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In reactors, hvcirnrlmnllfnll" stress ongu:lat4~s pnmlatilV from interactions between and 

cells 10 the reactor. TIlls form of stress has been affect the process 

centres on The 

in these processes include 

microbes which have shown much 

extent of leaching f' ... , ....... ....." ..... y of recalcitrant minerals such as 

mote 

tate and 

The drawback to 

ternperaitul:e microbes is that these the:rmloaCldlophl unlike their meSO):)oU1C c()uotet1Darlts. 

do not possess resilient cell walls and are more ate jram .. ·net1'al1Ve .. u' ....... , ...... , not u.u~u:::[l<l, hence 

prone to dYlllamlc induced 

I1YlllC)dynalllllc-rnel:lJated stress 

on th(:tmlophllJlC u,'u ........ J ... "','1". nricl:0-4DrgaJrism,s, was considered for 

the l.u.~][Ca,:;llllK hydJ:od,yn:lmlc stress in the presence of 3 % 

was 1O,resng:areo 

was monitored 

concentrations. The effect at a cellular level 

metabolic 

llll..I.ca"'llilK hvdl:ndlvnllmlc stress. 

The results of the solids lU<l'UlllJoI," 

extent of 

hVlil"o>l1v1narntc stress. The results for the solids 

mass (0 

lOc:realSltlLg the UllIJ"""IOL 

The process pelrto:lll1:anc:e 

and tron and copper 

U'LI!UI~U .. ;iU response was detelll1ined 

V ... 'UllI.LV and of the 

exI)en,me:nts showed that ..... u' ....... , ............. "" was 

The overall rate and 

solubilisation declined with 

eXf)eOme:nts showed that the critical solids 

SlgrutllCallt effect on process was 

aPI)toacJled failure. The results for the 

UUMU.V<O effect of an increase in metabolic 

in the absence of \.lUi ... "'"", and effect 

At a 9 % solids the ... ",,,tn,,. effects 

of !f'n ... ,.(,v~'n mass transfer at the increased 'U"UJ.u,uu rates were oUltwe~l!lled 

of increased hVlllOdVltllU:ruC stress. 

the effects 
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Further 

conducted. 

of the and redox .., ..... t"., ... o data from the solids .v ......... "'" e:xp,enlillents was 

..., ........... ,u ... death rate constants were derived from the data and modelled as a 

function of solids .~ •. ~ ... "'<OLI.JL.I.LI.>!' the model: 

= 4.61 X 10-5 <1>1.66 

Further of redox DotenttaJ data was conducted the method of lUlWll:nl,T~ et aL 

Petersen and Dixon The basis of the a'''Ltv"", 

may be if the lea(:htt:lg 

are known. In the 

method was able in the redox potelllttaJ observed for the solids .v., ...... , .. " 

In addition to a decreased overall process perfclMlanlce, the effect of h".eI .. r,"!".,., 

examined at a cellular level. Selected from the solids 

contrast and 

m1lcrOlsc()PV included decreases in cell size and the presence of 

cells. At the ~,~u;,uy of no 

and cell debris were of cell size showed a 

decrease in the mode of the cell-nwnber based size distribution with inc:rea,si1lll!: 

... UIlJ.UILU.LI.Ug the decrease in cell size with increased stress. 

the oxygen utilisation rate of the lOWL'U'.o;:s. also decreased on W"'X:ClI,:I;ru'i! the 

concentration. the metabolic at each solids declined with time due to 

nutrient limitation induced of the Differential fluorescence 

showed that cell membrane 'nt" ..... 'n' was also cOllllp,rolmi!;ed with mc:rea,SlULI! The 

!'<OJ, .... '''u.,,''IIC .... of cells with pe:olleat'll1:,ed membranes increased on mc:realSluLg the "''''_ ..... 

from 0 to 18 % on'>fot"it.. A O1cl-re:sp()n~ie was identified 

estigalion into the prl)Q1Jctlon of stress DrC)telJr:lS induced stress. SDS PAGE 

lUI>UV'" showed the of a at 45 kDa when the solids lU~LUlIU' was increased 

from 0 to 12 % 

In hit"""'''''P' 

identification of DOSS1D1e 

which are sensitive to 

indicators of reduced 

failure are lmDOl:tarlt. Assessment of the various 

as well as at a cellular 

Indicators such as metabolic 

stress conditions were identified for use 

enabled the 
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I dec.lare 1S own, uu.;W.UlI;;U It is 

not 

nee:ree or eXaml1natlon 
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Microbial b10prC)Cel!SeS find wide apJ>l1CiltlO,n in the fine chemical and in 

mineral remediation and in waste treatment to name a few. In these 

blC)PIOCI~sses. cells are to various physl,coc:he:nlllCal and mechanical stresses. Common 

eX:lmplf~s of ph'l'su:oc:hemlieal stresses include '-U'bll~"'" 10 ternp,er~ltUJre and cold 

oSJtI101arLty, redox pressure, " ...... " ... LV. oxygen, nutrient starvation and prl)d'lct inhibition. In 

stirred tank reactors, mechanical stress 

"~''''''''V'''} due to rotation of the lmlpelle:r, aeration and the presence of solids. enables inter-

cells 

The 

mass translter, Isp,enSlon of solid and the of heat transfer. to 

oper2lnon occurs due to cell-vessel cell-bubble 

and in cell-solid interactions. Thus a fine balance is 

in order to attain ad(!qulate without cell 

centres on reactors utilised in the b1()le:aclun.g ltldtlStty In these solids­

the solids 

1Oc:realS11l>g the solids 

solids concentrations 

Increased <101t<lt-'nn 

cell-solid interactions over fluid and bubble-shear. 

10 mineral increases process nr() .. h,rtivilrv 

can increase the stress effect. Further to 

increased rates in order to attain solids """'1"'''''''''''''' 

rates up to a critical rate may have a .... n~.r''',. influence on the membolic of the micro-

due to mass transfer. above the critical rate the nn<:lt1lvp effect is 

the increase in the solid-cell-solid collision TTP,n1ll'nr'v which contributes slgrut:1Ca~tJly 

towards stress. Stress to cells has an effect at the process level as well 

as at the cellular level. In bioleach reactors, at the process have 

observed decreases in the rate and extent of and metal solubilisation. While at the cellular 

"'u,~u~~,,~ 10 and cell were identified. 

at processes are favoured over those 

due to factors such as increased reaction rates at the An 

1S thus 

The resistance of nlllCrC)-C)rganlSols to stress is plluuanLY dictated 

undet:stanttmg of the stress of the tne:l:IIlIOph1LllC nl1CltO-Or~~.1sno.s 

vital to the DlCllealcn1ll>g Inrl,,<:,hv 

their such as the mf~sopnlllC u".""'~'-Lun~ o:acten:a, L..cP.WJJ'"'''''''''' sp. 

and AcidithiobacillNs spp. possess true cell walls re-enforced and thus are less 

SUl!Ceptl.Ole to The cells wall of the Archaea such as those 

used in tank processes, do not conblin U;-CUjlUl.UlJl~ IIlacrmnOlec 

instead the cell termed an 

~V;'L"ll'" have been shown to fail at mineral than 20 % this 
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failure was attributed to the oxygen demand of the system at the increased mineral 103ldulgS 

(Dispirito It and but later studies showed that the 

hy(irodYllanrlic stress due to the increased solids was the reason for reactor failure 

Witne and if the bioleach systenlS ulll1smg 

bacteria with re-enforced cell walls fail at solids concentrations above 20 % then it is eXl,ected that 

the bioleach would fail at even lower solids loadttlgs. 

Previous work Nemati and Harrison on the blClleadlJlng of the thel:nlophllJc 

in a stirred reactor showed that increalswcg the concentr ation 

resulted in reduced process peJrto,rrnlan,ce, and at the tested 

reactor failure occurred. also stress in a but 

In increased the solids concentration inert qu:iIrt:i~lte palrtic:les instead of mineral pal:tlc,Les. 

this way the nel~tlve phYS1lcoc:hemlcal effects associated with mcrea.S1lllg the mineral concentration 

were avoided. The inv'est:igaition showed that when the solids concentration was increased without 

1nClreasilng the mineral the reactor failed at 27 % 

Furthermol:e, 1ncreas1ng the inlp·eller total solids. 

failure. 

The current is based on a akin to that of 

(3 % and 24 11/0 inert qUlI.It2ite) 

above 1.97 m S-I also caused reactor 

that crullcclpynte was 

the mineral of choice. was chosen due to its economic lmpolrtallCe in the bl011ea.clllng 

1n(lusitry and because the mineral is recalcitrant to either or chemicalleacrung. 

This recalcitrance stems from oa:SS1,ratJlon of the mineral in nutrient limitation 

which causes stress to the In the the effect 

of inc:re~lsirl2 the solids .v" ......... "~ and agttatilon rate on the bl01eacrung of ch~llcclpy[1te 

culture in a was Process was 

monitored in the redox cell concentration and iron and copper 

solubilisation. The effect at a cellular level was measured in m()q:.he,loje;y', 

metabolic and of the nlIICro-Ol:gaJrIlSlrns. 

was with from 0 to 

18 % with stgIllllc:ant imt>ainrnellt above 9 % qU~lrtzite. The decline in process pel:fo:rm:anc:e 

was characterised 

(i) A decline in the rate of 

con centra cion 

decrease with mc:realS1ll1g solids 

increased instead of 

inhibition of the bic.leadting prOCf:SS. 

and at an 18 % 

This revealed 
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A reduction in the redox Dotentlal at all concentrations. The extent of 

reduction was to the concentration. 

A decrease in the rate and extent of and iron and copper solubilisation with 

No was observed at an 18 % 

however '''",,\..U,J'Uj<I, 

A decrease in the 

may have been directed to cell 

reduced biomass on substrate. 

reduced rate. 

derived from the oxidation of iron 

mechanisms instead of U;;"U.lU~ in a 

The critical solids 

determined to be 9 % 

which the blc~lealchlng process was was 

J.U'~L"'iIL:>lUg the concentration from 9 to 15 % caused a 

decrease in the At an 18 % concentration the 

..... ,J.Lv ........ "' .... failure. 

had a similar effect to mc:realSlJllj.?; solids that at a 

0% uu,numr: co:nc1ent:ratloll, an increase in the from 1.67 to 1.97 m S·l resulted in 

an increase in the metabolic of the OlIc:ro··orj;.1nlsm due to llllUH/Vo;;;U mass transfer. 

J.U,.,o;;;'ICL the overall extent of iron and copper solubilisation did not U.1~.I"","lli,K the 

from 1.67 to 

a decrease in the rate and 

solids lv",umlK to 9 % qu:arti:1te with a simultaneous increase in the llUPCJllCE 

1.97 m S·I resulted in a decline in the process pelttormanc:e as measured 

extent of and iron and copper solubilisation. A further increase in the to 

2.13 m S·I resulted in failure. No was instead cell death occurred. 

The and redox I'Vi,o;;UUAL data from solids eXlpetllD,ents was further ......... ", ..... in an 

at nrf~(jl(:t1'\;'e rI10dleilllru!:. The death rate constant in the was 

calculated from the data and the follOWing model the between 

and solids was elucidated: 

k.il == 4.61 X 10.5 <Il1.66 

The model fitted the data with a correlation coefficient of 0.98. The of <II was close to 2, 

that solid-cell-solid collision was the dominant mechanism of cell Further 

o01tenttal data the of Petersen and Dixon (2005) showed that this 

method of au.uv"", could be used to the variation in redox ""'P •• ", .. 

solids The based on \..Ui ... .1)~"''' in the ferric 

culture and the ferric UQ-lJilLJ"U, eXJ:)ia1l1ed chaiOg(~s in redox 

data over time for the 

the J IIJ'10IOfJIIS 

observed in the 

solids and showed that it was to Im'nrc,vp cll:UcoP'vn'te l<;"\..llllli.j<l, 

1I;;~'U\..U'1! the microbial ferrous iron oxidation \"ilLl",iIL~.uy of the culture. 
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The effect 

solids 

hyc:lrodYlnatnic stress was also considered at a cellular level. Selected sanlpll~s from the 

and 1ml)ellc~r expierirnelllts were for in (i) m01rpl:lol()gy 

contrast and scann:lng electron and the CellFacts 

in terms of the oxygen utilisation rate, membrane integtity as measured 

the fluorescence iodide and (iv) of the cells 

metabolic 

of 

sodium 

A range of mOlrpl:lolclglcal the ofh~xody~mlc stress. 

These varied from 

was identified on 

dark round cells (nel2;lig:ible 

cells res\lI.tiItg from datna~~e to the cell emrei()Pe 

to small and 

to intermediate 

cells and 

and cmnpl.ete cell 

diSIUJ>ticln rl!suLting in the presence of cell debris (in1ten!!e ChiatlJ~S in cell size with increased 

solids were cell-number based cell size distributions. The 

decrease in the mode of the size distribution with solids confirmed that the 

overall cell size decreased with increased stress. Evidence was also pre!se:nte:d to show that cell 

the 2-5 ~ cell dianleter 

This result corroborated the 

sru:ne solids lO~II.J].;UJl,;. 

increased with inc.reasing solids from 0 to 18 % 

contrast cell at the 

n. _____ .__ utilisation rate was used to measure the metabolic of the culture on exposure to 

decreased with time as well as 

with time may have resulted from 

lnClteas,mg solids loaOlDJI,;. It was shown that culture metabolic 

The decrease in metabolic with lnc:reas;ing solids lUlltUlllj;;' 

nutrient limitation due to mineral while the decrease with solids was due to 

SN~'fO/obNS cells 

demonstrated the loss of membrane lntegtlty as the ~ .. ,,· .. rillv of stress 

increased stress. The increased level of iodide 

with lnClteaslng solids 

increase d. An increase in solids was ac(:ornparuled a in the of green, 

orattge and red fluorescence. At a 0 % qu:utidte 'U~LUl.lLlg, no loss of membrane lnt,egrity 

was observed. At a 12 % more than 50 % of the cells had cOlrnp,rolrni:sed 

membranes while at an 18 % all cell membranes were 

FU1:therml)re, cell were visible eXldusively at an 18 % solids '~.''''''''''l'.' 

In the solids the po:ssliJililty of recovery 

hyc:lrodyltlarnic stress was discussed. A pI!!lmuuary investi~tion of 

under mild and intermediate intensities of hycirady:natnic stress, 

iO!ll!:-lteIln exposure to 

COIllPOSltiCID of 

SDS PAGE 

the dmlVn-regwatlon of a 26 kDa and the up·-rel;mil.tl<lD of a 45 kDa with increased 

solids These results that a stress may have been up-re,gul.ate:d under 

conditions of increased stress and this towards a mechatlism of 

cOllnt1eraictiIlg h:vdriod}rnalrn1c stress and thus resuitJlIlg in recovery. 

iv 
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the results of the cell size aH'UVM". i.e. a reduction in cell size with increased stress, with the 

lUA .... y' .. ". it is postulat<:a that the ml.C!C)-Orglll!U!imS diverted energy for to resistance 

stress, DOISSlblv in the form of stress IJHJlClln~. 

