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ABSTRACT .
) L - / i
In‘this work, pure solutions of the hexoses found in softwood -

were ferment}/{ge solutions consisted. of 33. 3 gm sugar per liter.
The study consisted of three parts "The purpose of the first part was
to test the pnewly assembled equipment by venfymg resultsipublished
by ﬂnderson (19}. " In this part’ a method was also developed to calibrate
dissolved oxygen probes. In the. second part, the gluco‘ee fermentation

by SaccharOmyces Cer?mae was studied in detail using the factorial

am

demgn method, Three varjiables were investigated: temperature

pH and rpm, " for respective intervals of 27-32°C, 4.0-6.0 and 500-700.
(26)

-

With the results from above and those obtained by Aiyar and Luedeking

we found that the highest production of ethanolt.wa.s'_ achieved for the

fojlowing conditions: - . A .
. | -~ , : Y
- temperature: 32°C : '
- pH - “i - 5,0 .
- rpm:® 700 b

#

In the third part, these conditions were also apphed to the ferméntations

of galactose andﬁannose, which form about 85% of the hexose concentration

LY

. a
Finally, a model was proposed to describe the galactose and

mannose fermentations, which did not fo]iow the Michaelis-Menten

model nor the Kono-Agai model. \ -

i
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<"*INTRODUCTION ~ *

N

o

° process h‘ave causea problrms durmg the entirs permnl that sulphit
pulp has beyh produced commeércial Ay, It is these wood sugars and
thmr dery radatlon products Whl(_!h chiefly account for the: b10che mical
oxyg,e" dt.mand (B O D.) of this pulp mill effluent when dlEChdt‘ged
to redeiving waters The competitiye status of the su1ph1te pulping

s mdustry is seririsly threatened by i‘n'e prospect of forced mstaDatmr;

of vastly pollution control‘equzprnent ana m,vesngatx n of prfn esses fo.(

the profitable utlllzatmn of these wood sugars is st1ll the subJect of

an enormous effort in pulping research centcrs. . )

-

The a'.'vai-labilitylr in quantit'"y‘/is a first _stépl:\llong the :ro;\!d to .
economic utilization., The average sized sulphite pulp .rnillhas:some'
15 to 30 tons of sugar available IFOI% its da:ly production, an adequate
" basis for byproduct covery schemes The hydrolytm reactmns
whxch hccur during the pulping of wood by.the acid bulphxte process.-
caus« the polysaccharxdﬁ::orwm‘.\l[y- present 1rl.the woutymtan e
to br..eak downin various ;grees The final &ptnt JJqUOr is derived
from control‘l@d rates and degrees of pulping ~hich produce different
grades and types of cellulose fiber from one or more of the numErous

\ka.nds of wood ut1h?cd These spent liquors can therefore be éxpected
to contam a var1ety of carbohydrates 1nc1ud1ng typxcal wood der1ved
hexose and pentose sugars, degradatxon groduct‘s of these sugers,
and small amounts of oligosaccharides. ' Free word sugars in selution
are the- predomxnant carbohydrates in most spent sulph1te liquers,
and usually ranbe from 15 to 20% of the’total d1ssolved sohds Table
1, taken [rom Wlley et al (2 pr v1des ana]yﬁcal m[ormatlon on the
composisition of 'the dissolved solids of representati ve spent sulph1te

hquoﬁ produced from softwoods and hardwoodsy -

P 3

Thc carhuhydra’tes in bperxt hquor frdm the aci su]ph'ite“'p\zing
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Table 1 Components of spent sulphite liquor

! - ' . . -

n ‘ O ) Softv»ood % *Hardwoorl, % " '

7 ’
" Lignosulphonates . ) . 55 o 55
Hexosu:s ‘ . "1l4 0T 4
" ‘Pentoses _ 6 T 6 -
"t Sugar ac‘xdb and residues ‘ o 12 oy 12 e
Resins and e}‘lttractwes o 3 ) 3 %
Ash’ _ 27 10 10
, 100 . 100 :
3 . )
"

,In con51der1ng ut1hzatmn ofithe caﬁ)ohydrates it is of particular

mterest to note the dxfferences m the relative content of hexose and

pentose sugar in the h_quor from these two types of wood. Moa/t of the
_sugars in softw liquor dre hexoses, while in hardwood liquor the
: pentoses are predominent." This relationship gfas an ir'nporLt'ant,effect
_‘\upoh the. products which can be produced from the‘p‘ulping of the two
different types'of':nood. Table 1also shows that thex;e is an appreciable
content of suga} degra;datior} ‘products abﬁ'out which much yet remaiqs
to be learned, - 2 .
The 1nd1v1dua1 sugar components, typ1ca1 of the spent liquors
produced {rom softwood and hardwood hquors are shown in Table 2.
Mannose is the predominant hexose sugar in liquors derl_vgd from
softwoods, while xylgse is the predominant pentose sugar ffom the
hardwood spent ﬁquors Glucose is found in minor quantities in both
types of ‘spént hquor. Gala.ctose available particularly from softwoods,
~y and arabinose, available in smaller q_uantzues, are the two remamm‘g

~  Nwood sugars found in spent sulphité liquor, \

/ | " | g



Table 2 Wood suéars in spent sulphite liquor

1

‘ v ' ST Softwood % ' ~~i--‘larciwood %o
- o Hexoses
‘Mannose , 8~ - ‘2
Gala.c;tosc ,I : | 4 . " . 0.5
Glucose A W _ 2 ) - 1.5
. \ 14 . 4
' Pentoses
Xylose ' 5 15,5
) Arabinose ' M 1 | - 0 5
. ) 16,

The scope of this work included the batchwise fermentation of

glucose, based on a factorial design matrix, Temperature, pH ahd

rpm variations were investigated, Also attempted in this work was

the fermentation of galactose d mannose, based on the results

obtained from thie glucose fermentations. -

v

-n
»

$ / '
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™ o L ITERATURE SURVEY

k)

1. Chemical Methods .

1 Wiley et al, (l)'mentioned a number of methods of separating

sugars and hgnosﬂphonates in add1t1on to fermentatlon Methods such

as ion exclusion or ion retardation; prec1p1tat1on of t'ne hgnosulphonates

in sulphite Jiquor with strongly’'alkaline aqueous golutions of lime; \

treatment of the dry sulphite liquor solids with certain organic

solvents in the presence of an'acid catalyst, which results in the
v

formation of sugar derivatives whmh are soluble in the solvent and can

be separated from ‘the insoluble Jignosulphonates Mokuzai Kenkyu 2.
re;:overed the sugars preser}t in the sulphite waste liquor by d1aly51s
a.nd ion exchange resin m his . study to-relate the BOD to the sugars
present Boggs ( _) isolated four of the five main sugars in sprucewood

spent sulphite liquor as crystalline compounds, He further identified

‘them by reduction to the corresponding crystalline polyols He

altered the propertms of the reducmg suga/s by cbnversmn to their l
acetone-soluble d1-0 1Bopropy11dene derivatives, The main pgrt:.on

of the nonsugars remamed insoluble and was h]J:ered off, -Di—Oi‘\\\“’-'-‘
1sopropyhd’éne D-mannose is sparmgly soluble in water, from which’

it was crysta]_hzed The di -0- 1sopropyhdene pentoses were separated

from the hexose derivatives by two methods:

L High vacuum distillation, wherein the pentose derivatives
were more reachly vohtlhzed than the hexose derivatives.
2. Ex‘naustwe steam dxst:.]latmn wherein the pentose derivatives

were volatile and the hexose denvat:ves were not,

The resulting fractions were further fractionated into acid-sensitive
dcrwatwes and acid resistant derivatives. Acid hydrolysis to remove .

the remaining 1sopropy11dene groups yielded the free sugars,
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Biological Methods

Traditiona]ly however, studies have beenLcentered on [ermentatioﬁh
methods. One advantage of fermentatmn is that the sugars are
co vertc§ to products whlch are mc;re easily re::overed from the diliite
“Solution. Some of the products which can be produced from sulphlte |

liquor by fermentation are fumaric acid, buta;ml and acetone,

-

2.1 Fumaric acid fermentation

-

A. Romano (4); undertook a study to investigate ‘the
. [eé.sibi.lity c;f utilizing a fungus fermentation to convert sugars
in spent sulphite liquor.to fumaric acid, The Iun.gusr used
was Rh§zopus cryzac NRRL 1526 obtamed from Northern
"Regional Rcsearch Laboratory, Peoma m, Al experlments

reported were carr:.ed out with calcium base spent sulphite

liquor which ha d been concentrated to 57% solids, Production

of fumaric ac1d was demonstrated 1n both growth and

replacement phases, Concentratlons -of nutrient to be added .- i}
| to spent sulphite']iquor' were determined by experiment and

found to be critical for the production of fumaric acid. | -

Based on the total amount of sugar available, over-all fumaric

acid yields of 40% by weight were obtained,

2.2 B.O.D. Reduction

(5)

Amberg and Cormack presented some data obtained
from laboratory bencﬁ scale operations as well as some data
from a semi-pilot plant for the biolog}cal trea.tment of spent
sulphite liquor. They modified an acfivated sludge process . <
using an aerobic fermentation process, cdpable of reducing

80 to 90% of the BOD of spent sulphite liquor by employing a

i
mixed bacterial culture, In their laboératory.bench-scale



\
- experiments, they mtroduced new a.mmoma-base spent sulph1te-

o

liquor into an aeration tank, where- it was aerated at 35°C

in the presence of bacterial cells, The only nutrient reguired
was phosphorus, The mixed liquor was discharged by
-~ A -

‘gravity to a conical settling basin where the cells were
separated from the eupernatant:liquor The' eff_l.uent was
dlscharged to the sewer, The settled cells were purnped

back to the-aera.tmn c'na.mber, and once each day the excess

"cells which accumulated in the Narifier were withdrawn to

maintain a constant concentr‘t-ion of cells in the aeration unit. *
Microscopic examination of the organisms present in the
aeratlon tank indicated that the predominant culture consisted

of Gram -negative rods of the Pseudomonas group /}"..xcéllent

results were reported up to a waste concentration bf 8, 5%

total SO],ldB Analyses of the ba.ctena.l ce]ls produ ed showed
that t?lgﬂl.r contained 66 to 70% protein and the mate(nal could
be utilized as a high prote' animal feed. The semni-pilot

splant expenments showed further that considerable savings

- were affected by SO remova], This resulted in a 50% reduction

in the quantity of neutrahzat:on chemicals used. A ]

2.3 Butanol and acetone production

(6)

Schoedler re;ﬂorted results obtained by fermenting
spent sulphite liquor to produce butanol and acetone using -
butylogenic bacteria. He found it to be advantageous to utilize |
spent sulphite ].iqu'or in preference to maize or molasses, He
obtained maximum yields by using liquors diluted with
accumu]ated'wasﬁ waters to conta.m 2, 5-3% sugars at an
optimum temperature of 30-37°C. The 1n1t131 pH value of -
6.5-6.8 decreased to 5, 6-5, 8 during the first. 12 hours, but
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A

