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" wTlst.nl ,upt>rfici:>l g"-' velocity of Q,(D5 m/" TIling J.1ld Harrison (1999) ob<"",,.,d " 
d,:,a-ea<e in the mean "g[';re!,;ate diameter fwm 3_3 "m If) 1.75 "m, The predominant 
m",hanism of "ggre:;'lle di<n,ption V,-", the <:r",'0n of pm"",), ,db from ~he "ggreg,.,e 
",rface. 

2.5.1.3 Cavitation 

In regions 01 low pre"ure within d,e flow, cavities of Yapollf can form 'pont"nwmly_ 
TIle" then collapse in regi"ns of highn pre"ure 1n " pro<,e" called ,,>vitation, lhi, 
oscillating bdmv;our and r"-pid collapse 01 the ca,~tie, exert large fOl"ces on particles 
",spended ]TO the thud (S" .. d ,./" 1994, 1997). 'l1'e "",it>\i"" number (0), defined in 
Eqnation 2.11 d~ennin", the like!ih,X>d 01 clVi~atill<l <xuming. 

I' - I' 

where Pz - pr""ure up,tream of ,n o,-jfi,,·, (1'") 
p. - p""" ure at 'ny point of m"xiwum fluid .-d""i\y (1'") 
h. _ vdocity upstream 01 the orifice (m .• ') 

It represents the ratio of £Drees colhp,in!'; c"viti""l W tlmS<' ,,,using their form"till<l. 
C • .-it,,~ion will OCCUI" "' cavitation mlmbet~ below a critical cavitation 1ll1mber cr._ 
11)"b,xlyn<llTl1c cavitocion is 11I{"mionaliy used to came ye"'t disruption ~nd protein 
l'<-,k~,,·, .nd" reponed to be one of the most energy efficl""t di,ruption t",hniques. 

2.5.1,4 Cell-cell and cdl-ob,tade inleracliom 

Physical cdl-<:ell or "ell·obst",,:)e colli,i"n i, .nother m""h.n;"" "f cell damage. 
The level "f dam"g" depew1 on bod, tilt, fn'q"",ncy ~nd In''~lSity 01' coll;,",o,,, (1Ib"g, 
1996)_ A colli,;on of a cell require,; the force ,b-jyjng the microorganism, together to 
ex= d the rorce re<lu;ml W n,mM'" d,,·, licluid iarr l>tlw,,,·,n d,,·,m (illing, 19%). 

Th" fl"<-,qu"n~1' of c"ll-cdl colli.ions where the Kolmogorov microscale;' of ~ ,in,ilac ,iu 
to the cell, can be estinuted by Eq:ution 2, 12 ~eri'e d by U,eny ')ld Papom,akis (1988), 

, - v trJ" 
N.=I~ f_ .. I , ,d; A (,,, ) 

wl",re a _ ,'ohul\e f,-;,."ion of cdl, 
v _ dative cell vdocity (m,,-') 
N, _ frecl""ncy of c<:ll-cdl collision< (Hz) 
~ - particle diameter (m). 

The wHision <"writy, CS, is then d.:,lined '" the proruct 01 the Irequency and kindic 
en,·,!"!;y of collisIOns pu cdl (Equation 2.13), AltenlJt;vdy, the rdatiye vdocilJl can be 
b"ed On ",hear model w)"ch kui< {o ~ ,I",,," b .. ",d collision ""W!"ily cxprcsslOn giwn 111 
hllu{ion 2.14_ 

CS, 

, 
(A'Y)'''-'P,a'd, ' 
- -- Eqmtion2,L1 
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(,;/ v), Jr ' i' 1" ::11<1" ' 
CS , -

72 
wooe P, - particle/cell demity (kg.n,-') 

CS, - colli-ion severity based on eddy velocity (em) 
cs. - collision severity based on ,hear modd O.ft) 

2 _ 18 

Scholtz-Brown et aI. (1002) demonstrated thaI the majo.- ,ource of stress in a ,luny 
bioce:lCtoc is soOO-cdl-solid colli,ion. md not cell-c~n coIli,io",. 

2.5.2 Rc~p()mes to hydrodYilJ.mic stress 

2.5.2_1 Non-growing system. 

Studies on the ~ffect of porticulates on freely su>pend~d micro-organisms in duny 
bioreactors, usillg a yeast - ,ilica modd. system. have b. en conducted by Hmi,on et d. 
(1002). T h."" woru,., inv.~igated the d feet of particulate paramotm, including loading 
(5% to +00/0 (v/v)), di;uneter (25 to 1800 flm), density (1600 to 4500 kg,m'~ ;md shape 
(,mooth Or jagged), On th~ disroption of .tatioruuy phase ~ ~ in a 
completely su.pended system While the maximum extent of disruption was independ~nt 
of the solid parameter" the dimlption rate constant increosed a, a power bw function of 
volume fraction of solids. Incru .ed particl~ density and smooilin. " r~rulted in ~ 
margtnal increase in rate comt",,\. The critical pmicle ,ize of :mo fUll was det~nnin~d 
below which the rate of cell di,ruption was greatly reduced. Monitoring both invett~>e 
rele .. e and the relea>e of cytoplasmic proteins, ""n envelope damage was obserY. d to 
occur more rapidly than cell disruption, under mild conditions. Scholtz-Brown and 
Harrison (1002 <l ""d b) used the sam. system to inve.tigate the effect of completely;md 
ioco.npletdy >uspend. d solids. Significant cell disruption occurred for solid, volume 
fra.ctioru in the range 0.05·0.+0, whil~ negligib!~ disruption occurred in the ab,.,= of 
solid pmicles. TIll. suggested thot the dominanl; mechanism of cell disruption wa, 
interaction between portick, md cells as opposed to cell interutions with turb..Jent fluid 
eddies. Di,ruption approached a qUWatic dep. ndence OIl the ,olid volume fraction <It 
loading fractions of 10 ond 20%, indicating til., importonce of solid-c~ll-solid 
irUractions. Models, describing c~ll disruption '" a function of th~ op"rating parametns, 
were propo'ed. Th")' are further detailed in S. ction 2.6.1. In accorcl=ce with Hmiron et 
aI. (2002), the di.ruption rate of ~rry:e;~ at;m agimion int~mityof 750 rpm 
(impeller tip speed of 1.91 m.,-') was found to increo.se in a power law b.hion from 7.08 
" 10" ," at 5% (v/v) in~rt solids W +.05" 10",' ~t +00/0 inert solids. At sp". ru above 
the critical impdkr speed for compl= suspension, til., k v:>l"". llcu ased linearly with 
impeller .peed 

2.5.2.1 Growing 'ystem. 

Literature of the effect of agitation On growth is frequently contradictory. TOffiOI et; al. 
(1991) considered B~ flaum, S. ~ ond T~ 1>l!SI'i. Th"}' di,covered 
there's on optimum impeller speed above which cell growth, md activity decrease du~ to 
hydnxlynamic stress.,. The ext~nt of growth was expressed in terrru of 'p"cific growth 
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11l11uence of high ",lids loading to be char.lctemed. HOWl'Hot the tna.~imll!n critical 
concenrrallon of m11leral tolerated IS ' ptem ' F"utic. 

2.5,2.3 Quantification of hydrodynamic .t~ •• r~spolls~ 

T he l'ffects of hydtodynamic SireS, hav~ Leen summarised 
displayed on f igure 2,3 below. 

~1ild Mechameal Stress Minor Wall 
D.mage 

I 
Prolo"ged SLn", 

in a work by Basson '1996) 
• • 

E~treme mtch,mcal Sire" 

Cell Cl'un< \klhyle"e Illue SLa," 

Healthy Un.bte ,,, Complete 
Cell' Replicate Cell Death Di,ruption 

Au/o ly'" 
IAl"'T) Mclh"d 

Dry m .. ", 
1l000inj: In<Ic, 

Phy,i<,logi".lly lnhibilCd 
Slr""oU Cell, Repli"atioo 

Phl",olog,c.l Stres, Leadmg Melnbol,e InactIvity , 
• 

I'ijl,urt Z.3 'I " " df,.Ch 01 h;'dmdr",mic ,Itt .. on cdl, " "j the !Ugg<<I<d "'''"r''' h1 which 10 q u","ifr 
the ", dfew (l:h;>Ofl. 19')6), 

2.6 MODELLING OF HYDRODYNAMIC DAMAGE 

Modelling celJ daTll<lge and disruption in biological processes enables its prediction 
under particular operating condition~. A model will f~cili(a\e the design of large->eale 
bioreactofS. ~o (hat, in processes where cells are in contact with a solid prnticlc phase, 
the cell damage and disruption can be minimised or maximised, depending on the 
application. 
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".nn~T"'n 2.18 

.cQllaI1()n 2.19 

tetnl ..... r' ..... '''''n .. ~ 

was: 
k= .cqllat1()Q 2.20 

n ... rn-..... ' cause of dtsruption, as 

constant blomass c;om:entralt:lolls 

.vdlrodvnami.c .L.u ...... " on -..J..., .. u .. ,""" 

= .cQl1aI1()n 2.21 
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on"\U!1'h on nncrocatller ..,"", ....... "'" an mtc~e:raLted 
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''''Peller. The lIlr flow rate wa, mainmned ~t 1.5 LIn-un (1 vvrn) to ensure that there is 
no OX}-gcn limiUtlOn. 

A CO<lstallt temp=ru,e of }DoC i, advised for =imum yeast ceU growth (Athnson and 
i\favilUna, 1983). T ""'pemru,e w;iS maintaiood at this value by moan. of the heating co;) 
through which water ""'. circuhtro from a heated ",areroath. 

Yeast ",e found ro grow opnmaUy at pH between 4 ""d 5 (Shuler ,/ aI, 1992). 1\ 15 mL 
aliquot of an aCll\lC acid/.odium acetate buffer solution was added to the ,alt solution ro 
maintain the pH between the. e value. dunng the growth. The pH w~s checked ~t the 
beginnmg and ~t the end of each run. 

Foaming and frothing are unde,irable as they lead to the partitioning of biomass into the 
froth phase where phJ"iological conditions ",e sub-optimil. As a consequence, 2 m1 of 
mti loam " .. re added to the re""tion medium ptior to autodaving 

3.22 Media and reactor sterilisation 
Pre-inoculum, inoculum and reaction medium were "'-llOdaved at 120°C for 20 mtnutes 
The gluCOSl' oolu\:lon ",a, autoclaved in the reJetor vessel. Sterilisation of the re.ctor 
involved: 
• Reacror vessel charged with the glucose solutIOn, 2m! of antifoam and the sptcific 

Ill:'-SS of sib.,. to pro,~de the demed volume-to-volume raW) uf s,,!lds in the reacto'-

• Reactor lid, damped tightly 0<l1O the ve,se/" while the portS nOt in u,ed are Sl'"aled. 
• Ai, exit line filter connected to it, part1cuJar port. 

Salt "-Olu.tions were ~utoclaved sep=teIy in a 1 btre bottom-feeding Erlenmeye, flask. 
Heat labile vitamin ooIunoo was added to the salt solution in the Erlenmeyer fla,k under 
aseptic condition, m the lamin~' flow cabinet, by me.", of a .yringe by passing the 
solution through a 0.22 ",m filter 
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Table 3.1 Reference values of the different mv'estlgalted factors 
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Glue" .. 

'_Tnt, P,; ,«1 Two S"""", "" '4an, 

Von"'.ce 

00",,,,,,,,,,,,, " P ... ",," Corr~"'1OI'l 0.9754686 

Hypot .... ~1"" '-1041 oil .. """" 0 , " '., 0.'"'5270 
PIT, .. ) __ I ~ 1 0<37 .. 73 

t Cr,,,,," oroe-' lIil 1.~12'615 

PIT ' '''' j "'.,.,,;, o. ",,"9~~ 

t erial 'wo-'lIi l ~,22S1392 

ProlJabU y>'la1 tlere i. 0,1251051 

U7:236364 

10.789671 

" 

" 

"" R", r3 

~. ~6611\,j33 2,7271\,j~33 , 
V<Yi"",," 13,~20015 I~ 9940079 , 
0 "-,,""_ • • 
p"""", C""" 1<' O'l 

0_. 
Hypclh~""od Mea" O ll eronce • , , ,., <l.3770405 

P(T <-I) "",·toIl o,3~6569 

'Cn' ''' 001 0-,,,1 1.6(1<"" 

P(T <"'I two-,~'I O.7ln137 

'Cri' ''' tw<>-t,; 1 2.3&<6226 

P'oIl ..... ythal ........ i. 0.'",669 

• '0'" di il<llo""" "> flO ,;grOIICMl (lie,.""" • r~ ""..-"""" -> no OY-<'''''"'' "' • ........,. 

I_T.,I P"'''''' TwQS~"I'''Mo." 