This confirms that the DlClleaLcnmg performanlce was at low solids lU~IUI.lCJ.l<~ and 

and that nutrient stress co:mtlotlncled hv;irn.dvnllfni.- stress. The 

mlcro.-o:rgarusms were shown to re~ipolnd to stress in several ways (i) dec:rellsirl2 

cell size and 

resilience of cells 

indicators sensitive to 

metabolic 

of IJU''' .. U1C stress conditions that increase the 

unllCUlS/ to hVI:l.rc.dvnrunic stress need to be identified. In aUI.IlUUD. 

in process conditions may be used as of 

In the these indicator s were identified as cell size and 

v 
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CPD 

CSTR 

CUR 

hs 

HSPs 

LDH 

Lk 

MAb 

MAL 

MS 

NAG 

NAM 

OUR 

PPI 

PBT 

Rf 

rRNA 

RT 

smHSP 

SEM 

SDS 

SDSPAGE 

STR 

TF55 

conven tional airlift 

ammorua 

cold shock 

critical 

COll1t1l1U()us;iy stirred tank reactor 

carbon dioxide utilisation rate 

heat shock 

heat shock I.JJ.UILCll~" 

lactate "'4'mrl;.~ 

number number of times two closed strands are linked or, the 

number of times that one DNA strand winds around anlDthier) 

monoclonal antlbcldv 

modified airlift 

mechano senstive 

-acetvi-ITlur:amlc acid 

oxygen utilisation rate 02 

ds-transisomerases 

blade turbine 

relative mi2:r~Lti(]ln distance of a 
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Rushton turbine 
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surface 

sodium nn!leCVI Sl111nnllJre 
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stirred tank reactor 
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Abbreviations and Nomenclature 

NOMENCLATURE 

a 

a 

b 

A 

CL 

D 

g 

k 

k 

L 

m 

M 

n 

l!a:s-.llIUW.U interfacial area per unit volume of fluid 

weibull ~M·M"'Q""" 

total area of the chamber (1 

oxygen concentration in the broth 

IIUIUUJIllLY of oxygen in the broth at saturation 

ctitical oxygen concentration 

collision based on 

cell concentration 

number of cells counted in the squares 

average cell concentration over the time 

biomass concentration at time t 

initial biomass concentration 

concentration of Fe2+ (g 

concentration of (g 1-1) 

oel:cerltall'e of cells in the 2 to 5 J..Ull rmge 

concentration of cells in the 2 to 5 J..Ull range 

concentration of cells in the 0 to 5 J..Ull range 

dilution ratio 

diameter 

of the chamber 

m 

.llyw\.l-ona:sc mass-transfer coefficient 

mass transfer COletlllClf:n 

" ... ',ntiinn rate constant 

first order rate constant 

the cell death rate 

cell death rate in the 

the cell death rate 

distance from the of the 

the maintenance coefficient 

the mass on the load cell 

molar mass of iron (g 

number of observations 

arm to the centre of the table (0.1 
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N 

Q02 

Rf 

V.ol 

x 

Xl 

Abbreviations and Nomenclature 

number 

total number 

squares where cell were counted 

squares::: 16 

number of moles of iron 

rate of oxygen transfer per unit volume of fluid 

oxygen concentration at time t) 

oxygen concentration at time t2 

power into the per unit volume 

the concentration of iron or copper at time tl (g 1-1) 

the concentration of iron or copper at time t2 (g 

the value for the baseline reactor at 24 h 

the value for the reactor at 24 h 

Snprthr oxygen utilisation rate 

the iron oxidation rate 

relative U",,,,Ld.UV'U distance of a 

OUR 

time 

time 1 

time 2 

volume (1) 

titre volume (1) 

volume (1) 

average of n measurements 

mode of the size distribution curve 

cell-l 

Fe2+ molC-1 

the OUR or iron or copper concentration at time h 

g 1-1 rp~np,~tn;,p 

the OUR or iron or copper concentration at time t2 

g 1-1 ...... '" .... ,nv, .. hr) 

maximum cell concentration 

the concentration of cells at time tJ 

the concentration of cells at time t2 

biomass coefficient g 

the maximum on substrate 
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(l 

~ 
(l 

e: 

<ll 

<l>T 

11 

f.l 

f.!v;able cell, 

\I 

Qp 

a 

Abbreviations and Nomenclature 

constant 

constant 

volume fraction of cells 

turbulent energy rate per unit volume 

solids or 

total solids volume fraction 

size of the smallest eddies is the KC)1mog<orclv-!;CaJLe of turbulence 

the rate and is a function of factors such as 

and ferrous and ferne iron concentration 

rate in the absence of 

stress 

"IJIJ"L'IOllL or measured rate (h-l) 

maximum 

maximum 

....... ""rl'h rate 

....... ""rlrh rate 

kinematic fluid 

standard deviation 

shear stress 

on 

xxx 
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Abiotic - without microbial actiDn 

Aconitase lJu .. 'uu .... WJu. the enzyme in UH'~VllU.l<:~.~ - an enzyme in the citric acid 
for oxidative metabolism 

Adenosine tnlP.ll,oslP.llate 
metabolic activities 

- a nucleotide that serves as the basic energy source for most 

Archaea - A group of and different from 
bacteria. appear to be the survivors of an ancient grDUp of UL)~"'U':>U'" that the 
gap in evolution between bacteria and the 

AllltolP.Illl)sJ,hclryllatilon - Addition of a virtue of its own 

Biofilm - A 
themselves 

mlCrC)OIgaJtUsms "'''''w'''-'o< on a surface that have created 

Biooxidation - the m1crClbll111v'-aSlslsted oxidatiDn of minerals 

Cb,ap,erolUrls - Subset of chllperOlJle 1".UU;4"" """STTl.<C prot:W1S of bDth O[()Karvo,res and 
eulk:atvotes that bind to nascent Dr unfolded po.Lvpept1ac~s or 
trallsp,ort) found in prokarI'Dtf:S. ml1tDI:hondrla 

Chemiosmosis - A theoretical mechanism of energy transCluc:t1()n, '"'"""I'L"'l'. one enzyme 
Ull:UV.seu reaction to' anDther the transmembrane flow of an mterrnecllate 

CtLellnoJlltllotrO]).Illlc - the use of an m(>I~:arulC mineral as the electrDn donor for microbial 
metabolism 

........ ~i ..... !Ly - "handedness", a structural characteristic of a molecule that makes it to 
i>UIJI:LUU\JU;'" it on its mirror a feature the orientation Df its 
constituents 

or()tec:m'e :SC:IIIJIL1111I1:SIJ<U'CIll "UI;""I.LlI.;C, pIlllJllIlily a mtro~~enl-C()flta1IJilng 

Coal - the removal from coal 

Coccoid - "1'111:1." ........ 

Cold shock - a stress to microbial .".r ...... '. a sudden decrease in the ternpera,tulre 

Crenarchaeota - A kW,gdclm in the domain Archaea I.;UIIl!-'lU.:SC:U of me:rm,oaICla'OpJtl1l1!c, 

Eddies - A current, as of water Dr to' the direction of the main current, 
OO"I'oo ... ' ...... ,y in a circular characteristic of turbulent fluid flow 

Ester - of a class of '"V'''I''''U'''U~ COlrre!;po,nd~ to' the lno.rg3Lmc salts and formed 
from an 

Ether - of a class of cOlnpoWl0s in which two nyClIOCaI'DOn grDUpS are linked an 
oxygen atom 

Eubacteria - A subdivision of the or()karvcltes lUlLClUiCles all Archaebacteria. 

with nucleosomal structure and 
nuclear and 
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E:Ij;trllC}'toplll8rnic - activities that occur outside the cell membrane 

- microbes 
considered viable for life 

of under conditions outside the range 

Geotextile fibre - A textile which may be non-woven, 
knitted or woven, used in contact with soil other materials in and civil 

'Ghost' cell - a cell that has lost its cell contents, an cell 

Glucan -A sa<:chlllt1.de, such as .... =,UJ.~" .. ;;, that is a pOIYOller 

in which the _1'1I1·nf,.ln group is a cal:ocmV'Qr:ate 

GI}'cosidic bonds - A of covalent chemical bond that two sugars via an oxygen 
atom 

Heat shock - a stress to microbial a sudden increase in the tecnper3,tuJre 

Hvbndo:ma - A cell 
cells continue to grow and divide like the 

abl,oribttll!: water or water 

- a solution that contains a concentration of solutes osmotic 

H'l,pE:rtllelmc>plIllIlIC - Describes an ULI!,aWL:,ll. that in a very lUj;~n-tetnper3Ltu:re environment 

whose carbon skeleton consists or IS0,pr(~ne units 
end to end 

Lactate ...... J/:::.;;ll ..... '" - the that UlL.iUlV""''' the formation and removal of lactate whose 
extracellular presence is often 

LulJ.a',.u .... constituen ts 
................ UUll of cell death the release of 

cell - a cell with a cOlmJ:,romlsed cell membrane cytof,1a:,mlc elements 

as 
treqwenc:y of turns around the central axis 

llUl~U'CL of times the of a DNA helix crosses itself the 

Mannan - pojlYS~lcc.harlde found in and cell 

Mechanosensitive ion channels - channels TnT'n""n the cell membrane whose 
mechanism responses to mechanical force 

in the tf'",npr<l range around that of warm-blooded """l1.I..I. ..... 3, 

between 20-45 °C 

Microcarriers - small solid or in some cases inttniscible spller:es, on which cells may be 
grown in culture 

... a~J""'u;;; of ~~'~~''Fi both 

.... " .. ' .... :y"'A - a cell culture that grows as a 

and lno,rga.n1C carbon 

which can be svrlmceS1Siea in the 
PU:I''''''4UlJllJ of cells 

of cells one cell thick 

a constituent 
in cell walls and membranes 

ysaCCllanaeS like peptld021'lrcan and 

-a(:et:yl-Imluamllc acid - another constituent of pePtldO.lZl'l"C found in bacterial 
cell membranes 
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................... ,'y - The osmotic concentration of a solution t:XjJU::S:SC::U as number of moles of 
lmlpelmf:ablLe pAU ..... '_" of solute per litre of solution 

sIIIloJ,rote(:ta:nts - substances and mechanisms that act to 
effects of osmotic stresses 

a cell the detrimental 

Passivation - the formation of a surface that hinders surface reaction 

t"elPtlQoEJ.'Ii'ca.n - A that consists of polvsacc:ha~CLe 
molecular network. Also called murein 

..... :1' ......... - the space between the cell membrane and the cell wall 

(a cell memo,ratlle) I"_L ........... "'. of "'"'~W.lll" 
nr,·v.,nn,.lvnrf'vpntl',n elements to pass thI:oujgh) 

PbylcIEe:netlc - related to the ev()lutlolllatj or 
uxononllc ofo~:anlsals 

Proteasome - and nuclear p!()telns. 

eru!:V1Ile ""M"~n" that break down of the 

) an archaeal cell wall material similar to 
pet)ticloll'lvcan. COlo.talln1!tg f'J-alcetylt:llol!anllnou!O!l1C add instead and L- instead of 
D-atJD.ino acids 

l:'y:roloetallUl'gy - An ULlO-.o.r .. lll:LU.I.j:I, process, such as smeltlng, .... "'If'''''.' ... ,; ... on the action of heat. 

Solfatara field - A volcanic area or vent which 

"'V".q"U'K - To introduce air or gas into (a 

Spo,ropoUe:nin- A IJU1YLll1<O.I. of ,..".'nt.'no 

~"I,,,hll" vapours, steam, and the like 

resistant to chenllcal and ..... ''''0'''11',.. UC:lI{lC<lUI<lUUll 

SuuerC()ilin2 - In circular DNA or closed 
............ 1<; ... " the number of turns of the 

LWj':SUlll! of the DNA about its own 

:Supr~lcellular structures - a structure above the level of a cell or cells 

tet1o.pf:ratun:s above a nllcrobe's UpUUl<ll 

'he:rOlollcidolpl1lilf:S - nllcrobes at 

- substances and mechanisms that act to 
detrimental effects of thermal stresses 

Thermosome - a chllpe:rmun heat shock 

a cell the 

bv'POlllllOISlS - decrease caused an increased lntem;lty of turbulence 

LlU::SlSllllC within derived from osmotic pressure differences between the inside 
and of the cell rise to mechanical of the cells 

Xenobiotics - Chemical substances that are to the biOlogiCal 
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\..,JJI"jJlCL 1: Introduction 

reactor are in the bloprclce:sSltI2 ~"''' ..... ~ ... " immobilised on 

SU1DP(Jrt materials are used in biotransformations and for the lJu, ... , .... uuu 

while m.1lcro-orgaIUSI1QS in mineral slurries are <;;A~"V"<;;U for their metal oxidation or reduction 

WJJLl"~'UUll of these b1CIDllOCC!SSles .. ,"ml11·f'" an nnrl .. ,."t·~n.11"<lr 

One of these 

factors 

on the micro-

orgaru!;ms 10 reactors. In the field of Lm.J""".l.llJLll~ the undeI'stand:1ng of the of 

hvc1rodVl:laIJ01C stress in these remains low. The b1C.lol'tlCal lC!aCl1llllg of minerals is a 

en:lerl~lOg L\ .... uuv·.v~~y for which discrete niche exist where it over 

For conventional mineral treatment processes such as or 

dioxide and other undesirable pUUU1:an1[S (J:{a\1.Ur:II1"S. 

\.,UUIJJar.1U'I'C studies of blOllea.cl1l11lg have shown that faster lCal,;LlJl1Jg rates and extents of 

l"''''I.U.lCUj!, can be obtained at which the:m:JlOD,hlllC microbial cultures thrive instead 

of the conventional Clark and Norris 

ternp,er3,tUJre K: ..... IWJJLg in excess of 600C has proven c:;p'cuauy aO'lTaIua:ge()us in the of 

recalcitrant minerals. Ch.alcOpynlte 1S an of a recalcitrant mineral with linllted 

techfi'OlOIgJ.C!S for its cost-effective exlJloltalllOll. Whereas of at ..... p·~n .... h. 

tetlllpc:ral:urc:s does not allow sufficient extraCtlOIIl, elcorlotJ01c:illy favourable rates and extents of 

metal extraction are achievable under thC!m:JlOph1.lllC conditions. In order to the ad,'antall,es 

of it is necessary to understand the resilience of these 

to stresses incurred the leach process. In the tank ULU .. "'iJI .... 111111j!, 

.. ,.,,,ur,.,, the to function in a Wellll.IQILlI.l<;U environment 

into which substantial energy dlSiSl!=,atl:on is recluiJ:ed to ensure lI.u~:4uau;: mass transfer and solids 

Several authors have shown that in 

concentrations of solids may lower oxidation rates, increase 

ultimate extent of oxidation ,t 

the presence of 

times and decrease the 

The various factors 

OIlJo()se:d to cause these ph<enc)mlena include oxygen and carbon dioxide low bactem­

to-solids mechanical or inhibition of the inhibition of bacterial attachment 

and the accumulation of toxic leach n",,,I1,,, ... ,,,, Cell wall "~'~F>'~ 1S 

under conditions of mechanical stress. Most eubacterial cell walls contain 

a polysaC<:handle cross-linked side is 

1 
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1: Introduction 

res'pOIlslt,le for the stre:ngt:h of the cell wall The cell walls of extretrlely tne:rm,oph1lJIC Archaea lack 

pelDn(lO'~lvc:an and consist of or uiv'cnnr()te:in subunits and Macllgan, 

This difference in cell wall structure is eXl)ected to decrease the resilience of the thc:rmlophili,c iron 

and "WPU1UOC oxidizers \,fiJL\..lJ ... OC;"'} to mechanical UlUlla~~", in "'UJLU~,aL'''UU to lllC::>Ul'll,W\" leu,oalCrellla) 

iron and oxidizers. 

A solids is desirable in any ";;;','-ll~ to maximise the use of reactor volume 

L1ll,UU,~ll increased are necessary to sufficient mass 

transfer of oxygen and carbon dioxide as well as to facilitate and solids 

Particulate solids in the reactor, the and the induce 

mechanical stress to the mlcrc,-orga,msims in reactors such as those used in 

UIJUU.U~'IUU'U is IJU",,,, ...... ;; when a balance is attained between 

cell hycirodYltlarruc forces and adc:quate nutrient 

Over the 11 years a broad scope of studies have been conducted the 

t:.l1lg1tleenng Unit at the of Town on cell in 

These ImreS!~ln()flS have pr(JJ?;le:S~ieu from the use of a model cOlnp:nse:d of a nOll-£lrow'lnll 

acCj~al1~m1~ces cerevisiae culture in slurries to the "'1'()Ul1lna UJ,aU,lu·'a\.J,UL'1J1IWL cultures 

in mineral and 11llUt:J,aJ-I"IU';U 

describe and model cell UaIna~~t: in inert slurries. In studies conducted 

to 

and 

Scholtz-Brown emp1t:llcal models de!;cnb1tLg cell dls,rut,non as 

a function of solids and 

were elucidated. In anClluon. mechanistic models were de<veic)oc:d that described the 

mechanism reactor datna~~e cells. 

the of the S. cerevisi,U'-QIUalttzllte model cultures. The author 

detennmed the effect of llJL1"''',',.U~ QIUartz11te cc)0(:entralt1011, 1tllpeiLer and 1ml)ellc~r on 

process conditions. The model dellCIlbulg the correlation between the death rate and increased 

solids and was extended in the to describe the death 

rate constant as a function of solids and in the 

Further to the in m()rplholOj~CiU characteristics of cells under conditions 

.. "(h,,.,,,,",, ... stress was also These data toward the existence of pOSSIble 

mechanisms in the Studies were extended to the S. meta/lieus grown in 

the presence of and a combination of and inert silica. N emati and Harrison 

and Nemati et a/. (2000) the effect of and 

size on process pelrto:nn:anc:e in slurries. The (h~,,,,rtv"'jnt:il of a 

2 
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1: Introduction 

to assess the effects of hvcirodVlnarnic stress were ~i""'I5JU.<"U in this wo.rk and 

thus further In,,'esltlg~lt1clns described and Harriso.n were carried 

out in a The a mo.del fo.r mineral 

01011eaClll.!lg slurries where the effects o.f increased Dvclrll,OVnatnlC stress could be in the 

absence of added stress induced 1l."';.LI:;~'~llJ'l1. the mineral concentra tio.n and 

Process palranlet,ers such as 

lca\..llJllll!; as a functio.n o.f solids 'V"UIl~, ll.U1-'<::JU"J. 

rates, iron so.lubilisatio.n rates and extents o.f 

and ino.culum state were co.nsidered. This 

and Nemati et al (2000) in which So.lids 

nu,vu,,,, an excellent basis fo.r the current 

wo.rk as well as the studies Nemati and Harriso.n 

.v.,u.u"~,, were the additio.n o.f 

The current was carried o.ut to determine the effects of agttatllo.n rate and 

So.lids o.n a culture in the presence o.f V wation o.f So.lids J.V"'UW'11. was 

the addition o.f inert .... u.u ........ ". 

