culibtures .nd of

o

varying rases
-1 -

(d) initial inocula
all toiten
according to

(glucose and

(neutrzlised

(1)

growth, I

concentra

<t

Continuous

o
a
3

AL

e

0

c

1

the test (<C.1 g 1 - 4.5 5 1

Ler experiments Analar sugars were used

-

xylose). Later hydrulysis sugars

J
with Fa, COB> us to 5% were used.

<

sampling

samples were taken from the Termenter at regul

i 5

)

T interveaels

r sugar and alcohol concentration and cell

trials were terminated when the sugar

ures were allowed to grow in batch

conditions, for about 10-20 hours to establish logari

TG

remnoved regularly to confirm the estublishment of s

ST OW

L before starting the vump. Then samples wexre

state conditions; this wuas assuned when cell densitie

(8)

dilution rate in continuous cultures

using a pe

60 - 240 mls hr

ris

taltic pump a range of dilution rates

~1

Theoretically, steady state operation may be achieved

over a range of dilution rates. The culture is self-

ally
n dropped to below 10% of its original value.
ult

4) were tested corresponding to a flow rate
1

adjusting over this stable range so that each time a new
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gilution rate was used the substr e

N 3 NS aa . ey A N 3 +- - 5 e . Fal 5 P
concentrations would ELDJLL?t Lo & new level (U,; ter o

period of stabilisation,; cbout 20 hours).

A T xro A o .
nalvsis Avpnlical

@]
i

10.8 wetrods

Various greaphical metnhods were used, In the test
cultures, after a variable lag period dependi
of original inoculum and adaptation of the organism %o
the environment, growih proceeded exponentially unti

in bateh conditions almost 211 the substrate has been
cnausted. From each batch run, log-lin »lots of bicnmass

versus time were ara*n and the value of was founa

Pmax
from the slope of the straight line section. This vaiue
veried, according to the initiel inoculum value and ire

affinity of the organisms for the substrate., In cerizir

cases 1, was not measurezble as there did not appear

to be a logarithmic phase.

To illustrate the ghases of substrate utilisation, and
cell and product formation in batch culture lin-lin

-

vlots of biomass, substrate and product versus time
were dravm Ifrom the results of trials., TFrom this tyve

A i

of graph may be estimated the optimum time for the

culture to continue for maximum product formation.



i

Tne zraph also serves to vinpoint the efficiency of zhre

he ubstrate, or produciag i3

culture in dealins with

oy-nroducts.

D

Various yleld values nay bhe culculated:

Y“rodunt (Y.) ethanol = 1 ; revresents the

1 L o it O oo . ~ I

: < sugar used g 1 efficiency of <ne
conversion

renresents the
effectiveness o
organisms to pr
ethanol from tx
substrate

o (Y.)  ethenol g 1
initial sugar g 1

-1

In continuous cultures:

Volumetric productivity rate Q (DP) in g 171 et

describes the rate of product synthesis per unit of

oy}
[4)]
O]

v

fermenter capacity and is dependent on the cell n
concensration.

ot -

(2%

cell”

fonm

Sprecific fermentation rate = gp =

=
o
[§e]

ct

independent of cell mass concentration and describes
effectiveness of the cells in vroduct synthesis (or
substrate utilisation). Useful for comparing results

between fermentztions.

While the value of D (dilution rate) is set by the
experimenter, values of Dmax and Dcrit (the value at

which washout of the organisms occurs) may be obtained

from plots of DY und Yp against D.

5
M



The deterwmini.tiom of ¥, (glucose) (i meusure of the

affinity of the organism for the ausrient involved)

;

from continuous culture resulits uses the formulsa:

Lo = S0t (Eg“%“g) where p o is determined in bate:

culture and waen D = p 5. . o= K,

£3
O
<
ct
¢

.

The values obtained from these exneriments are those
of apynarent KS, a value very nuch higher than normel

for S.cerevigiae in a glucose medium. This is an

£~

indication of the lack of

g M) 4.

had for the hydrolysis sugar medium.