V"""",. 
0Il''''''_'''''' 
P-.OO1 C","' •• ", 

~~"',od "'~ " ..... ....,. 

Ii"" 3 

2.6-4/13333 

1 ,"321l21 , 
0."'''''",,, , 

, , 
,S"" -<)18<8647 

P(T<-tJooe·tojl O.42~281 

1 Crjlai coe.'''-' ,.8(10:5775 

P(T "') M<>-I,,;1 0.65'35621 

t Cr,,,,,, 1"'10-<,.'1 2.36"6'26 

Prrn~bi ily t10J _. I, °_141<371 

R"",3 

2.727833:>3 

12.99400II 

• 

4.2.2 Total cell count, viability and rep roduction 
11..., IOlal number of ~ells, the number of viahle cell" the budding ind~x and the 
viability, measured by methylene blu~· ,!:lining, wtlTe II",uslLred for the experiments in 
lripli~ale using light m icroscopy and a coo ntmg chamt>.,,-. The re," It, are presented in 
Figure 4.2. It app ear. d early that the n'pmdu6bilit,. of IIllcmhial Lcll count1llg wo.s good. 
Undel' both condw""s, 11'/, and 1 % ,o iid lo;!ding, till ' rc,u.! t" conl1l'med by the paired t­
test. TI-.< "andard error> h=d on the replic.tes at" 4.1xtrfcdb/mL for ~Jtal cell 
concentration, 4.3xlO'celh/ 111t. for ,'"blc cell conccntration, 0.035 for \~Jb~ity and 0.023 
for budding inde=< TIlese represem coe fficients of '-~nance of 11.1, 11.7, 1.7 and 18.2, 
respectively 
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4.2 Repro,dulciblility of cell COll1I1tU12 with 0% solid and 1% solid 
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4.6 Hej?rodul::l.blllty of zeta potentiilll measurements: 00/0 and 1% solid 
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4.7 Hej:>roduc:ibiJity of ethanol measurements: 00/0 
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4.1 

r= 

x= mean 

n·= • ith 

sum to 

4.2 

c= 

x= mean 

n-j- j. 

sum squares to error, IS: 
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c = ££u .... ,"' ... 

r = u,",un)"'''' 

Buddintl Index 

Solid 
SAmple Time 0% 

2 0.150 

3 0.222 

3 0.223 

2 0.188 

3 0.272 

6.5 0.194 

2 0.235 

3 0.229 

2 0.151 

3 0.138 

14 0.147 

2 0.131 

3 0.115 

19 0.146 

2 0.090 

3 0.110 

24 0.094 

2 0.097 

3 0.113 

28 0.091 

2 0.088 

3 0.081 

4.8 

4-7 

cqllll.llC)Jl 4.3 

loading 
1% Anov .. , Two· Factor With 

Replication 

0.150 ANOVA 

0.156 

0.173 

0.188 Solid Loading 0.00676 0.00676 4.149086 1·0.001346 = Probability 

0.211 Interaction 0.002775 7 0.000396 2.312738 that the", is a real diff ........ c:e. 

0.204 Error 0.017532 32 0.000548 

0.200 

0.219 Total 0.152971 47 

0.175 Standatd error 

0.169 

0.112 

0.056 

0.117 

0.093 

0.Q75 

0.082 

0.088 

0.076 

0.052 

0.065 

0.056 

0.034 

ANOVA ExcelDlltll 
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error. 

Table 4.1 Results of the ANOVA for aU assay methods with :respect to solids 
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4.9 Absorbance 

10 15 

TIme (h) 

20 25 30 

at 0% and 1 % solids lorujinl~s 

3.5,---------------------, 

i 3.0 

1~5+_----------------~~ 

111 ~O t-------::::~:.::::.-_::::~:::;:: 

)1.5 +-----"'-.."...-..:.:....-.".-.:::.;,,,,....::::::...---------i 

J 1,0 
0,5 +-~;;,..::::::::...----------------i 

~O+---~-----r--T--~---~--r----i 
o 10 20 30 40 50 60 70 

Celli! (10"6/mL) 

4.10 Absorbance as a function of total cell concentration for different 
experinDenl:al conditions: 0% 1 % 2% () solids and 850 rpm 
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Table 4.2 Kq~!IS10'n for absomsnce as a function of total cell number. 
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F.l. 

70 

60 

50 ---40 -./Ir-

30 -7>E-1 
20 

10 ---0 
0.0 10.0 20.0 30.0 

5.1 Effect of solid IiLCrOSS the rlUlge 0 to 5% on a volume basis on total cell concentration. 
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Table 5.1 Effect of solid puametets. 

hol1lU:1()[I 5. 1 

8 30 

7 25 

6 20 

5 15 

4 10 
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2 0 
0,5 1,0 1,5 2,0 2,5 
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60+-----------------~-

50 +----------' 
40+----' 

J! 30 +---­
'i 20 +--

10 
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5.3 Effect of solid on viable cell concentration. 
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S! 0,80 

0,75 5.411. 

0,70 
0 5 10 20 25 30 

Time 

1,00 

0,80 
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5.4 II snd b Effect of solid 011 (. II 0.5%, .. x 

5-3 
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Table 5.2 Effect of solid on J.L,;.b1. con.· 

~ 
~ 

• -
• mumaxexp 

• mu viablecells 

o 
0,5 1,0 1,5 2,0 2,5 

Solids 

5.5 Influence of solids Illtes. 
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5.6 Effect of solid on brufdtr'D" index. 
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5.7 Effect of solid 
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5-5 
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Table 5.3 Differences in subsb:ate parameters for various solid 

8~--------------------------~ 
7+--------------.-----1 

6+---------------~ 

5 ..1--------1 

4!.:;;~~~ 
3~----------------------~--~ 
2+-____ ~X ____________________ ~ 

1 +-----------------------------~ 

O+-----r---~----_r----~--~ 

1,5 2,5 

Solids 

• 
• 
... mean t 

X 

5.8 Influence of solids duration l11ld substrate utilisation rate. 

5-6 
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·2 -+-0% 

~ ·3 ___ 0.5% ...., 
li ·4 ---.llr-1% 
15 ·5 
! ·6 ~1.5% 

8. ·7 
___ 2% 

! ·8 -41-5% 
-9 

·10 

Time (h) 

5.9 Effect of solid on zeta pot,entia! measurements. 

Tlilhle 5.4 Zero values for different yeast strains cultivated under aerobic and anaerobic conditions 
fA ..... _ •• .A from 

<2 <2 
-2 
<2 
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-5% 

l1me 

5.10 Effect of solid 
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Table 5.5 Differences in ethrmol prolduCtioln parameters for various solid!l1081;tWji~. 

Table 5.6 Cell sizes for different eXJ>erimelllts. Complllri:50n with results found in the literature. 
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S-iO 

BnHh_lih ,tn.c'uro of 

pcl"""ch..D.d<, 

FigIor< 5.11 TEM l'bo.os"'ph.x. yeO" ocll (O'l'" .oW, t=Vh). The fiboll", "",,""re 01 
pclIy""cch"",,d.,;' ob",,,,oblc at tho ,url",e 

F~ 5.12 C~mp.,.,"'n b"_n Y"'" .'l~28h [Ddt/> IOllil ('i""d 1'1, .okd (bl-

Cell "",lis: 
The morphology of the yeast coli will was dClcnruncd from tr •. nsmi .. ion doctron 
micrograph,. Ar 1'"'-<1 eight p;cru~, of the wan were taken per .ample and three 
measurement, were done per piCUlre_ 
Measurements of the ccll w.ill thickl,c<i obr:amcd for Ufl.t,es.ed ye.,;t are con".{enl with 
thd! reponed in th.lncrJture crable 5,7)- However, contr:ary to Smith.t at. (2000) md 
Srino<akut.u" (1998), who observed that the cell wall tlucl.:ne" in the crponcntiill pi.""" 
i, generally <miller than III the <tal:lOnary ph""" no difference 111 the thickne .. was 
observed for growth at 0% wild loading. 

Toblo S.7 Cccnpu;""" of <:<ll w. thJ.ckn." of ""."", .. d .... , WIth tho .. reportoJ in the ~t ... tu'" 

Wan thickn~ss (run) 

0% solid 

Smith et iI. (2000a) 

Moor and Muhlchalcr (1963) 

Srinoraklll:>.'a ct aI. (1995) 
Snno<akutara et iI (1998) 

GaskoVll. et at (1998) 

71 ± 11 

"" 70± 10 
70-100 

70± 15 
175 ± 15 (dop<oding 00 gi1><O'. 
260 ± 4-2 aH><cnt",b"" m tkc growth medi.) 
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During preparation fur TEM anilly.i., the ce •• were pre.umably cut at random. Sec"ons 
coold have intersected a given cell at 'lJly axial positi.Jn, Lt, dose to d, e cell central axi., 
do,," to tho cell ,,'lll1, or anywhere in between. Any mean ceU will thickness ..ro mean 
cell diameters determmed from the JU1~rograph. would therefore be only relative value •. 
Smith tf ai (2OOOb) developed ~ novel m.lthemacical model to correct fQ[ random ' licing 
dunng TEM ,ample pr'1'a,ation, A. no imogtl 'lJlaly,i, prog= w~s av:;ilab le, their 
methOO coold not be applied in du. ,tudy. However, iIll the .amples were prepared and 
sliced in the "'m.w~y, so ~ CU~ariWl1 can be drawn between the different experiments. 
Figure 5.13 p re'~>Jlrs 'Gme JU1crograph, obtained for the cell wall at different time. (3h, 
14h md 28h), for the two Cl<perimental condition, (0% and 10/. , olids loadings), It 
appears clearly on the phorograph' that the cell " ... Us of yeast expenen~mg stressful 
conditions (1% solid, Ioadmg) a,e thicker than the willI, of un.tr<:>.cd one •. This i. illS<) 
demonstrared in Figure 5.14, wrum mow, meon waX thickne .. at different Ume, for the 
two . olid, lendings. The data u,ed to gencmte till, plot i. r"f'OtW:! lfl Appendix H. 

However, it wa, observed that a certain pe,centaj>;e r>f ,-ell. exhib,t a thin wall evCfl fo, 
1% solid. The percentage of the.e cell! incrc;l.'cd with tim., As d""d cells could nor be 
differentiated from living cells with TEM :moly,is,;t was pusrularcd that these cell. with 
thlll will.! ",'ere d""d cell., It WIIS ;0100 noted that at 0"1. rolid. the wall w.s very regular, 
while at 1% ,o/,d, the willI thickness was very irregubr, Th.t ,uggests tho .xistellce of cell 
willI repair mechanisms m..t cotnpOlsate where the cell is domaged, Klfs et ill (2002) 
report that the celi fO capable of locally repairing the ",,11 wall in case of cdl wall domaS", 
Kapteyn ,/ {Ii (1999) found that ,nc=ed deposition of chiton m late,ol wolls i, pa't of a 
compen,-ation mechani,m for cell damage, H. ol", observed change, In ~ 1 ,3"glucan 
,yndlesis, Th~"" observation' confirm that the mechanIcal .trength of the waX is mainly 
due to the inner layer, which con"",s of ~1.3-glucan and chicin, 

", 

Fig\>'" S.D M",rograpiu "r!he )'.'" cd! \>'oIJ [,,' cwo ..,d ·W. ooIjJ. Ioodingo, ., dlffo<en' nmc> 
(31). 1.h ""d 28h), 
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5.1.6 Modelling 

' 2 j3h) !!5 (1 4h) it7 j 28h) 

5- 12 

_ C e ll w a il ihick neu (nm) 
O%s o lid 

_ C e ll w a il ihic kneu (nm) 
1°I. sol id 

A model fo, cell acm~t)' wa, den".j hom an e~p,e,,,on P'Of'O",J uy Reu" (inS) Thto 
kmetic growth Il~'xiel pO-'luhu" that the appa,em cell growth fate '" equal to the true 
growth a,e J1l tJ" ab,,"ce of >did Ie" th e ~ell de.th ran'_ 

<IX _ = p-. X Equ.t>:>o..\,2 
d, 

.'\."d X: bi()m~"; C01lCffitr~ti()fl (lO'cell,/mL) 
t time (h) 
I-l: appatt1l1 growth ~aU (1'-') 
1'--': tn," glOwth ra,e Ln the """onc" of ,olid (h .j) 
k, . cell dt'd,h mte (h ') 

Equ. """ ,_l 

The death rate i, given B the p,oouct of cdl C01lCffitra~()n and the death rate co',""nt 
Th. cdl death fa,e con".nt w«; ~alculated a' a pow"r law b,hio<l type ucounting Eo< 
th . characte,isti<;" of the ' y,t. m 1fl whiCh growth ocwm,d (solids loading in p<escnt 
ca,e). 