.increased to 6 and higher values d?;r'mg further fermont#ion
Furfural and HCO H presernt in small amounts did not inhibit
Iermentatlon HZSO and AcOH, however 1nh1blted bacterial
grovﬁh L1gnosu]£omc ac1d d1d not affect the course of

[ermentatmn and thus did not necd to be prec1p1tated

-

2.4 Yeast production

In 1959, Kryuchkova and Korotchenko (7 studied the

" behavioyr of different strains of yeast in fermenting spent _‘-
‘sulphite liq}_mf'fo produce baker's yeast, They carried out L\

experiments with thiee strains of Saccharomyces Cerevisiae
Saccba.r'omyoesl (I) Tomskaya 7, L -33, KKS-1and CKhS-5,

They kept the temperature ir: the tanks at 30-32°C and bubbled
air through at a’ rdte of 27-29 1/min. They obtained a very
high yield when CKhS-5 wa4 blended with SK-4. Thus orocessed
yeast leavened dough in 35:t1()\*{in. and gave tasty bread. Three
(8)

w rked on the production of

(9)

years later, Schmidt and Winter
fodder yeast from sulphite black liquor, and in 1964, Stefan

achieved a production of 5, 58 tons of fodder yeast per day in

a ferméntor described as fdllows: height 14. 5 m; diameter

6.4 m; volume 450 m3. His unit was fed with a licuor of .
20-221g/1 sugar, it fermented for 5 hours and necessitated

(10}

3500-4500 m3 of air per hour, In 1965, Amberg discussed
a diversity of solutiona'fo the sulfite problem, however, as he -
noted, by- products recovery jisthe only one which completely

removes the wood sugars and hgnm .

2.5 Volatile acid production = ¢ , -
In a more recent publication, Amberg (,m undértook
a study with his co-workers to deterrmne if volatlle acids -~

could be produced by fermentatmn of the sugars in spent

!
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sulphite liquor. 'I'hey; fermented steam-stripped calcium b'ase,
spent sulphite liquor on a continuous flow basis using a _n‘:i#ed
bacterial culture, E, Coli was the major organism involvé(i;
's‘pécies of streptococci were also detecteéd. Ewperiments were
-run at 37:C and at 55°C. It was found that acid yield could

be increased almost thrf:e-{old by reducing the fermentation
tcmperaturé to 37°C. The optimum pII-I was {ounci to be 7

to 7.5. Alcohol production of about 2 g/1 was found to be a

P

wasteful ide reaction which utilized sugars that otherwise
. . v /

would be fermented to wolatile acids, Therefore volatile

acid production was stimulated by adding small amounts of

air, which decreased the alcohol productio\l with consequent

increase in volatile acid yields, Acetic acid yield was

wreported to be 155 kg/metric ton of spent silphite solids, at
volumetric waste retentions ranging from 20 to 30 hr, and %
pentose-sugars remaining in alcohol-fermented spent sulphite
liquor cmild be ferrgt%‘:gted to yield about 8L 5 Rg of volatile ' <
acids’per ton of spernt sulphite solids. The volatile acid | ™,
composition was determined to he 83% acetic acid, 9.3%

b‘utyric acid, 4. 8‘% _f::)r‘rlnic acid and 2.9% propionic acid. L

Optimum hyield was obtained from fermenting stream-stripped 4

o

spent sulphite liquor containing 9 to 11% total solids. The

.

mixed b-a.cter.ia;l'flor.a respon;;ible" for the fermentation also
produced considt;rable quantities gf vitamin B12. When aeration

was used, 24 ug/g of cells was o:l)tair}edagompal‘-ed to G. 66 ug/g
© of cells ts.nd'er anéeeric conditions, The process tﬂey proposed

" for recovery of the volatile acids consists of the following steps:

« 1 Evaporation of the fermented liquor to 40+50% solids.
2, Addition of sulfuric acid to adjust pH to 4.0,

3. Bolvent extraction with methyl-ethyl-ketone,



e

\...
.

4. Dehydration and recovery. of solvent by pzeotropic o
disti]]ation, - : / ‘

\ 5. Refining of 95% acetic ac1d to techfiical grade glacial

acetic acid,

2.6 Mushroom Prodﬁct—i’o?f
T
111‘/19-73/Kosaric et al,

(12}

looked into the. poa sibility

of a submerged cultivation of edible mushrooms. Four species
~ .

of morel mushroorh were investigated:” Morchella spp., Morchella

crassipes, Morchella deliciosa and Morchella esculenta,
Studies of the optimal growth conditions in terms of pH and
substrate concentration on the yield of biomass yielded the

following results: »
‘&
1. The optimal initial pH for the different morel species

was found to be between 5,0 and 7,0,

2. The highest yield (83. 4% based on utilized carbohydrate)
was o)btamed when the NH3 - wé.ste sulphite ficiuor
- ‘
was diluted (1:5 v/v) and used for growth of Morchella.

crasq;.pes

3. In all cases, growth was found to be completely N

inhibited by ¢ alcium,
-

4, Morel mushroom mycelium contained protein of 25 7
to 48% on a ¢ry basis, with an acceptable spectrum -of
esserntial amino acids, except for the levels of

methionine and isoleucine,

One advantage in comparison with other biotreatment systems is

the fact that all the grown pellets settle down in less than two hours.



It was also Ioimd that sterilization of the culture me.‘dium is noé ]
necessary if the waste sulphite ]iqu_of is.pumped directly from

the digesters to'the fermenters, since fhe digesters ﬁsua]ly
c')perateix‘t/lbwc and 7-atm for 6 to 12 hours, It was finally

observed that Morchella esculenta is able to take. up both hexoseq/
and pentosés. ' © '.

2,7 Ethanol production ) .

’ Another very important commercial product is ethyl:
oalcohol. In tﬁe'ethyl alcohol ferrﬁentatio;l by Saccharomyces
yeast, only the hexoses are utilized, .éo that a hardwood liguor

- in which pentoses predominate would not be suitable. Since
raw su]phite‘liquor may ;:or;tain enough sulphur dioxide to

inhibit 3,r¢'=a'stl growth, it is usually necessary to reduce-the‘SOZ

,concentfation by stripping or neutralization befare fermentation .,
Figure& shows the outline of an ethyl alcohol process,.
spent sulphite liquor

&

cooler

steam - stripper - SO2

lime - neutralizer -~ sludge

fermentor — CO2

e 15% yeast @ ! 1% yéast

L—— ‘centrifuges

. L % a_lcohol

- "Beer'still

l 10% alcohol
~Distillation Colnmn

SO . Tankl'Cars

Figure 1 Ethyl allcohol from spent sulphite liquor
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“in the fermented liquor has been draat:cally reduced so that it

-1

8 -~

ki

The production of ethyl alcohol from sulphite waste ]iq‘uor y

has been described by Nomura (13) (14?

(15)

,aPrescott and Dunn
Casida and others Even though the production of ethyl
alcohol or yeast alone is not economical, the over- a]l
fermentation-process has additional credits which improve

the picture‘considerably In the first p]ace, the amount of BOD

can be discarded with less danger'of overloading the streams.

Secondly the SO

, can be recover"*’ed in the stripping operation
and used to prepare fresh cooking acid. Finally the desugared
jignosulpl?:‘o'r‘lates in the fermented-. liquor find ‘better markets .
than the whole diquor solids,since i some cases the sugars

may 1nterfere with a desired adsorption of the ]Jgnosulfonates
(16, 17)

More recently Helena Karczewska studied the alcohol
and fodder yeast preduction from sulphite waste liquors of i
various densities, The waste liquors were efiriched w'ith a -
nitrogen and phosphorus and subject‘cd/to a.lcoholig: fermentation
for 48 hours by strains of Saéchafqmyceé Cerevisiae Ma,“
Schi\zosaccharomyces‘Pombe no, 2; a.nd>(_-‘,andida. Tropicalis Pé6.
The alcohol yield varied with the strain of yeast and the
concentration of diésolved solids in the waste. The highest

production of alcohol from purified waste liquor was achieved

with the culture Schizosaccharomyces Pombe, strain Ma, which

-produced 68.2 ml alcohol from 100 g. of fermenting sugar. The

yeast -yie]d during the fermentation of both normal and concentrated
wa:tes was also examined, The strains P-6 (C-tropic'alis)ﬂénd
K-2 (C-Robusta)“were \..180(-'1. The fermentations were carri;:d out
at 34-38°C and at a pH between 5.5 and 6, 8 with continuous
aeration, She founc}\that for optimum yeast yield, the ratio of

total reducing substances to the content of the solids in the
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liquor should not fall below 10, Our present work whi%h is only
a preliminar} part of a more gen_cral research program differs
from the previously mentmned stud1es in that we extract the

sugars from the spent su]ph1te liquor before fermentatlon

TN
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THEORY
. R -~ ) L2
1. Kinetics o o
1. A Kinetics of yeast growth . J
s : : 7

A schematic representation of & yeést growth curve was obtained

‘from the text of Pelczar and Reid

(18) and presented-in Fig, 2, The

activity of the cells during each of the fermentation phases can be

déscribed lals follows:

environment are using substrate and nutrierits for reproduction,

The lag phase: -

.During this phase; the population remains téemporarily.

unchanged. The cells are active in the sense that they use
su&trate to synthesize ﬁew protop];sm. The cells in

their new.environme/nt are deficiént in particuiar enzymes,
which are fiﬁ produced in amounts requiré.d for optimal
activity in the given m;dium. The organisms are metabolizing

but there is a lag in cell reproduct}on. -

The logarithmic or exponential phase:

S

During this period, the cells which are now used to their

The cells are dividing at a.‘ccl‘nsta.nt rate,

.

Rl

The ;stati'onary phase£
There are several reasons whya popu]ation-ex;ters t}iis" phase,
This trend toward cessation of growth usually occurs aftey-~
e)lchaustion of some .of the nutrients, Production of toxic .
prod\ﬁs'during the growth can ala6 be respopsible for this
behaviour. The population remains constaqi% for a time, J',af:

a result of the balancing of repr-odu‘_ctioi_x rate by an equivalent

death rate, o -

—
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F:gure 5 . Typical yeast growth curve - ¢

(A) lag phase, (B) logarithmic pha.se,

- (C) stationary phase, (D) decline phase,’
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The phaae of declme or.deaths -y

After thd Just'mentmned statmnz,(ry period, the mlcroorgamsms

- die faster than:new cells are. produced Accu.mu]anon of
T

4\ 1;1h1b1t_,1’y produc;ts such asxaclds usualy he]ps promotmg thls

Z ' situation, . e . E )
L . . } -

. .\" -] " " v L
Note that the culture proceeds gfadua]ly from one-phase to the next. This
means that not all the cells are in exactly the 1dent1ca1 physmloglcal

o

cond1t1on toward the end of a gwen phase of growth Obtdined expenmental

data are plotted and dlscussed in a later sectmn LT R
9

In 19 72 Ande}son(lg-) published a work on the kinetics of'yeast grrowth.
He a.]lowed -an 1n1t1a1 cgarge of yeast to mu]nply and grow in a nutnent _L;

solutlon The yeast cell volume a.nd suga%;concentratlons were measured

L)

over the penod of the expenments and the: results compared w1th o

pred:cnons resulimg from the knowledge that after an initiation penod

.. in which the yeast becomes ccustomed to a new ennrongr:cnt the

growth rate. is f1rst order in yea.st concentratmn ‘and also depends on ¢

the concentratlons o{ sugar oxygen, avaﬂable nitrogen, minerals;

' wtarruns hydrogen ion concentratmn and temperature. Hinshe d(ZO)

-

formulated the rate eguatlon as @’ product of terms for ea.ch of the vital -
substances, = .