The aims to. further describe the cellular stress CAliJClJ.CllI.;CU 

ID1crc,-orgam.~ims in mineral u .... ' ... ,,· ...... '.JU.15 reacto.rs, with reference to. chalcopynte 

no.t ~t1(t<lf1'n(t the effects of hv(1rodV11a1lru stress o.n process peltto.cmanc:e as prC!Selllted in 

the studies o.f thermOaC:1dC)ptll1l1C ID1lcro-o.rgll.rI1SllnS in but alSo. exaID1l:Wlg the 

microbial responses at a cellular level. So.lids co.ncentratio.n and ll.U1Jc::JUCl were cho.sen as the 

hVlirodvlla1lrl1C stress factors because are lIDPo.lrtatlt process co.nsideratio.ns in co.mmercial-scale 

'-'u ......... vl-ly ...... was the mineral of cho.ice because it a 

In the mineral lndustry due to. its recalcitrance to. and chemical 

Passivatio.n o.f the mineral causes a decrease in the rate to nutrient lttnitatio.n in the 

This creates an scenario. where the as well as 

cap1ac11ty o.f the 

~p,~u""'JU.intermso.fllup<::JL~l 

stress 

concentratio.n and energy 

can be tested and the critical So.lids 

can be determined. 

In order to describe the effects o.f hv(lIodVllallrl1C stress in the reactor 

'-!U",,'.lV1J." are in this These include: 

Under which co.nditio.ns do.es '''lil, ...... ' ....... alu cellular stress occur? (i) 

(ii) What is maximum atllount of stress that can be tolerated the 

a number 

albeit in a 

Ho.W do.es the extent o.f 

ch:llc1op'Vl11te co.nce ntrate? 

affect the rate of disso.lutio.n o.f the 

(iv) What is the nature of the stress resPo.nse at a cellular level? 

Are m()rpnolog~c cha~es asso.ciated with cellular oatnal;e 

3 
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,--"1"1'<0;.1. 1: Inuoduction 

Is the eXlne:sslon within the cell modified in response to exposure to 

sUess to cause the """._ ... ".,,,,, of or of new 

sUess conditions? 

An 1mlPOttarlt to note is that a latooratcoIV··SC:aie reactor was used for this and this may 

the nr,lm,uv aim was not to have 1mlPl1c:at1~)ns with Howt"v .. r~ in this 

determine the m~lgDiltuide of hv(irodVllarllllC sUess at a lat>oratcu:y scale but to determine the nature 

and effect of stress and the response and not to. This information 

will oro'illae into how to handle these sUesses when m 

reactors. 

The dissertation with an overview of literature pel:ta1n1Ilg to the causes, the effects and the 

responses of VLI'~"lll"lll" to sUess with reference to hv(irodVlllarruc sUess A). In Part 

a discussion 

detail on the 

'-'lli~V"~l. 4 the 

B of the literature a brief outline of blOoleaChJlng processes is followed 

on the effect of sUess m these 

eXI)eI:ImC~nt:al DIU{IDC{)l. reactOr and methods utilised in the 

effects of (i) lllo;.;LC3.:>W~ T-----~.- concentration 

on the leaC:hUllg of J UjIIUKJ'tlHJ culture is 

with a discussion on of the JUI:WUJ'tlUJ ............... , ;U;Pl:VU,UClUllllY 

of the eXf)eome:nts as well as results obtained for abiotic leach ext)elllm(~nts. This section is followed 

a of the chemical and Ul\'''VI~.I.o;.;:iU processes that occur 

In the next section the of solids and ..... 1-1 ............. m(lepenllelltly on 

the process Growth and metal solubilisation rates as well as extents of 

lca ... wLU):; are discussed. The results are as raw data and normalised data. The results were 

normalised to enable ... V.l.llll:"-ll'.Vll between different eXlpellm.entai runs. The section of 

'-'''''''I-I''~L 4 of and redox data from the solids 

...... IJu ..... u,J.Ily of models " .... ,. .. I1'\,.,f·" 

thearchaeal-ttllll.eral.-qtlartzrte 

time observed at 

oftheumlcal~~~ofcmkolp~ 

is elucidated. I:'urthe.rm()re, the 

svstellls to 

in redox oo:tent1ai over 

the kinetics 

ul ..... VI<l;lCloU. response to 

increased hYllro,dYlllarnlC trauma is m'li'est1gl1tell. metabolic 

and of the mi,cro.-olrgamsms with lll~;lJ:::~I~llag h·ll'n.·".n" ... • ....... r sUess are discussed. 

The dissertation culminates in '-''''''..,<0;;'' 6 which n""cpnh the final conclusions and recommendations 

of the recommendations for future work 

hVlllo>dv:narruc sUess and in chalcolPyrilte 

4 

to an 

are discussed. 
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2: Literature 

cells are used in the 

transtolm:attlons. in IUJllleraI pr'OC($Sllnfi!: and in waste 

treatInent to name a few. LJLUH.'''' I,.1J.V' .... U'~U'JOH. cells are eX1Do~!ed to various ;j1\.,V ... UICll.IJ, .... U and 

sU[J-o'rolcesses such as ag1tatl.on, 

in some the stress is 

LJ.OI,.1'Oll\llUI! on the ,,,,.,,, ... .; .. , 

can on the mlcrc)-oJrgamsms from minor cell 

as with pnlYS:lca,cn,eOllCai stresses, can ",,~,t1r,n and 

There~.illclrrccofnrrilcro-organ~snrrstoh",,~.rl'~ stress is 

hvrlr' ... rl'Il11'~mllr stress is 

to 

in the reactor 

stress, the 

cell 

on three (i) 

the structure of the cell mlc:ro,-orlfi!:MjilS01S and the 

status 

are more 

the cells. 

severe stress. However some 

Archaea have less .I.CO,J.U..011l 

of 

stress than small 

thus a """"<lTO'" amount of 

cells tend to be ..... 1-.. "', ..... ,., within fluid and because the 

the shear interactions are 

can, in most cases, 

such as the Gram-

interact with a 

In 

within eddies is 

that are 

d11:te:rerltiv to hv'(lrl ... rt'rn~tn11 stress under 

COll1C11ttOlllS (jjrolnnerunel,er and Nutrient stress as well as ternoera,tw~e and 

stresses have 

stress. 

shown to influence a mlcro-c)rJ1:anlisln's suscl~ntlbjLl1t\ 

In the thf~rrntophlllc tank U"'''<:;.''''Ulll~ of mineral concentrates, mj,crl)-c)rganilsols are .. ~,,,~., .. rI to 

severe and stress. stress arises from a 

an in<:re:ase in metal concentrations and .... "t .... ·., linIlitation in the case of 

due to of the mineral. stress arises from the 

of mass and aeration 

the detrimental effect of the in the reactor. 

, ...... "",,,,'-''''''1'; """t ..... ", have failed at VlI.-lw:,aU!C COltlCf~ntJratl.on above 20 %. In the 

5 
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2: ,t",""t1,w" Review 

this failure has been attributed to re(lUc:eO oxygen Kecerltlv studies have shown that 

the failure be as a of a .... VJIU'"'.JJ."U..~'u of oxygen 11n4"r"tinn and hVlc:l:r()O'TnaJ:IlllC stress. 

UIU .. <::" .... UJUl~ nll.cr()-Olrg:anlSrrLS are nr,nlnuv ..... tf·!': resilient cell walls. micro-

oq~lsnls involved in the:rn::Lot:Ih1l1C UJIV"_" ... ;,.a.u.J',,, 

thus it is fail at a lower 

to know 

of 

of hv.c:l:rcldvnruruc ny~;lolOgllcru stress is .. UV .... L ... LLV In ....... ,'U.l.Ju..", or()ce:ssrc~quttemenffifor 

6 
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2: Literature Review 

There are many causes stress in stirred reactors. These .u." ........... " hY~;lcc'ch,emlCa1 and 

stressors Macario ct Common 

osmotic "U .. U .... UIOU.u, .... ru. stresses redox ""V'''','U<I''-, ..... "'''''" .... 

nutrient and inhibition 

de Macario and Ma,caJ:1O. 

been ln~TP"t1<1,:ttf'c1 lllClUU!t:; 

and hYl)O-OSlTIOlarJrcy, 

caused and aeration. In blc,lea,chlhg of 

movement of 

concentrates, 

reactors are used. The Orlm:uv stressor in is stress; 

of hvd.rc)d1m~unlc stress 

I.UllHH'UIOJXU pH ... " ....... ) tn STR svsrPH'S followed a discussion on of 

2.2.1 IN 

cOtlsldleratlolJ.s within STRs are In reactor 

contribute to 

Qa~;-lliaUlla mass transfer 

sub-

into 

stress and are of relevance to u.~" .. .,,,,-• .u. .. ,l'> 

role of solids are examined. These contribute to 

h."rl .. ,~r1'''n< ....... r stress. are tnterlmll:ed 

as stress in and its effect is COlmtlOlln(led 

by .nt'",n,,''''·''' aeration ""-UU'lllU. mass and 

2.2.1.1 Ue:scriptio,n of stirred tank reactors 

D1()re:actors are nn,pr,~tpc1 as two-IJn:1S or three 

two-l)h:lse ,,,,,,tpm,, are LH<U"LLL<:U" 

In tnree-on:ase 

may or enzymes are 

mineral 

surface. The consists of hut1:tl!nts. 

7 

case 

as well as an 

cells and waste 
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Chapter 2, lit .. atur~ ReVIew 

products Tn •• rob,c 'y'tems, the ga' phase" mad. up of aLr or combination, nf .jr ~nd othe. 

gu"'. Figuro 21 ill""",,-{ .. tho typ1C:!l component> of ~ hiolngical "irroci t2nk drury re~ctor, On 

ttlll, idering bulk proptltie" the biom." ph"e m.y be consideroo » put of tht liqUld pha't, 

wher"", on con,idering proptllleS ~t tht micro-<calt, the hiom'" forrru • second <oW ph»t, 

Hyiliodyn.mic ,tt<:" in the STR origin.te, from .);it.lion due 10 rot.1ion of tht impelkr, .tl.cion 

""d tht pr"'tllce of ,olid., 

2.2.1.2 Agitation 

To m";,,mr, • homogtllou, tllvironment, tht ph"'" within tht re.ctor reqUltt good contocting 

through ,nixing, ~!Wng: en.W", (i) m~" Inn,fer of nutrient> from the liquid and gao ph., ... nd 

tht ,olid surf~ct to {ht cells ond "",,te material, .w.}' from the cells, (il) suspension of solid 

p~nicl .. =d (iii) promnUon of he1lt Iran,fer. 'I'h. overall reoctn. perfonnanc. may decline 

boo~mo of the .pp<a,"nc~ of wn." of tho fluid ,,~th 1mufficient nutllont> nr non_optimal 

temp",",ure or pH (Abu-R"",h .nd Kargi, 1991; N.mUe\· eI ~I., 1994; D",'~ci, 2002), 

In additi()fl to j", p",itive dfool" mixing can lelld to unlln'nu""ble hydrodymrl1lc c()fldition, th~1 

cau,"" c~ll ,Iro", •. mL in e~l!:em. C"O', cell d..lh. In order 10 almin pmpor mixing, fluid flo"" 

mu,t 1><: turbulent (Domn, 1997). The kinetic en.£g)' in turbultllt flow i, directed into rtgiom of 

munonal flow c.lIed eddie<, Eddi .. oro bmUn down by {he action of the , ruUr in'n decro"ing 

sil<e •. Tht '-""t of tht .mallt,t eddie' i, given by tht Kolmogorov-sc.lt of turbulenc<; l] (Kun» 

.uxll'~pol\t>.lci" 1990). 

Tn {he S'J'R, mixlng i. ~ttained by rot~tinn nf tho impellor ~nd {he flow region with the high.,;, 

tutbulonco b tho impdler ,tro.m (R= .nd Brodu)" 1972), Tht rna,1 common impdler typ<, 

used in biorcactoro are ",dial and oxial flow impeller.. The blades ofaxial flow impellers fonn an 

angle of Ie., th= ')(lo to tho phno of """'-t>on ~nd ptOfnote u,~l motion. R~~I_flm.- impello"" 

have bhde, ~t 9Qo to tht phne of rol1Uon. The'e impella, providt g(){}d gas ill'per,ion th"'tb)' 
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.,ding g:.s-Iiquid mass tr".mf«, wh«e" axial flow impdk<' provide good ,olids ouspemioll. The 

b~sic :impell« designs .nd flow p~n=, for a radial.- and .xial-flow impeller, maximising 

dispersion and ,uspension 'e'pecti"eiy, are shown In l-'igme 2_2 

'"- --'. 
Fig ure 2.2: (1) ,adi.! (Ru,hron) ~nd (2) n:Ul (pitdt. d.bI1d.) flow imp ell"". Flow pm.m, 

produced by (3) nodlal- and (4) ~-flow :impellen in b.ffkd t.nks (wurced from Dor:ln, 1'191). 

The hydrodynamic ,hear produced by the llupelI ... dependo O!l the impeller design and .git~tion 

r:I!'_ J-iJg-h ,hear develops '" the vicinity of the 1lllpeller blade. with the big-hen incidence of cdl 

dam"&, cO!lditiom oceurring at the rurbine tip (Bronnenmeier .nd Mfrrkl, 1982). R:odiol flow 

impelle,.. create. high ,he.r en"'roomen!, ",hLle H,al flow "npelle" gen.".ale le" ,he",_ Thus to 

1Cbicv. optimal. miring under low .be:u comhtion" axial flow :impdlH' :ore ~dnnl2goou. 0'-" 

r:><hol flow impellers (junker ,t ~l, 1<:>98; Myen and Bakker, 1')98). Recently, new ~-peo of 

ltnpeller. tin, pro>~de mcre",ed pumping efficiency WIth high gao h.ndling c.pabiht1<> md low 

.hear h.ve been dcvdoped. The,e incllKle hydrofoil impellers such as the Lighmin .-\315 (Figure 

2.3) and l'mchom Madlo T impelle,... Hydrofoil Lmpell.,.. have been .hown to induce a stronger 

>xi") flow 1!ld pruduco higMt rmtin pumping .fficienci •. , than pitched bbJ. turbin .. (Ballor 

.nd y.n den Akhr, 1990). The mCCe" of the hydrofOIl impdlers lie' in th<:rr high ,oIidity ratio, 

which;' defined ... the ratio of the total bl1<Ie area to {he protected, or ,wept. area of the impeller_ 
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-+- 11·· · 
~ 

Figure 2.3: Comp.tJ<on of (.) llX·bladcd Rmhton turbine; (b) . ix-bl:><led hollow blade ili,k 

turbine ""d (el Lightntn A315 impdb types (.ourred frotn Otomo.t aI., 20(3). 