W'h . f. <i' solid loading ('% v /v) 
a, U co",tanL, 

The modd "'''-1Il",d dUI no n11" ""n"l'" limitatio1l' or hydrodynamlc ,;t,ess (e~~.p' 
,olid, loading) coukl ,n tJ." mce rhe "ue cdl grow,h ~ale. A, a consequence, .u. wa, 
calculating by using th . control ""p',nrnents at Cf,'. ,-,oii<js loading:md 'IDS <I'm Lmpeller 
,peed. Crougl:l:m a ai. (InS) '\howN that <n d,e ab," llce of a wlid phase. grOWd, 'lie" 
independent of ' y,;tem hydfodynarru~ ,he,"_ Toma ,/ ai. (19<)1) :md S"hol,.",-BroWll 
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(1998) ,howed th"t for S,,,,;haro"!J<"' ",,,,,,,lit, cell growth and di,ruption are negligible In 

stined tank reaCto<S opemted in the ;w>ence of solid p"rodel . Th" validated the 
alsumption that the oontrol .~perumnts experience uninhiblted cell growth. 
The mood parameters were calculan,d at the point of maximum growth. .All ~ 
cak.-ul"tionl arc reponed in Appendix L Using the total cell counts to modd the d.,..<th 
lriJ,.tiC., the following mxlel wa, determined: 

Jr." =O.llx,"· E<ju.tiaoB 

The model waS found to co,relatc ,,~ with the expcriment;al data (Figure 5.15). !he 
oonsWlt b of 050 was fonnd to b. lower mat the coefficient of 1.64 calculated by 
SdJoItz-Brown rl aJ. (2002) in Equ"tion 2.15. This suggested th"t;n the """gc 0"10 to 2"/. 
(v/ v), influence of lolid. loading is lowe' for groWlng celli th"" fo, sr-.tion"'Y One. As 
th. power p.r unit volume wa, not Cl.lcul:ued in thi, work, i, wa, not possibl. to 

compa'e the con,lolnt" of O.ll ",th the coeffioent of 7.ll X 10~ (J'/V/'" proposed by 
Scholtz-Brown a aI. (2002). 

0.15 

0.14 

~ 0. 1 ~ 

.! 0.1 

• O.OS 

• 0.05 

• 
• 
" 0.U4 • OM 

C --------.-

" 0.05 0,1 

xd modelled 

5.1.7 DisCUSbion and cundusiunb 
In this Iwdy. it hal been $hown that the oonccntr:ariO<l of inert solids pre'ent dnring the 
growth and metabolism of the rrucrcbe S. u misilJlJ in£lu.nced;~ perform •. nce. Ov.r the 
' ol;,j, loading of 0 to 2"/, by volume, :Ill mcr= in the 12g pha .. was obs.cved, both 
through cell growth and substrate COll$Umptooll, with increased .olids loading. This 
inrucates an increas.d period of acclimatisation wa, required. Further a decrease in 
"Ppatent lpecific growth rate with increasing solids I02ding was obs.cved. This may b. 
attribmed to an increase in the 'pecific death mte constant and is lupported by a 
decreased f~O<l of ",abl. cells WIth increasing solId. loading. The death rate const""t 
wal m?dclled as 2 power law .~pr.ssiO<l ~ccounring for solids loading. A guoo fit WII.' 

found b.twe.n the model and experumrual dati.. 

At 5'1. solids loading. no ccll growth. substrate CO<lIUmpUOll or product formatiO<l was 
observed, indicating. 1o", of metabolic octivity. Further the colI Viability decre-.sed to 

10"10 over the ;ncub-,wng period and budding ",dex decreased through incubating p.riod. 
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The critical .olid, lo..-Jing above which a negative influence on yeast performance was 
ob.e",·ed lay in the rang<.' 0.0 to t'\'. by vou""', dependent on a,,"Y uoed. 

The dec", .. e in cell growth with unchanged sub,trale co<>sumption is illustrated by the 
decrease In Y X}> with I11creased solids loading. This ""gge>ts m..t addirionol ""bm"le is 
diverted from cd! growth to provide energy for cell maintenance under the adver:se 
conditions. 

TEM analysis performed on =pIes al 0"/. and 10/. ,0Iid. loaWngs demonSWlled that the 
presence of solid particle. strongly affects the cell wall morphology. \Vhile no influence 
On cell size could be detected, an incre:aoe in cell wall thickne .. """ observed With 
incre-o""d level of , Iress. MOllY "uthor! mentio<> the ability of the cells to repair cd! 
damw" by modifying the wall composition. Ai the cell wall was very i=gular at 1% 
solids loading. such a repair rnechoni.m i, sugge,ted whcre the ccll hai been injured. 

Scholtz-Brown ,I ai. (2002) considered the .ame oy.rem yea'l plus silica s:md in a .Jurry 
reacto<, but ,,~th cells m the stallonary ph""". They obseITed negligible disruption in the 
absence of solid particles, which c",relate .... -ell with what found in this study. For the 
same oolid sizc (WO·85(11Ull), they vaned the solids fraction aero .. the range 0 to 40"/. 
(v/v) at 750 rpm. Significant dioruprion of S a",isM, occnrred when agitated in the 
presence of 5% (v/v) silica particles. The estent of WStUpliOO increased ". time 
incre-osed. In this srudy, little disruption wa, observed at 5% (v/v) solids b'ding. but no 
growth occuU"ed and the vi-mility dropped through incubating period. However the 
agitation rate used was lower (565 rpm), which CUl expbin the difference in the extent of 
disruptlOll. 

Nenutland furriSotl (2000) investigated the bioleaching nf pytite by Stllfchbm IIItrdlim. 
With increased wlido looding. they 0100 observed a critical ,""lid loading above which 
performance decreased. This cntic:>l value WIlS observed to be 9% by volu",.,. Al 12 to 

15% (v/v) wlid.loading. cdls activity decreased, but ,til! occurred. The negative effect 
of increa,ing solid. loading on ~el! activity was ,uspected, but could not be aisessed for 
sure, as a decr= in pH occnrred at the """" rime and could strongly affect S. IIIttallkUI 
performance. However, a raem srudy from Siss1llg (2002), uS1nginen ,ilica, .uppom the 
first hypothe"; •. At 18% (v/v) ",lido COflcentration, no more metabolic activity occurred 
and cdl death was ob.erved. These obse[V~tions roffellire well with tho,e of our .rudy, 
where 5% ",lids loading appe-"" In be the criti~aI value fur yC"ait activity. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5-15 

5.2 EFFECT OF SOLID SIZE 

The influence of ,oIid size has been reponed to affect m. efficiency of cd! disruption in 
a bead mill, based on an attrition mechanism (Chisri, 19')9; Engler, 1985), Funher, 
Harrison ff 01. (2002a) reported m. inlluence of solid, size on the disruption of stationary 
ph .. e yeaSt ;n the slurry bioreacror. Increased cell disruption was observed w,th 
increasing partid~ stu and momentum. Nemati :rnd Hamson (2000) showed that the 
bioltaching performance of S"lfolobMJ was ~ffected by both partid~ s.iz~ :rnd s.olids 
loading, Cdl death WiS observed at very mlall pmide .ize. Hence, the ,nfluence of 
particulate siz~ on yeast growth Wll.S tested US11lg three different sihca s,7,es, namely 
diJm:.t~rs of 465-600).lm, 600-850).Im and 850-1130).lm at a 1% (v/v) solids loading. 
The ,ame analyse, were used to inveitigate perfunnanc~ ~s with !!Olid. lo:uling, The 
derailed dar:. collected are tabulated m Appenchx F.2. 
l"arricle ,ire di,tributiO<l' were measured by l~,er diffraction using the :Malvem analyser, 
Figure 516 illu,trares the profiles obtUned fur the three sizes J1lvesti~ed. In the r:an"" 
465 - 600 1,l1n, a gwmetric ~ of 501 ).1m Wll.S used (94'10 of the p~rricle <hamete" m 
th~ ="" 400 - 650 J.I.m), In the rnnge 600 - 850 ).1m, a =n <hamet~r of 693 ).1m Wll.S 
a,."" ed (91Yo )",twem 550 and 900 J.I.m). 82"/. of th e !!Olid, diameters by J1l the range 
800 to 1300J.l.m, with a mean diamerer of 1021).1m for the range 850 - 1130 J.l.m 
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5.2.1 Total ccU cuncentration, viability and reproduction 

5.2.L1 Tot.l l cell concentration 
tlgure 5.17 pre,ent> ro~.J ~cll concmtration ~s ~ fil1lctioo of time 1')1" diffel""",!<OM ,ize. 
Growd, par~meters cak"ulated accoroing to Appenru~ G are presented on Table 5.7. 

c oo 

!~ 4----- -- ------
.~ 

~ro 

" Ti ... {h) 

Whik no Jifference (OIl tenm of cen number, specific growth raw and bioIl"hl" yield) I, 
ob",,.,ed beN'e", l1J1lS ~t 465-WO ,..111 and 600-85() ,..m solids size<, a decre ... e in hoth 
Ihe rale ~nd alenl of growth IS clearl)' illu'iralro with particles III the nUl)!;e RSa _ 1 no 
,..111 '1'he "ducaon OIl extent of growth a[ Illp,h solid ,ius ts dernonstr~ted bv the 
Jecrea,e ,n 'tanona'}, pha'e ~dl cOOcenr"JtLOO (Figure 5.17) . nd the Jrop m biomass 
yield (hble ).R). -The decrease in 'Pec,fic growth rate may re&J.il on an Ulcrease in the 
death "Jte (k"l WIth U>:;re-.Slllg <did SIze 

Solid .ize I, .. (h) ..... (h) 

5.2. 1.2 Viable cell concentration 
TI,e viable cell concenlrauon ~nd \'iabilit)· a, a fi,nctiOil of time fOf different solid sizes 
are pt",enreJ re'pectively m I'igure S.18 and Pigurc .s.19. Cakulalions "f the ,pe~ifi~ 
I\rowth rote ba,eJ on "'able cell,;, anJ the fraction of viaUe ~ell, ~t the end of the growth 
for ,,;.el, particle SIze investigated are "'mm~med '" . fable 5.9. 
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Figw< 5.18 Effect of I"'rri<u!.,. .; •• "" ""hi< cd! a>no<n'ucion 

5-17 

Tobie 3.9 Specilic ~th "',. b ... d 00 viobl< ""a, ."d pe!<en'''II'' of viobl< ",It. .. the • .,d of the growth fot 
<hff.<Cfl' ""lid .,,,,,,_ 

Solid Fl'llction ofviable cdl& at 

From the dar:. pre,ented, It clearly app • .,.. that "'-'lid ,ize in the range 600 - 850 !.1m 13 
th~ rumt favourabl~ in mintUning viability. It i< the nnly <;"" that hnld< c~n in the 
typical viability lOanS" of 90 to 99%. The dec,.,.,e in viabl~ fmetiOll for ,mall and large 
size fracOOns SUPP0f(, the decrea,e m the "Pectfic vi.ble growth rate_ The increa,e in 
.00id "ze ' harply aff~ct< th. <Utiooary pha<e cd! conc.ntratiu", <p.cifK growth rat~ and 
fr:achon of vtable celis at th. end of the growth ~oss of 44% VIability). Thi. increase in 
.00id .i2~ unpl",< an inC[.;l$~ in particulate mmIl<'nrum. A .. a con'equen"", th. ,.<ull< 
correia,. well with Hamson ct 1Zi. (2002) work, that reported increased cdl domagt' (with 
particular ref.rence to c.li disruption) with increasing particle mumenrum (defined all the 
product of the particle ll"l:L« and impdler tip <p • ..:I, Harriwn It d., 2(02). 'Iberefore the 
reduced vi.bility with th. smaUer SlZe fraction appears comradicrury. However, 1t ha, to 
be noted th.t when reducing particle si,. with a same solid loading. tl,. p.rtie!. number 
" lncrea,ed in the ' )'Stem, implytllS that mte"lCtIOIls b .. '!ween <oIid panicle , and cells 
occur more frequently. 

1_0 ~~' I- >- I I I 0.(; .~ 

0_"--- -.. • • 
> 

0_' -

'" -• 0-"-- -+- <"S-ilOO 1 " ---- 600..,00 
0.3 

" 
85tl-! uo_ 

" 00 

0 ; ,. ,. N " Tlmo(h) 
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S.2.L3 Budding index 
C:hilllgc . (~)"",,'ed in blJ<.iding index a, :I function of time, fur differ~flt ,,>lid ,iz" , . "re 
illustrated 111 Figure 5.20. 

, " 
Time{h) 

• 

TI,e ,irnilari,ie, in budding ind~x for ,"-us 465-600 ruld 6 00-~50 ;Un ,uppo rt: ob,~rvatiollS 
,n Section -';.2.1.1. The lower value, of budding index obtained for ~50-1130 ,Ull may 
,,,,uk frum th~ ~"mbifl"d "ff~ct of the deere,,-« in cell vi.bility and cell "ctivit.y. pornted 
(JUt '" s.,~'tlon 5.2.1.2. 