. '_ . A Qs -
- b C : b C ' ‘

. g‘_ '”[1+ :H:l+b . ][ﬁﬁ%ﬂ‘l’ ’?3

3

N )
where Y is the yeast cell volnme per unit volume of solutmn, 'k is a

‘- rate constant C._ is the sugar concentrat1on bs is a constant for sugar,

and so forth for ‘oxygen (o] and others They kept variables such as

temperature and pH constant, For an excess of any of ‘the nutriénts the

g L. h ) . e



/ product bC becomes large compared fo unity and the term in bracketa

approaches unity. In the experiment considered, all nutrients except

“sugar ‘were supplied in large excess so that the rate expression becomes

' - b c 3
8y = kY = .5 8 (2)
dt 1+b_ C_ ' B
8 8

Since yeast growth occurs both by the growth of individual cells and .
by celldivision with further gr@wth and division of new cells, a rate
equatic;n for the number of*cells per-unit volume may differ slightly
from that for the volume of yeast per unit volime. A material

balance for the sugar may be used to relate sugar and yeast concent_rations:“

P

R(Y-Y)=Cg-Cg (3)

where 1/R is the Qeastéell volume which ‘results from the utilization
of a unit amount of sugar and the superscnpt ° indicates an initial value.

Comblmng with equation (2) to ellmmate Cs yields , .. -
A ) =) (vo‘—/ v - .
{C . -R(Y - X
dY - bS( S ( )

. c] (4) |
l1+bS(CS-R(Y—Y)) -

.

which ‘may be integrated for the initial condition Y =Y att =z 0, to
. 1 y  #
give .

L

J . s 0 (cS+RY-)

© kt [ Y
| Y=Y ‘e [Y(l- (Y - Y)):l

B (5)

K

1

. M "- -~ .
As Anderson (19) noted, the growth curve of equation {5) will not include
the induction period and tranaition at the start of growth nor the loss

of cell volume after the sugar has been consumed.
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9 ‘ ' -
1.B Kono - Asai model: : C s

(21}

Kono and Asai developed a model which classified biochemical

' reactions according to their production rate, The two basic equations

~

in the model were

- ‘dt..zkYQY | o

Tar S @Y ke, A-OY .

Y anc CP represent cell'concentration and product concentration
‘respectively. kpl flnd kpzhare production rate constants and ky is .the ‘
.growth rate constant. ‘() represents an apparent coefficient of growth
acti'vity and its value debendsl on thﬁe phase of fermentation, T;nis model

requires the data to be fitted to four regions, corresponding to the phases

of induction, transient, exponential and .dhec]ining growth, Plotting SltY
versus Y should then result in a triangle - like graph. For similar
reasons a plot of d CP - versus Y ;hould also result in a triangle - like
graph, Thelfvaluea gtf kplgand kpz‘a,re then obtained from the constant
slopes of the sides of the triangle representing equation (7), Table 3

'shows the classification of fermentation pr.ocesaeé according to the values

of kpl and kpz . Graphs representing our data by thi? model are discusseg in

BN

. a later section,

kS
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Table 3 Types of fermentation processes ¢lassified
according to the values of production rate
constants, kp, and kp_, in general formula

of production'rate, Eqn, {7). o

kpl kpz deséription \

+ + ) product formation associated with growth and nongrowth
+ .0 3 product formation associated with growth

0 + product formation associated with n?ngrowth

+ - ' product formation associated with growth and

decreased with nongrowth,

‘2. Sugar transport

22 N : ‘s s
" L elininger ( _) suggested a possible substrate specificity of a 50
called ''sugar carrier', wh1ch/1s a component of the cell membrane of the.
yeast, that forms a complex’ with a sugar molecule in order to t ransport

-
it into the cell for dlg'g,stion. Cirillo (23) studied the relationship between

sugar structure a/ndjcornpetition for the sugar tra;asport system in bakers!'
yeast, 'He'attempted to relate the activity of each sugar with the way its
structure differs frorﬁ that of D-glucosel ,  which showed the highest activity
for inhibition ?.Qf L -sorbose tran@port. Single changes at each of the
c.:‘arbons of D-glucose resulted in va_rialﬂe decreases irractivity depending
u;ipn the carbon number and the alteration, - The combination of two or
more changes introduced a decrease which was greater than the decrease
in activity rlesulting from the individual changes occuring alone. - This

theory is described further in the discussion of results with reference to

this work,
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3. Factorial design

The detailed study performed on dextrose. was based on basic
knowledge of statistical experiment-design. An explanation of the
factorial design technique which we used, was given by Pavelic and

(24)

Saxena This technique was developed to increase research
efficiency. The disadvantages 1nvolved in designing exper1ments
on the basis of varying one var1able at a time can be sumrnanzed as

fol]ows.

1. Many-experiments are required, which are time - consuming
‘and expensive,
2. The interaction between variables is not determined i. e,

-insight into tlieirasimu}taneoﬁs effect is not gained.

A logice.l experimental program for practical study of physical systems
is factorial dcsignr 'Here experimental conditions are chosen by
selecting a fixed number- of levels for each variable, after which
-experiments are run at all possible coﬁnbination_s. However the

basic assumption of linearity can be troubiesome. Ina Zk design,

the 2 represents\the number’ of levels (h1gh and low) and k the number
of variables (xl, 2’ x3)__ A coding system is used to s1mp11fy writing
all the pos sible combinations This sy'stern_uses + 1 for the high

level and -1 for the low leve]_ Since all possible combinatioris for
two levels of three variables reqmre e1ght tests, one way to represent
this is by considering our example's three variables as three mutua.lly
‘ perpcndicu]ar coordinate axes (xl, Xy and x3'). The 2‘ factorial design
can be represented geometrically as a cube (Fig, 3}. The eight corner
Points of the cube represent the eight test conditions, while the origin

of the sy—stem (0, 0, 0) represents physically the midvalue conditions

of X0 %, and Xy Essentially, what we wdnt to kriow is which variables

w
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Figure 3 Factorialdesign 2 in geometric form .
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{or combinations thereof) are 1mporta.nt for the process. This inf}ormation :
may be obtained by computmg average effects oI each variable,

-Geometncal'ly, the average effect of x, is qlmply the d1£ference between

-1
the average result on a plane at high Level of xl and the average result

'on a plane at low level, We represent this overall x, effect (E.l) as
follows:

v

El = [ £ y's at high x, level) - (T y's at low x, level} ] /4 (8)

The same holds true for the average xé

To calculate the interaction between x. and x,, We can visualize the

N 1

geometrical representation cube as being compressed' in the direction

effect and the average-x, effech,

of x , thereby transform{ng the cube into a two-dimenéi.onal square,

The values at the four corners of the square are the 'average results of
two tests, The two dxagona.ls represent the h:r.gh -and low-level conditions.
The mteractmn between %y and x?. can be calculated by taking the average
results of the diagonal representing the high level con,d1t1<mns_(A) and
substracting th average results of the diagonal represént‘ing the low-

level conditio_né (B). __So
I-Z'.12 =[(c Y'.B at A) - (z y's at B) ] /4 (9)

Similarly for E‘.]3 and E23. Similar techniques can be applied to
computg three-factor interactions between xl_, Xy and x3 (E].ZS)' ’
Although the graphical - representation approach (cube method) is
practical for the averaée effect as well as for the two - factor inte:-ractions,
the usefulness of the method is somewhat limited because if it is |
applied to more thaﬁ three variables it becomes cumbeysome, if not
impossible to use, We shall therefore use a simplified calculation

procedm? that is easily a.pphed to the analysfs of two-]gvel fa.ctonal

des:gns involving any ‘number of variables., This will be demonstrated in
S,

~

: a.ppend:x 6.
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S

 SOURCE OF CHEMICALS AND MATERIALS

/

_“w& . ‘

-

The following chemicals were used: . ¢

1
Fishér Chemicalé, (f)ttawa_
Hydrochloric acid:
Ain'unonig

Sulfuric "a_é:id

Phenol )

Yeast nitrogen base (Y. N, B.):

Yeast 3

‘Chernical Co., Montréal '

"Analar analytical reagent,

'Fishgr‘certified D (+) glucose {dextrose}, D (+) mannase and D(+) galactose, <

o

Macco reagent 6066, McArthur | -
Chemical Co., Montréal

Macco reagent 6330, McArthur °

Allied Chemical reagent. Allied
Chémical Canada, Pointe Claire, Qué, -

BDH Chemijcals, Poole, England,

. &
containing all the essential nutrients
and vitamins for the cultivation of
yeast excgpt a source of carbohydrate
was obtained from DIFCO laboratories,
Its composition can l_:)e found in appendix 1,

commercial Fleischmann's dry yeast
containing a mixture of strains of
Saccharomygces Cerevisiae was used throughout
this study,
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APPARATUS

1 Fermentor: .

The fermentor used for our experiments was a New Brunswick

Scientific Co, (N.B.S.) modular microferm bench top fermentor model

MF-114 with a 51, capacity. The diameter of the vessel was 5 L,

i_n

its height was 12 % Agitation was achieved by doixble impellors,
each with 6 flat sti;‘ﬂring paddles. They were situated 5' apart and

——— L

had a diameter of 2". The lower impellor was situated 2 ==~ ' from

the ?otto_m of the vessel and %— " above-a single orifice air sparger
of % ) diameter. A four-tube baffle assembly served as a heat

. exchanger and was also utilized for the introduction of air. The baffles’
had a width of -i— . and a thickness of —;'-—-!". The .unit had a-
built-in strip-chart temperature. recorder, as well as an autornatic

foam controller. Details are shown in hFigure 4,

2. Autoclave:

]

A vertical N. B,.S. autoclave, model AE 15-10, was used for .
Bterilizing the ferimentor, Pressure could be adjusted up to 25 psig, and

automatic control was assured by a pressure relief valve,

-

3. pH controller: ‘ d

Continuous recording and control of pH was achieved to within
0. pH units automatically with an N, B.S. modular pH controller

model pH-22. Two persitaltic addition pumps added acid or base on
T . B :

‘demand. Steam sterilizable pH electrodes with stainless steel imimersion
‘;‘ o .

holders were mounted in threaded fittings in the fermentor headplate.

and connected to the pHA instrument,

¢
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Figure 4 Fermentor component locations
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Key to fermentor component locations -

‘flilter for outgoing air’ ‘
variable speed drive and impellor ghaft, Only one impellor is shown,
pH electrodes .‘ '
‘antifoam line.

lfi].ter; for incoming air

antifo;_rn reservoir i -

antifoam pump , i .
temperature control

;achomete'r,

temperature recorder

air pressure regulator

air pressure gauge
flow -meter

5 liter vessel
vessel suppl;ort plate

‘ .
water line \

thermocouple ' .
\g\sin'gle orifice sparger ) s ' P -

baffles
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4. Oxygen analyzer:

An N.B.S. model D. O, - 50 analyzer was used together’.with an
N.B.S. steam-sterilizable electrochemical membrane-type oxygen
electrode model M1016-0201. Its performance is explained in the discussion

of the experimental results," X
i,

b

5. Inoculator - san;xpler: . S :
An N.B.S. iﬁocu.]at_oy-sampler,'model 520, was used, h

consisted of a removable glass collecting tube and a built-in air filter

chamber. Inlet and outlet lines, connected to a sterilizable plastic -

syringe pump, were used for pumping- liquid into and oui: of the fermentor,
. ‘\' .