2.2.1.3 Gas_liquid mas. tran sfer 

The mos.' tr.",fer of oxygen ."d c""bon dioxide i, on import.nt cottS1do<alion in the thermophilic 

biole.dllng STR becau,e the enetgy-ptorucing oxi<blicn reaction, of ferrous to ferric iron or1<1 

,ulphur to ,ulphte roquire oxygen. while cubon diOXIde i, tequ1Ietlo:; a ,outee of carbon to buiW 

boom ..... It tim.' follo"", th.t oxygen and c:ubon ilio:ciJe hmit.tion will couSe phY'iologtcol ,tIe" 
to the rruc-ro-organi,ms. Limitation of gas-liquid m.o> transfer WIll be c(lflsidered further throogh 

oxygen lunsfer, 

Due to the sparingly ,oIuble nature of oxygen. especially at dented tempcr.m,..,., mtensi"" 

mixing and .=oon ore req\ured to improve o"ygert m.s< tr.nsfer and tI,is promotes 

hl'dtoclynomic cell damoge_ A, gas bubble' move through the lM:juid pha'e <luring the mixing 

process (l-'igure 2_ .. ). bubbles.re dh",rscd while bubble colla?,e occur> at the liquid .urface (Lu ,/ 

11~ 1992) The SO' diffus .. fi:om the bubble =00' the interf~ciol a .. a into ,he ,oIuoon in 

""'pome to the concentr:atlOn drivmg fo<ce, An exp<emon for nte of oxygen tnnofer fmm SO" 

to li.juid i, given by: 

... &jn. 2,1 

whett N~ i, the rate of oxygen um,fer per unit volume of fluid (gmol m-"-'), kL 1. the liquid. 

ph.", m.,<-tra",fer co<fficient (m ' -'), " i, the ga'-liquid interfacio.l area per unit '-OOnne of fluid 

(m' n,-'), CAL i, the oxygen concentration m the b,oth (gmol m-'), and C A.L (groo! m '1 repre,ents 

the wlul>!lity of oxygen ltl the broth at •• tuN.tkon. The efficiency of ga.-li.juid m .. " tran,fer 

tlepenw to" Iorge extent 011 the charocteri,lic, of bubble< Ul the liquid medium (DOtml, 19'J1). 

The iliffexence (C* ~,. - C~1.) between the maximum (saturated) and actu.l oxygen wncentnlion, 

in the liquid rep<esents ,he eoneent"tiO<l_differenee dri"ing force fa< ma" u.,.",fer 'J"e 

w 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2: .1teratJure Review 

oxvQ"l::n. even at AUJ'",,,,'" ternpleratm:e, is low. This the 

concentration d1tteren(:e 1S A concentration 1S 

and metabolism is of the the rate 

dissolved oxygen concentration. this requtte:meJnt U<O'_A.<O,.,,'''' the COIQCf:ntratlon 

and the 

mass-trans fer COI::ttJlCle:n causes to decre:asle, so 

is reduced. the same in the 

tlU<:k.n1ess, this in an increase in For terrlpe:rattu:es 

h,.j"",-,.;, 1 OoC and and 

an increase in ternp,era1JU1:e is more ill(:rellse the rate 

decreases "'~U.U1l. .. ",u and rate 

2.2.1.4 SUISP4~D!lion and related effects 

1-'J.I;;."<OllL in a reactor for a U",UUJ<OA. reasons, the most ~'F.'~"~U" of 

the cell micro cattier .... W.ll.U.<O", as 

a mills the cells 

to recover I-'ru.U ....... 14L"''' interact with 

cells in the reactor co:rnJ:)Ol1len ....... , ............... .., cause hv,11"r,fl.m stress to 

or~!;anlSn:1S and thus the "'VIlll-".""'" is desired at low and low 

levels 

In to prl)rnlOtlng nVl::IrOldVnlUnlC 

mass transfer in the reactor. 

solids can also influence ""''''-u ............ 

ill,restlg.:ttors have ...... 'rwt .. fl the reduction of mass transfer 

due to pn:sel:lCe of solids. Solids are -~~ ... ,'~ to affect the mass transfer coefficient 

the ll!l'eu.'''''''',,,,, llUU''''lt;ll~.<O at low solids concentration or a 

an increase in the apt,ar,ent 

cO:iUescf:nc:e rates. A decrease in gas at cOlncc:m:rarlorlS was 

van Weert (It 

ill mass in slurries co:nt~t1nll11g beads 

0.1 M NaCl. 

concentration of 40 % v/v. A 60 % decrease in 50 was 

van Weert (It al. tav'ourab,lV with the results 

Derksen (It bubble size and gas ill slurries 13 

11 
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Mills et al. tn an <lC!.<ll<;U as the solids 

fraction ll" •. U;::;ii:lC:U 40 %. Boon ct at (1992) the 

uu'u .. ·· ... u in coal slurries 

found a 40 to 50 % decrease in atavolurnel~csolidsllulu-uu et 

al. those of 

for in iSlU,UVJlUlE the effect solids on mass uanS1Lt:r. itis • ..,..,",,,,.~,,.nt to take 

into consideration the oxygen conS1JmlptllOtl as and coal. 

2.2.2 IN 

UC!.ll";:U as stress o!'l~l1srnsJ that from the movement 

bl()lO!;rical reactors, this movement results mudng and of the fluid 

If 

I1mcltatlO!1lS, cell hu.rl .. ("\('hrn~lnn,'r environment results from mechanical 

stresses 

reactor are 

prIDcl~sses, various 

reactor cOlmn'Otllents 

conditions in 

aeration ; ... ~"'n";"" 

occur between the 1llI.cr()-c.rganllStI1S ..... t:ll.''''t:l 

to 

stress and even 2.1 common to most u .... J1U!t!!O..;iil 

reactors. From this UllI,~J.'U.H we can prt~d1(:t the interactions may occur in a 

are tn 2.1. 

and PaT)ou:tsa.k1s, LlI.llH.UU and 

et 

stress UI..''-UJ. . .I.11J,l£. near solid tn in the llHLJ"'JLL<:;1. 

Interactions cells 

Attrition caused when the cell is between two 

12 
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(iv) Attrition from a pat:ttclle nlbbmg a 

Collisions between collision of cells with the lnllpeller, and collision of cells with 

stattonalY surfaces in the 

Shear stress cells as bubbles rise tht:oulgh the and 

caused waves due to bubbles bursting at the 

surface. 

In reactors, interactions between cells and bubbles and cells and turbulent eddies are 

considered most to cells and In 

aerated reactors, the collisions between cells and solid paJtttc:ies are the prled()mm:mt cause 

of cell 

2.2.2.1 Interaction between cells and turbulent eddies 

Cell has been associated and correlated with the relevant size of K()m04~!:ov'-s(:ale 

turbulent have shown that cell becomes severe when 

K()ln:I0!1;or'Dv--sc:aie eddies are similar in size to the size of the cell 

microcarrier (atta(:hed ,,/_-~-- and The KCIJmogl::>ro,v 

or 

size can be 

cai(:uiated from 2.2. 

1)= 2.2 

where v = kinematic fluid Vlscm.lty 

e = turbulent dtsslf:'atlon rate per unit volume 

If the cells are small relative to turbulent tend to be or entrained in the 

eddies. As fluid motion within eddies is iarllUllar, if the of the cell is similar to the 

there is little motion of the cell relative to the Hence the shear effects of 

eO<lV-I:ell interactions are minimal. Excessive agttatllon leads to formation of eddies with size 

small and of sufficient to cause to cells. The size of the smallest 

in a 2 litre STR and a 100 m3 STR was and Einsele 

to be 9 and 161-J.11l The characteristic size of microbial cells range from 0.5 to 

5 IJ.1ll in(IiC~ltin,g that shear stress due to ea(lV-ICell interactions are an consideration in 

STRs. In and best illustrate the interaction between eddies 

and cells or parttcles (truc:roc:arrler:s). shows microcarriers m eddies 

and with the streamline flow shows the interaction between smaller 

eddies of rotation and the levels of shear on 

the bead surface. Cells immobilised on the surface of micro-carriers or aRJi!:re~;.tt(!s of cmnparable 

13 
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to 

in 

It 

lesser extent 

'-'<."'jJ'<= 2: Ld.'.=.'LUJLC 

will be detorme:d in a turbulent 

(a) 

Microcarrier 
palhs 

J2.dlov-m110:ocart1er interactions from 

and 

V ..... LL ........ pnmanly with bubbles 

the 

due to work pertc~mled on the 

(b) 

from gas sPllrwinl! into 

the to a 

at "n-ir,,;-;r.n rates h .. ,'"',TI .... " 150 and 600 

cell datnaf~e was due to UUl:>UlUl! at the "LT""""lTI rates above 

darnajl:e due to [eraCI:lUI:liS J in the 

absence of U""-'U11;;" lYl1Cnllels et at. of bubble n ..... ""'_·m 

intensities 

der Waals 

Ua.J.Uiil';e in an STR. that at lower 

Urf':aKll!7e in the bulk caused 

the thin flow the 

of 

rim back into the 

A number 

m1,cr()-o,r~lru:sms, tend to a .... \,Wlllwau: of at the air-

for .... Cll-I!:il.l; adhesion lll'WUUC: electrostatic van 

\.. ... ou...,,\.."" interactions between the surface 

1l V ....... 'UjJJllVIW ..... interactions Ids p!(>posed that the 

levels of shear stress in the 

jet formation. The ~N''''r.~ of a cell to a ... ,,~ ... ,...i ... ~ 

(i) ao!;orIJeo to the bubble film when the 

breaks rI C ''' .... ,Prl to or near to the bubble wall \ '-".!"-'J'll"''''' 

adSOl:bed to, or in the thin urt'OundJlnQ a l:Ul:Jrulnnl17 UUUIJU::. will be 

are IJH.1UdU. sufficient to them. 

14 
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In darna~~e mechanism prl~d()ml11ates over the 

due to 1993; Nemati and 

concentration of can either have a ~UUUJlU~ 

on the cells or .... V,LU.".LVAj'" can occur cells and 

extent of collision U"-U"'~'" is eX1Delcted to be a 

the and of the 

It be of the Oa.!:t1cJle-tlartlc at a 

the extent of increase in solids concentration 

or agttatllon increase in the 1-' ... ,'uO'u ....... the 

and 1S 

pv·~ .. prn'>hr sensitive to the """,""r,p size and decreases pamlCle size under the 

same ~J'L<"l.lU.H I..IUH'..uU.UU.:>. However as the 1.1".1.1..1'_1'" size becomes n<lj-t1rIP mass and 

terminal se[[J1lllg "pl".rll ... , will decrease an 1Oc:relIS1rlg of the finer to 

streamlines Kusters ct 

decrease in the 

encounters also that 

than :H,,: .... ,:J. "., __ ._ .. _ momentum. As 

a nurutnum 

cells darna~~e cells. the same mass or volume concentration of the 

number of n:l1mc'lf'S J.u ...... "' ... "'-,, with '-''-''-'''I.'''''''''l'. thus llH.I\:":HU~ the tt'P,('I",~ ... r ... r of 

\..U.L.LA".'U1Jl" between 

Several have been conducted in order to det:errntrte mechanisms Ui:IJ'H.'~'" when 

are in the pr(!SellCe of could be """.",,,:U"'U as 
. . 

mlcrocamer where are attached to microcarrier " ............ " where cells are 

in the ~.L"""';.L.'''''''' of inert slurries where cells are in the pn~sellce 

source for the mict()-a,rJ;,mi.slIls 

and nv(~st1l~t~~d the meCn~U11~;ms of u",u,,~;t: 

attached to microcamer in a STR. Three 

mechanisms of 10 were on fluid 

mechanics. These were (~ collisions a cell-covered microcamer with other 

15 
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with the reacto.r the llUVC."'C.L (ill) 

with turbulent eddies. When beads a 

is released to. the cell 

10 cm-:/. o.r mo.re reCluc:eO o.f 

flat AU\..'UV."'. 

to. the cells can be eXIJreSSf'a as the 

and '-'V.LU".V •. '" between 

reacto.r Co.lmtlo.lllen to. bead-bead The 

1tn'nnlrl'<U11' C1mf~retlce is that the .... v, ..... ,,,.v .. is much 

2 

.... VJC. ... "'jLV .. <:P,,'pr11hr based o.n 

mass o.f 

v (m 

Pearce o.n the effect stress o.n 

/J/"r,'>""om1'I"Rr cerevisiae in a The 

cells o.C(:ur:reO in the 

111~rnt'Nr,n o.f the 

o.f so.lids. A first o.rder rate 

the rate co.nstant 

115 and 770 

1090 

o.f 

range 115 to. 540 rpm thereafter the 

size and ...... v .... , ......... 

deviated fro.m 

2.3 

cells o.f 

the 

between 

...... ~' ...... ,"'-"V .. mechanisms Oomtnal:eo at llH~<::J"= and abo.ve 540 The extent o.f 

....... '''~ ... v .. o.f so.lids in 

the 

at lo.w ... u •. "' .............. 380 

the reacto.r. Scho.ltz-Bro.wn 

was due to. lnrntT'l,n 

co.ntinued the 

effect o.f and Inc:o.nlplete 

\...,0.:nS14:leI:mg the InC:o.l1Llp!eteIy 

where 

I-V.Ill"'V'''' between cells and o.ne o.r mo.re 

p<. .............. and cells are 

are the l".u ............ l". 0. f 

The the cell n'c'"1,,-u"nn in the eXT)enme:nts with I-V.U .... 'LICCIC ... y 

16 
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was in the to 

'''''1,,,,,1"1lnn rate 

constant as a the volume fraction 

was riA.'''''''' for \,-",u .. "u:. et 

k = 7,11 X 10-5 0.56 2-4 

the unit volume 

= total 

that are ........ ,'I-","O' .. JJl<; cell 

wr~lnarnson, 1975 

.... VJCU,,,.vu lUt: .... U ..... JJL:>Ul:1 are rel)re:seltlte:d to 2 than 

to 1 ll.'-U ..... 'LUJl~ l-Uo'''''UIIJU'VU U'~;"'U"'''.''UI in 

17 
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A reV1ew 

Further 

the 

stress. 

The cell 

consist 

of 

the 

t,. .. '.h"· ... Review 

the structure 

to, and the "u.'I.4"".=,1< a,etenCC!S 

to the of their 

stress. Four 

..... UUIUy are 11-n:nn,r-t, .. ,t as ................... L" to .u ...... U,'Ull .... AL stress. These are and 

The of and fonus the 

The which the 

determines the the 

and 

to receive fluid 

to the due to 

structure and the cell and of 

to these on their resistance to 

CELL 

is the and the 

In cell and 

wall and in some a 

The cell 

while 

the to concentrate 

excrete waste 

18 
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Figure 2.5: Schem~Uc illmtratioo, of the cell w,jJ. of (~) bo.cte"" .nd Arche ••• nd (b) Yell" 

(wurced ftom Schu"er =d Sl~"tr. 2000 ."d Wliar. 1998). 

2.3.l.1 The cell wall 

The 'tnlctute of the bo.cletial ccll ",,,II i, med to di<ttngui>h between two group' of Mctert... 

Gnrn-positive .nd Gratn-neganve. G,:un-positive cdl, p<",en 1 ,;nglo, thick peptidoglycan aye< 

ou~de of the pla'"," membrane. The cell woll of Gnm-po.itive b.clc.tio cornpm.c, 50 to BO 'I. 

pepti<loglyc.n, presenting a greater SlruCtural resi,ta"ce lo f,"c{ure. The Gnlm-neg;.nH Mctttl>. 

h.ve • {hin peptidoglycan layer out,ide the plMma memb"",e that is ,urround.d by In ou{er 

m embrane. The rigid peplldoglycan l.yer i, pnma'ily rOO (l<ln.ibl. for {he .trength of the bac{eri.l 

cell wan (Brock and M •• , 1 ~1). The peptidoglycan ,{t"Ucturo i •• ifnilar 1ll all bo,cteria and i, 

con,?"'od of linear poIy,acchoride chai". of altornating N-«ce{yl-l)-gluco,",nine (NAG) and 

N_1cetyl.munrruc .cid (NAM) r",idu .. joined by ~(1.4) glyc",idic bon,k The choir" are cm,,_ 

llnkcd by. lett. pepnde of b .. u: stmc{ur< L-ilinyl-D-gIu,"tnyl-L-Rl-D-alonine ",!ached to the Co, 

lactic .cid "de chai", of the N AM r<oJdue. The roru.i<an! macromolecular ,lnlclure provide. the 

cdl wall ",~th lemile ,trength (lIol~e ,nd GlaUncI, 1990). 