5.2.2 Glucose concentration 
Gluw," C<JOC«ntratwn proliles "re plotted in Figure -';.21.:IS a function of time Gluco,e 
uptake p."'rr>«t"". ~alculated "-< specilied in Appendix G. :Ire tabulated Ul Table -';.10. 

, 

o , 

~~~----~ 

I ::;: :~ :: I ~=- I 
. " 9-" >9. : 

" TI ",. (OJ 

--_._- , 
_ .. _.- , 

• • • 

T.ble ,.10 GI\IOO " upt. kc £"'-'''''"''". c.!cuI.."J [0. Jif[""nl ooliJ ,ae> 

Solid .ize (f.lm) q, (g.h"'.lO 'cc1kL
) Glucose lag phase (h) 

46S-600 -0.0334 + 
600-8.00 ·0.0338 (+ 0,(107) .S .;+ 1.(1) 
~SO-1130 -0.0531 .0 
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When no difference is noticed in the specific substrate utilisation rate for 465-600 ).lm 
and 600-850 ).lm, the glucoSO' is consumed more rapidly for d,e lower partick size (within 
10 hour,;, while gluco,e is depleted within 14 hours for 600-850 ).lm). This sugges~ 
additional energy denved from glucose consumption may be required for cell 
m~intenance. It is further suppotted by the decrease in cell ,~~bility after IOh with 465-
600 lUI' diameter portides (Figure 5.19), once:ill the glucose has been depicted. 
At 850-1130 j.lm, d,e subm"", ul!lisarion rate is higher, and :ill the glucose available Ii 
consumed within \0 h, time which corre,p"oos W the higher viable cell conc""tration 
(Figure 5.18). The increase in the substrate utili.atlOn rate .uggestS ;an increa,e 10 cell 
maintenance reqll1rements when yea't :ore eltposed to the h:or,heO! hydrodynamic 
conditions. 

5.2.3 Zeta potential 
fiigure 5,22 shows resulto for zeta potential measurements when increo.sing particulate 
sizes. For the three experimentll conditions, w increase in :<eLl potential with time is 
seen, which correl~te, well with observations repotted in Secl!on 5.1. Ao ye~ot cell ch~rge 
is mainly ~ntibutable to the wall constituenm (phosphate group' and prote",s), ~ chwf;" 
in the cell wall composition is therefore susp,cted dlroogh the growth. Zeta potenWl is 
higher for incte~sed solids size. This i, dearly notic""ble from 0 W 15 h. It ~,unespected 
that the zeta potemial of cell. ag1t'.ted In the presence of the 600-8';(1 jlm wlids fracoon 
IS not more negative than tlu.e cells in the 465-600 IW' fraction (slllce the vtability of the 
celis in the former c~se is tnlch higller). From 1Sh, ~ pbteau is observed for experiment 
w,th 850 - 1130 IW' pgtticie size. The decrease 10 viability and mcrease 10 the death r.te 
conlimt th~t cells ~re dying. Therefore the re",lt correlates weU WIth oboervation at 5% 
(v Iv) solids loading. where constant zeta potential values were found. 

0 

0 

, ~-, , • , 
! • 
! :t 

" 

, " 
---- '"'.,,' " " .. ,,, 

I 

5.2.4 Di~"usHion and conclusions 

" " " " 

,Joo, ,h, 

The ,rudy of the effect of particulate .ize demonstrated d eady tru..t the performance of 
the yeast was he,t at the SIze frac1ion 600 to 850].Im. On increase of the size fraction W 

850 to 1130 ).I.m, a decrease in stationaty pha,e ooncentration, cell viability, specific 
growth <'dte, magnitude of negati,·e cell ",rf~cc cha"", and bionmss yield wa' observed. 
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Chapter 6: Influence of the inoculum 
state on the growth 

6.1 EFFECT OF INOCCLCM SIZE 

It is expecred that microbes are less able to modifY their envirorunent when present at 
low concentra\lon and SO are mOle vulnenlble to hostile conditions. While thi, is 
assumed, no specific reference 10 !hi, in the lire~.ru", was found. To test m" h)l}(Jthesi s, 
me dfec! of inoculum 5J.Ze on y.,,-,! growth was Ulvestigo.ted. Four inorulum ,iz .. were 
r.,ted, namely 10% inornlum (standatd coOOioon), 2.5%, 2'1. and 1% 1!loculuffi_ The 
Same analyses ~s <eport:ed in the previcus sections were performed. The stand~<d 

expeomental conditions were ret as follows: 1"/, (v/v) roiid loading, 600 - 85O).lm solid 
, ize, agitatIOn rate of 565 rpm {Ilp speed 233 mg'} using a Rushton tum;ne, and :m 
Inoculum grown for 14h. These valu .. were krpt constant for all expenmenrs, while only 
the 1floculum size was changed. 
The data presented In tim section are tabulated in Append;x P.:'>_ 

6.1.1 TOlal cell concentration, viability and reproduction 

6.1.1.1 Total ceO concentration 

Figure 6.1 <how, tota.l cdl coocentraoon ~, " funcoon of tim. for different Inoculum 
s;"e , . The growth parnneters calculated ~re repomd in TobIe 6.1 L~g"md ~pcnentio.l 
p" tiods were determin ed vi,ually, as described m Appendix G It is clearly seen that 
Inoculum S1Ze plays an impcrtant <ole ,n the growth in the slurry biofeactor. As moculum 
, ize decrea,~" rh~ lag ph~se incr .... "". , the .pecific growth rate d eer ... "" , the dUNoon of 
exppmntial phas~ increases and biOmass yield de,re<lSC' However, for 2% • 2.5% and 
HI"Io inoculum sizes, the '"mIe qU"mtit)' of ye .. t ,. produced (over a looger tIme penod), 
whil. , using a 10/. inoculum, the final concenromon ,s d;m1I11shed by lome 30"/ •. 

::i 00 < 
L c • 

/ ., 

'/ 
g 30 , , m 

w .~ ~ 
o 

Time (hi 

~ ~ 

• ~ ~~~ 

• __ 1% 

• 2 0;;, - , 2.5'/. 
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• Hfro , 
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T .bl, 6.1 EfI<ct> of moculc.n ,;z, On gruwlh p"".,,><L<n 

~ .. (h) ~i' (h) 

From the dat"d p<e,ented Ifl Figure 6.2, 'I i, "ppa",m th"l a critical inoculum size exim 
below wh,ch yeast exhibits a 10=< growth ~<fo=ce when Iflcubated 111 the presence 
of a me" faclOr ruch ~s hydrodynamic "ue" gene<1lted in an agitated, aerated slurry 
bio=ctor. F", x.,../x." J.I. _""" t,,,, and YX1 .. thi, v:alu~ i, determined "I 2% (v/v), while 
fort"" " higher than 2.5% (v/v). 

, 
, 

~, 

" 
" , 

" 
, 

" " 

~ , 
, 

• • • " 
F;gm. 0.2 hd1""n<:< of inoculum liz< 00. S",wtl, P'WIl"''' (a I .. (10) , X._ IXo X 10, 

~~ .., I)I ·') Xl00, ' .. (h), .. y.,, (W'e<lb/Ill) · 

6.1.1.2 Vi.lble ~el1 concellJratioll 

Figure 6.3 ,hows Viable cell concentr:ation as a function of time follo,,;ing ;noculatiun 
with different voIum~' fractions of inocuklm Table 6.2 present' specific growth rat~ 
based on viable cdl number, !J..;.-..., and the nlUo between ,=um v,able cdls grown 
under ,ue" and no ot'"" IX-/x..",) ...... 'Ihe vIable cell concentration as a function of 
time ,hawed the same trend as lot<U cell COl1.""nlratlO!l: J.I.""""", decrea,.,j when the 
inoculum ,;ze Willi lowe,.,j. 

/ ---- " , 
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,~ 
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Inoculum size 

Viability as a funC1:ion of time ,s plotted for the different inoculum SIZCS in Figure 6.4. 
The viobility wa, 'll:I.lnttllloo in execs< ofn"!. with 1, 2 ~"" 10"/0 inoculum. exhibiting no 
'peClfic eff.ct of inorulum size. The gradual docre~se ,n ",&bi~ty with time >.eros, ~II 

these expernnent! at I"/. .olids loading (compared to the contwl . xperimem ~t 0"/. solid 
low..ng) confirms the ,tress exerted in the slurry reJc1:or 

f ::: I----=====---------~ 
--+- 1% 

6.1.1.3 Budding inde:< 

~~'" 6.4 Effoot of inocul"", >ize on viobility on Incub",iou " l~' 

>did. looding In tho ,jo'ry ""';''''. 

Pigure 6.5 shulvs changes in budding um." with tun. ~, ~ functio1l of inoculum size 
The maxunum budding index wa, obtlUned for the lowest 1II000-u1um size. It occurs me' a 
slightly lQ(]ger penx! of Ilrne, which c= be rel~ted tQ the longe' lag phase. Lmle 
differonc o III trend of budding IIIdex WIth time !s nOllceable . 

, 
~ ,., 
< 

, 
, 8.1 • 
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t;;? ~ .. 0 ~" 
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FiW"" 6.5 EiToct of inoculum oiz< "" bud.iina ""U"'X, 
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6.1.2 Glucose conccntralion 
The re,idual glucose conc"-Iltr:atlOn as a finlCbOn of time is given in Figure 6.6. 'Ihe 
,~cific sub,trate consumption rate and lag petiod preceding glucose cOflsumprion are 
tabulated in 'fable 6.3. Littl. difference W.lS ,een for Zo;., 2.5% and 10"/. (v/v) inoculum 
,iz.s in terms of glucose consulIf'tion profile, gluco,," lag phase :lnd specific sub",r·"te 
comumptiOfl rate. Gluco,," consumptIOn" more rapid for the 1% (vh') inoculum. 'Ibis 
IS probably be~""ilUse of mcreased m;amtenance reqU1<emenlS, supported by the data In 

Figure, 6.1, 6.3 and 6.7. 

10.0 1-

'0 "'\ 
G." 
6." ~ 

, 

" 

\\ ~ --

~ 
" Ti me (hi 

-

0"_ 

--- 1% 
____ 2% 

2 . 5~. 

----><- 1 0% 

Fw= 6.6 Elf"", ol o..oc-ul_ .i>e on waco"" oon'""'poon "" Olcub.tl<Jn .. 
W • • aW, loodlng In the uU<1J' .. ""to" 

Tobk 6.3 Gluoo", uptake p'".''''''' f", ddf .. ent i<locuIum " ",._ 

Inoculum aize q. (g.h.i.10' cellll~) Glucose lag phase (h) 

" 

6.1..3 Zeta polcntiai 
Figure 6.7 shows results for zerA potential of yeast as a function of time on O1I.tyin.g the 
Inoculum SIZe, For all 1IlOculum """s, zeta potenwl IncreaseS WIth time, As Inoculum 
size decreases, zeta potennal " higher, This 'uggests that the su,[oce charge of yea" is 
modified when mlCrOO.O are roofe ""pooed to hydrodynamoc StreSS. Th. mote ">'posed 
yeast are, the less cbarged th.y are. 'flus" in agreement WIth finding> reponed in Section 
5.1.4 bas.d on increased SIre" due W inc'eased ,olids loading 
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6.1..J. Ethanol concentration 
Ethanol OOIlCentratlOn ~< a fl1llction of tune for cluee inocullJffi!IIU< are pLottai in 
Figure 6_8. Ddta collected pnor to glucose depletion (from 0 to 15 hours) were med to 

.alcuLlte the ""ocdic ethanol production "'te. R..sults ~re reported m Table 6.4. A 
decrease In ethanol productiOCl1< ob",,,,ed when moculum ,ize '" reduced from 10% to 
2.5% (v/v), III lelTIl8 of ethanol =entrall()<l, produ<1: l"elci on submate and produ<1: 
yield on biom:J.<s. However with ~ 1% (v/v) inoculum ,ize, ethanol production occur< 
more rapidly, with a higher specific production rale with glueo,e b=g 'kpleted more 
qlllckly with the .ome Inoculum size_ This jugge.ts an increase in yea.1 met"Jboli(" ,"dIe 
below ~ crill<ilmoculum size and"J 'hilt in mel<lbohsm away from bionlil. .. produchOCl 
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~ 1 ~ 

- .. 

-

/~r' 
'.,; - . 

_._-

, 
Tim' I~) 

fOgo'" 6.8 Effi,,,, of moculum ru. "" .1I .. no! prud..ction. 

Tobl. 6.4 Eff«' cl Uloculum "',< 00 p<""iuct 1'0""._ I"~'_ 
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6.1.5 Disl:ussion and l:ulu:lusiullS 
The Influence of moculum size on the growth of micw-Ol:gan;sms has been poorly 
studied. ln this wo<k, an mvestigation of the effect of inoculum size on ye""l growth wa, 
pedu"""d. It has been demonstrate:! that tk inoculum size play, a determinant wle in 
yeast perfom1ance, Prom Z to 10% inoculum size, little difference was observed in the 
extent of yeast growth, glucose consumption and ethanol pmduction. However below 
2% (v Iv) inoculum size, the y.,.st ~cti,~ty changl'd. A, the inoculum ,ize was decre~""" 
the l<lg ph_ and exponential phase incr.,..sed while t1w specific growth rate and the 
biotna" yield decreased, & yeast vi:obility temained quire high fur:ill e"Penment' (above 
92%), it was concluded that a dect~se in inocuh,un size did not CilUse a mcreaSe m the 