]

6. Centrifuge:

‘

A model HN-5.table top centrifuge from International Equipment
Co. was used in the determination of y‘ea}t concentrations, as described

in the experimental procedure,

7. Gas ch romatograph‘:

Ethanol con;:enfrations wer\g;‘defermined using a model 90-P3
Varian Aerograph gas-chromatégraph with a thermal conductivity
detector., The 10' long, 0.25 inch column was obtained from Chromaftographic ‘
Speci;lties, érockville, Ontario, and was packed v.rith Ch:l.'omascn:‘lj;-‘\v'\ir
{30-60 meéh) coated with Carbowax 20 M For chromatograph settings;

see the section on experimental proceduré,
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1

8. Spectrophotometer: _ N ' i

The sugar concentration was followed using a Bausch and Homb

precision spectrophotometer n°, 33-26-50. Quartz cuvettes witha . . -
l Horel

lcm light path were used. The analytical method is described in the

experimental procedure, .. @ .
F " o

A
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o EXPERIMENTAL PROCEDURE
. o, R - T ‘
- ) 1' '
- F ‘ . ~ ; - P

1. Startup of fermentor: , A : \ .

‘ 4] ) ’ j ) o, ’ . 5 ' [
D v Jhe growth ‘medium employed consgisted of 100 g‘of sugar and  _

, 40 g of yeast n1trogen base chssolved in distilled water, The fermentor’
' vessel with th:s dlssoﬁvcd growth medlum, th@ air inlet, the exhaust ' °
h]ters the transfer tub1ng, the antlfoarn reservoir and the pH- electrodes
" was st-enhlzed in an preheated autoclave for 5 minutes at 90 90°C. The
total residence time in the autoclgbe was about 30 minutés. The.

steri]i;altion{i,_;ond‘itions described above Were reported by Anderson (19)

Ey

togbe sufficidnt, dquthe resistance of yeast to dlsease .its rapid

growth" rate wh:.ch discouragés contammants and th’é acidic character -
of the med1um. Fo]lowmg the sterilization the fermentor was replaced -~ Q_ °
P in the microferm., The 1mpellor sha.ft wa s ‘coupled to the drwe ‘and the B
- pH electrodea and the filters were connected ‘The 1mp¢el'10rffspeed the
~ . air flow and the growth medla temperature and pH were ad_]usted to the
requlred level and the yeast inoculum was then introduced. This
1noc'u1:u.m conalsted of 4 g of yeast suspended in sufficient dlBtl]le -
o~ sterile water which, when added to the vessel, made a 3 liter solution,
e Automatic pH control’ was achieved by addmg,-_Z N HC} or 4 N__amm::m_a 7_ oo
as required, These concentrations were chosen because‘tbéir ‘vo'lumfe |

-, cofnpensated for the removed sampleé”volume so that no correction for .
dilution was needed., - ) .
3 L . [»S
. [+] - 'd
0 X §

2. -Sﬁhpli‘rig: ' . .
. :4;}_:‘: : ' .l .
Samples wére taken at intervals of Y to 1—2-‘ hours, The.

’ 9 ) g 1 - )
fermentor was equipped with a stainless steel sampling tub€ terminating

near the bottom of the jar, The sampling device was connected to this -
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’ tube, Representa.twe sarnples were puxnped from the fermentor with a

plastu: syrmge to a co]lectmg tube whmh was, fltted with a bacterial

fﬂter Representahve samples were assured by recu‘culat‘;ng three

tube vo]nmes (about 10 ml) before taking a sample, ehmlnatmg the

- effect of dead volume in the sample tube,

' Anderson's

“ ¥

3. Yeast.analysis: o A R
’ / N . . ‘.. = o

Ten millilitre samples were centrifuged for 5 minutes at 3000

rpm to produce a compact yeast mass at the bottom of the centnfuge

e \\
tubes Concentratlons were reported in volurne percent fo]lowmg

(19)

procedure, The supernatant 11qu1d was collected for -

) subsequent sugar and ethanol anaiysis A drop of phenol was- added to

prevent the remaining yeast from changing the sugar’ concentratmn a.nd

the sélution was frozen untll the sugar analysis could be performed

4, S\ugar analys1s- ‘

\ The™sugar deterrnlnauon was made by the colorlrnetrlc rnethod

of Dubo:s \([al {2"5) The sa.mples were diluted 1000 tn-nes, one ml of

a 5% phenoLsolut1on was added to 2 ml of diluted sample , and th1s was -

" further mixed w1th 5 mlof concentrated H_SO This so]ntmn was then

2774

o

cooled to room temperature and the transmittance of the samples é.nd of

a standard solutmn wene .measured at 490 nm on the spectrophotorneter :

de scribed earlier,

- - i ' v, T g
5. Analysis for alcohol; 7 . NN '

-

The alcohol analysis »yi:—i‘s performed by means ofe’/gas

.chromatograph with a therma’l conductivity detector using spec1f1cat1ons

6
published by A1yar and Luedekmg (@ !, The.-colurnn, descr;bed earher,

.
W

’.

LAY
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1
y o

\\.;a.s fnainta.ined at 130°C, the }ietecto;; at 240<C and the inject6r at

1 200°C., " The Ii;ament c&rrent in the deteg:t'or wasg kept at 150 mA,
Helium at 20 psi was used as the carrier gas, The sz.zmplé volume
was 1 pl for all determinations. . Calibration curves for the sugar and
e;thanol analysis shown in Figures 5, 6, 7 and 8 can be found in Appendix 2,

P

—

Y

!
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EXPERIMENTAL RESUL TS AND DISCUSSION

This section deals with significant.and illustrative results obtained

in the_course of this research,

It is written in three parts, corresponding to:
. .

1. Fermentations of glucose based on the experiment published

by Ande_rson (19) .

2. Fermentations of glucose, des1gned to yleld optlmal

conditions for ethamdl productmn

3. Fermentatmns of glucose, galactose and mannose using the

conditions obtained fr_px&x part 2.

1. Results of part 1 \ T

/ 1. A Measurements-. 4 )
; 4

o

The first part of the experimental work consisted of {ermenting

glucose under the following conditions: - temperature = 29°C
.- pH - = 5,0
v, ~— rpm = 400 ,
o _ - air flow Q = 7000 cc/min

in the fermentor described earlier,

r

The chemicals consisted of:

- 40 g yeast nitrogen base

100 g glucose

4 g yeast (Saccharomyces Cerevisiae)
d_isti)lad water to make 3 1 solution,

The purpose of these runs, which were based on the expenment
publlshed by Anderson (19), was to test the newly assembled equipment

and to become familiar with the techniques involved in order to obtain

-
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reproducible results. The -numerical results of this first part can be

4

found in appendix 3 .

1.B Discussion

1.B.1. Yeast growth:
Figure 9 cofnpares our data on yeaét growth with

those obtained by Anderson (19);

Our curve was obtained by
fitting the measured data, ;:)f three ruﬁs, for yeast concentratior;,
presented in Appendix 3 , to a third order equation by a program
for least squares polynomial regression. Figure 9 shows that

we produced more yeast; the follqwing reasons can be quoted

o "to explain this:

a) In his paper, Anderson only mentioned the highest possible

reading on the rotameter included in his air feed line. Our
experiments were conducted at this maximum value for air
flow (7000 cc/min) but we cannot be certain of.the value for
the flow rate of Anderson's experiments, ‘and since yeast
prod_.uctiqn is an aerobic process., a difference in air {low

could be partly responsible for a difference in yeast production.

b) Knderson did not specify any mixing data except for his stirrer
‘rpm, which was much lbwer than ours\ If all other factors

were equal, our mixing and thus oxygen transfer was superior,

1.B.2. Sugar, Analysis
Anderson reported that he used a modification of
Nelsopy's (e colorimetric method for determini;g the sugar
conceptrations. In an attempt to modify this lengthy method,.
R .

desighed for the determination of glucose concentrations in blood,

N
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the filtration step was omitted but this modiﬁcatidﬁ‘ and others
did not result in a linear calibration curve of transmittance

vérsus sugar conceritration. Meanwhile the less time - consuming
- S

| method of Dubois et al, (25) described earlier was found whic’:’h'

could be used for all hexoses, and which was used for all sugar
concentrations in this study, F:gure 10 compares the results of
this'study with those obtained by Anderson. The curves were
normahzed because the initial sugar concentra.tmn reported in
Anderson 8 paper was dlfferent from the one shown in his graph
Qur curve was obtained using the same procedure as described

for the yéast curve, The difference between the two curves is

.in agreerﬁent with the findings from the yeast curves; the higher

" yeast production which was obtained resulted in a more rapid'

depletion of substrate concentration,

a

1.B.3 Oxygen ahalysis;

A probe was used to determine the dissolved oxygen

concentration during the course of the experiments because

(28}

R. Finn hag suggested that perhaps oxygen availability could

limit the growth of yeast which implies that equation (2) would .
not be applicable since it implies an excess of all necessary
constituents except sugar. Reproducible adata could not be
obtained on o;:ygen concentr‘atiox; aﬁd a great deal of work was

put into designing a reliable calibration method whxch would a]low
reproduclble results, Two probes were used during the course

of this work in order to achieve this goal since the first probe
which was suppoéed to withstand 60 sterilizations did not survive

20 Beat-treatmengs. A satisfactory calibration method for the

D. O. probes was finally obtained, which in more recent runs proved

+ .
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to yield reproducible results. This method consisted of setting
the span (0-100% dissolved oxygen) in the following v;'ay: after
the sterilization, the medium was aerated and mixed for a few _
“ minutes until a constant value'for dissolved oxygen was-recogded;
. this value was set to 100%. The next .step colnsis_ted of zeroing

the instrument, ésgumilng that the mechanical zero was equivalent ©

to zero dissolved oxygen;h This method of zeroing was checked

agz}'in_st the zero obtained by introducing’an’ excess sodium sulphite

N

. (-a desoxygenation product), The error made was less than 3%,

2, Results of part 2

2.A4 Measurements:

The second part of the experimental work was devoted to
experiments with glucose., The effect on ethanol y¥eld of three vanables
pH (xl} temperature (x } ;\nd rpm (x3) was studied using [actonal des1gn
We therefore performed 2° runs, which were duplicated so a8 to add ¢
up to 16 experiments. As in the {irst part, the same amount of the same
chemicals'was fermented per run, .'I‘he maximum-"rate‘ of yeast production
was found, from the.results of part'l, to occur after about 4. 50 hr. We
therefore bubbled air through to build up a large yeast population which '
then could. produce ethanol anaerobica]iy As in the £~irst part, samples
‘were taken to determine the concentratmns of yeast, sugar and ethanol.
Plotting the collected data resulted’ in a gragh as shown in Figure 11,
which is a typical plot for glucose ‘i’ermentathns This graph is not
convincing regarding the existence of a '.lag penod in"the yeast growth.’
The first point for yeast concentration, reported aftex" 0.25 hr was ,
'0. 3 voi %. This value could be misleading,. since it is very difficult to
measure 10“} yeast concentr.at'ions accurately in 10-ml centrifuge tubes,

After 4, 50 hours the air flow was stdp[;ed and the reaction proceeded
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anaerobically to produce ethanol. In Fig. 12 it ca@also be seen, that
in the case of a glucose fermentation the maximum rate of. yeast productmn

was obta.med after about 4. 50 hr. Since an increasing amount of yeast:

‘cells were pr_esent in the medium, the sugar concentration decreased with

J time to reach a maximum rate after about 5. 50 hr. After eight hours of

fermentation, all the sugar was consumed, It dan also be seen that at

~ this time the yeast.curve started to proceed horizontally which as

mentioned in the theoretical section is an indication that the rate of birth
of new-cells equals the rate of deatﬁ. In an effort to determine the optimal
conditions for ethanol preduction calculations were ba'sed on the ethanol
concentration at zero sugar concentration since it was desired to obtain

this condltlon from a pollution control viewpoint. The results of th:.s

second part can be found in appendix 4, 'I'he values for all runs of the

,-ethanol concentrations at zero sugar concentratzon are represented in Table 4,

'I'ABLE 4 ~ Results of ethanol concentration at zero '
"1 sugar concentration in ml/) for the runs

of part 2
: pH : 4 " pH: 6
rpm:-500 = rpm: 700 rpm: 500 rpm: 700
: 13.6 12.2 - 12.7 16,0
Te=2mC 14.5 13.0 13.2 14,1
. 14.8 16. 4 15.2 16.7
T: = 32°C

15.8° 145 13.5 15,6

Fér test no, 1, with the following conditions: Te = 27°C, pH: 4, and rpm:

500, the average ethancl concentration at zero sugar concentration is
’ ' 1

0
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(13.6 + 14.5)/2 = 14 ml/). The corresponding values for the other tests

- are given in Table 5.

TABLE 5. Averagel ethanol concentration at zero
sugar cohcentration

Test No. - | rpm . pH Pu Te Alc:ohol concentration

1 500 4 27 : 14

2 500 6 27 T a2
3 500 PE 32 \ 15. 3
4 500 b 32 14,3
5 700 4 27 '12.6
6 J00 6 27 15
7 700 4 32 | 15. 4
8 700 6 32 | -16.1

f

N . / .. K

Figure 13 shows the planes of low and higuh pH level from which EpH. was
' calculated. The test numbers as well as the average ethanol concentrations
are also indicated. For example, the average pH effect EpH can be

~ calculated as:

(2.9 +14.3 £15 +16.0) - (M4 + 15,3 4 12,6 +15. 4)
- . -~

E -E =

10
£y s E (10)

. E = 0.25
or ‘pH ;

However, a more conven_ier;t method basgd on .‘vector multiplications was
used to calculate the effects of the'va.riables and of thei_‘r interactions,
Examples of‘these calculations can ‘be found in appendix 6. They
yielded the following results:

o
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Figure 13 Average pH effect
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- average pH effect = El = EpH = 0,25 ‘
- avgr.age T effect = EZ = E‘I“‘ =1.65 .
- average rpm effect = E_ = E = 0,65
.. ) T rpm
o i s .
- Forhe two-factor interactions we obtained T .
ro
EPH, T~ = -‘-0« 4_0 | ~
B E(bH,hrpm = 1..30 -‘ | ; t,
--,.ET",_rpmzo'BO e ‘_ ) -
: : -~ _
’ and fo'r‘EpH, 3-,, ,0 rpm a’ value of -0, 45 was found. The aver‘age‘ethanol
concentration was fogrid to be 14 45 with a standa;_'d deviation g of L 23.
oo o . ~, ) :
\ 2.B Discussion: . : N o N
P z, Bl Factorial Design:‘ . ' - N
- o The sta-.t;ist’iclal.analysi.s showed that by ranking t}:e
- variables acc ording to their nurr'ielrica]_. values, ten{perature
‘i.s" the m,_dst im{aortant'. Let us .c.c'ms:ider‘i_:he meaning of these .
valueg 1 : ‘ N .
a, r'hx‘re'r.age_effects: ;
" In pegformihg the:ftests‘we measured the effect of
. ‘three é;rariables on .yfield o‘f"_ethanol in y units. _'f'or e-).cample
) ~ test no. byof Figure 13 with ‘conditiong\.rpm:?.oo, pH: 6 and
“m ‘ -: - T*:27°C produced 1? units of redponse. By computing
average effects of each variable wie determined how the individual
var'i&blcs ‘rg}xk '\:{ith respect to thei\ inﬂnence'ém the process.
. “I:“or i_nstance, or}'e way to proceed t%ﬁgvaluate-"the influence of
pH on yi"eld is' to ob/serve in Fig&eﬂ that‘flor té%ts'l and 2 the
e . conditions of rpm and temperature 'a " e the same, but the pH

" - ‘conditions are different, Therefore, the difference in the results

| ‘ N .

G-
4
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of these two tests can be attributed solely to the“effect.of

_pH. Similarly, the test conditions for teat pan!-s 3- 4 5-6

and 7-8 are s:rmlar with respect to rprn and temperature,
.4

but different with respect to pH,

Thus the 'differences in the

results witbih each of these pajrs reflect the effect of pH

alone, W¢ can average these four differences to calculate
the overall average pH - effect E o Uae given by Equation 10, -
Similarly for the average temperature - effect ET" and the

a_verage rpm-effect E

b. Two-factor interactions.

L et us consider the variables pH and temperature,
he . |

If the effect of chanéihg\ pH is the same for bo'tl(}" levels of .

[T Qe

temperature, there is no twd-factor interaction between p}-I
and temperature, As pH and temperature ac—:—thlndependently
of each other. | On the other ha.nd if the effect of changing
pH is not the same for both. levels of temperature there is

atwo- factor 1nteract10n between pH and temperature In

‘thns case the effect of one variable, depends on the level of

the other one. Since none of our two-factor interactions was

o

equal to zero, we knew that our threevariay)les did interact.

'

. fTest results:

~

Since the \Faluc‘s of E E_ and E - suggested that
T- rpm -

pH’

-a h1gher yle]d ¢ould be expected at the h1gh level of the

mdnnd_ual variables, we expected test 8 of Table 5 to give

the hiéhest yield, wh1qh it did. However, the negatlye value

of E suggested a'raon-llinearity.m In the. literature we

1,2,3

v found that this effect could be attributed to the pH since Aiyar

. a
] . .
.‘ [t - o
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26} A :
and Luedekmg (26 who studied this reaction at seven different

" pH levels reported a maximum ethanol productlon at pH 5,0,
This also explained the negative value obtained for the
interaction of pH and temperature, We therefore de51gned
‘the final experl.ments of part 3 s0 as to obey the conditions
of test 8 of Table 5 except for the pH level which was set at
5.0 instead of 6.0. The ethanol result obtained for the
glucose fermentations was 17.9"1111/1. This result is indeed
better than the 16,1 ml/1 obtained from test 8.

2,B.2 Ethanol measurements:
As previously mentioned the ethanol concentration

was determined by gas chromatography, through thermal

conductivity detection, This procedure esulted in recording __

.an ethanol-peak followed by a water-peak. Since the ethanol
concentration was low, the water -peak occup:ed a tremendous
area and it took more than one hour after each injection

before the pen returned to the baseline. Two injections per |
sample were needed in order to report.av'erage concentrations.
We therefore only procéssed a few samples per run,

4

2,B.3  Yeast growth: : A - -
All the runs in this research were done using the same

yeast, This yeast aged in storage so that in later runs oler

.yeast was used, Nea;’- the end of the first runs, the yeast

concentration was about 3%, The yeast concentratlon near the
end of liter riins was found to ‘drop until 11: reached a constant
value of about 2%, For scveral months the yéadt concentration
near the end of the runs was-about 2%. This phenomena does

not affect our results for ethanol production. The final ethanol

[
17}
Kl
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concentration is not dii‘ectly related to the yeast productic;n
The enzymes present in the med:um produce ethanol under
the” anaerobic conditions in the skcond part of the fermentatlon-
until all sugar is exhausted From the requts of the identical

X runs 4 and 17, which were pexjformed with a time difference of
more than three months, we can indeed observe that the ethanol
production is réproducible a].fhough the maximum values of yeast

concentration differ considerably due to the a'g-ing effect, ‘

3.. Results of part 3 . , " .

3.A Mea surements

The third part consisted of six fermentations; two with glucose,

two with mannose and two with galactose, As explained in the discussion

-

‘on factorial design of part 2 we chose the following conditions for these
runs » Te = 32° C, rpm = 700 and PH = 5.0. The results of these runs
are presented graphically in Figures 11, 14 and 15 and numerically in
Appendxx 5. The average ethanol concentration for the g]ucose

fermentatxon was 17,9 ml/l. In the case of galactose and mannose, the

sugar concentration did not reach zero and we have therefore reported

" the average ethanol concentrations and remaining sugar concentrations
) ' PP '

after 3 hours. The mannose fermentation yieldéd an ethanol cc;ncentration
of 7. 5 m1/1 with alremaianing sugar concentration of 17.2 g/l The

galactose fermentation yielded an ethanol concentration of 6. 5 -ml/l with
a remaining sugar concentration of 14.2 g/l. As before, the initial

sugar concentration was 3313 g/l The ethanol concentration at zero

-~

sugar concentration for mannose and galactose was roughly estimated
. . o - C
from the available data by p;lotting C 5 S x 100 versus

. o Ce :
CE * fl x 100, which gavé the concentration of alcohol as a function of the
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'
percenta.ge sugar converted. The factor fl‘(auga.r to alcohol) was

calcu'iated from the sto1ch10metry of the rea.ctlon to be 1 565 gm sugar/

ml alcohol. For the galactose fermentdt:lon an ethanol concentration
of about 10 ml/1 was found by extrapolating for zero sugar concentration,

Similarly in the case of the marinose fermentation, the 'ethanol concentration -

was found to be about 15 ml/1.