10.9 Results

ct

0

Tables 21-29 following, show the vurious fermentatior

trials, and their results.

affinity that this test yezst
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A fermentetion process is evaluated by the conversion
ylelds and the overall productivity. Theoreticslly the

maximun effective yield of ethanocl from glucose is

0

= -1 . i o - =
DOl g g sugar with a possibilit: of obtaining 90-G¢3<
-1

of this. i.e. 0,46 - 0,48 g g ~. 1In this study

B (ethanol Droduced) represents the effectiveness of
initial sugar

the chosen organism to produce ethanol from the substraie,

this should approach the theoretical,

Y

P (ethanol Droduced) gives the efficiency of the
sugar used

conversion. Since the two values should be as near egual
as possible, their ideal retio should be 1.
The valuve kS also represents the affinity of the orgenisc

for the substrate; a low value representing a high afiinZ

In continuous culture volunetric vroductivity (Q) and

specific fermentation rate (gqp) are both important.

Various authors working on the fermentzbility of enzyme

e St e

published figures for some of these parameters, These

are annoveted in Table 30.
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(e) S.cerevipise - mctal icn conteminoted medium

The slow growth and relative inactivity of tre yeast
cells suggests a state of inhibition »resumably by tae
metal lons., The nigher tle initial iroculum the slirhtl
vpetter the elcohol procuction serformeznce. The use 27T
cells grown in experiment (3) in test 4 and then in
test 5 does indicate facility for adavntetion by the
yeast cells to this adverse(environment.A By test 5 z<he

ratio of Y., and Y, 1s the highest and approaching thre

R i+ 4
) P
had

control, indiceting the eifectiveness of S,cerevisizs tc

produce ethanol from the sugars in this substirate,

On inspection, the cells present at the end of each run
seemed healthy, and not shrivelled. Compared with the
control cells there was more chain formetion and clumpinz,
and a slight tendency towards gigantism. This slignhzly

irregular type of growth waes probubly due to the melzl

ot

icn concensretion but does not seem significent sirnce
the cells will adapt tc the adverse conditions as seen in
Table 21. Joknson & Harris (1948) similarly found that
in Douglas Fir hydrolysate the yeast cells becane

discoloured and abnormelly small but still remained

active,
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(b) S.cerevisine - batch cultures
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The meon 57 several determinaviors of ethanol yield 7.,

wus Cu44 g g = sugsr for initial sugar concentrotions o

o
- =1 . . . , -1 ~ o1 .
10 ¢ 1 cnd & low inoculum <31.0 g 1 ., If the inoculuz
-1 : - -
ig higher 21.0 g 1 Y., was slightly lower (0.39) for
the lower initisal sugs ons ou 47 = g
che lcwer initial sugear concentretions but C.47 2 g
-1

for suger of 50-100 g 177, which is nearing the naxinun

possible. In &ll cases the ratio "% approximated tc 1.C.

If the ratio of initial yeast inoculunm to initial sugar
concentration is vlotted against Y, (log-lin), Yy is
seen to increase proporticnally with an increase in the

£

ratio (Appendix 4). The more initisl yeast there is
compared with initial suger, the greater the yield oI
ethanol., The reverse is rougly true of < The resulss
of Converse et al. (1973) cited in Chanter 9 show no
rtionality.

suc OO0

re

by
o

¥

(¢) S.cerevisise - continuous cultures

-1 1

The productivity g 1 ~hr — describes the rate of product

synthesié (or substrate demand) per unit of fermenter
capacity cnd is devendent on the cell mass concentratior,
During these runs tle most effective use of substrate
within the fermenter was at 150 g l_l sugar, yeast

o
!

2.8 g 1—1 giving a DP of 18 g ethanol per litre of sugar

solution per hour when D = 0.3. The ethanol concentration
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producsd {69 is aboul of the

ore serious

inhiblition of the yeast occurs (7-10%); over 11¢ the

1A . e Ay 4 <1
yeasy will ston producing ethansl,
., .. o vy A (N e G S FRE Ll ey
The speciflic Tarmentabtion rate describes the effectivene

of the cells in sproduct synthesis or substrate utilizsti

and is independent of cell mass concentration.