death rate bur a reduced yea<r ~ctivity. 

6.2 EFFECT OF TNOCULU~f AGE 

As menllofltd In Sectioo 6.1, the effecl of Inoculum stare on the growth is not r"POrred 
in previous studies. Howey"" yeast ate postulared ro grow differently depending on 
11loculum conditions In order to access the influence of illOClJlum IIgI' on the growth, two 
moculum IIgI's were rested In this work. In the standard expenment, moculum was 
Ulcubared for 14 hou,", resultmg In a late exponential phase culture. A 24-hour 11l0culum 
repreoentmgthe smlIooa<y phase of growth, wd.S compared ro the standard condition . • '\11 
orher .xperimental cond1tion. (.ohds loading. iIOlid size, ag>ta\lon rate and type, Uloculum 
size) were maint:tifltd ~t their rderence value, {Section 3,4). The dat~ used tIl gmeme 
the plot, presented in this section are tobulated In AppendIx FA-

6.2.1 TOial cell concentration, viability and repl'udul:tiull 

6.2.11 Toral cell concentration 

Figure 6,9 shows total cdl concentration as a function of time for the two inoculum "11"" 
Specific growth rare, bg period, :rnd yield, are reported in Table 6.5, It ,. d early 
obseryed that no difference in the", parameters eXiSts between the two inoculum ages, 

ro 
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Inoculum Age I, .. (h) I ... (h) Yx/. 
(10' cello/ kl 

14 hr 3.5 (± 0.5) 0,135 (± 0,0 18) 15 (+ 1.5) 7,15 (± 0,96) 
24 hr 3 0.134 7,/7 

6.2.12 Viable cell concentration 

V",ble cd! cOflcentration as ~ function of time is given in Figure 6.10 for the two 
U10culwn agE",;, Table 6,6 prelents the re,wt> for the 'peCIfic growth rate b.oed on vi2ble 
cells and the ratio of maximum viable cell count, between thele expenmento and the 
control (0% (v/v) sulod lo-Jding). While little dIfference i, observed U1 viable cell 
concentrallOn dunng the log and ""ponennol ph_se, (same values for the 'pecific growth 
rate), ~ decrease 1fI the vmble cell concentratIOn 1< ob<.er\'ed Wlth ~ 24h lfIocwum In the 
stanonary phase, Ounng the same periud uf time, v.able cell concentratIOn fetruum 

constllntwith a 14ft 111orulum. 

~ ""'------:= ---- ---1 

! <=i~-~~~ ~ ~ --. 
~ 

~ '", • 
83) 

i lO C/jL---------------C~CL~ 
0 __ -_-_-_-__ 

O''O103)~30 

limo (h' 

Figu<e 6.10 Elf"", of inoculum OS" on vioLl. ""m «>nuonluJion in lh< .Iorry 
b.,,,,,,,,to, .. \o/, .ood, 1o.diDg, 

Inoculum .. g~ ~( ,,-. .... (h-I ) :K,... ..... (10' X~~'i"'./x... .... 
""U./mL) 

H br 0 118 (± 0,016) 49.5 (± 4.3) 0.83 (± 0,07) 
24 hi- 0.121 37.6 0.63 

Figure 6,11 ,how, ,~ab,\ity os a function of Ume fOf the two mocl.lium ages. It cleady 
~pp ea" that viability decreased mure rilf>Klly for a 24h rnocwum than fOf the late 
exponential phase moculum (14h). \,\,'hile viability's h'gher than 92% thruughout w 
fermcntauon mO<.l.l1ated WIth the 14h 1n0<'1.l1urn, n de<;reased w 75% w,th the 24h 
U1oculum.lt confirms the previoo< observatIOn (Secuon 6,2,1.1) that moculum.S" doe, 
not .ffect W tor-oil cell number concentration but VIable cell number U1 stat>unary phase 
decrease, when increas.ng the mocu\um age ITom 14h to 24h. Hence, it can be 
p",rulated that an U1creas~ in the death rate ,n statlonary phase occurs when mcreasmg 
the inoculum.S" 
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F;g.,r< 6,11 Effect ofinocuJwn 'Il" "" viobili<r_ 

6.2.U Budding inde" 
Figure 6.12 ,how, buddmg mdex profile, "" ~ funct:101l of time for twO Inoculum ages_ It 
cleady appears that moculum age ha, ~ .trong influence on budthng in""". The 24-hCOlr 
lno<.:ulum <.-urve ""hiblls a high 'ni[ml value of budding mdex_ Dunng lag phas." the 
budding index drops sharply from 0.4 to O.OS, while it increases for ~ 14-hour inoculum_ 
From 15 houts, budding index mows the same behaviCOlr for the two inoculum ages. 
Difference, observed during lag phase confirm that the mocul~ are in a different 
meNbolic .tate when added to the reactor. 

'" ,. 
~ 0,3.'; 

! '" 0.25 

.~ 0.'" 

c, '0 . 

c:;t, -
c.oo 

• 

6,22 Glucose concentration 

" -. " " 

Sub,tnte con.-umptlOn mea.ured on terms of glucose concentration is ,llu.tr1lted in 
Figure 6 \3, Values for specific substrate con.umption rate and substrate lag phase ~re 
reported m Table 6.7. It!S observed that glueo.., was consumed more rap,dly with a 24h 
inoculwn than a 14h moculurn 11n.!S confirrr>ed by ~ shorter gluco.e lag ph",e ""d ~ 
higher specific substrate consumptIOn rate_ ConS1del1ng that the same total cell 
conctntrations were ob"erved for the two inoculum ~ges, 11 may be assumed thaI glucose 
was u.ed with the 24h inoculum for both growlh and maint"nlll'C" r.qwr"m"ru" Once 
all the glucose was depleted (after lOb), VIable cell c()nctnt['~l1on dec=sed, suggeSllng 
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that yea't a<e unable to remain viable unde, cunditiom whe,e the ' OO"tllte" msuffic!ent 
to provide energy for cen mamtenance. 

,. 
; 
; 

~ ; 

- ---" , 
'\ \ ---~~ 

• ; ; , 
; \ ~ 
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• " :::-::; ~ 
• 

Fij:w< 6,13 Eff",,! Qfinocu1un> 'II" on gI"""," GOD'wnp,""" 

T,bl< 6,7 G1u<ooo ~P""" P<Ilomet< .. for ""<>1""""1",,, '8'" 

Inoculum age q, (g.l,-'.lO' "ells·') Glucos~ lag pha"~ (h) 

6.2.3 Zeta pokntiai 
Figure 6.14 shows remIt, for zeta p{){enti~l measurement, fot two tf10culum age" Por 
both experimenn, zeta potential increa""d ",;th tim., With a 24h inoculum, zeta potenti~l 
of yeast wa, higher throughout the feunentation than With the 14h moculum. This 
confinned that surfol.Ce ch",ge was modified.1 a function of the phy,iological statu, of 
the cdl and when yeast ate e>:po<ed to stressful conditions . 

> , 
• , 
; 

• • 
." 
; 

; 

; ,. 

·l~ '" _ ___ ... h I 

-~ • ..---'" 
~ ·0 l--..J 

, --~ 

" • • • 

-. 
figur< 6.14 Effoet of ",ocuIum 'lr" <:m ""to po<=<i.I, 
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6.2.4 Ethanol conccntration 
Ethonol com;entrallon ~s ~ function of tiJl'r fotlowing mOC\.llanon uSing the two 
inoculum age'" g>ven 1fI Figure 6.15. Table 6.S summarises the values calrulated for the 
,peofic pmducnon r,<le of ethanol, pmdu~1: yield on sub,trare and product yield on 
bioma". It dearly appe-ars that a h1gher moculum as" ",duced the C"-tent of ctbanol 
proWcoon. Not only waS the maximUm ethanol concentrnllOn ,educed, but q,. and 
Y~<JH;' were also diminished. This corrciates wen With the hypothesis that so.:bmate" 
used for ~ell maintenonce and not fo, no=l metabolic activity with the 24h inoculum. 

co 

n 

~ '" , 1 .5 

~ " ~ 
< 

0. 0 

0." , .. " '" ~5 30 

Tlmo j~) 

Inoculum age q,. (g.h·' .W' celh·i ) Y""",I_ 

6.2.5 Discussion and conclusions 
\Vhile no litcrnrure reference on d,e influence of moculum on yeast growth wa, found, it 
i, ~ornITKInly held that such influence existS. Hence the effect of moculum age waS 
investigated in thi, srudy. It was found rmt little diffecen~e in tot"! ~ell comentration 
could be dete~1ed between a 14h inoculum and a 24h inoculum. However difference, 
were observed 1fl temlS of viabliloty, budding index, ,ub,tr .. te consumption and ethanol 
production. The decrc:ase in viable ceU concentr:aoon in stationary pha,e and the decrea'e 
III budding in<!"" suggeoted that death rate wao nol negligible fonowmg Ifloculaoon With 
the 2 .. h lIloculllffi. Rapid glucose uptake and lower ethonol produ~oon confinnM that 
,ub it ..... te was u,ed OOt only for cell growth (same ptofile for lag and e>:ponenoal pMse.), 
but also provided energy for ~ell rnamte1lance. On depleoon of all gluco,., theoe yeast 
were more sensible to h},jrodynamic SUess and higher number of dead ~ells WiS 
observed. hom these ob,erv .. tion" the existence of an optimum mOCWuffi age for 
growth of m,,;ro-orga1l1Sm, ""lSteeL Two experiment..! colldition, were ",sufficient to 
determme d", wlue of this optimum. However a 24h ulOcLIlum ~ppeared less reSllielll to 
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)'''>SI growl'lI under !Ire!! comr~red 10 a 1411 inoculum Further Ih;! res;lience du", not 
app"'" [0 b. ,ecovered in a sing!. growm cyck, 
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7_1 

Chapter 7: 
the yeast 
bioreactor 

Influence of the impeller on 
performance in the slurry 

7.1 EFFECT OF IMPELLER TYPE 

Experiment' with two tmpdler type, w~rt" performed, tn ot-det- to e,rabli;.h wheth~r the 
m~ellet flow pattem would airel' cell "cTivity and viability, Under .t.ndard wndition" a 
Ru,hron nll:bine wa, u,<.ed, providing a meli"l flr>w patte"" In additi'>Il, a pitched-bladL 
turblIK wa, cho.en as the axiallmpdler lD generate the a.~lal Ibw pattern, T'.xp"nmen5 
were perfonned ',It brn-h 0'/, and 1% (,'h') ,<.Olid, loading.;_ n,e dau u'Ld to gcner.tJc thL 
graph, p,e,Ln(Ld Hl tI", <.edLon are Ubulated in Append", F ,5, 

7.1.1 Tutal cell concentration, viabilily and reproduction 

7.1.1.1 Total c~ll conantration 
Figure 7,1 ,how; lDtal cdl ooncenrration "' a i\,nct;on oft;mc fur the Rushton tutbine 
{RT) '''nd pitched-blade turbine (PH1) ',It O:md 1'/, (,'f,) ,<olid, toading, Calculations for 
growth parameter, ""e reported in Table 7 ,1. 

" " ! :1 
~ ", t-
;" 

" o 
o , 

Tobk n Inn"""". ubmpell."jp" C<> gru~ Lh p",meo:.", 

ImpdI~r tc .. (b) J.i..- .. , (b-') 
type 

0'/, It!' 3_0 (+ 10;- 0254 (-r orm; 
1'/, RT 3_5 (+ 0.5) 0135 (+ 001~) 
flY, PRT 30 0,164 
l%PRT 3,0 0,141 

--""AT 
-- ''''AT 
~., 

--,."" " 

t,.," (h) Yxjo 
(10' cdl./);) 

17 (± 1.0; 7,53 ('I 1.0B', 

15(i 1.5) 715 (± 0,%) 

" 6, /6 
H 66~ 
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When companng the Rushton tumine to the pitch,,,j-blade turb ine>, a slight d~crease In 

the station~ phase cdl conccnmtlOn was observed w,th the a>:,al impeller. TIllS reduced 
acunty was supported by the dtCrNse In biomass )~dd and exponential phase wranon 
(Tabl~ 7.1). Considenng only th~ pitch,,,j-bl.de ,mpeller, no diffen>ncc b,>tw,,,,n 
e:q>eruncnts at 0";. and to/. (v/v) rolids loadings could b.. 1lSsessed_ At these 
concenmtions, a decrease> in extent of growth uiUlg • Rushton turbine cwld not be 
observed ",dw< (Section 5.1). However Figure 5.2 and Table 7.1 mow th.t there .s • 
significant difference in the mox'nlUm .pecific growth rates at 1)';' and 1% solidi (v/v). A 
mechanism ind'1lendcnt of solids loading is suspected to ~ rcspOl,"ible for reduced 
growth. Pitched-blade turbine produce. a lower rurbulence im .. ns;ty than a Ru.hton 
rutbine (Hackl ,t d., 1989), and regu1fe. a low...- power input per unit volurt'l<' Hence an 
oxygen trans/i.>.r limitation rrught cauie • decrc:o..e in growth. 

7.1.1.2 V~b\e cell concenlntion 
Figun> 7.2 shows vi:abk cell conccnmtion a. a function of tim,> for the two impeller 
types. while viability ii illustrated in Figurt' 7.3. The ftaction of viohle cells in the 
stanonaty ph.se and specific growth tales hased on viahle cell. are reported in Table 7.2_ 

, 
" 11mo (Il) 

T.bl< 7.2 Sp«ific growth uk b .. <d On ,i.bIe cdl. fo, two impell« type. 

Impeller type J.I. ~ ..... ",. 

0''10 itT 
1';. RT 

1)'/. PDT 
1% PDT 

, .00 
o. o. .. 
oro 
o. 
0 .• 
o~ 

O~ 

0253 (i 0.D2~ 
0.\3B (iO.O IG) 

0. 155 
0.144 