3.B Discussion

3.B.1. Sugar trangport; ‘
The fermentations of galactose and mannose differed fror the

glucose fermentations in that, as can be observed in Figures 14 and 15,

the curves representing the change of. sugar cancentration as a functmn

* -

of time were linear and did not reach the zero sugar concentration
point during the entire fermentation period. We therefore reported

resu]:s for ethano‘{productlon after § hours of fermentation, This

part:cular beha\nour could be exp]a1ned by a marked substrate specificity .
of the sugar carr1er/. The work of Cirillo, mentioned previously, revealed

lthat both D- mannose, C“which differs from D- g]ucose becaus‘e it has an R
axial 2 - OH group instead of an equatorial 2 - OH group in its pyranose

chair conformation, and D—gal;u'tose which differs from D4glucose because

it has an axial 4 - OH group instead of ‘an equatorial 4- OH| group, had"
.decreases in é.cfivity of transp(:rta\'tion into the cell of approximately the, -

‘garne rﬁagnitude._ ln%ia study, a higher rate of yeast grow\;th (Fig, 12)
~..  and a higher rate of alcohol productien wasp observed for gln .ose over
. \

r
Al

mannose and galactose, in confirmation of his hypothesis, \
- ©
3.B.2 Kinetics: : o J
. | ' S
J// With the results of Figuresl), 14 and 15 we also tested kinetic
- - -~

. - « . -
models to describe the reactions, i
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J a, Michaelis - Menten modél:

As desgribed by many authors such as Aiba et al, (29)

(30)

Webb E and Cenn and Stumpf (3 l), c]asslcal ‘graphs such as

l;he Monod (32) graph, of veloc1ty of reaction versus substrate
concentration and the Lineweaver - Burk graph can-be plotted

in order to determine the ;.faﬁi.\es for V; the maximum reaction

rate, and Km: the Micha.e)is—_Menten constant, These plot},

iNustrate the Michaelis-Menten model i-epre'sénted by equation (11)

!
TV C, ' _
v 5 o——2 1)
K _+C '
m S5
where v = rate -of product formation

= maximum rate.pf,production
Y '

v
Km: Michaelis-Menten constant

&
CS = substrate c ofcentrati %1

The Lineweaver-Burk p):ot is considered to be ﬁa ore accurate
than'.thé Monod pint, since the latter requires an asymptotic.
determination of the rraximum rate of production. Figure (16)
shows the relevant Lmewea'ver - Burk plots, We can immediately U

conclude that onlyjhe glucose fermentation can be describeg

NP by the Michaelis~-Menten model, Only glucose data appear as

a straight line, The values for. V and Km for the glucose

-

fermentation were found to be:

= 0,396 hr 't

Vv
"K_= 9.15 g/)
™m
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b. Kono-Asail model:
As mentined before, we were not able to measure'the
curves for ethanol production. We therefore decided to use a
" Hio bet d Cg . dC
t e - — i
relationship be we n e and Y instead of TL and Y
as requ).red by Equa.t:l.on (7). The previously discussed values
for the slopes kpland kp2 of the tnangle -like graph representmg_ /
a plot of "?FE versus Y could be obtained analytically using the

material balance given by Equation (12)

dc " dc 4y . ‘
- + ( 12'
. S.&. ——&-+5 at . )

dt 1 dt

In the case of the glucose fermentations where fl =L 565 g sugar/ml - ‘
alcohol and £ = 0,94 g sugar/g yeast, kpy and kp, were found to’ .
be positivc, i._e. product formation was associated with growth
and nongrowth, qu the mannose fermentations, with [1 =1 565
. and fz =1 05, kpﬂl'u‘?as found to be negative and kp2 was found
to be positive; i e. product formation was decreased with growth

and associated w:.th nongrowth. A similar result was obtained

-

for the ga]a.ctose fermentatlons'.(From th1s it was concluded
. .

that.this model did not apply for the galactose and mannose

fermentations. This could be expected, since there were no

- P
exponential growth phases for the relations between - CS and t,

and the model requires this éxponentiai growth’phase to be valid,

T -

c. Proposed model for galactose and mannose fermgntations:

Representing the obtained data for the galactose and

mannose fermentations of Fig. 14 and 15, as shown in Figure 17,

where ty and t_ are respectively t - lag and t - stationary, enables
. . +
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Schematic representation of galactose
. A .
and mannose fermentations '

v

3
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us to propose a new model to represent these fermentations,

By observing that

d CS
T = constant ) {13)
d Y | = tant ‘

Tt = constan (14)

and integrating, we obtained

Cs = kmt+kn_ . (15)‘
Y = a t+a, L (16)
m n :

where k , k , a and a are constants. There respective
m' n’ m n .
numerical values-were ‘determined from the experimental data

and are shown in Table 6.

. TABLE ¢: Observed numerical values for the constants of j '
the model representing the galactose and mannose
: ' fermentations. '
Y ¥
3 .
Sugar t k "k a a_ N

m n , m n

galactose Ogt‘tl -1, 59 31.5 0 0.4
| - - 143 0.18
tlgtgts 1.59 31,5 0.1 _

t3t, - =1.959 31,5 - 0 1.4

mannose 0$t5t1 -1.96 31.8 0 0,4
tgtgty -1.96 31.8 0.184 0.12

t3t, -1.96 31. 8 0. 1.6
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- - CONCL USION l

The stafistical analysis of the results of the glucose fermentations,
iqveétigating the effect of the variables tempera‘tj're pH and rpm on
1

the yield of ethanol, for the respective ranges ‘! 27-32° (]Z 4,0-6.0

and 500-700: combined with the results of the ‘work of Aiyar and

(26)

Luedeking _enabled us to conclude that the best set of conditions to

produce ethanol from glucose by Saccharomyces Cerevisiae is:

- temperatﬁ're: 32:C

pH: 5.0 . ' ‘ . . /
rpms: 700

The conditions were also apélied'fé the fermentation of galactose an"d-
mannose, which-form about 85%- of the hexose concentratmn of'softwoods
Complete sugar utilization y1e1ded a measured ethanol concentration

of 17.9 mY/1lin the case of the glucose fermentation, using a 33.3 g/

sugar solution, For the galactose and mannose fermentations sugar

~ utilization was incomplete during the ten hour fermentation pfz"riod.
‘The ethanol concentration for zero sugar concentration could however

’ be estimated to be about 10 ml/1 and 15 ml/] for the galactose and mannose

fermentations r_espectﬁrely. The kinetic models of Mlchaehs Menten and .
of Kono and Asai were found to describe only the glucose fermentation,
A model was proposed to describe the galactose and mannose fermentations,

L

r
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Recommendations for further work

This work must be considered preliminary and much more “
experimentation is ntcgssary before the ultimate utility of this
fermentation can be assessed. Work should be continued with particular

+

emphasis on:

- investigation of effects of factors such as aeration, agitation A
and m.ediurn corppo'sitio-n, for the purpose of increasing
fermentation rate. : \

- investijgation of the fermentation of all three sugars together.

- investigation of economical procedures for recovering the

products.

- investigation of continuous fermentation ' 7
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__J oxygeﬁ »conwctl?.n‘tra.t-i.on t _ o I. g/£ :
sugar concéntr:—:}tion | _ , \ g/1
p;c‘:ductuc.:oncex;.tra.tion . ' ' ml/1

effect of variable

number of variables .

.

, . 1T i o _
. /co'hstlant . : T , g/lhr

Michaelis-Menten constant . ‘ g/l
constant . : ‘ g/l
I ’ -1
production rate constant ' hr &
. K Q
. ' -1
‘production rate constant ‘ hr .
- fermentation time LT ' ~ hr
i . - -1
rate of product formation - hr
. i : -1
maximum rate of production ‘ hr --
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~cell concentration

. appzir’ent coefficient of growth activity

standard deviation
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. APPENDICES

]

1. Composition of 100 g. of yeast nitrogen base

A

as supplied by DIFCO laboratories

Copper sulphate ‘ S 589 mcg ,
- Biotin | 29 mcg l'
/.-F:jollic acid l o - 29 ‘mcg :

Boric acid _ 7.365 mg

Potassium iodide ) : 1.473 mg

Ferric chloride _ "o 2.946 mg i

Manganese sulfate .892 mg.

Sodium molybdate . . - /}946 meg \

Zinc sulfate: . _ . . 5.892 mg

Calcium pantothenate R 5.892 mg
| Inositol o - . 29 460 mg ‘

Niacin 5,892 mg

p-Am;inobenzoic acid 2.946 mg - ¥

Pyocydoxine Hydrochloride ) 5.892 mg

.Riboflavin v 2.946 mg

Thiamine Hydrochloride 5,892 mg
- L -Histidine Mono{lydrocﬁ].;ride 14'}1318 mg

DL - Methionine ‘ ) . '294. 636 mg

DL - Tryptophane - ' . 294,636 mg

Iv‘{agne'siur'n sulfate | 7.365¢g

Sodiu.n“l chloride 1.473 g

Calcium chloride "1.473 g

Ammonium sulfate ‘ 7 ! . 73,650 g

Monopotassium phosphate - T 14, 732 g
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£
2. Calibration curves for the spectrophotometric analysis of dextrose’
(Fig. 5), galactose (Fig, 6) mannose (Fig. 7) and for the gas chromatographic -

analysis of ethanol (Fig. 8) . v
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1 0
3. Results for partl