K et ey e o KR \ L yaan A A . . m 3G FS AN
Again this was at its highest under the z2bove conditiosns

Exverimentally D”*x viaried vetween 0,2 z2nd 0.3 znd Dc**‘
= iz Era

(the value at which washoubt of the organisms occur)

between 0.3 and 0.4,

ck

®
ct

Judging by tihe results in Table 23 D may be se
Ll L% Y

-1
0.3 hr —.

iy

- ] ‘ AL+ - Y= MW 27 N 1
By regrouning some of the results Table 31 may be draw

up.
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attemnpting te defline the owtimum culture conditions:
1 Specilic uroductivity increases with an increase

in dilution rete i.e. the cells work better &t producing
ethanol than doing anything else such as growing or

maintaining themselves. The most spectacular increese

being linked also with & concentraticn of 15% sugar.
. . -1 . . .
2 Actual product formation (g 177) veries in its
resvonse to dilution rste but when comiared with
productivity rates (DP) at 1 & 15¢% sugar concentraticn,
the productivity increases with D up to 0.3. At 169

< T

sugar (probably an inhibiting concentration) productivity
is more or less independent of D, Ghose & Tyagi (1872)

-1 e .
glucose initial feed into &

found that at 100 g 1
contiruous culture, the ethanol production concentration
and the amount of sugar concerned decrezsed with incrszsel
dilution rates.
3 YF is more or less independent of D, but YP varies

2

according to the initial sugar concentration. The razio

YE represents the efficlency of utilisution of the

————

YP
substrate and should be as near 1 as pogsible i.e:

- -
at D= 0.2 S. =10 g 17" or D= 0.1 at S, = 150 g 17",

Fay
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Cysewsiki & Tilke (;%/6) Iound that fermenter ethanol

and very different from Y, and therefore rutio is well
-
below 1 (low dilution rute = 0.17 nr™t for efficient

running) .

Typical K. values of S.cerevisize on glucose are quoted

as 25 mg 1 . Since the KS (glucose) values from these
experiments are much higher (0.01-50g 17°) it is to be

assumed that S.cerevisiase has less affinity for this

substrate, with its extraneous hydrolysis products than
for just glucose. PFrom table 30 Kg = 0.476 g 171 on
10-15 g 171 sugar (Ghose & Tyagi 1979) &nd 0.22 g 1% on

120 £ 171 glucose (Rogers & Rosario 1978).

(d) Dseudononas saccharovphila -~ butch

By itself Y, values were 0.07 - 0.25 (Y, 0.05-0.2) and

P
renged 0.15-1.0 Y, 0.12-0.2 and Mgy 0-04-0.15. Judging

ax 0.04 to 0.2. When associated with S.cerevisize Y-

by the ethanol produced the presence of this organism
seems to have prevented the yeast from achieving its

maximum potential.
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inconsistent

(D = 0.1) all values

/

D 0,00-1.0 and DF O-

X

®
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®
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tetween the sevarate fermentations. With

S.cerevisiae values of Y, 0.11-0.25,

and Qg 0.7-9

La

were just as erratic.

(e) B.polymyxa

Batch

N2

Lo
I

0.09-0.2 D2 0.,45-2.,

FPermented by itself there was a renge of YP values

0.1-0.2 and . 0.06-0.15. ‘When associated with

X

S.cerevisiae the overall yield of the fermentation was

similar, the bacterium having apparently an adverse eflecty

on the performance of S.cerevisice.

Continuous

Problems with getting

not to cause

(f) A.aerog

1

washout, prevented intelligible results.

a low enough dilution rate so as

Only one batch experiment was performed, in view of the

low yield, this type of culture w&s ebandoned in favour

of continuous culture, the results of which were a

substantial improvement.