~~~ 

---- ,." AT 
~~, 

---><- '"",PBT 

-J 

" 0 ... (1\) 

% of viable celli ~1 dle 
end of We growth 

98.2 (-t 1_3) 

96.1 (i 5_6) 
84.5 
80.0 

.• . §3 
~x , , 

• 
Figu<e 7.) FEw of ;mpdJe. '11'" on w.bility_ 
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As ob.erred in s.ctlOn 7.1, I ,1, vi .. ble cell concentration p<ofilei ;\Ild spec-ific growth rate 
based on viable cells we ... very "mil"" for the pitched-bl:ode impeller at the twO solid, 
lo:odmgs, However a ,harp dterea,e Ul viability was ob.erved aftet IOh for cell. grown .. , 
I ~ •• oIid. lo>lding_ It w"" suggested thot the combined dfects of hydrodynamic .u-e •• 
plus oxygen hmltation SUeSS resulted in the decrea.e on cell nobility and subsequent 
on""'" on the death rate cOfImmt k,. AgitatlOfl WIth .. pitched-blade turbine did not 
maontaUl cell VIability on the reported hmits of VIability for unstressed _ystems (94 to 
99"/. ), evtll on the absence 0 f solid particle,. 

7.1.1.3 Budding index 
Influence of 1ffipclkr type on budd1flg !ndex., a funct>on of nme '" .1lu.tr~ted in Figure 
7 A. For aU experimental conditions, budding index exhibited the 'arne trend: it incfCaoed 
through the lag ph .. e ..,d the beginning of ,"'!'oomtial phase and decre05.d fwm mid­
exponential phase. At 0"1. solid loading, maximum budding index Wll$ ob'erved at the 
same time (5 h) fur both irrpeller !)pes, while maxitnlm budding ind. x was delayed to 

7h at 1% .olid. loooing. 11", .upported the as>umptiun that solids loading decreased cell 
"ctivity (SecOOn 5,1). \Vhik a slight decrease in budding index was apparent for a 
pitched-blade turbine compared to the Ru,hton one, re'ults for 0% and 1% (v/v) solids 
lo:oding on ag.tatiOn with the pitched_blade IUrbmc were very slffiilar. Thi. confirmed that 
reduced activity u"ng the axial flow Impeller may r",ult from a stress mdependent of the 
solid particules. 

7.1.2 Glucose concenuation 
Iksult, fo< glucose con,ump!1Of1 when changing impeller type "fe p"'",ntcd in Figure 
7.5. Glucose uprnke parameten; are Ulbulated in Table 7.3, 
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T~k 7_31nlloeDCo <>f impdh ll'J'" on giue"",, up,"k< p"".m"",,, 

Impeller type q, (g.h- ' .10"celk') Glucose lag phase 

O%RT 
l% RT 

(h) 

I; 

Glucose consumption showed the same profiks at 0";. and 1% (v/v) ,olid, loading for 
the pitched-blade turbine, supporting the postulation that the stress introduced by the 
lower energy input .... oci.w:I with the pitched-bb.de ruroine dominated the 't"''' 
generated by the influence of wlid paroculate._ Thi~ was further supported by the 
"unilaritle" in sub'lmle con"umprion ~Jte and gU.cose lag dumuon on agltation with the 
pitched-blade rurbme . 1 0 and 1% solids Ioadmg. The substrale was comumed mo", 
~.Ip,dly (hi!#>-er sub.trate con.umption <ate and .momr g1",,= bg pha,e) when yca.t 
were grown in a slurry reactor agitated by a pitched-blade i~ener compared to • 
Ru.mtO<l turbine. ], wa.previoudy found thaI rate and ..:Ient of growth we", w:luced 
using the pitched-blade impeller type. As a consequence higher gluco.e consumption i. 
postulated to be requittd for pwviding extra energy for ccll nWntcnance. 

7.1.3 Zd~ potentI~l 
Figure 7.6 presents results for zeu potennal ffie"""-t.ffient. '" a f"""Ii"n "f tin",. fur two 
impdlero, 
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-
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, 

Figo .. 7,6 Eff«t of im[><l!., typ< on ,of> po_ri.t m . .. ur<m.n" 

An increase in 2em potential mearurcments with tim(, """ observed for pitched-blade 
impeller. As noticed previously. observations ~t 0"1. and I,\,. wlid, loadings were very 
similar. In 5e<:tion 5.'-3, yeast """"nendng mild-suel5 (0.5 00 2"/. (v/v) solids loading) 
were found to c:<hibit Ulcrea,cd 'urface clurge with increa,ing time of "'po<urc to <m • ., 
"uggestlIlg that modificatIOns in the cdl will colIl'<',mon occurred. S!milarly, yeast 
grown in a reactor ag>tated by an ;\Xla1 impeller may expenenC<' ,tee .. other than or ill 
additIOn to hydrodynanuc SlttU. 

7.1.4 Di,cu~sion and <.:onclusions 

In this .rudy, oompanwo berwcen two impclicr typel, Rushton turbine llld p,tchoo­
blade impeller was performed, at both 0'/. and 1% ,O/id, loading._ It w~, clearly 
dcmon.tr-.n. d that in that range of conccnm<tion., the presence of the solid partid", had 
no influence on the growth u.ing the p""hed-blade impeller, 'This was supported by the 
,imilariues in Itationary phase celi concentration, specific growth '-'lIe, biomass y>eld, 
budding 1fl<Iex, glucose concwffillion and "eta potential, Only viability indiC<lled a 
diffcccnce ",hen solid was added to the bioreactor, Lower VIability was ob,erved at 10/. 
solid, loading, 
Wh en comparing observations with the pitched-blade turbine to the one. with the 
Ruston turbme, reduced rate .. nd extent of growth .. nd lower buddll1g 'ndex were 
noticed, Th...., findings disagree with those found on the hter:ltU<e. Scholu-Brown (1998) 
used both Ru,hton turbme ond p1!ched-blade rurbine to disrupt yeast cells in a ,lurry 
reactor. The)' ob,erved the same mo.X1!num extent of cdl d1Sruption, lrrespectwe of the 
flow p"ttcm However the rate of cd l disruption WllS less for the pItched-blade rurome. 
Pea",e (1993) al so found w,th ~ ffilneral bio"",dation 1)"= that ",th er the Rmhton or 
the ;waJ impeller at on "'>peller 'peed of 35-0 tpm did not Inhibit the growth of 
thlObaalli. At 630 tpm, n:) a<.t1V1ty appeared III the tank agitated by a Ru<hton turbine 
while the growth rate .tarted to increase after a lag pha,e of 1+ daY" 
'Ibe apparent contradiction between <e.ult, obtained in t/us work and lhooe reported m 
the literature might be explained by Hackl et ai. (1989) observations. '! 'hey r<"potted that 
pItched-blade turbine h .. , • higher pump1ng CIIpamy thon Ru,hton tu<bine and, for a 
given lmpcller 'peed, reqo.nr .. less power. Bm ... a consequence, it produ~e, lower 
rurbulence lflten"ty, !he lower mJ"'ng may umuce on ol<ygen lirrutal1O<l, relulung 1fl 

reduced e>tten[ of growth, 
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7.2 EHiECT OF l.~lPELLER SPEED 

In thi.o; .er of ex~riments, the Rushton turbine was used and the ,ohd, loading wa~ fued 
al 1% (v/v) . A sene, of expenment, wa, performed ovo< the ""peller 'Pced ,"nge of 460 
to 850 rpm 10 invosngare the lIlflucnce of agilanon ratl', and thereby energy input, on 
yeast growth. For the same .ystem of srudy, Scholtz-Brown :md Huri,on (2002» 
mea.ured the cnttcal 'mpener 'Peed fur c~lctc ""''Pension of the ,olid •. At 50;, (v Iv) 
roIids loading, tlus critical impdler speed wa, $('t at 400 rpm, In accordance with their 
result" complete 'U'Pcn,!on of the solids wa. ob,erYed for al l e"Perirncnto 1fI our ,rudy, 
The dard pruented 1fI thi , wcllon ~re tabul.ted III Appendix F.6. 

7.2.1 Total cdl concentration, viahility ami reproduction 

7.2.LI T OIaI ~U COllccn(1atioll 
Figure 7.7 .hows total cell concentration a~ a function of time followmg agttation at the 
four i~eller ' peeds 460, 565, 600 and 850 rpm, corre' porKl!ng to impeller tip .peed, of 
1-91, 233, 2-4S and 3.51 m .• ! respocllvcly Calculations for growth pa~amcters are 
reported in Table 7,01-, 

" • ---'- "" i 
-~ ,. ~ '. ~ • 

~ '" p-i" 
" 
0 

0 • • • 

T,blc 7.4 Infl"""". of. ,,~pdb 'po<d on gro..-th puamrl"" 

Spted Impeller lil' ~ .. (h) Ik""" , (h·
1
) .... (h) Yx/. 

(rpm) speed (m.s") (IO'ceU. /g) 

"0 1.91 , O,U77 '" 5.14 

'"' 2.33 3.5 (± 0.5) 0.135 (± O.O IS) 15 (± 1.5) 7,15 (± U,96) 

000 2,48 " 0,125 " 6.17 

"SO 3.51 , 0,114 " 492 

On incre.~ing the agttation rare above the nandard rate of 565 rpm, the reduction in 
both the rate.."d enem of growth WIth !ncreawd unpeller ,peed wa, clearly illustrated. 
The reduced extent of growth wa.' seen by a dec=e in biO/rulSl! yield, Y%}. Cf.h1e 74) 
and In the stat>onary pha,e coil concentraticc (Figure 7.7), It" proposed that th e reduced 
apparent ..,eof.., growth rate may result from an increase in the de.th rate (kol with 
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mer.,. .. ing m~e1ler _peed, where kd is • power law function of «gitation ,.te. Modelling 
the death rate was performed and "'Iults prclCl1red in Scction 7,2.7. 
On decrease of the ~gttauon ",re below the smnru..rd rate of 565 rpm to 460 qlm, ~ 
deer ... ,e in the spec.fic growth ute, bioma," YIeld and .t'duOIlary ph .. e cell 
concentral1ons was aha observed, A diffctCllt SUC$S mechanism occurnng at low 
ag>tdtlon .. te _um a, poor rnasl transfer m~y elucidate thil apparcnt contradiction. 

7.2.1.2 Villble cell concenuation 
The effect of impeller speed on VI~ble cell concentration i, illu,mtcd In Figure 7,8. 
Re,ults for 'P"C1fic growth rate, b:u;ed on Viabl e cdl conCClltratlOn and the Vlabl. cd! 
fmction .., the end of the growth arc tabulated 11l Table 7.5, Figure 7,9 pre.enti the 
fraction of viable cell, as ~ functioo. of tome at different uTlpeller speeds, 

-~ , , 1 
~~ 

/' 
, , , 

0 ~ 
~ 

~p - , -

0 -.17-
or=' , " • 

T .... (h) 

Tobk 7.5 Spocific I"'",th '""" b • ....J "'" ",abl. eel =,..oon ,oct vubk cd f .. <;Ii"" .l the end of the !I'",,(}, 
.. diff""",,-' imp.nor >peed" 

Speed 
(Trn) 

1()'() 

565 
600 
.sO 

•• ,. 
0." •• 

;oro 
0,0' 
om 
o~ 

~ 

0.074 

0.138 (± 0.0]6) 

, 

0.125 
0,111 

'I. ofviab!e cells at the 
end of the growth 

947 
83,9 (+ 5.6) 

8(i,2 

77.4 

-

• 
Figu .. 7,9 Effi>ct of iml'dk, .peed On vubility 
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• 

~~ II===;·;:==:;;'';''C=====~==~ __ :: __ ~:: 
.00 500 

",,_ .- (h ~ XIOO, 
* fuW rulbi1ityj . 