The Y"'{ cell w.ll j, tebtively thick and ;. 15 to 25 'I. of the tot.1 dry m." of the cen. The con 

will con,,,{, prcdoinin.ndy of three frulcrumolecul",; hp>cl<;, pruteim .nu poly,acchoride' 

(m~nniUl, glucan Ind chitin), Polyucrho.rides ore the most abund:lllt oonsl1tuen{s accounung for 

80 to 90 % of the wall by flU'.'. Gluean 1nd n",nnon ato tho predorninont po!y,~charide. ond 

rende, 'trength to the yea,{ cdl wall 

'lh."" ate two cdl ",illlJpe. in Archae •. The Gnun-pu>.itiv< Atch."" h.ve a ,irruIar cell wall 

slruc{ure {o the Grom-(l<l,iti"e bacteria ",i{h I rigid peptidoglycan layer. The cdl wall. of the 

G,om-negati"e i\.rch~ea do f>O' p'""" the rigid peptidoglycan byer. 'lheir cell wall con, i.", only 
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of one or tw<J ,urf.ce I.)'en (S-layer,) composed of protein or glycoprotein ",buni{s in a tv.o­

dimet,,;onal crystalline arrangemetll (Korug. 19&8; ilaumeis{er and Lembke, 1992, Pum ,I aI1999). 

A pos,ibl. explanation for the bck of peptidoglycan 'n Grom-negativ. Mch.ea i, that some of 

{he etlZytn"" required for ~doglycan bioo}""h<", do not funcoon eith<r at pH 2 or at high 

{emperaNre (;'uchel ,! ai, 1980; Komg, 1988). In .ddition, ct'll envelop., with. high degree of 

rigodity are nO( reqUired for life at high t<mp<:nnlr~, and low pH wue', TI-.£ S_I~y<:r" clo<dy 

.,.oo:;i~{ed with {he cytopbonuc m<mbrnne and cov<r> the entire crll ,urface (!hurn"t<:r ~nd 

J ,<mbk<; 1992), Moot S-l>.yen >.t< compo.~d of 'ingle, h1gh tnolecular-wright poJyp4'tid~ 'p<cie> 

(protein 0< glycoprotein) ",th app"rent moIecubr 01".." of 40 {o 220 kDa (l\fessner, 1996; Pum 

.t al., 1999). S-laye, ,ubuni" are ""uolly hdd TO =1-. other 1nd to the und~Jying mill by wc1: 

bonding fo,ees: eJectrosutk in{er>.cuon,. Consequently, rel~rively mild ertn~tion pm<:edures an 

k used for {heir "tnovol. 

2.3.1.2 Th~ c~ll rn~mhran~ 

'lbe b>.ct<ru.1 and yest pl>.'rn~ manbUIl£ i, '-Il 8 nm lluck hiLlyn compo."" tnostly of 

phoopholipid, .nd ,tao!.. The arch.etl manbrol1le lacks fatty .ad, .nd in,{ .. d ha' hy,lroc.rbon 

moirlia bonded to glycerol by ether Iink'ge' instead of es{et Iink'ge,. lbe:re >re fom 

fi.md,unmtai differ<nc~. between the m:b>.e.l, .nd b.eteriol mol yeost membnnes: (i) chir.lity of 

glyc<rol, (ii) ~tha linkage, (iii) i'OPWlO,d chain" .nd (i") bunching of side chains, Therr ability {o 

>urvive in ",,":em< conditio", ;" prob.bly due to the unique .trueture of the archaeol memb .. "e 

lipid" I'm =:unpl~,1 temper:>tut<> abo~< th£ optiin.l tempetatutt of growth, the membra"" of 

b.cle:n. .nd yea,t become ""c"",i~ely flu.id resulting in l .. ky membranes. In contrast, the 

.-'...tch .... are able {o .d'pt the iluidi{y of therr membrane and th .. maintain the normal membrane 

permeability (~.n den Vossellb.rg, 1999), 

2.3.1.3 Difference. between the cell envelope. of bacteria, y~a.t .... d Archaea 

Table 2.2a li,!.'! examples of the major differetl~es b.m .. etl (he ~.ll envelop., of b>.~teria, ll.lch.ea 

and yea'ts, The Gram-negotive Arch.ea h"'e ch"'lIlcally differ£nt c<ll membrane> ~nd chemicilly 

,,,d struCturally differrnt w.d), to b>.cten.. .nd yent. It is dear th.t the cell wall of the /\.rch.ea 

la~k, (he m.~mmole<:Ul<> th~{ provid£ ngidity \0 the cd! walk of b>.ct<ria and y£"t, thm 

tendering the" micro-otb",ni<;m, more susceptible to the effect' of mechanical stress. The effect 

of a Ie .. rigid cd! mill or the '~ck of ~ c<ll w.d) on an organi.m'. c1p~city to tolerate hydtodynllIlic 

'Ue>' c~p~city i, mote ck..dy '~<n III T.ble 2,2b. The Org;olliSm> are comp>.ted 0" the basi' of 

their ,,-,,,ceptibility to hydrodyn.mic stress ba,ed on the results of •• rudy by Miirk! ,I al. (1991). 

Organism, ~O<1t"inll1g macromol£cub ""ch ~, murein '-Ild ccllulm~ which confer rigidity to the 

c<ll wall were k" ,usceptihle to the effects of hydrodynamic stress thm {hose org.m,ms without 

a ~ell woll or with only gl)'coproteLn- or protein-containing- cd! wall. , 
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Table 2.2a: Some of the major differentiating .nd commOCI molccuhr unt, 1ffiong the bacteria. 

G .. m-neg:Hive Archae •• nd y~a" ( .. :hpted from Martinac md Kio(h. 2003), 

Trait H ad.'; . G,am-Ncs.tivo A1:chaoa y< ... 

Ccll ,iz< '" 1 ~m '" 1 iffil '" 10;mt 

Cell WlIlI Pq>odogly<:.n 
Pmttin or giy<op<otcin Gluon, monnon .00 
S_byets protein 

;"lembnne E"'er linkod. 'traight choiru E ther linked. b,."mod E.te, linked, .ttalg~t eh.;". 
lipo:!. fotty ocid! hydro<'"bon. fatty"""" 

Cpo.kelcron Abocnt Ab,ont Present 

Tab le 2.2l>: Organisms .rranged by virn1e of their smceptibility m hydrodynami.c . heor me." 

(,dapted from Mukl" ai., 1991), 

c':,/(J"//,, 

Ch~,," .... a, wild t)"pe 

AI,liIa_, 

Cbla.,'!d"",.,,,,, CW IS 

0/' not ~pplic>bk 

Group 
Col w.ill thickness 
(nm) 

Lc • ., OllsceptiJle to hydwdYDdnllC ott<:" 

lOO-120 

10·15 

MoO! susceptihle to hydrodynamic .tte .. 

G«<n alga< W 

1kthon" bo",ro. " 
Green algae Noc<ll~ 

Coli ", ... 11 CQh"jtuent 

Ce~uIo<e. pectin, 
"f'Ompallonin 

Pocudomurein 

Mu«;n 

Glyroprotein 

Prottln 

0/' 

2.4 THE IMPACT 01' STRESS ON ORGANISMS 

A, • re,ull of 'he dfecl' of h),dtodyn","c me .. , .eycr..! change. ore oo'~rved within the culn"e 

in.n SI'R. These indlKle chmge. In cell vi.bility .nd cell morphology,~, wcll '-' a deern,e in the 

over:ill metabolic ute. >11 increo.,ed r~uirement for cell m:Untenance and cell "",.th (Augenstein ,t 

aL, 1971; c.wughan ,t til, 1987; Al>u-Ree. h and Kugi, 1991: Cholmers .nd B~v:,,:ian, 1991; 

L .. naignire, 20(2). Depco.d!ng on the .aerity of the .tress, reduced le>eL, of product furm.tiun 

0< tramfunnatiun may te,ul! and th", influence the ovenll pro~c" pcrformmcc. Basson # d. 

(1997) proposed •• cherne (l'igure 2,6) hlghllghting the effeets of hydro<iyn.mic and phy";oIogi~oI 

nrc". on =<=b;.l performance ;n prace" 'YSTem<, [n!hi. .rnem<:, the effects of dllfenng 

degrees of hydrodynamic .t;rc._, OCI the ccll ~re ill""tnted. ,tarting with minor dam.ge to the outcr 

celll.yer, ~nd le,.jjng up to cellI)";,, 
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Heolthy cell. expos. d to mild mechanical ,tress e;<pcncncc minot en vel()~ d~mab"'_ Allhough 

the extent uf this d.ffiaS" may not affect cell growth or met.bou,m dittedy, uther factur, ,uch " 

the rdc"A'~ uf c«t21n prmein' ()J: W:1ll f<agments into ,olntion may be unde,ired, Mute ><ovett 

tn.ch~nic::al ,tn,,, ]"ad, to tnetnbran ~ d am;oge in which cells loo.e their ability lo tt-ptic.tc due tu 

weakoned memlnan. functlon_ i)uring this process cell, L>ecome 'leaky' and are un.ble to 

mainllin intern'! cytopl .. nuc functi()fl, Prolonged or extreme mechanic.! me .. may lead w ~ell 

death and in extreme e.""s, cell Iysi.. The ,ensitivity of organisms to hydrody"am!<; stress 

depend, on th~ .t.bilityand morphology of the cd! 'I .. oU (Ma,kl ,tal, 1991) H~nC<, in the c .. ~ uf 

a.g:rni,,,,,-. with no cd! w.Jk, e.g. animal cells, 0< O<g.msm, with cell w. ll. of reduced "nLetllr.il 

'n~gnty, ~.g. Gratn-ne~"'tNe Ardl""o, thi, ~ ffect i, ,een on expoou!e to Ie" extreme 

hydrody=tnic ,,~.,' . 

,-...... o{ ,"""'" 
"",,),.,,;00 ""'" c.,,, ... ,,~ "'_ -_. 

' '''''''1'' "'''""1« p~ ''''''''' mc<""",~ ""'" 

"" ~~ to ,d Jorur<>--' 
"," 

P~"""'""Uc~ 
, Ire .. k"""ol '" ~ 

"-

, Rc)'t~'.~,,~ 
Pm<"'c.~ 

0.;. "'1"'" ,-co. ~ I '" ~Ll "'«" ",.""" ... ,." 1><., ,~ .. 
I 

, ",'"''!Y''' .. ,,'" 

I PJ.:;~01 "' ... ""'''''' 
to " >ombo"", &nag< ~ 

, !I'''''"' - P\o,~~., ""''' , ~ro~ 

"''''' .... ,,' 
P~oI ""'" 
"'hrill~"" 
-~ ";""" '>0<'-" • """' .. ,,*, 

i'ogurc' 1.6 Scheme fot {he loss of cell 'luauty due to the . ffeet of phy>iol.ogieol and hyd,odyn.mi<; 

,w . .. (~dapted from Ba.son d al, 1?1J7)_ 

2.4.1 CELL WAI.l. DAMAGE 

The lack of • ",II "",11 ut the pttR'1lCe of • cell wall of reduced Mructunl strength h .. oc..'ll 
p"'l"',cd to increose {he susc<ptibiltty of o!gonism. to medlanica1 ottess_ Lo8, of coli wall 

in,egrity h .. been linked ru hydrodynamic ,Ire" a. well .. to ' ''''''' 1nduccd by changes in 

temp<:r.rute .nd pI I (Abu-Ree,h and Kug>. 1991, Han el al, 1997; Lrunaignere, 20(2) A cell ",-ith 
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• damoged w.oll m.y reto.1n it> ability Co gtoW ""d met>.boh,e. Ho"."ve<, extreme 0< ptolonged 

mechanic,,] ,1<e .. may Ie.d Co ruptutt of the ccll will ond con,egucntly the cell membtme. Por 

example, umaignhe (2002) inY"'r:igaced the effect of tncchmk,1 .trc'" 0" .f. "",vi,;", md found 

thot on exposure to 1 0/. vjv quotwce 1I!ld.n .gitation rotc of 850 rpm, ruprure of the cell wMl 

WM oh,e,.,,-ed Figure 2.7 ,how. a yeasc cell \\,th a di,rupted cell envelope rde,,,ng intrKdlul:u: 

compound, LnCO the growth me<hum. 

Figure 2.7: Tron'tnl,.ron electron micrograph of ~ ly,t'd yo., l all exposed to 1 % v jv 'Juortzite 

""d an impeller speed of 850:rpm ("'utceJ from I.arm.i~,"he 2002). 

2.4,2 CELL MEMBRANE DAMAGE 

When lncchanic,l ,tr"" lc,<i< to da-"uge of the cell membr=e, the gr"""th.,,d mctoboli.m of the 

cell become. comprotnl,ed. The cd! mo.nocmc iI vi"" for ,cp .... ting the blologic::d function of 

the c. 1I from it> environment. If mcmbran. in"'goty;. loot, the cell integrity is de"royed (Brod;: 

ond M.digan, 1991). Three lruUn mct.bohc ptoce."", .re ~ffected by millage to the cell 

membrme: the 'reproductive c.p.bilit),' (viability) of the cello, the functionit\g of the electron 

tran'pore '1'tcrn and, for =tdophilic tnOcro-o<garmrn, In particular, chemio>mom .nd 

m=ttn1l!lce of. nou neutr:al mt.re,.l plL Th. viability of a cell is dependent on the pre,ena of 

a functiomJ plasm. membr.ne Qon .. , 1987}. If the membr." . i, damaged, the cell 100 .. the 

.hility to di\~de. In addition to h,vlng a repwduccive functlOn, the cell membnne al.o provide. , 

IY.trt:ier to the low pH environment, ttgUiaUng a comCmt internal pH neee.,ar)' for maintaining 

rnictobi"l growth and metabolism. I'erme.bili .. tion of the cell membr.ne of acidophile. lead. to 

tapld mKlivation ofbiornokcule, in the cytoplasm (peeple • ..,d Kelly, 1995). The membnne of 

acidophilic micro-organism, maintain, a pI I gr.ditnt of 4 or 5 pI I unil< (v.n d. V osseoberg- ,t aJ., 

199~). "j'hemlOo,cidophlle, mch " J. acid=idmiu.r .ccompl;'h thi, task by pmton pumping 

(Anernliller <I at, 1985). l,I?hen Mr:a/lwpiJt"'u ",iJlh, gro";"g at 74"C, 'Y>,' transfer",d lo 

temper.ture. above 1'IlPC, the rnicro-organiom "ppe.red to l08e ito capability to maintain the 

"'luiv:ilcnt neat neutral Lntem,,] pH l=el, me .. ured durtng growth ~( optlm,1 temperature.. 
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H.n , I til (1997) p<0f>O,ed this to r .. ult in put from darnogw membune integrity .t non-optimtl 

t<:rnp<:t:ttur~s, In addition '0 m>1nr:.ining , near nen'r~l inlt.cellnlar pH, lhe large pH gndient is 

linhd to ceilulu r~lpir~tion, The ~xtr'cytopl".'mLc oXLd~tion of sulphur .nd metol sulphide< has 

been linhd to <I,. generotion of energy tbrough chemiosmotic eooplmg in ehemolithottophic 

.ddop/lile, (peeples .nd Kelly, 1995). ' 11m" penn •• bilis~tioo of the mernbnoe could c~m~ 

.cidification of the cytopl1Sm.nd .ffecl the cell energetics. 

2.4.3 THh IMPACT OJ:' H\/)IWDYNAMIC STRhSS IN SOLIDS-FREE AND 

SOI.1 DS_f:ONTAINING SYSTTIJ\IS 

A, ill,ellS,ed in Section 2.2,2, in well mixed biological re'ClOlS In the .bsen"" of particulate solid" 

h,.drod'~lamic "r~" m~,. b~ ,ttributed to th~ intet:lction beNe"" eells .nd turbul""t edm.,s,.hear 

"re" genentro througb fluid flow, ,he.r ""'n g<netoted by rising bubble. ""d tho,e '>s""i.tro 

,,~th bubbl~ rupture. In the slurry bien.e'Ol, whore particuhtte solids Ue pres""t, hydrodynamic 

,tt.,;, ill .. , prim.nly from panide-eeil-pan>cle collision" particle-ceil-reactor intern;.) collision. 

and ~ttntion m the e~p.nded bed of solid, ,hould incomplete 'UspenSLon "",ult (Section 2.2.2). 