0



There are difficulties in corvaring the results of bateh
and continuous cultures beccuse of the difference in

A

developmental ristory of the organisms. A batch culiure
develops in time so that all observations, including the
product, are functions of time and the culture age is
importunt. In-continuous culture, the culture develoos
in tine but is time independent however the age of %
individual cells is important and therefore so is the
generation time or growth rate. This rate is a funciion
of the nutrients 'in the culture. If plots of growth
rate (p) versus concentration (s) are made, both K, and
Poay MaY be obtained from them. If there is competition
between organisms then KSA < KSB < KSC and umA > umB be p:C .
Under these circumstances the left hand organisms will

grow faster than the right hand ones at any velue of

~

b

D. y if KA <K B <K _C ar A< <
s and D. Only if EA < KB £,0 and p A B o

s
would A, B and C be devendent on D (dilution rate) at

some conceniration of s, and the growth rates would be
equal., IT tilis concentration could be maintained in

the chemostat, the concentration of organisms and
vresumably their activities can be made to remain cornstaxnt.

In the 2-member cultures used here, no instance of examrle

two occurred.

The formation of a product may be either growth associated

or non-growth associated. The production of ethanol froz



ct
@
joF
)
8

glucose solutions is rrowth-ossoctod
denendent on the develcpment of the populstion tut i
this resezrch the maximum synthesis did not alwaye c3izn:ii

with the seme phase of growth of the orgenisms used.

In bateh cultures, two patterns emerged; either the
meximun occurred during the exponential phase (star-irg

from ecrly on in the phase) or, at the end of the

b3
0}

exponential rhase and into the stationary phase.
can be seen from the graphical representation of

populetion and product versus time. For S.cerevisﬁae

and A.aerogenes the first condition applies, buu for

Ps.saccharophile and B.volymyxa, the second is zupl

“hen S.cerevisige and Ps.saccharovhila were grown tozetnzz,
4..,‘..

the product formation coincided with the second condivizz,

that is at the end of the log phase. Or, it more rsrel:r

Q

L across

<

s

aralled the growth of S.cerevisiae uttin
> ?

that is, not dependent on the growtl of Ps.sacchaorc-nil=.
b

Since continuous cultures artificially create =
permenent log phase it is advantageous that the »rodiuct
is produced then rather than at any other batch stazs.

he use of two organisms with varying growth-associz3ion

+3

vatterns of product formation is of distinct disadventacs
since, it seems in this form of competition the abilit i
of the one to produce ethanol from early on in its log
phase is suppressed by the one whose norm is to »producs

it later in its growth phase.



1

In ail Z-menber cultures experimented with, = disuxi

on the substrate before the other orgunism. However

the competition within the culture vessel encoursagec

-J

the yeust to use tve sugar for srowth {(and presunabl:

<

preferentia .

nmaintenance) rather than product formation, esweciall:r

in the earlier stages. This can be verified by
examining the lower performance yields in 2-member

cultures.
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The results of these experiments have shown thaot +he
production of sugars from cellulose (paper) at high
tenperature and pressure by the process of acid hydrcly
is feasible on a continucus ba51s, even though the yis
were lower than expected from the kinetic predictiors oI
Saeman (1945) and Porteous (1967). However they coriirzm
the work of Converse et al. and Grethlein. The series c-
experiments however, has estazblished a basis for a m--e
detailed engineering consideration of thris rig structure.
Reactor optimisation studies are now taking place in the
slightly modified rig in which all the heating tavpes zare

wound on the pre-rezactor, although the reactor itsel? is

o~

still in place and in use. The heating of the slurr:s

A On . . A4~ 0 ; .

from 90%C tc approximately 230°C takes vlace in the
pre-reuctor and the maximum temperature is rmore or less

maintained as the mixture passes through the reactor subs

Sugar concentrztions of up to 30% conversion are beins
produced from newsprint, although the repeatubility of

results has not yet been estiblished. The use of a singl
stage heating system has eliminated the problems (previou

identified) of temperature difference between the tw

i)

—

{

E3TS.

eactors and its affect on the producticn of s
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It has alzo oade the rips easier to rcun, with far fewvsr