N (rpm) 

X_ (let ",U, /mL), ' YXI' (10" cd!'/&! • • ' " (h) x 10, 

k with the total cell nu~r, a decrease in viable cdl number 1fl the 't~tionary phase wa, 
ob,e",. d Wlth mere. smg ' rnpdler speeds from 565 ro 850 rpm. Th. specific growth rate 
b~ .. d on ''lobI. cdl number correspoooM well to that reporrM on toW cd] number, 
decreasmg with increasmg ~giration ",te (hble 7.5) . When increo.,ing impelle, speed, a 
decrease ill the fraccion of ",oble cells of 10 to 15% was observed With time, illdicating 
loss of VIability or cell d"'-th for the h~rshe, speMs. These ob.erv~tiom ate consi.tent 
WIth the hypothesis of on mcreastng cdl death with mcreasmg agitation ",Ie. The fraction 
of vmble cells typically found under '-'Pumal growth condlUO<ls Le. in the =~ 0_94 ru 
0.<)9. The data collected at 4«1 rpm were seen to coufonn to thi, pattern (Figu,"" 7.9). 
DespIte the decrease Jfl cell actWlty and extent of growth at 460 rpm, the yeasl w. re 
found ru b. more vtable thlll :<[ higher inveller speeds_ A limiting nutnelll or o:<yg01 
trlifl,f. r rate is ruggested ru explalll the lower growth, whil. cells are subj . cted wi." 
hydrodynan'llc SI,e., . 

7.2.1.3 Budding inde" 
Budding mdex profile, a, a function of time for differenl impell er speed. are pre,ented 
in Figu'"" 7.1 t. The ,ame general trends were Ob .. rvM for 565, 600 and 850 rpm. !he 
budding index inc,""os.d durtng the lag pha .. and exponential pha,e, then decreased 
from rnid-exponentio.l phase to stationary pha,e_ How~'V.r a ,harper decrea,e """ 
ob,erved for &50 rpm tMn 565 or 600 rpm with the budding ,nde:x remoining bdow O.OS 
after IOh_ lbi, ,ugge,ted cell acuvity wa, adve, .. ly affected by the presence of <olid, 
loading 01 high .gill!tion rate_ TIle b. haviou[ at 460 rpm <liffered from prcvlom 
observations. No inc,,,,, .. was ooscrved during the lag phase. In'tead the budding index 
decreased with the time of growth_ It i, also ob,erved thai budrung occurs earlier at 
h'gher ~gtll!llon mten"tles (Figure 7.11). 
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~ij:u", 7.11 Uht of impelh .peed on budding md". 

7.2.2 Ethanol concentratiun 

Ethanol pmductioll ~s a fUllctjon of tjmc at different. impeUe. 'pee,:!. " illustrated in 
I"i);tlre 7.12. CakuIJ{t()tl, for ethanol pnxlu~"tl()tl p,wJmete" ar~ n<port..d Ln Table 7.6 
Fm'" the e"perimellt data. It wa, apparellt that high lc, cl of agttariclll Afcct"d negauvel), 
the ""tent of product fomtllloll. Thi, wa, eon firmed b)' the dccre~se ill both pwdllct 
Y'~kl C<l substrate and proouct l,dd un biuma" wLth 'n~r"'''tn); "np~ller ,pe~d 
\for".we". tlw ~thanol cOfl~enh"J.tioll at ~so rpm decreased le" "'p,dl), thlll ~t 600 qlm, 
,1li, ma)'1x .elated to thc lower viability of the cells at 850 'pm, 

,., - .• 
" - » 

';' M 

" ~~ , 
" ~ 1 1,' . 

• 
" 
" 
M' 

• " " r ... {'ol 

Speed (rpm) qp (g.h-'.10'cells-') Y.""i/. Y.,(}HI_ 
(g.lO ' cells·') 

'''' OOOSS ().206 (1040 

505 0.0039 (+ 0.(01) 0.(93(+0.013) 00~7 (+ 0.001~ 
6(X) 0,0071 0().J.1 0007 
8S0 0.W,2 OJ)~9 0016 
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7.2.3 TEM analysis 
As d~r.iled m SectiO<l 5.1.6, transrruSS1()n electron microscopy was performed on yea't 
growmg at 850 rpm og;tatiO<l "'te with 1'10 (v Iv) solid, loading Sa"'i'l~s were prepared 
at the end of the lag phase (3h), mid-exponential ph.,., (14h) and stationary ph~se (28h). 
Preparation for TEl'II ",,~lyse, i, detailed in Appendix C. S=ple, wer~ prepared in the 
S",,"", way as tho.e at 0"/. and 1'1. solids loading. but ~t ~ different time, cO<l,e9uently 
slight differences in the cell wall staining may occur. Figure 7.13 shows a series of 
mlcrogrdphs obtained at 0% (v/v) 565 rpm, 1% (v/v) 565 rpm, and 1% (v/v) gsa rpm. 
The inlluen"" of agit.tion rate on the ~el1 will thidrn~ss i, illu.trated in Figure 7,14. The 
d~ta used is detailed m Appendix H. 

0'1. ,OliJ 

t ~ 14.h t - 28h 
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It""'''' 1m. impfIIJr •• , .. ~"".tb 

i ' 00 +--1--------1 ====::0 I!I Cell w"lIlhd ll""S (!,.,., ) 
~ D%sclid 

~ 
= 

12 (31)) il 5 (t 4 11) 

Time 

117 (28h) 

• Cell wa.lllwkll""" (nm) 
: %sclid 

D Coli 'Na l th':ckness (nm) 
a,;Orp m 

The CDIIf>~nson of cell wall tluckne .. fOf different expcrim..ntal condition, dearly 
showed that yean cell wall mc<eased in thIckness fu< a it<essed Syitem (1% (v/v) solids 
loading and 850 <pm). No maio< different:<' l>etw.en yeast grown at 565rpm, 1'10 (v/v) 
su.hds concentrnMn and tho,e grown at 850 <pm. 1% (v/v) ,olids concentratKm was 
.. en, except for .~rnple 2 (3h). At the end of the lag phase, the wall thickness was 
significantly higher for the mor. ,tr.,sed conditions (1'10 soli'" loading by volume, plu, 
850 <pm agttallon rnt.J. &; menMned 111 Section 5.1.6 for 1% s.olid. loadinr. l.rge 
diff.r.nces 111 cdl ",,,n duckne., ",thm each somple were notICed for 565 <pm at 14h and 
28h. As the ratio of thin 10 thick wall, incr."".d with tim.. (and thi, ch.nge was more 
prevalent "t 850 rpm and 1% ,oIids loading th~n at 565 <pm and 1% so~ds luading), it 
wa, assumed that thin cells were dead ord=ged ones (f"ble 7.1). 

Sample 
#2 
#5 

565 rpm ~nd 1% solid 
28.6 
33.3 
44.4 

~so T en and 1'/ •• <.>lid 
14.3 
57.1 
77.8 

Nut unly did the fraction of thin walled cell, IIlcr.ases at high agttation rate, but the 
number of lysed cell, also increased. This c""firmi an Il1creased III the death ate 
constant k.". under harsher hydrodynamIc condition,. Figure 7.15 gtves an illuit<:lllon of ~ 
cell lysed <It twu point" It was app;uent that cell disruption Il1volved the ruptur. of the 
cill membrane and the rdease of intracellular compound, '"to the growth medium, ThIS 
support:< the use of bead mills (sIu'ry f.actors at high ~&t~tion speed and high ,oIid, 
ooncentr:l.tion) for the recovery of Il1tracellul;u .nzymes. Irregularities in the wall 
thickness at th. rugher impeller speed were also observed. They were -.lw ob,erved at 
1% solid, loading: 



Univ
ers

ity
 of

  C
ap

e T
ow

n

7_12 

.-
Y>gure 7.15 Jlh"'noon of • Iy.od reU (850 rpm, t • 28lI) 

The cell wall of S_haromyc<f ",,.,"i,,, " an el ... tic itructu<e that provides osmotic and 
physical protection and is <espot1ssbk 1m th. mech<illleal strength of the cdl (Klis ,t aL, 
2001). The cell wall oo",truclloo is ~ dynamic process and the cel! c~n make oons>derable 
~diustmenti to the composition and O!!UCture of its w..:!l during the cell cycle or in 
responso to envi'onmental oonditlOns such "" nut,ient and o:qgen availability, 
lemper:arure and pH (Kapteyn et aI., 1999). Kapreyn tt al (1999) also rcpo"",d thaI whcn 
the cell wall " dcf"oove, dramatic chonges can occur milS molecular . rchitectlJ[e 
pomtmg to the .xiSle'lCe of cell wall repOlr mechanillms that compensate for cell damage. 
It appears that m this srudy th~t y.,.St cells adapted to harsh hydrodynOlllic cOflditions by 
mcre<limg their wall thickness. Repai, mec~sms were suggesled by the irregularities III 
the wan truck"",, of otressed cells, compored to tho ,"" o.Utured III unstressed 
environments. No investigation of the Composilion of the wall 'MI.S performed, but 
literatu<e suggeSts that ~l,3-g1ucan and chitin playa determinant [Ole in responding to 
messes (K...pteyn , / aI., 1999). 

7.2A Modelling 
ror agitation tat.s lugh.r than 565 rpm, where hydrodynamic stre .. " the predominant 
death =hanlSm, thc death ralC consr:an! 1<.; w,," mooelled as pres.nted 1fl Secoon 5.1.7. 
'[be app~rmt cell growth rate w ... posrubted to be equal to the true gro ... 1:h ntc ill the 
~bse!lCe of ",ltd less the cell death r:al •. 

\"ho['o 

dX -=p,·X 
d, 

p,=J.I._O- k. 

And X: biomass concentration (utceUs/mL) 
t: llrne (h) 
1-1: "Pparent growth r:ate (h') 
].-l.~': tn><' growth rate in the ",,-,cnce of solid (h.l) 
l.,,: cell death rate ~,-l) 

EqU.110D 7.1 

E'Iu.tioo 7.2 
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The de~th rate wa£ given ;os the pmduct of cdl CQilccntranon and the 
conStanf.1;, WllS c~p<essed ;os ~ powe, h.w function of Ihe ~giNtion rale N: 

death rate 

whc<c N is thc agitation raw (rpm) 
c, d a<e const:l.I1t!. 

k" = eN" 

All thc calculations performed to detcrmine c and d are reported 1<) Appendix L 'I'M 
following ""pression WllS determined, 

k. = 0.0 14x N~'" 

Thc model was found to corrdatc With cxpcrnncnnu data WIth ~ c""fficien! of 
correl.tion R' equal 10 0,87. 'Ihe panty belWeffi the actual 1<d delemUned and thc 
predicted by equ.tlon 7.2 is coJlfl~",d in Figu,e 7,16, 

0 ,145 1 
0.14 

0,135 ./ 
~ ./ 0,13 

" /~ < 0,125 - -
0,12 

0,115 

0,115 0,12 0,125 0,13 0,135 0,14 0,145 

kd exp 

Figo'" 7.16 C""'p.ci>oo! be""""" .. pHin>enlll d..w. con"""" (k< a>J . nd ou<>de~,d de,tll 
oonn ... " (k., ..,.). 