[n th" ,~ction. lit<T~tut~ >tudi"" on rnicrobi;.) cd! dom.g< in solids-free .nd solids-containing 

remor ' Y" "'ll' ar~ r=i=ed 

2.4.3.1 The impact of h ydrodynamic sUess in solido-free .,. .. tems 

The ~ffect of hydrodyn:umc .tt",; on growth wd death in unieeiluLr ,,-.lern. has ken 

=l"".i~dy .rudied. T~ble 2.3 Ii", relev.nt ,rudi .. carried oot on human, .nim.l, pl.nt, yeast .nd 

rnicrobitl cdl, in lhe p""sence of hydrodynamic ,heM condition< In th ~ ~bsenc~ of 'olid" 

E~periment' were c.rcied oul in • variety of reactor> r>nging from ,tirred 1>11k r~acto,", 10 

capilluy ,y"em" '],he nog.tiv~ ~ffec~, induced bj' hydrodJ~,.rnic ,hear included 10 .. of yubility, 

decre"ed product fOlrn.lion, physic.l damage .nd cell de.th while in m.ss tun.fer limited 

'l"lerns, impWyed mixing of the reaclor contento l.d to ~n incre .. ~ in biorn,,, production. [n 

general, cell-rurbulent eddy"" ",ell ,. cell·bubble int~r"-Ctio", haH been ideotified os tho prim.ry 

caUSe' of hydrodynamic .tre". The extent of d.m.ge was 01'0 linhd to ,h~ cell type, more 

' pecifically th~ cell w:.n >ttueture.OO cell >ize. 
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Proper 
Org.n;,m ~ .. 

1'"""",1 

lI<Inon IIcLt S3 and """"'" '" L919 

M~", ~ 
t"',.".,J;y",~, 

H)i.ondom. cd[, " 
HyLodom. cd. '" 

h><O<t<clli ~ 

B~ .. ~"",, ,,, 
'j ",! ____ ,.; "",I 

5",,,,,,->,,,,, 'm";'~ 

Plantec" ,. 
In""'t celli ~ 

~., jm<liI and 
M'--., ",I<kllii 

M"!~.,,, .. _ ",.-,hii ~o 

c.,.,"_"""'JI"'_~ .. ,. 
n/~ not applicable 

Table 2.3: TI", effect of hl'dmclymrnic she", in solid,·ttee 'Y'tem" 

,~" h1"',;mom 

C'pi/l";", Eff«:t '" pwnpmg celli 
,hmugh "1',11.,; • • 

Sll't 1'1I'«-~ '" ~"tian .," 
Stoned v",oe] Hf«t of >g>'1_ "t< 

STR Hfw '" ~tacioo ",to 

"'" Eff,ct '" ;<»ect-WoOI< 
u~'t1<tlom 

STR bffw of '¢"tion ",to 

S11( Effe<t of ~u,q fme<. 

",'. Effw ",WoOl< "'pm", 

So;,.,." mombn"" Eff,ct '" '!;it.tlon ",e 

~'" 

$TR bITeet of 'S'"rion ",to 

Slll ><xl Effutt of >&intioo rate 
,~;, l;r, ,~"''''' 

FlCO:d .bo< 

riuid.h< .. 

-FluiO *,<>,' 
-Bubble ,h<:,,-

Ilffoct 

I",,, ... ;n "S'''''''' ,otO ;""",,,,,d loic,,"m 
p<OOuctlon 

Inhobition of DNA ')'Clthc,"" ;""1'< • .00 
"",,,,,,,he activity; <1<",,,,, in gto~·th ,"" 

u.",.... .. in ,rll <"''''''''''tlon .00 
""Pill"""; incr, ... d lac"", <l<hydrog<n .. , 
.. hI<; U>crn", in .p<cif .. gluoo" 
"""'umpnon .. tt 

lolub;tk., of nokrobW gro-..·th and --
l'h)Si<1l d'''''"g< '" "u, .. w<ll U hI> '" 
v-.ility 

CoU d<.th d", '0 «I adh,m., 0" bubbIt 
'UIf"", 1"""0';'''' ..1.h~;-,,, d<"" .. td tht 
onn¥, o,h, 
p_ fifflo'" low «II yiokl< abo .. 1800 ""'" 
M-;'/lii I".., cd l"'1d 1/,0 .. 1M 'I"" 

h"",." in rell ,",-"ut] WIth ;n<rCM< ;n tip 
..prt<l up '" 235 '" ,_t 
'.ell~toh=kup 

PC,"cr ".!., 1985 

AI_It,.,.". ""'-, 1')9(1 

Ch.m..", ,00 lhvw. n, 

'"' 
T"",,,,"(,l'191 

o..nlop md N.nKi=, 
'W, 
U>ttOpa<lh)'1Y" 01, 'W, 
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2.4.11.1 Tk 11"/ ,fflJJiJ;kar 

Jncrea"ng tho >,<;itatiO<l and •• ",non "',. ;n • "',,.m ma,. Ul('uase microbial ~cti"it)' by mhanClng 

m." l!>n,f~t ~nll mix.inl~' I-Iowent, 1x'),on1l1 certain lim;" turbulent no,,"" inhibi, "U<'~obial growlh 

at><! ~cti"ity (Tom. ,{ ~I, 1991), In mo" ,t",lie, whn,' agitatiun and aeration rat .. wor. i,\C,..a,. d up 

to a critical point, th,·tt wa, >n ;nitial incn",,' In gruwth rak anll m,'uho!ic ,ctiyity of ,h. eulrur. 

(1)!ul<hupadhY1Y ,I aL, 1999; Abu-Ik,·.h ~nll Lag>, 1991). Abu-Ik,',h .nd IGrgi (1991) ,t",lied the' 

eff. ct of Impell.r 'p,'ell on c~ll Yi1bility, gluco"" consumption, bc,"'" llehyJrug~n"" (LDB) rd,'"" 

and monoclonal antibody (M/\b) proouction of h),brioom. c~ll, In = STR, Th,'), de,erffilm·d thu 

inc"'"ing toc agitation uk frum 6() to 137 rpm;n. STR t~,uitell in.n inctc""'· in th,· hybridum. cell 

concm(r.tioll ., the Ox )'l~n-fr"l1S[et limitatioll found at low agi,.tioll "He, ".,,, o"eteome, inc:re.,ill!'; 

the 'gilatioll rote 'rom 100 to 1~1 rpm did no, .nhanc. growth furth. r 1ndl.d to .10" of cultur • 

• cti,~ty, ~ deere." of 15 % In the coli conc.n,uti"", a dec'.1,ed M."h production .nd a rei.". of 

20 % o[ LDH into tho culrue~ m,'dium, lnctta,ing ,h,' 'p,,,'d from 191 to 350 rpm camell 

approxim.,.ly 75 % of the I J)H to he r.k",·d Into the medium, 

']'om,./ aL (1991) fOUllll Il,,' 'he ffilcrobi,,] l\fow!h rote .lld I)'.ine bios)ndle';' o[ dlt Grom-f'O,iti"" 

hac"'rium B, j/(M<m llect .. ",d when the unpeller tip 'peed of ,h. S'IR w~s In('r .... d ~bo,.. 1.11 m ,1 

(~O) tpnl). Lpille ptoJuctiotl w", .ffected due !O. de('~e.,. ,n ~conit.,e productiO<l, the k.y .'''yme 

in IY>Jm' b:.u'ylllhe.i" In addition, !h. hi>;>;h ~gitanon rU., Induc~d the' production of t11e Hn", 

inilic.tor, hi>t~ditle. The gro"''th rot., of the fungu, T r<!!S<i 1,1<1 'he y~"t ,\'_ ,."",:~", w~re ,]'u <11Own 

to occlille .boye impeller tip speeds of 0.52 m s· {150 "Pm) and 2.7(, m ,_L (f\(~1 rpm) rl"p,'cti,-d), 

n.c ~ulhur> .1'0 .howed ,hat .he.r effect' Cati"-x! deer~".d aocnu"ne tripl"J<phak (ATP) 

l~ellentiun, She .. ,rre,. damal';"d colI membnne ' ,,'gulating .-I.TP reg~mnting 'Y'"'n,, 1nd kd to 

.l!erations", cdl morphology ,nd =t1ix,h,m, Th,' krm t1lrbohypubio>i> 'On, introouCl·d to de,cribc 

thi, inhibinol1_ ']'urbohypubio,;, w» ch.r.c"ri,ed b), a ,rre" r"emr e,'P"'S>!llg dle illlernction of 

medium !luw with microbial c.lIs in loc.l rurtl\lkn, ,one ', d.penden, on t11e ,""ergy di,tributiol1 uf 

lh~ ~gil~tiOtl regim._ 

TI,e e~ten! !o wh:eh tluid ,h.ar .ffee" c.ll, i, a function of the c~ll murphology ~nll the cell w.1I 

,!rueru", In tho ",,,,I)' uf T uma .1 at: (1991), tt>ull> iw;t;c,.led d,at aJ[hou!';h tho ,heor ,fr." cau,.d by 

lr>ett1S1ng agi,"tio:l I'"e hod on e[[.c, on all 'hr .. coil 1}1'e' (hac"'nal, ful1gal1nll in>') k",'d, the 

~,iSl.tlee !o she " y.,ied h,''''-.. n th,· rrUctu-O<l~ani>rn., The baclerium, E. pm'um, show.d the h;";h .. t 

""i"once to ,nc"'"ell >.git1tiUl1 r.k., Bronllenmeier and Mark! {19~2) .howed c.ll, devoid of colI 

wall, ar. moee ptOl1~ to ,he"," d[ec,", TI,e a,,!horo I1we,tigated !h. effeet of Impeller 'I"','d on Il,e 

cp"omclC'rium, jfimknu pkm~ilj ond 1 cell_wall_dd"ctin- mul'mt ,(r.itl o[ []'e gre"" .Iga, 
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Cbhmy4m~naJ ",inlxm.'i in a STR, S. ph!,,,,'h wa, found to be ,.nsit""e to shoar stre" bUl ,Lill h, 

, en,itive th.n th , cell-wall-defe"'''''e mut.nt ""in of C. rd.",,,,i;;. The speciEc growlh r." of lh. 

cronob.cter;um "m>lned at IU05 h ·L on lncre .. , ;ng th o 'mpelle< 'peod to 2400 rpm while lhe specific 

gtowth rat< of tne cell-wall-defe","'e greon alga declined f,om (),().!l5 h 1 a' ~) rpm 10 0.04 n· L .1 

'lOO rpm. 'lne .utho" continued rhi, study .nd ,'larkl rial. (1991) "rOrted th o <ffeet of ,heor ,tu" 

>gain on C. ",inbardi; .nd .\'. pla!"m'J .nd .hu ,tLLlied • ,ljr.,.'M.'(~'''',r 'p., • Af,lham"""'";",,, 

11-"""oa~!(llmpj~CHm culture and a Af,!w"lncmJ rar.i./li mltLL", 11,e ,mccptibility of the cell, to 

nyd,oorn.ml<. 'u,,' w:;,., <lcpcmknt firstlr un the .b,,"nc~ or rre,cnc~ of ~ cdl wall" reported b)' 

lImnntnme;t, .nd Markl (1982), and ,econdly on tn~ coli woll ,truem". Of.1I the o'g.,,;,ms 

",ldied. tne cell-wall-d.r~ctiyc mutm' >train of C ",i"banh; "'," th~ mo.t 'e",itin to th o effect:> of 

,h, .. st""', Indi, .• ~ng 'hat ,h. lack of a cdl w:all "''" the o,,",riding factor 1!l iletcrJmning the 

h)-droopum1e , tIe .. capacity of .n urg="m. 11,e re,i"'illce to il='>g~ uf the mU!ein-wntaining 

eymooac'crJum .lj"'r;"~=~,' anil the p,,,udulillIuin-cont.i,,ing M tmrmoalll.rr<phitu/ll w., higher than 

M mr.i,lIi cdl. ,,·hme will, comi".il of only prottin 0' glycoprot.in S-lay.". 

2,4, 11.2 Tb, 11M If •• I/-b"bN. inumcti. n, 

ln Section 2,2.2,2, tl1~ n>tchanism of cell injury induced bj' the pre,ence of bubbles wa. di,,,,,,,ed 

RUr'me of t..1 bble, at Ole li<]Uld ,urfaee wa.' determinod to b< 'he pnm.ry meciunISm of coil d=>p;< 

Chalmers and B.n,ian (l'l'Jl) , ubjected twu 'tr.in, of in,tct cd!> to bubble ,htH, Tht ",ili<m; 

found lh.l ctll death o<.curr<d when coli, we" e"he< waened to or found near n'p"mng bubbl .. 

Ch.tlOp.dhpy ':<I/. (l'l'J5) reported. ,imil .. eff.u. lmoct cell, were killed whon e>:pO,ed,O bubble, 

which, whtn .j.ctod fmm a hypodo"'lllC noedle r\'pnlrecl .t the IKluid surface. 111e num"'r of 

disrupted cd!; d.erras od w additiOll of protect;,.. >p;<nt, ,urn os plu,o",', o<.id into tho nlOtl;um 

!lling (l9%) inve'ligat<d tho effects of bolh liquid ,hear and bubble rupmre or lh , liquid ,urbce on 

th o b.ctermm C giultmth"m. ~ 0 effect Oil tl,e ";abilit)" "te of g'wwth, rate of met<boli>!Il .nil cd! 

l)"i' ,,"" ooser;'ed, how",-" fragmenmiOll of cell am"Rat .. occurred. f'"n:her e~prrim on"" u,ing the 

,=~ rrricro __ org=i,m wcr~ conduc .. il to dtttrmin. the wntributioll of collap,ing bubble, to cell 

aggrtgate breok-up. TI,. cdls wort grown m COllUnllOU, culture m • SIR .nd an .rrlift reaCtor, 

Aggregate break-up in rhe aLtiif, "actO' w", exciu.,i,-c1y due to collar'ing .ir hubble, wh~r<'" in the 

,S']'f( bOlh .git.tion .nd collar'ing air bubbl~, colltributed, The partide count in the SIR increa>eil 

h)- 15 % comr"eil tu 7 % III th. ,itlift, 11,. illcrea,e in p"oo. counl w» imhc.ti,'e of on incu",e m 

.ggregate b,e.k-up, illustr.ting • <-anlribution from both >s-i'ation .nd collar''''g ~" bubbb (!lling 

and Hmi.'on, 1999) 
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2.4.3.2 The effe~t of hydrodylla"'i~ "ue"" in "olids-~onta'n",g 'y"te"," 

In Sectioll 2.2.2.3 i{ "'" ,howll ,hot wileLl solid, '''' pre,.", in 0 rea"or, {he c~n di;tupwn occurs 

prunorily duo [() ,olid-coll LnteractiOIl, ,nd {h., flllid ,h.ar .nd huhble ,h.ar offe", 0'" Ilegligible 

(p."Uc~ 1993; Scholtz-ilrown, 1 ?%) 

2.4.3.2, I SaM,I,din!', 

Th~ conceLl{r;l,lOn of ,otid. Ln ~ ro,ct", cm ~ffec' me e~ten' of cdl d,m.~'C ""'-ing '0 '" effect on 'he 

colli<1('" fregu.ncy ILlcr."iLlg 'he ootid. lo,ding inc« ... "", the frequency o[ collilluno between cell, 

."d soWs ond ,hu. iLlC'.""O' ,he hyd,odYLumLc ,II .. ,. (:roughan ,-, dL (19HR) ,tudied the effec' of 

L1lCre"l1lg micwc .. rier concentr,tion on mnn.1 cell, In "" STR, Al high conceninLion, of rruuo­

c.,-n.", 'he coli, ,hm,'ed very long I~g ph~"" .nd uecu»ed r.tl~, ~nd e:den" of gtow<ll. Whet .... " 

2.3 fold iner .... ,e in cell conccntta~on w"'" ob,erved .. ~ 0,05 g I-I lo.ding. ~ 1.2 [old inere",e " .. , 

ob,ervcd oWr the ,"m~ Lime pericxl .{ • looding of 15 gIL (Figure 2.~.). i'urtnennore, Ll,~ growth 

rale J<.creased from 5.51 to 1.53 h· Oil I1lC",,,ing ,he microc~rner wllc.mfatio" fmm 0.0 to 30 g l' 

(Figure 2.8b). 