R TPV L AT el s e en
LACTUTLON:E 1 Lemnerliiture anad srecsure

srevisusly exserienced,
The origin of the metyl ion contaminetion, which
occurred in two of tre runs, is probably the originsl
pre-heaters which were replaced part way tarough ths
experimentation tize. Xo evidence of corrosion of I:ne

stainless steel tubing which makes up the pre-reactcor

pa

)

b g
er

and reactor has been found and other runs have not ¢

contaninated. The colour o the product from the =i

41}

was usually sore shade of brown, which was probably dus

to the formation of humic substances which will occur

M

at the breskdown of the sugars when the optimal temrsraTax
for sugar production has been exceeded., The colour

during the contaminated runs varied from green throush

N T | . £3 L N Fe ~Nmas T
brown to black, which was the first indication of pozsic_e
metal ion contamination. The sugars now being formedl 1o
the modified rig are a pale siraw colour which dorxens

Pagan (1969) had metal contamination (iron mainly) whicxk

interfered with his sugar analysis glving unrepresentai.ve
low yields. In his opinion the ions were affecting the
L

test only and not the hydrolysis process. The contaninzzec

trials of the present research (9 and 10 Table 7) siow



als wis probubly due 3o
erature flucsuntions which, however, were not
exclusive to these two runs. Providing the consiruciisn

Fal 1 ~ e - ~ FARNNNER N s b — 3 - ~ o~
oL the parts of the rig continues to be of resistunt

stainless steel and other non-corrssive maberials it is

unlikely that metal ion contamination will be a probiexn
Tor future work., It has been shown that yeast cells will
adapt to this type of medium and achieve near theoretical

yields.

It will be neceséary to do liguid:solid ratio studies

and feedstoclk impurity anzlysis before making any
economic considerations or scale up designs. The maxinum
solid concentrations which can be pumped and handled in

the reactor must be known.

Future fermentation work will include the use of the

rig sugars as tiie only carbon source. Ihe presence oI

any impurities or by-products of the feedstock, such as
inks from newsprint and materials other than cellulose
contained in sorted refuse could adversely affect the
fermentatibn yields and growth of the organisms. For

this reason it will be necessary to analyse the rig
vroduct for chemicals other than the sugurs; IT
inhibition occurs, screening tests will have to be devised
in order to find out if one or all of the impurities is

at fault.
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(a) Somosyi-Shaffer-Hortman Determination of Suger

in liicro~bpiologsical Cultures

\

1 Fipette 5 mls reagent into 50 ml boilins tube,

2 Add 1 ml sample (up to 5 mls possible devendirng on

concentration).

oy}
f
C",‘
o
]

Fake volume up to 10 mls with distilled w

n

4 Blank = ml HZO and 5 ml reagent.

rer with 2 loose-Tit

-

5  Mix, stop

t
place in & boiling water bath for 30 mins - aveid

6 Remove and cool for 3 minutes in cold water to telco

“~

o) . . . , ) o
40°C - avoid egiteztion and do not cocl below 3C7C.

I

7 Add 1 ml 5K sulvhuric acid, mix and a2llow to s7and “or

8 Titrete with 0.005N sodium thiosulphate until rmost -2
the lodine has reucted, then add a few drops of boil=d

starch solution and titrate until blue colour Iust

Calculation: Blank - unknown = cuprous oxide formed oy

the reducing action of the sugar.

Use a table of prepured standards to convert to milllgrass

(J'J

of glucose.



Cus0,5H,0 100.0 = 75 mle of 100 =0l .71
(R
aneo, 20.0
-
L o
Ka, CO3 (anhydrous) 5.0
¢, H,KHa0, 25.0
a7 o

5
1103 3.567 (0.1H)

Dissolve 25 g anhydrous sodium carbonate and 25 g ~ocrns_le

saelt (potassium sodium tartrate) in 500 ml water. Do =:3
heat to dissol 4dd 75 ml 10% copper sulphate using
pipette, and keeping tip under solution to avoid losing
carbon dicxide. Then add 20 g sodium bicarbonate znd 2 z
-1