¢

Run No. 1 Te itz 29°C
Y.N.B, 13.3 g/1 , pH = 5.0
C"S glucose 33,3 g/1 “ rpm= 400
Y L33 g/ Q = 7000 c¢/min
. Sample Time Yeast concentration Transmittance Sughr Alcohol
No. {(hr) (vol %) . {490 nm ) concentration Eoncentration
v ! " (g/D + (ml/])
1 1 0.3 40.5 33.4
2 2 0.5 ‘ 42,6 32,3
3 3 0.8 : 39.6 33,8 '
4 4,15 1.1 : 46.5 . 30,0
5 5 1.9 ' 54,1 25.8
6 6 2.1 : 68.0 18.0
K 7 2.5 88.4 6.8
8 8 2_.? N 92.3 4.5 e
9 9 .¢w - 95.7 260 14,2
’ },"l:l:]_ i
10 10 3, o~ 100 0 141
. T |
11 11 3.0 100 ﬂ 0
A
L0
L .
{
+.
)
Y
'
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Run No, 2 T.° = 29°C .
Y.N,B. 13,3 g/1 pH = 5.0 . ¢
C_°S glucose 3y3 g/1 rpm= 400 ’
Yo L33.g/1 _ Q = -7000'cc/min
;
Sample Tirme Yeast concentration Transmittance = Sugar Alcohol
Mo, “(hr) C{vol, %) (490 nm } concentration concentration
. ' {g/1) - {ml/1)
, / .
1 0 /5.3 40.5 33,4
2. 1 0,4 41.6 - 32.8
3 2 0.5 43,6 31.9
4 3.15 0.8 46,5 30,0
5 . 4 0.9 64,2 20.2
6 5.50 1.9 78.1 12,4
7 6. 50 2.4, s 88.7 6.5
8 7. 50 2.9 . 93.2 4,0 14.8 .
9 8. 50 3,0 100 0 13,4
10 9. 50 . 3.0 +100 / o, 16, 4
* <
Run No, 3 T = 29°C - ‘
Y.N,B. 13.37g/1 pH = 5,0
C° glucose 33,3 g/1 rpm= 400 ‘
Y-%133 g/1, Q.= 7000 cc/knin )
Sample Ti.m::l Yeast concentration Transmittance \nSugar ' Alcohol
No. . Ahr)y (vol %) (490 n_nl) concentration concentratio
: : (/1) (ml/1}
1 .0 0.3 40, 5 33. 4
2 0.75 0.4 . 42 32,6
3 1.75 0.5 43,5 31,8
4 2,175 0.7 46,5 30.0
5 3.75 1.0 42,0 32.6
O 4.75 1.6 68.0 18.0
7 5.75 2.0 90.5 * 6.0 .
8 6,75 2.8 95.0 _ 3.0° .
9 7.75 2.9 100 \ 0 12,7
10 8.75 2.9 100 ) 0 14,8
11 9. 50 3.0 100 0 14.0
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\"-_
L 4. Results of part 2
T . _ .
T Run No, 4 Te = 32°C
| Y.N.B. 1.3 ¢/ pH = 6.0
: Cc.s glucose 33.3 g/1 rpm= - 700
- Yo L33 g/l Q = 7000 cc/min for 4. 50 hr
\/ ~Sample Time Yeast concentration Transmittance Sugar - Alcohol
No, © (hr) : (vol %) (490 nm) .concentration concentration
' - . (g/2) (ml/1)
1 0 0.4 31.5 ' 38.3
2 . 0.75 0.5 35 36.4
3 .1.50 0.7 £39 34,2
4 3. 50 1.8 * 37,5 35
5 4. 50 ~2.3 68.5 - 17.8
6 5. 50 2.8 82.5 _ 10
7 6..50 2.8 9g9.0 T 0.8 13,3
8 7. 50 3.0 100 N 0- 16,7
9 8.25 2.9 100 s 0 16.8
{
¥ 4
Run No, 5 ) T» = 27°C
Y.N.B. 13.3 g/l TpH = 4.§
C+ glucose 33,3 g/} 4 ~ rpm= 500
ye® 133 g71 - Q = 7000 cc/min for 4.50 hr
Sample Time Yeast concentration Transmittance Sugar Alcohol
No. (hr) {vol %) (490 nm) concentration concentration
' ‘ (g/1) (ml/1)
1 0 . 0.3, 41 33,2 v
2 1 0.4 42,5 32,2
3 2 0.7 48,5 . - 29
4 3 1.0 56 24,8
5 4 1.6 o 67. 5 18.4 .
6 5.33 2.5 ¢ 82,5 10
7 6.15 2.7 92 4.8
8 7 3,0 98.5 1 : 15.6
9 S 7.75 S 3.0 99.5 - 0.5 15.4
8, 50 3.0 100 . 0 14

v
o
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L

Run No, 6 ' . Te = 27°C

—

Y.N.B., 13.3 g/)’ . pH = 4.0 |
. C"s glucose 33.3 g/1 rpm= 500 ‘2 (
T YeT 133g/1 Q = 7000 cc/mih for 4. 50 hr
Sample Time Yeast concentration Transmittance Sugar Alcohol
No. (hr) (vol %) (490 nm) concentration concentration
_ {g/1) - {ml/1)
1 .0 0.3 44 31.5
2 1 0.5 45 31
3 2 0.6 46.5 30
4 3 0.8 63.5 20,6
5 4 1.3 56.5 24,5
6 5 . 1.8 75.5 14
7 6.15 2.0 80.5 11.2
8 7.30 2.3 100 0
o 8 2.5 100 S0 14, 7
) 10 9,20 2.7 2 100 0 16.8
11 10,20 2.6 100 0 17.2°
!
‘ Q4
Run No. 7 . _ Te= 32°G
Y.N.B, 1.3 g/} pH=4.0
o glucose 33,3 g/l4 ' rpm=- 500
Y© 133 g/ Q = 7000 cc/min for 4,50 hr
Sample Time Yeast cdncentrétion - Transmittance 'concsé'lrﬁar%tion corﬁ:lgxﬂt}%]ﬁon
Na, (hr) . ‘(vol, Ta) (490 nm) (g/1) . (m/])
1 0 0.3 39 34, 2\
2 p! 0.5 41.5 . 33.0 ’
3 2.50 0.9 43.5 - 31,7
4 3.50.~ 1.5 . 54 25.8
.5 4,50, 1.9 - 62.5° 21.2
6 5,65: 2.2 78 12. 6 -
7 Y 6,75 2.3 92,5 4.5. 14,9,
8 8 2.5. 100 .0 S
9 9. 2.1 100 0 14,8
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"Run N°¢ 8 . T 320G

~Y.N,B, 13.3g/1 , pH 4.0
C'°s glucose 33.3 g/1 rpm 500
Ye L33 g/l Q 7000 c¢/min for 4, 50 hr
” . [
;o 1"
Sample Time. Yeast concentration Transmittance Sugar ‘ Alcohol
No, {hr) {vol. %) (490 nm) concentration concentration
. ' o (e/d - (m/1)
— : > - :
1 0 0.3 ¢ 57.5 24
2 1 0.5 55,5 25
3 2 1.0 56. 6. 24,6
4 3 1.4 . 64,5 - . .20
5 4 2,0 61 22 IR
6 5.85 2.5 ’ 88.5. ) 6.7 4.6 -
, 7 6.75 2.5 ) 97 2 15.8
8 7.75 2.1 \ 100 ¢ | 0 15.8
| Run N¢ 9 ~ . T° 27°C
Y.N.B. 13.3 g/1 pH 4.0
C* glucose 33,3 g/} rpm 700 ,
"x-®133g/% - . Q 7000 cc/min for 4. 50 hr
Sampie - Time Yeast concentration Transmittance Sugar - Alcohol
V! No. {hr) (vol %) (490 nm) concentration concentration
: ' ' (g/1 (rml/1)
' 1 - .0 0.3 40.5 33.4
2 1.50° 0.5 41,5 33,0 .
3 3 0.7 43.5. 31,7
4 3.75 ¢ 0.9 47.5 = 29,5
.5 " 4.75 1.1 57.0 24,2 ¢
\ 6 5,75 1.6 © 7.5 16.2
7 6.75 2.1 73.5 ¢ 15.0 -
8 - 8.75 1.9 100 0 2.9
9 9.75 1.8

100 - 0 14,7

——



S - 69 - ’ |
Run N 10 T 27°C
Y.N.B. 13,3 g/ ph 4.0
'C°S glucose 33.3 g/  rpm 700" ,'
Y- L33 g/ . Q 7000.cc/min for 4, 50 hr
Sample . Time  Yeast concentration Transmittance Sugar Alcohol
No (hr) (vol. %) . (490 nm) + concentration concentration
. - (g/lJ' ~ (ml/)) -
1 0 0.4 39.5 : 34
2 1.15 0.4 42,5 ©. 32,3
3 - 2,75 0.6 48 _ 29,2
4+ 4 1.0 51.5 - . 27.4
5 T 5 1.2 $3.5 20, 6
6 6 1.5 . 81 11
7 7.50 2.0 100 . ‘ « o 0
8 8. 50 1.9 99. 8 0.4
9 ¥9. 65 2.0 100 . L. - 0. '
2 ,
vy
: Run N> 11 T: 32¢C
. Y.N/B, 13.3g/1 pH 6.0
C"S glucose 33,3 g/l rpm 500 . X
Y TL33 g/d - - Q 7000 cc/min for 4, 50 hr
Sample Time Yeast concentration. Transmittance Sugar o Alcohol
No {(hr). (vol. %) ‘(490,n_m) corcentration concentr_ation'
. : ' (g/0) ' {ml/]) -
1 0- 0.3 o o -
: 1.33 0.8 ‘43 © 320
3 2 40 1.0 48.5 . 29 .
4 3.40 1,3 6.5 21,7
5. 4. 40 1.8 76 - 13.8
6 >65 . .2.0 @ 86.5 7.8
7 6,65 2.0 95.5 - 2.7 13.2
8 8.30Q 2.4 98" ~ 1.4 13.7
9 9.15 2.2 100 0 13,1
¥
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4

o Run No. 4 ‘Te  27°C

Y N B. 13.3g/l  pH 6.0
‘ glucose 33.3 g/1 rpm 500
' : .33 g/i Q 7000 cc/min for 4. 50rhr
Sample  Time, Yea.s)t'concentration Transmittance Sugar Al¢ohol T
Ne (hr) : (vol. %) (490 nm) concentration concentration
‘ g/} - (ml/} '
' 1 0 42 R 32,6
, .2 1 : 48 29,2
3 : 2 0.-5" 46,5 . 30
| 4 3 0.6 55 25.4
-5 4 1.2 58.5 23,4
(sﬁ 5,50 1.5 1.5 16.2
e 6.75 2,0 80 " 11,4
. 8 . 7.60 2.1 93 4
9 )8 50 2.2 100 0
Run No. 15 - T .32°C )
Y.N.B. B3 g/} pH 4.0 : ‘
C° glucose\.%B 3 g/1 rpm 700 )
%133 g/1 . . Q 7000 cc/mln for 4,50 hr
- Sample Time ~ Yeast concentration Transmittance  Sugar Alcohol
Nt,—_ (hr) {vol %) {490 nm) concentration concentration
ST (g/1) (ml1/1)
( \ ' - : o
1. 0o 0.4 = . /8.5 12,4
\ 2’ 1,50« 0.5 ‘\/ 81 11. 6
3 -3, 40, 1,0 | ‘B3 9.8
4 4, 40. 1.7 : 95. 5 2.8 -
5 ¢ 5. 50 2.0 99.5 0.5 9.2
‘ 6 6,50 2.1 100 0 14.7
7 7. 40 2.1 100 0 ¥8. 8
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Run No. 16 l T 32°C -
Y.N.B. 13.3 g/l pH 4.0
' o C"B glucose 33.3 g/l rpm 700
> S Y 133 g/) o Q 7000 cc/mix; for 4. 50 hr
Sample\l Time ~ Yeast concentration Transmittance Sugar Alcohol
Nq. ' “‘{Q}') : (vol, %Y - (490 nm) concentration concentration
N il N / ‘ ‘ (g/l) ‘ (ml/l)
1 0 0.4 kY
2 1.25 0.6 45 31
3 2.75 1.0 51.5 27.3
4 4,50 1.7 64 20. 3
5 . '5.50 2.0 ) 78 12.6
6 16,35 2.2 - 91.5 5.0
7 7.30 2.2 99.5 . . 0.6
° 8 8.75 2.0 100 . 0
%
Run No. 17 Te 37°C | |
Y.N,B. 3.3 g/l  pH . 6.0 Y o -
C° glucose 33.3 g/l - rpm 700 ' . :
ve %133 gN1 . Q 7000 cc/min for 4,50 hr
Sample Time Yeast concentration Transmittance Sugar - Alcohol
" No. (br) (vol. %) - (490 nm) concentration concentratipn .
_ . o (g/1) (ml/Y
bt 1.15 “ 0.5 .48, 5 29
2 2.50 1.0 54 26
3 4,50 1.8 : 70 17 |
4 6. 50 2.0 - ~ - © 14,1
5 - 7. 50 2.0 100 o 15.6
6 9. 50 1.9 100 ‘ 0 15,2
SN b
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| ) RunNo, 18  , T° 27°C
— Y.N.B. 13,3 g/ pH 6.0 - ’
.« . C"s glucose 33,3 g/l rpm 700 ¢
T Ye 133 g/) . Q 7000 cc/rp{irf for 4: 50 hr
» ! A _
Sample Time  Yeast conca'antri's.tion Transmitfance . Sugar Alcchol
No, (hr) (vol %) (490 nm) = concentration concentration