III • gu,m:it:c "un)" 'y'tem. Scholiz ,I al. (1997) "nd Schol{z-ilrow" (1998) ;"lv~,,;,, .. ted the effe"" of 

.otid. concenrn.wn "" non-.e;ro"ing ceU, of j'I'''''''IW~yfrj cmt'i.tiat. The)' reporl~d inere",ed ,oluble 

pro{em rde .. " with incre.sing solids l00.ding. n.e disropticm rate of S, "",vi;;I" .{ • ,ip .peed of 

2.91 m s " ~nd. punc'" ,i,o di,tribo"t;"" Ln the "tog<' 600 ,0 850 :~m, ,.,ried from 7Jm x 10" ,1 .t 

5 % ( .. ; .. ) Ln.n ,oti,],;, '0 H)5 x 10·' ,< .1 40 % (v /T) iLlOrt ",lid,. '1 'ho '''ldy hy Sch"lv-ilNWIl (1998) 

w» e"teooed by Ltmaignhe (2002) to im'"tigale the effect of ,ohd, loading (0 I() 5 % v/v) on 

gro"ing all; of j'. "rwi,;"" An increa,~ in ih~ log ph"e [rom ],0 through ill 6,5 h w'" ob,enced on 

inue",ing the .olid, 10Mling [rom 0 to 2 "/" l'urLllermo", ih~ 'pecific de.,h r-ate incr< ... ,ed from 0,00 

through 1o 0,142 h·' On increa;illg the qU'Mte co"cenin~on f(mn 0 tt, 1 "/,. At. 5 % quut!;ite 

Io,,,ing, no cell gmwth, ,ub,,,,le mmumptio" 0' prod"c' form,tio" wa. observed, i,,"ic,ting , 

complete \0" of me"oolic activily, At thi> solid. cu"cenin~on the 'pecific Jcalh r-aic "'" 0.275 h·'. 
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Figure 2.8: Chonge in (a) ceIl concentr.tion ond (1)) growth rate ofFS_4 cd]. ~t Inc=sing 

micwe.met coocentral1Ons (ad.pted f,om Croughllfl ,/ a!., 19S~). 

2.4,3,2.2 lmp./I"-!f!«d and!)'P' 

C'ougilon ,/ al (19~7) in"e'tigated the effect of .gi[Otion .peed in a mogneticilly "J.mxl,=,<:I", a 

",lid, loadmg of 0,3 % w/v On the gwwth of hum .. n d,pIoid fibrobl"'l' c~lI, ~tloched W !1Ucm­

CM1'ier •. They ,eported ~ dean"" in the grow'h rote and an iJlcreas~ in the .pecific deotil ,~te (Tobie 

2.4) WIth Jncroa.mg impdlct 'peed The 'pecilio deoth ,ote increa'M 0' ~ PO""'" hw function of 

unpeller ,peed. A .imil", ,elatlO<lslnp bern..:cc the specific death rote con,tant and impeller 'peed w,,", 

ohserv«l by J-'l.m"-'gt"''" (2002), '['he author .tuilied the mfluenoe of ogltatioo. inten.ity at o.olid, 

h.iling of 1 'I. vjv Ofl growing ccu. of J: amin'"., 1be ""II de.th rate WM found to lnCITtlC '" 0 

powct hw function of inCreMJllg imp.!h ,p=f (T~bIc 2.4)' Below Olllmpeller ,pttd of 5-65 rpm. tile 

cell growth rote and the e~tent of growth WIt, low. Till> effect wos attributed to nutrtent Iimi{>'U01l 
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uwing: to inoueqllate mll" Inmf.r. At 'pe"h abm" 600 rpm,' dec<e"e in coli viability and ~ctivity 

W," oboefwd 

Table 2.4: Specific de,th nte. e.Jcuh",d 'm VOflOm impdler .peed. one! cdl type •. 

Cwughatl el aJ. (1987) 

Hwn~n diploid fibrobbm immobili,ed on 
ffilCro·CIlll;"" ; ougoeticilly nirred ve .. d 

ImpeUer . pecd Specific deathrau 
('1"") (I"') 

"' 0 

"0 0.011 ,., O.Q1S 

'" O.OZl 

Lamaignere (2002) 

s. ""vill,,", grmHl in the p<e.enee of qu=>1"'; 
S1"R 

Impeller speed 
(rpm) 

565 

Specific death .ate 
(b-') 

0.118 

0.128 

0.140 

n... type of ~~t:iIOr u.oo ill. S"l"R cntic:illy affects solid, suspension, mas, trail,fer .nd the imen,ity 

of hydrodynilITlic .tres._ Scholo_Bmwn (199S) founci th>t ,1 , ~,'on unpclle< speed, nfher 1x:Iow or 

.oove 'he critlcol impeller ,peed required foc complete ,u'pe",io<l of the .olid" cell dlMuption wu 

lowe,. 0Cl a~t:itlon "ith th. padxu bLUe t""bone fh.n the Rushton tw:bine. She ~mibuted this 

diffe"'nc' lu ,h. lower power!npllt of the pitcfled blade turbine compa<ed to the R."htOCl tw:bine 

and ,,>cc .. ,fully motldled the rusruption mfe as a function of power input pe< unit volwne oems> 

both I<Ilj>"llers, bm'llgnhe confirmed these ubservations for the growmg yeast sl"fem (Table 2.5) 

At a 0 % v/v 'Olid. conconlr::i.tlUn the m=imum specific gto;vth nlO Ijl... ..... ) of the cultw:e "'"" 

higher using a Rushton I<Ilj>"ller tll2fl , pltched bhde unpcller, 'lbi. diff<rence in ""'~ .'" Wa' 

attrilmted to improved mas, tr,n,fe, provided by the Rwhton JrnpeIl .. , On 1ncre-.sing: th. solids 

loading to 1 '10 v/", 0 .hll<J' dec~ne 1fl .ll. " '_<I' w •• o/:>I.erved "ith the Ru,hton impdler. Increasing the 

.ohd. ooncelltrat>on '0 1 % had a Ie", ,ignir.c,nt mfluonce un fl.,," '-'r on<! f'o.'""'"' <00.. (.pecific growth 

<afe \)o..ed on the "i,hr. edl eOflCenlTIttiOCl) l1>Ing 'he p1'ched bLde impdler comp",eil to lhe Rushton 

impelkr. The i!lC,eased tw:bulme. c.used by the RllOhtun tcubme improved the moximwn specific 

growth ,a'" comp"",d to the pitched blade turbine ",hen there w<re 00 oolitl, p",sent in the reacto'". 

However, the increas.d turbulence comb_d ",ithincrea,ed .ohd, concentrntlon at 1 '/. compounded 

the hydrodymrroc ,Ire" effect Ie.ding to " decrease '" the m>ximum specific fltowth rate. 
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Tabk: 2.5: Influence of impeller type ou the m.ximum 'pecific growth ntc.nd the . p-ccific growth 

r.te based ou ,hr. vi~ble cell concentnOOn of J: ,"""",i", in the prnence O£ .bscnce of quofoite ""lid, 

(650-~00 flm) (l.om"'gncrc, 2(01) 

Solid. loading 
('Io; v/v) 

0 '10 

o 'Y, 

I 'I, 

I 'Yo 

2.4.3.2.3 Parlim;;" 

ImpeUer type 

Rmhto/l turbine 

pit~h<d blode turbine 

Rll,h!O<J. turbine 

pitch<d blode turbine 

0.254 

0,164 

0,135 

0,141 

~, •• ..,«. (h-l) 

0.25.; 

0,155 

0,138 

0,144 

Ho"i!On tf aI. (2003) lnv'-'tigo.te~ the effect of ,'.rymg qllortzit< por,icle 0;7", (n" .o diomete<8 ,"og"'g 

from 114 to 1245 fllll) on . t""onory phasc .1'. """"i", in a STR. At a sojjJ, concentt~,ion of 

20 'Y, >-/v, the di.rupoon rate consLmt (1::) in<:re ... d from 0.00013 to 0.1XXl37 ._1 on merc .. mg the 

me"" pacicle diameter from 114to 304 fJffi. 1'he .. Ie c"""onl tuchrd ~ pbte.,u ~t. nltMl diameter 

of703 fllll. The moximum =tent of disruptioo, gl>"o by the ralio of tht. m.ximum disrupteJ soluble 

protem to the ma.~um a'-ailoble .oluhle protem, mcre,,",ed from 30,~ to 74,3 0/. w!lh lnCteaslnfl tI:Jt 

me:m p •. n;de dumeter fwm 114 to 304 Ilm. A 96.0 0/. disrupuon " ... ohsc,,"-cd ot ~ particle ,ue of 

mc"" d,ometer of 1245!-!IIl. Lunaignhe (2002) found th.t incre.smg ,he me"" quart,;te p"",icle 

di:unete, from 693 to 1021 flm even ot 0 ..,lid. l~og of 1 'I. v/v. caused ~ Jecrr.,st. m the specific 

gmwth nte an~ bjon",,, yield I){ S .• 'm"iti~ cultu« 00 gIw;o><. The . pecific growth ntc declined 

from 0.135 to 0.109 h·] wlulc the yield of cell. on glllco" Jecte=~ from 7.15 to 2.09 x 10' c. n. g" 

on i.",reo,tog the meon pattie)., diomele" fmm 693 to 1021!-!IIl. No difference in tenm of specific 

growth""le and bioma." yid:l wn obo.:rved at p>.tude;jze, below 693 ~n. 

2,4.3.2.4 j'.h'd, J:hap< alld I)p< 

In 0 OtudT ~oo:lucted m ,hah: £WI.: cultur.~, Ikwci (2004) showed th.t oph«ically sh~p<"d glo,. bead. 

mdw;ed a greater 10'" of all v!ability of ~ ffilxed me$ophilic culture of :\Cidophil1e hact«i. (At 

iuro""idalfJ' ;mJ UplO!priUN1II i""phtf1lm) th.u 'Il< ,rregular and onguhr 'l""nzite portidc. . It wo, found 

,ho, oft~r ~ 3 h exposure to gin, be"], portlcles, 92 0/. of vi.ble cell, we,e de:\C'''''ted whilo Il4 '/0 

"'~fe de""tlV::lte~ with tht: ltteguhr qll"""'!te panicl",. Th' effect w,," ~""ihed to the mofe eff>eieo.t 

gnniling ,ction of the .pn« ieol gloss beod,. In ogreomeot with re. ult. of D",,,ci (2004), Di'pUito 

<I ai (1981) woo ,tudied the effect of glo .. h<...d. 00 fer""" iron o:<i],cioo by At. jem.xidallS m 'hoke 

fl"k culture M 1(,0 rpm, found ,hat the smooth .• phef!col gl ... beod, c"".J . ign1fic"-flt inhibttioo, 

The Ute, of !ton oX1~atiou clecliuod with mc,easing ,.,w.loodiog from 1 to 4 % aud almo>! complete 
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inhibition w., ob>erved >I • 5 '/. concentration of rolid,. In contrll:lt, Peorcc (1993) wOO .lurucd the 

effecl of particle ,hap<- in a yea't-gwmite ,Iurr)' reoeto.r, 'h=OO th.t IHCguW: qmrtrite p.mcJc. 

(m .. n .ize of 364).Ull) 'With j"fW'd edges cAused. higher m .. ~tmml extent of ch,ruptiO<1 of yellSt cdk 

wOCn comp,",cd to ,mooth quattzite particles (me"" 'izr of 304 ~un). The rAtio, of the marimum 

roluble protem 'ele"'ed on ch'''4''''''' to thc rnaxlmIlm avail..,le . olublc protein "'.., 74 and S8 '/, for 

the smooth lind joggcd p.mcb !c. pecti<'C!). 

In ..ddition to gl2>, hcod. , Di. pirito ,/ d. (1981) oIso .lurued the effect of IIowtrs of ,u1phur, 

£ll.o'~patue, gil"" be..d, alld pyrite on fe"ollS iron oxicl.tton by AI, j,rrooxi"""'. Pyrite and flowen of 

,ulphur h..d the gre~tc" cff=< on ferrou. iron oxidation, At ~ 0.1 % wW, Ia.ding both particle 'YP'" 

CAUied mhibition of the hcte'",- Above ~ 1 '/. pynte concentration, b""tcrw oridahO<1 was 

completely mhibltOO. In cona",,~ 5 'I. fluor"".!ite hod btlle influence on iron oxiclotion but at 10",(:< 

conce.nlnUom (f1,1 to 4 '/0) tl,.,e particle, completely inhibited heter;ol oem-;ty (D;'ptnto ,t ai, 1981). 

2.5 THE EFFECT OF CO:\IPOUNDING STRESSES 

Sue .. e. to rrucro-D<g=i.m, In bioreacrors 1.1:e nteIy singum. H)'d.<ooyn:>mic ,lress in it,elf CAll be 

termed ~ compound ,=, re'ulting from thr: comhinal>On of .uc,"c, mduced by arr<ltion. mixing ""d 

the pre,ence of solids re,utting in ,heu ,tre", ~ttrition arul pr."ure nuctuatiom. Frcqucndy, 

hydrodynamic We", is accomp.nied by one or m"'e of the phy' icochcmicol , tIT .... li,tcd m S-r:ctioo 

2.2. According to AJ-Rube"; ,I "" (199(1), it is ,"cogru,cd tho! the 'emitivity of cel!. mch .. 

hybndom,,", to hydrodynamic .toc .. " e]",,,,tcd by ph)'Slcochem!col foetor, such "" ommoniA 

oecnmul.tion AIld pH chonge,. decre.' e m cutrnrc medium vHieOlity, dcc:e,,",e in scm concentration 

~ the .boence of surf:oce_:>etive .genu. Furthermorc. in pmce. "" weh ." Ingh tr:mpcn.tutt ",oJ.: 

blOl.aching, rhe solubi~ty of oxygen .nd corbon choxide" n:duccd =<I thu. nutncnt Iim1tation rna)' 

occur =<I compound the already inten,ive hydrodyIWnic .lrc" that is prevalent in ,hes. slurry 

On investigotins shear effeen; on anim.1 cells, (;ruruo. ,t aL (1997) obscrvOO that condition., (e.g. 

,empet.ture) ,h.t yield higher mcmh,,,,,,, lIu!d.!ty produce more fn.gik cell,. Furlhcrroore, Al-Rubeai 

(19'90) identified membrone in'egrity "' well '" m<:t.boIic "ate, ""' hoving an influence on ,he1.1: 

.. n,iti,-..,.. The ,uthor! found th~t tho "''''inV1ty of thc cells to hydrodynarruc >treS, mcre=d witl, 

decre""ing ",e.motion temperature. from 3{ to 28cC, At lower Lcmpuature, the VIolJility declmed 

more ",,,idI), at high agnation rate. . ReducOO tempenture. not 001)" affect cell phySlO\ogy and 
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melll.boli,m but,,).o olter rn:mocme fltUiliry with pOlential to c>u,e mcre",ci! pcrrrr.bility, Nutriem 

'tll1Vlltion .J.'o influenced tbe eill xmiry on mb.~qllCnt e~pomIT to !ugh .gttat>On ule. SimiW: 

,.,ul" wore found by Miirlcl .1 "I. (1991) who olso found th" nutrient "IT" .ffected the ",=illvit)' of 

celli to hydrodynamic stuss. The amhO!. foond thot cell. of .\f,ti'<l~._, """i,/Ji culturro t" ~ STR 

showed incre .. ed selli',ti,~ry to m<ch=icol .tre .. ",-hen ~ ttoce .l.ment (,",lenium) "''" ,b",nt from 

th~ growth medium. 

111m, it 1. integral in the Je"!jIl o[ bioprocesse' th~t mechan;col and phy..i:ochemical me..~s are not 

tre~,,-d .. , "-1''''''' [""tor. but., h.ving CO.roInCU "ld compoundmg effects. 

2.6 THE BIOLOGICAL STRESS RESPONSE 

In n~tutc oil organisms are wlJiected to ~ cl"'ngtng enVIronment and baH devdopcd a ,'.nety o[ 

particul2rly vulnerohle lo toc ch~g envir"""""nt due to their large ,urfoce a(e~ to ,olu"",- "tio. 