7,2.5 Discussion and conclusions 

It h~, been shown th~1 u., ~g"'U1on rate ;;trOllgly inflUfficed the growth of Sa.:churr)!J!Y'tf 
am..""" 1{1 a slurry <cacto<- An unpeUc< spced of 565 rpm, corre'ponding to an iJlfldlcr 
tip speed of 2,33 m . .-" WlI' found to be the most fuvournble for yeast g<owth In th e 
presence of 1% by volume ,us?"nded solids. 
Below 565 rpm, thc <cducro rate and cxtent of growth was postulated to be due 10 
nutncnt limitation, even though cell viwility rema11led in the reported value, for 
unsttcssro systcms. 
Above 600 rpm (2.48 m . .-' tip speed), a dec,e"",, in both cell viability ~nd activity (in 
tCrmS of 1).1 ....... Y>/., Y',"X> q" .tuiona<y ph~"" ccll ooncffitration) wa, noticed. Thi. i, 
m agreement with the literarure, 'Ihe effect of agitation intensity on cell damage h;os been 
mvcstIgatcd If! the ml11eral bio-Dxidation and animal cdl-microcarner sy'tems, In the 
mineral bio-DAAiation .ystem, fuclcl u al (1989) found that an impeller tlp speed of 5,3 
m'-' was demmenral ro {kobadl/i , Howeve< norrn;ol leach rates wew obsc<vt<d whcn 
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stress on ...... ,,~ .. "'h. 

structure a 
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u"''-,,, ....... was grown at 30°C in a oven 14 
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reactor arn~mth 

I, .1. Medium R .. "rrion M .. rliun1 

Solutions Mass (g) Mass (g) 
up r!,rtill"r! up disrillet1 

water) 
1. rvlnr ..... ~ .. c. In 500mL In 1800 rnL 
rvlllrme (Dextrose) 13.35 (26.7 giL) 36 (20 giL) 
A :C. 289 2 ml to each reactor before ..... Lu" ... ving 

2. Salt Solution In500mL In 1500rnL 
CNH4)zS04 2.59 21.03 (in 1500 mI) 
KHzP04 0.77 6.21 
MgS04,7H2O 0.275 2.22 
each 0.065 0.54 
H)B04 0.005 0.042 
rf'lso. ,7H20 0.0005 0.0042 
C:uSO,,5HzO 0.002 0.0162 
7nSO',7HzO 0.005 0.0405 
MnSo. H2O 0.015 0.0123 
KI 0.0005 0.042 
FeS04,7HzO 0.001 0.0081 
Ah{S04h,18HzO 0.0015 0.0123 
Buffer N aAcetatel Acetic 35 rnL 
.t\<:ici 

3. Vitamins In 150 rnL In 150 rnL 
Biotin 0.0005 0.005 
n. 0.0025 0.0252 i 

Myo-Inositol 0.0507 0.5070 
T .. y"' ....... ;; 0.0020 0.0204 
Py •• UUAllU;; 0.0025 0.0252 
p-A~ Acid 0.0004 0.0042 
1I..T: Acid 0.0020 0.0204 
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Air inlet 
filter 

Cotton 
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filter 

B.l : 

Air out 

Driver 

i 

i 

coil 

Rushton turbine 

Air sparger 
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on 

H : in the tank 
T: 
B : Baffle width 
C : Distance of blade from tank bottom 

H 

B 
+-+ 

L 

T 

C 
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C-l 

2 '''''''"l-'"'''' 

1-

3 mL at 660 om 

2- measurement 

Ul.~,UlJ.C;U water 
• 5mL 

in 5mL meter 

3-
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4-

1- 1 mL of 

2-

3-
4-

5-

Same as 

5-

Same as 

C-2 

0.24 0.02 

,n<:prl'pr! into a 
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6· Detennination 

" Vortex Genie mixer 

1-
2-

3-

4-
5-
6-

7- Zeta l'>ol:enltlal det:ernmnati()n 

zeta potel1ltlaJ aetermunatlOn 

acetic I SC)rulLUll acetate 4) 

1-

2-
3-

4-

5-

C-3 
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6- 5 measurements 

8- l.:J1U.cose detlenninaltion 

water. 

2: enzymes 

100 times 

plplettlIlgO.12 mL 

C-4 

accuracy. 

contents in 

>'lUlU.""::; '''JIUlU<J'H into 8 test 

3mL 2 

to 4.95 mL ..... ,,'w.u<;u. 

2 "VJ, .... u,vu 

1-

2-

3-

4- "<UJ,'I-'''~'' at 620 nm. A cuvette ..... ,uu."u. water 

9-

10-

nOlIlC~~aO.le I.-," .... ,j::,<;:, occur In 

10- 1 
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2-

3-

4-

10·2 Freeze 

s-

6-

7-

8-

9- At 

11-

12-

10-3 

13-

14-

15-

16-

10-4 

17-

were 

sections 

were 

c-s 

were m 

+ 2% glutmL1C1enYC1e in PBS 

PBS. 

-1 mrnx 1 mrnx 

a copper at -

Automatic Freeze-

In 

to room were 

1:2 2:1 

reSIn a razor 

were 

were 

acetate 

on a 200CX 
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APPENDIX D: Ke[)rOCluCIIOIl data 

Reproducibility 0%: comparison between Run 3, Run 4 and Run 13 

Agitation rate: 565 rpm 

No solid. 

12.9 

19.6 

36.5 

48.7 
54.3 

60.8 
59.7 

3 0.4 

0.7 

1.7 

1.9 

2.5 

2.4 

8.0 13.9 

24.4 32.8 

49.5 52.4 

59.4 56.7 
63.0 56.0 

61.7 57.4 
64.7 58.1 

0 0.6 

0.1 1.7 

0.6 1.8 

1.1 2.0 

1.5 2.0 

1.6 2.0 

1.9 1.8 

11.6 12.9 

25.6 19.6 24.0 

46.1 35.9 48.9 

54.9 47.9 59.1 

57.7 50.7 62.7 

60.0 58.6 60.3 

60.8 57.8 63.7 

0.3 -7.2 -7.8 

0.8 -7 -7.85 

1.1 -6.75 -6.15 

1.6 -7.2 -5.95 

1.8 -7.4 -6.8 

2.0 -7.85 -7.15 

2.0 -7.95 -6.8 

13.7 

32.6 

51.6 

55.6 

54.9 

56.7 
57.8 

D-1 

Run 3 Run 

0.130 

11.4 0.223 0.188 0.272 0.228 1.000 0.971 0.984 0.985 0.473 

25.4 0.194 0.235 0.229 0.219 1.000 0.989 0.993 0.994 0.972 
45.5 0.159 0.151 0.138 0.149 0.996 0.995 0.986 0.993 1.7225 
54.2 0.147 0.131 0.115 0.131 0.996 1.000 0.981 0.992 1.9805 
56.1 0.146 0.090 0.110 0.115 0.985 1.000 0.981 0.989 2.1804 

58.6 0.094 0.097 0.113 0.102 0.996 0.995 0.987 0.993 2.2217 
59.8 0.091 0.088 0.081 0.087 0.982 0.995 0.994 0.990 2.2189 
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APPENOIXO: data 

Reproducibility 1%: comparison between Run 5, Run 5' and Run 13' 

Pgitation rate : 565 rpm 

1% solid 

1.73 

1.97 

2.17 

2.33 

2.20 

2.57 

2.23 

2.03 

1.77 1.90 

1.73 2.09 

1.90 2.10 

1.97 2.11 

43.6 
51.4 
49.5 
47.3 
48.6 
44.1 

-8.2 -7.9 

-6.75 -7.1 

-6.8 -6.35 

-5.65 -6.2 

36.6 
48.0 0.132 
49.7 0.112 
49.9 0.093 
49.3 0.088 
49.5 0.065 

-9.45 9.03 
-9.28 8.30 

-8.73 3.93 

-8.05 1.22 

-6.93 1.09 

-6.58 0.95 

-5.93 1.08 

0-2 

1.000 
0.175 0.169 0.158 0.979 0.984 
0.056 0.117 0.095 0.968 0.961 
0.075 0.082 0.083 0.967 0.960 
0.076 0.052 0.072 0.968 0.965 
0.056 0.034 0.051 0.955 0.966 

8.26 8.46 8.59 
7.23 6.17 7.23 1.11 1.23 

2.84 2.88 3.22 1.82 2.10 

0.95 0.58 0.91 2.65 2.53 

0.85 0.58 0.84 2.49 2.29 2. 

1.03 0.61 0.86 2.36 2.21 2. 

0.96 0.43 0.82 2.19 2.03 2. 
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" ..... >nl'l'" E: :nn'n~,n."'n between runs with 0% and 1 % solid E-2 

AN OVA 
2 59.4 53.8 
3 56.7 58.9 

Difference 
2 63.0 56.6 Interaction 36.08139 
3 56.0 57.4 Within 171.1727 16 

2 61.7 55.6 Total 279.8776 23 
3 57.4 

Standard error 
2 64.7 58.2 
3 58.1 53.8 
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APPENDIX F.1: Influence of solid on the F-1 

25.6 30.8 37.4 18.7 1 36.6 18.6 15.0 
46.1 44.3 51.7 44.7 30.2 48.0 44.4 28.4 
54.9 53.3 55.3 45.5 44.3 49.7 44.0 40.0 
57.7 48.9 57.2 47.9 43.5 49.9 46.3 36.8 
SO.O 53.3 55.0 48.4 44.5 49.3 44.1 36.8 
SO.8 51.0 56.0 51.7 44.8 49.5 48.1 36.3 
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APPENDIX F.1: Influence of solid on the F-1 

8.65 
8.59 
7.23 
3.22 1.84 
0.91 0.69 
0.84 0.67 
0.86 0.49 
0.82 0.50 
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APPENDIX F.2: Effect of solid size on the 

Agitation rate : 565 rpm 
1% solid 

F-2 
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APPENDIX F.3: Influence of the inoculum size on the 

Agitation rate . 565 rpm 

1% solid 

2.383 
2.455 
2.488 

F-3 

2.147 
2.305 2.268 
2.344 2.321 
2.413 2.389 
2.396 2.411 
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APPENDIX F.4: Effect of inoculum age on the 

Agitation rate : 565 rpm 
1% solid 

F-4 
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APPENDIX F.5: Influence of the l ...... r"'.II'~r on the F-5 

RT: Rushton turbine 
PST: Pitched-blade turbine 

3 11.6 8.2 15.5 8.0 15.4 0.190 0.193 0.173 0.985 0.991 0._ 0.979 0.6156 0.8227 1.3054 0.13 o. 
6.5 25.6 37.4 36.8 25.4 36.6 34.7 0.219 0.208 0.167 0.156 0._ 0.991 0.946 0.969 1.1831 1.4427 2.1550 0.84 0.91 1.23 1. 

10 46.1 51.7 48.1 45.5 48.0 45.0 0.149 0.156 0.081 0.097 0.993 0.966 0.942 0.829 1.8704 2.0130 2.2211 1.14 1.34 1.47 1. 

14 54.9 55.3 50.5 54.2 49.1 47.3 0.131 0.095 0.059 0.081 0.992 0.931 0.941 0.831 2.0213 2.3036 2.2505 1.59 1.90 1.50 1. 

19 57.7 57.2 50.4 56.1 49.9 47.9 0.115 0.083 0.059 0.058 0.969 0.923 0.952 0.820 2.1585 2.3625 2.2954 1.79 2.09 1.63 2. 

24 60.0 55.0 46.4 47.5 58.6 49.3 44.1 0.102 0.012 0.067 0.042 0.993 0.925 0.918 0.858 2.2556 2.4550 2.3701 2.2669 2.03 2.10 1.80 2. 

28 60.8 56.0 50.9 51.0 59.8 49.5 43.0 0.087 0.051 0.043 0.034 0.990 0.925 0.851 0 2.1733 2.4562 2.4559 2.2993 2.02 2.11 2.13 2. 

0 0.46 0.60 0.28 

-7.50 -9.46 -8.15 -8.65 7.35 8.59 7.40 6.5 1.26 1.17 1.11 

6.5 -7.43 -9.275 -7.9 -8.4 3.67 1.23 0.51 15 2.94 2.59 1.25 

10 -8.45 -8.725 -7.9 -8.4 0.99 3.22 0.57 24 2.76 2.30 0.77 

14 -8.58 -8.05 -7.05 -7.55 0.37 0.91 0.50 28 2.28 2.11 0.67 

19 -7.10 -8.925 -8.65 -7.55 0.28 0.84 0.59 

-7.50 -8.575 -5.85 0.28 0.56 0.63 

-1.38 -5.925 -8.55 0.26 0.82 0.52 
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APPENDIX F.6: Influence of the , ... ",,,,,II."r on the F-6 

1% solid 
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G-l 

e:lu.cos;e c;Onl::el1ltr.lltlcln mmus 

at run. 

l..-<:UlI..-U.1d.l,C:U as 

........... 'v". at run. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

G-2 

J.imax was aet:enrurlea versus 

1 

+ 1 

O+---------~---------r--------~ 

o 5 10 15 

G.l Aplprox:m:lat!<m of the ex!=)On,entJlal part of the cwve a !-'VJynlJllll<U e:![Orf'S~ll)n 

1 
p=-

t+ 

ma:runumlS 
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0.3 

0.25 

0.2 
X 
:::I 0.15 E 

0.1 

0.05 

0 

0 

I"""m""Viiobl£ was 

5 10 

Time 

G.2 Determination 

Sanle 

u.:;uu,.:;uas: 

= 

U",LlU<;U as: 

=-,--.::.......:. 

15 

versus 

a 

~1.n.A}:lC 1S \..Ulll:1I.UUII;U, 

numl)er versus 
curve. 
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H-l 

[IU.CKne~ss as a 

run run 

run 111 run 

run run 
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