. | ¢ | g/ (m/Y)

1 0.50 0,35 ' . -39, 34.2

2 2 0.5 - . -

3 4 1.2, / 44,5 - 31.2

4 5 | 1.6 - 52 27

5 6. 50 2.0 ' . 70,5 ©17.8 9,9

6 8 2.1 99.5. 0.5 15.3

7 9.50 2,0 100 ' 0 18.3
T Run No. 19 Te 27°C

-~ Y.N,B. 13.3 g/1 ‘pH_ 6.0
Ce _'glucose 33.3 g/l rpm 700
Yo 133 g/l Q 7000 cc/min for 4.50 hr Y
Sample Time = Yeast concentration Transmittance Sugar Alcohol
No. « thry - (vel %) . : (490 nm concentration concentration
' | (g/1) (ml/1)

1 0.75 0.4 38,5 7 34.5

2 2.25 0.7 " 43 32 /

3 3.175 1,0 .y 42.5 . 32:4 \_b‘;

4\ 5,25 Y.6 7 54 26 _

5 6. 75 1.9 76 © o 13.8 8.7

6 8.75 2.0 - 99.5 , - 0.6 13.5

7 9. 75 2.0 100 0 | 156"



»
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5. Résults of p'clg.Art 3 J/

Run No. 20 . . Te 32<C

“Y.N.B. 13.3 gn1 pH 5.0 ,
C° glucose 33.3 g/l  rpm 700 ‘
Y° 1 33 g/l Q 7000 cc/rpln for 4 50 hr
: AN
Sample Time Yeast concentration TaRansmittance Sugar Alcohol
No, . (hr) - (voL %) (490 nm} ' concentration concentration
- (/) » (ml/1)
1 0.25 10,3 38.5 34,5
2 1.25 0.5 36 - 35.8
3 3.25 1.0 42,5 .32.3
4 4,25 1.4 60. 4 22.3
5 5. 50 1.8 " 74,5 14,5
6 7.50 . 2.3 = 99.5 .~ 0.5 16.9
7 8.75 ' 2.1 100 - 0 19.4
8 10.25 2.1 100 0 15,6
J/f o
: 7 _ :
! Run No. 21 . Te 32°C
; Y.N,B, 13,3 g/l pH 5.0
C°' glucose 33.3 g/1  Tpm 700
;o XYe %1 33 g/l " Q 7000 cc/mln for 4. 50 hr
: e o
Sample Time Yeast concentration Transmittance |, Sugar Alcochol
No. . I,'(h-;) ‘ (voL %) . (490 nm) concentfation concentration
f;__\ s ‘ T : /\ (g/D) (m1/))
1 A 0.5 39,5 34
2 | o280 0.8 37.5 35,2
3 / 4 1.1 42.5 32.3
4 | - 5.50 1.8 59.5 ° 23
R 2.1 88 Lo 19.7
6 ! 8.50 1.8 99.5 0.5 18. 5
7 10 2.0 100 ' 0

v 20.2

A
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@u;{No 22 ' Te 32°C
. ‘ B, 13.3 g/} ,pH 5.0
C° mdnnose 33.3 g/2 rpm 700
¥°%133 g/l Q 7000 cc/rrun for 4,50 hr
R . A . »
" Sample Time  Yeast concentration Transmittance. Sugar "Alcohol .
No. (hr) {vol. %) | (490 nm) ‘concent lon concentration
' '(8/}) ’ (ml/1)
/_// .
1 0,75 - 0,4 - a7 -7 30 )
2 2,25 0.6 50 28.2
3 3.75 0.7 5% . 23
4 5,25 0.8 60. 5 , 22.6
5, 6.75 1.4 63.5 21
6 8.25 1.5 ° - -
7 9.75 1.7 71.5 16.3
.. ! N - -
' *._Run No, 23 : Te 32°C
- : Y.N.B. 13.3 g/} pH 5.0
. ' Ce . mannose 33.3 g/l rpm 700 ' S
S _ Y-%133 g - . ©Q 7000 cc/min for 4. 50 hr
‘ Sample Time Yeast concentration Transmittance Sugar Alcohol-
+ No, (hr) (vol %) {490 nm) concentration concentration
(/2 (ml/1)
1 0 0.4 44 o 31,6 e
2 1.50 0.4 a8 0 29.6 2
3 3 0.7 6.5 S22 o
4  4.50 0.9 58. 5 23,8 e
5 v 6 - 1.2 T 61 22,3 %
6 7.50 1.6 6T BB .58 O
7 10.25 1.8 N T4 , 15 9
"-l?- .
Fad ?
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Run No., 24 ’ Te 32°C

Y.N.B, 13.3g/1 . pH 50
Ceo galactose 33.3'g/) rpm 700
¥e©1 33 g/l Q 7000 cc/min for 4, 50 hr
Sample: Time Yeast concentration Transmittance - Sugar Alcohol
Ne., - (hr) - (volL %) (490 nm) concentration concentration
' | - | (g/) (ml)
1 0 0.4 41.5 31
2. 1,50 0.4 45 . 3 30
3 3 0.6 53,5 25.4
4 4,50 1,0 65 . 19.2
5 6 1.1 64,5 . 19.5
6 . 8.25 1.3 68 17.6 3.8
7 10.25 1.4 74.5 14 8.5
T
Run No, 25 T= 32:°C
Y N.B. 13.3g/A ° pH 5.0 .
galactose 33.3 g/1 rpm 700 - ¥
Y° 53, 33 g/l B ’ Q 7000 cc/rmn-for 4,50 hr
Sample Tirme Yeast concentration LTransn}ittaﬁce Sugar a Alcohol
No, - (hr) ' (voL %) _ ° {490 nrm) -+ concentration concentration
. \- L (g/l) + (ml/Y)
1 0..50 0.4 44 g 30.6
2 7 1,50 0.4 45,5 29.8 \
3. 3 0.5 61.5 21.6 :
4 4, 50 0.8 56 T 24
5 6. 50 1.0 - 67 - -18.
6 . 8,50 1.4 76,5 13 5.9
7 10 1.3 78 12 L 7.6
=
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® 6. CALGULATION EXAMPLES

¥
N

" .
" Although the cubes method is ';Sré.ctical for the a\ferage "é"ffeét '

as wellas for the two-factor interdctions, this method becomgs impossible.

to use if app];ed to @ore than three variables, We sha]l therefore use

a calculation procedure that is apphed to the analys1s of twoi-level

: factonal designs ln;.fol\n.ng any number of var:tables We first construct -

a calculahon matr;tx from the des:.gn matr1x in the follow1ng :Enannerf
, 1

CalculatioL Mabq(

Design Matrix . - \ \ |

S T S S A \ *23 23 7

R W WS I S S A T e :
A - oA . A a1 A 129
AR a0 a1 e 2 +1 15.3

+1 P 0 (R | -1 a2 l/i&--.-i_
4 a- A  oa A Qo A 126y
a4 a1 A Ao A A 13
S B R 2 1 ISP 154

1 R +1 a1 RN +1 o 16, 1

Now the average effects-and interactions are obtained by

mu1t1ply1ng the’ releva.nt colnmn of effect {xl, Xy X ) or interaction

{x ) by the y column, and then d1V1d1ng by 4. For the average

12, 13' ‘ )
effect of pH : El wetben have - 3 . _ . .o

A

aQ



+
xl Yy .
[ 2] (14 ] C =14 ]
£ 12.9 1+12.9
-1 . 15.3| -15.3
+1 X 14.3] = [+14.3
all Y 12,6 12,6 _
ol I 15 +15
e M1s.a] - |-1s.4
P S 20 I [26. 1 [ +16. 1)
T =1
- P v b
, soEj = p/4 = 0.25 ' :
Fér the average i_'nterac-tic;:} Els we find:
- o x oy T \
123 ‘
'-'111__‘5- 14 ] [-14 ]
+1 12.9 +12.9
£1 15.3 15,3 '
1. x 14,3 = ):\1\4.3
B E> Y I (- £12.6
. S 4 e
-1 15 =154
-1 » 15,4 -15.4
1Y N YT h16. 1) o
! g = -1.8
4.
: : 1.8 :
5 | . and E].Z3 = ) --\ —0.45
5 " X .. mt
r - . -
[_/ ~ i — T~



&
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Other effects and interactions can be computed in a similar

way.

L

averaée effects =~ "E

1
EZ

E
3

Two-factor interaction

.\\

Three-factor interaction E

Sumrnariifng the obtained results we have:

average y = 14, 45 with g = 1,23

D S
n-1

where g =

= 0.25 . (pH)
= 1.65 (Te) . ™
= 0,65 (rpm)

E,, = -0.40
"E.. = 1.30

13 1.3

E23‘= 0. 30

= -0.45
123
- 2

E (Yi=' y ) v
i q
v
|
|
'S
|
1.

|

I >

= -
~




way.

Lo =19 - :

.Other effects and interactions can be computed in a similar

Summarizing the obtained results we have:

1. averaige effects = "El = 0,25 (ISH)‘ 'q o
E, = 1.65 (T9) . ™
E3 = 0,65 (rpm)
2. Two-factor interaction ELZ =. -0,40
O E.. = 1.30°
13 :
. = 0.30
~ : E23. 3
3. Three-factor interaction 'E]23 = -0.45
4. average y = 14,45 with g = 1.23 |
. ' 2 o1 - 2
h = — .- .
where ¢ —3 E(yl-.Y)‘ .
|
. 20
. R
i
]
- L
L >
! .
]
n i
_»-.\l‘ L4