("1
|1

votassium iodide. Add 0.1N potassium iodate (3.567
according to the quantity of sugar to be analysed,

usually 200 mls will do., Dilute to 1 litre and nmi:x,

Sodium thiogsulphate muzt be prevared deily - dilute

Py

b

25 ml Q.1N sodium thiosulshate tc 500 mls, Starch
solution - boill 1 g reagent grade soluble starch with

50 ml water,
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(c)  Tisrh Pressure pisnid Chrop torroshy (V10
By this metod virtually any combirn: tion of surszrs TeroIE
senareted fron euch other The insirunent used woes =
DuPont 520 .
The eluent was a mixture of acetornitrile and water.
By menipulating the ratic of one to the other and/cr =iz
flow rate, any desired segaration of sugurs may be
achieved., During experimentation it has been found in=-

80:20 acetonitrile:water is about the op

525 psi the flcw rate was

sugars
from vpeak-
standard curves nrepared
shown below,

examnles are

1,1 mls nminute”

tinum,

mae.

frem pure individual

andéd =3

be deTsrrize

1 3 -—
SO TP R
A-Ne1gNT
1ome e
sugers,

(O]
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Onront Lospra iy Surameters
LY Lis
-5
Zoly-ocil UL, E1 OO 4 w10 21URPSDH

Jifferenticl relrictometer detector - gengt Liv:—-

P N A Tl A havrt avaa = pn -
Lusenuevion - recorder, chart syeed - Smn rin
columns - size 22.5cm x S5mm i.d.

temperature - ambient

4

eluent - acetonitrile

e

water mixtures - 80:2C
Y

filtered through 3 millipore filter before use

e . "'l

flow rate - 2.0 ml min

oressures - 1000 psi

sugar standerds - 10 1pl mixture of 7 carbohyir

ethenol analysis - gas chromatography
column length - 9' i.d. 2 mnm

~

suvport Chrom & Awens nesh size - 80-100

Ucon 50 HB - 280 x-3¢

1

Carrier gaes N, flow - 30 ml min

chart sweed - 5 mn min~

L + A
rotures - oven 907, detector 2507, injector

L‘l
aw
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Since 2 measurements in the set avucared to deviate

(W
(92

icantly from the others, & decision had to be =

whether they should be rejected. The 4D method wes use
1 Disregarding the 2 guestionuble measurenents the

_L

mean and new average deviation were celculated witnh
the remaining measurements.

disregerding 30:
5

yE

average deviation =

D=2.27 4D = 9,08

M

o)

mean = 2,31 30 = 2,31 = 27,69 so 30 differs From

the mean by more than 4D,

2 for disregarding 30 & 11

mean = 1.58, 11 - 1.58 = 9,42 which is roore than 4°

.
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Sinece the chemicasl constituenis of tre medium must mees

ull elementol requiremernts for cell srowth ard product

£ PR . . AT S . L B -
foruaticn, as well as energy and trace minersls, an

1 ' 3

a5 in the tuble below from Tang et.al. (1979).

W\
O
H
(@]
)
bt
et
jon
]

g
©
}_J .

ma

)
ct

Carbon | 50

Hitrogen /-12

Phosphorus 1

Sulvhur ' 0.5 - 1.0
C

Magnesiunm

(a) Tests 1 & 2 g 1

=5
¥
no
Hd
O
o~
.._X
O

no

o O
[\e}

HgS0, . THSO

Vil

—
O

glucose

xylose 10



N 0
(b} Zegls 3-10 o 17
V{?PO4 4,4
REEPRSELe 4.8
o e
L, CL 1.0
s
TgSOi.7H20 0.5
glucose 50
xylose 50
\c) Ps.sacchuronhila resuscitation medium
ot i3 "'1
Solution A g 1

FeCl3 10.0

CaCl 1.0

Solution C
W
sucrose 20, /v

To 100 ml solution A, add 0.5 ml solution B and 1 ml
solution C. Ps.sacc, maintained also on agsr slowves 37

this inorganic medium,
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