The ,Ire" respon'~ !'Un m ",It",:. " .Jso found, po,>ibl), to a gre>(er ""ten!, 1ll b;opr""",. systems 

",ocre conilition' are opurnis«! '" JllO.~,e pcoolXcivicy l11thec tb:rn eohanco th~ ph),>.iologtcal ",te 

of the celli. A fundor=nl::ll unde.,anding of!he .tre" n"po",e of micto--O!gouislllO ;. th", u",ful to 

further optmti'" bioo)"'t."",. Unlike phy.;lCochernJcol >tIT>"" •• the re,poru-<: to h),drooynomic .tr"" i. 
not well documen!ed. However, p<elimioary .rndi., h,n I. d to !he hypotbe>i> tlm mMl)' of tl," 

'trel> re,pon.~. ITl>.)' "" ,imiLI •. In ~ddition, once ~ mi<:,o-organi"", h", ,urvived th .ff<ct of one 

fOffil of me .. " toleu""e to orh .. fo!Tf.ll of SIre,. may "" induced, for . "ample c.lk "lX".,d to 

>ubm,," hmlto.OOns have m<reasW ,.wt.nce to h.~t ,hock, oamotic _'tre" 0< ili''''fecting 'g=" 
(Schlegel,1"93). 

In n.ture. rrucro-orgarusms such ~s the ther!T\OO.Cirlophilic A£ch.e~ lOr< found m oo.tilc, luw plI. high 

lemp"ututc h~bnt', 1I0wever, 111 th"" commeccial II£'plic~tioo. os Inole.ching micro_organi"", In 

hlKh temp"r~ture t:rnk 1"llChing p'oc~',"., th<y Ilr. required to wkr.le ",d thriV" under more ,ev",," 

,ul>-optimal conditJ<)<U. Poe ""=1'1<:. intcroction, with high concentt3tions of metal ion., mcre..ecl 

.n .. w input< .nd. in >Ome c"~', mt"".ctioos ,,~th flnely miIl"d!ll1m1ol or" wju1<ecl in conventional 

\cuh envtt"""""nt" Fcorthermor .. occ'-SlOnal disropcion of cultur~ coniliciom m terrru of 

temp<",.twe or reduction potenl1ol mo.y occur. Consequ.ndy. the c.p,.ory of tb. th<l-mo>eidophil~, 

to "'f'O<1d to v""Ou> ott""'" is of ;ntere" (Burton ,I ai" 1995; P .. pl~s And Kdly. 1995). 
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Micro-O!g>n"m, dI'play ""-0,"1 re.<pome> to me .. effect<, Mo" micm_mg=i,m, pu,"e", defence 

_chani,,,,, iliat are ulitiaud once the mo", has ken " .. nsed", 11><. r",pun"' to physicochomical 

,tte,,,,,, • .specially thenruti ott,,,. h .. been ,rud,.d to • gu~tor exte", in mOOOJlhili< bactori •• "d 

eubryote. th2n Arclu",. The gcncrah""d unJcn,t:lnWng of this .tte" "spon", is ,hown 1Jl Figure 

2.9 (L6p<z-C""da and Forrerro, 2(nlb). Ti>. re,po<l"" tu >trc>, appea" to be tran"t",)" A ,hift in "'" 

enviromnomal paflUTll''''' such", tcmpemture i, Ill" OCtected (1) by the ccll whlch ,ubsequ<'ndy 

adiu", gene ""p,o ... on (2) to Wunt<:rxt the phyocil eff"'," of the """.mol change on u, molw.!hr 

component'. finaUy recovrring • "oo<ly "ate (3). In th" .ection a .hort rc-view on .en'ing 

mech"""'DII is pr .. en"d foil:lwed bf ~ dlScuss>on on , drctod mess r.,po" ... of micro-otgaoUm' to 

phpdcocOOn!cal and mcchonical ott"" • . 

-----, 
Flgme 2.9: Con. ",l ffi"-dun;'<"", lm-ol""d in the uamlcnt te'rome to thermol .!:re .. (.outccd from 

Lope._Ca,,:ia and r'Orterrc, 2(XXlb). 

Lk '" JinkJ.ng numbcr (the numtx:r uf tim .. twu clo",d ,trand, are linkrd or, 

the numbcr of 1:1lnc. tru.t 0"" DNA 'ttand wind, around .noth,,) 

m" heat ,hock; 

c, = cold ,ho<;k 

Sem"ngmechanism, a," rnt well understood; however. ,everal theorie. exi>1. Acwrdicg to" Cm'lCal 

tnJd<l, the =iot trigget of ,tte," protein fOIT",mon is accumulaoon of den~tured protem, in tbe 

cytopla,m. A ",,:ond model implic~t"' th, c,lI ffi<'mbrane .. an ideol location for •• lr<'~' ,ensor, 
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The state of the membrane is known to be a very sensitive monitor of the most diverse 

environmental The of cell membranes the cell to sense ch:a!lJ:1,;es 

for examplle, te:mp,erature, osmotic and atnl0sphj~lC pressure 

the of several genes, those that to 

influenced and controlled by the membrane's state 

to the in its environment means of 

in 

ef aI. 

Data show that 

1S 

The micro-

transduction across its 

membrane. A mechanism of 

Stock of 

transduction is the so-called sensory 

The first of the sensor includes histidine 

kinase that autol)hc)Sf>h(>ryiates a histidine residue in response to an environmental stimulus. The 

is then transferred to an residue on the second the response 

re~(Uhltor, which effects a cellular response. Limited studies exist on the archaeal transduction 

svstenlS but evidence that a sensory in the archaeon Halobacterillm halobillm may be 

to those of bacteria and Osorio and the ad:aptlVe 

responses in acidocaldarills BC65 to starvation. found evidence 

for the existence of a sensory in the archaeal mJlcr()-c)rganist]Cl. 

'-'LJ'4",I'>"'" in the phYS1cal state of macromolecules may also function as a sensory mechanism. For 

ex~tmI)1e, a m ternp,erllituJre acts on the state of macromolecules. Alterations in the 

of membrane in of DNA and Uil.'-"'"1.. ,",unu,,, clonltor:mat10n and 

the state of the ribosome may be involved in this It has been pr()pc)sed that DNA sut:1er(:oiling 

could also be used as a sensor for environmental and :::'VITaJClell. 

and Forterre in or ion concentration have been found to induce 

cruifl?;l~S 0 f the number of DNA in E. coli (Dlnnt)ler et Increa!;mg the of 

DNA causes the molecule to become more 

mechanism. response follows the 

macromolecules. A set of spe:cltLc prot:e1l1iS is 

A 

which may also serve as a 

in the state of the 

For example 

are molecular ch:aperolls involved in 

heat shock most 

involved in 

partr.ally denatured and disulfide isomerases or SPf:C1tLC !€!guiat(}rs. 

Possible sensory and response mechanisms to mechanical stimuli have been found in the Archaea. 

Mechanosenstive ion chructnels are pr()p(}sed to a sigrufic:ant role in the responses of 

Archaea to a of mechanical stimuli. A distortion of cellular membranes is converted into 

electrical or biochemical or both. The MS chructnels function as mechanoelectrical transducers 

of the mechanical force exerted on cellular membrarres and coordinate numerous cellular processes 

associated with transduction and the pr()k~LrV()tes. 
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the MS ...... <U.u" •• ~ of l::!.s'cbeirzebta coli have been !'U!orCIUSI while recently MS .... U;iUlll<;;lll 111 

bermo)l)/aJma actl'iop,l:Jtllf!fJJ and Mc,tha;~ococcus lan'nas'cmt have been 

2.6.1 

Stress nrr.h,,,,o are COlillnlOoLl:\i termed because 

from studies on the of chrutlges 111 teOtlPf:rature on the n .. ,~~"", ... 

Heat retlresent the most 

been found in all UJ.~~"U'"U''' 

short ext)osure of cells to "I."""t •• ,; u~mt)er:~1J or 

and .U"'U .... 'O" a transient oVI~rpro(luc of a c .... 'r.f.r 

Martlnac and 

derive name 

content of various 

known have 

In ~Cll<:; •• U, a 

of normal 

"l.ULell.''', the HSPs 

The HSPs are "lV"l~'<I 11"'-"""""'-'0 based on their molecular weW'hts 2.6) 

HSPs can v ... " .... " ............... '" ct numbers 

stress. When bs,cbeI7C/JJra coli is starved for nh, ..... o .. 'h<lrp over 80 are 

trrulsCl:1be:d 111 and .Vl..,'-'-'l'; .... , are 

heat 

heat shock 

pn)telflS. it is now "rr·"ntprl that not all HSPs are 'CA\..'U"U 

2.6.1.1 

2.6: Lla!;slll~:all()fl 

HSP90 

HSP70 

HSP60 

HSP40 

Small HSPs 

function of HSPs 

into families accordinl! to their molecllllar we,i.!!"hts 

81-99 

65-80 

55-64 

35-54 

< 35 

The very nature of the heat-shock reSPOltlse is that of an emergency reaction where cells 

to the onset stress and The which HSPs ...... , .... P, ... t 

at 

the function of these HSPs. et aL 

denatured or abnormal prlDtel11S after a heat 

have 

~~<.~t •• rl that heat-shock UIUllt:lll:l 

to n .. ~.u ... ,t their ::u;r,rrel;rntlon 

to 

cellular UAl,U","!,;,'" Pelham extended this hvt)othes:1S to 1l1{;J.UlIC the assemlDlV and disasserr.lblv of 
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and pro,te1rl-ccmtal1nUlg c(Jmt)lexes both normal and after heat shock. A 

second h",nn'th",,,, that the heat shock prclteilrls need not bind to denatured pr,oteim to have 

an influence but as heat stable !!:ll..'ULrnu pr()tems the:m!;elv'es, an increase in their concentration after 

stress can 

denatured n .. ,-.tp·1n< 

formation the interaction of 

1990). 

HSPs may be found in under and a role in cell function 

lLina,:nllst and Under normal conditions 

!Ollatng, translocation and l1::"'lCllJlUlY of other .... ~,~h"' .... ~ and are termed m{)lec:ul:at cJnatJer,ones 

in the 

However 

not all stress cn:ap~~ro:nes and not every molecular chapc~ro,ne is a stress 

et .Lo< III 'IC'L,-\.T'Hua and H'",ri", .. ~", Laksanalamai ct An alternative nvt)otnes,1S to 

the chllOe:rOXle function of HSPs OP111mal and is that these UJ.\JL ......... " 

mediate membrane pe:nneat)ili1ty In some bacteria the the chapc~ro'nUls are 

not prC!Sellt in the cell where most n .. ,~t""ln is believed to occur. 

associated with the membranes Trent 

that in hV1)erth(~mlOtlh1l1C Archaea most of the are associated with the 

membrane and that interactions with membranes allow cells to 

are 

found 

membrane pe:nnealJilitv 

nw)otnesilS 1S 

and respond to short-term fluctuations in their environment. The 

observations that most of the stresses that induce cells to 

pr()dllCe HSPs are ~"<' ...... r~,,,rl or known to Uil.lH'4~1C membranes These stresses include 

the pre:setlCe The small HSP from LtI,UC01l0J,OC omos 

et al was associated with the pIa,SInK membrane. Based on the 

eXl)re:SS1C)fl ofLo18 and its cellular lV"'.<1 .... VU. the "";'h,,, .. ~ concluded that Lo 18 may be involved 

in the Inaintenance of membrane mteot1tv. also found a membrane associated HSP 

in the 'nNhnrn""I"'''' cerevisiae. The LEA-like HSP 12 was identified as a 

membrane location in The authors ...... " .... n~ .. ,.. that the role of the LEA-like HSP 12 is 

to prc)te1ct the membrane desiccation. From the evidence ....... ''''''' ... h.ri it is prloP()sed 

that the n,.,,.,., ...... , function of HSPs is membrane stabilisation with a lSlC\;UIJlUarv chalpel:or.te function. 

2.6.1.2 

Table 2.7 

archaeal HSPs 

some the HSPs found thus far in hVl)er1the:nnl::lPllilic Archaea. The aI'I..IlaC'a1 

cnaper,one of the HSP60 is the most abundant and the best studied 

Garda and It is also considered the most of the HSPs in JUJ'!ololJus shibatae 

One of the of the HSP60 factor 55 is 

referred to as the thermosome rosettasome or Unlike eubacteria and 
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which strc)ne:Lv induce 5 to 15 pro,te1l:1S m reSPOllse to teJJnpleractw:es, ids .. "' .......... t-"'rI that JIIIHJj()'UUS 

TF55 Given that ... ,;;un,,,,J.,, of the JIIJYo/()'bates to 

contain a pA. ... ,,, .......... ,,," heat shock orc)tein. rep,resent an U'L'~J."">Ul"!,> model with which the 

"'~!,.""""UU'U of thermal stress response can be ef 

2.7: Some of the HSPs found in hY1)e!tht~rrrlot:'h1l1c Archaea in A. .... "I-'v., .. , .... to te1l1pe:rature or 

Micro- of 
stress 

Heat 
acidocaldarius 

Heat 

Heat 
strain ES4 

Heat 
sedu/a 

Nutrient 

Heat 

Heat 

2.6.2 

nutrient starvation. 

Test 

Shifted from 70 to 
850 C 

Shifted from 70 to 
920 C 

Shifted from 95 to 
1050 C 

Shifted from 70 to 
80 or 850 C 

Reduced levels of 
Cas amino acids 
and ferrous iron 

Shifted from 74 to 
81 0 C in continuous 
culture 

Shifted from 95 to 
1050 C 

Proteins 
induced 

64-66 
and 22kDa 

55kDa 
28 and 35 kDa 

98kDa 

62kDa 

62kDa 

66kDa 

SHSP 

Cross reaction with any 
known HSPs 

Not determined 

cross reaction 
DnaK and GroE 

from E. coli 

Not determined 

Cross reaction with 1F 55 
from shibatae 

Cross reaction with TF 55 
from shibatae 

Cross reaction with 1F 55 
from shibatae 

Not determined 

Reference 

1988 

Trent sf 

1990 

Holden and 

1993 

and 

1995 

Han 
1997 

Laksanalamai 
sf 

oe:gr~loe uu<v" ... .:: ... p:rotems, are as essential as heat shock I.JJ.lJLQ.ll". A 

pr<>te:lsome is the in 

The pro,tealsonle of the mooel:a(e ..... ", ........ " .... , .... lJer:mo)~taJ~ma actll0pl'tJlI,m was found to be eXI)erloa 

but not under ef '-'U'.UIJ.<:;I,,,, cessation of cell 

was observed under prl)teaS()mle ....... u .. .1VJ, •• 

The n""ntldvl-nrollvl cis-trans isomerases also an unpo,rulflt role ;a.u>uu'!'>u to the HSPs. 

are and are induced heat shock \"'-"."J'~"'-'-J':U""''''' and .. ~ .... o~~o 
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Substrate U ... IU\..<<OUI.Y stress has been shown to the prc)du1ctlo'n of non-HSP pr()telns. 

substrate attl1111t1es than the enzymes 1-/""", ....... " in nutrient rich media 

These 

catabolic enzymes have 

"""l'W."'U< them to scavenge nutrients 

A nOn-IJrC)teln molecules a role in the cell from the of stressors. 

Some of 111~JlC:~.UU:;:> may a role similar to that of the ch~lperorLe ... rnl-pH·," IVJ." ...... uu et 

Most ffi1,crc)-o:rgarusms :;UIJI<O'I,.U:;U to osmotic stress accumulate Ofl'~anlC solutes to control their 

internal water cell volume and and intracellular 

... VJLU!"""I. ...... or~~anlC ,,,,,UI,"''', also include sugars, amino acids 

and Recent tmres·tig:ltl()nS of water and stress in and 

n}'l)e11nelrm()prL1l1c ffi11:ro-or,garuSl1tlS led to Ide:ntltlcatlon of new cOlmp,atlble solutes. Some 

accumulate in response to salt stress while others 

accumulate in response to Di-

was the solute accumulated the archaeon 

This increased in as the of the medium and the 

ternp,eratwre were SUl,&t:sung that this COlmp,ound serves as a 1".<:1«::1.:41 stress solute 

its 

ffi1c:ro-·o:rg;amsm and the me,wwm c()mlposltlon. 

of solutes accumulated varies ae'Del:lCUne: on the 

The nOtl-ITleti:laflloge:ruc Archaea and Da(:terla appear 

to use the same range of U1.~;411.l'" 

found in m(!sopnues 

et 

solutes as and 

accumulate in ffi1cr()-orgarus:ms 

Solutes 

grow at the 

Members of the K111:galom Lnmaircbt.U!Ol'a belonging to the domain "" ... ual"" also to accumulate 

trehalose ~""'<UH\J"" The disaccharide been found in a few ........ u" ... '" but its 

!U11CtllOn has not elucidated \.I. .... " .... " ... v et Trehalose is a known stress nrlntf':r:t~Lnt 

a role in p!()teln and membrane in and some bacteria. Heat cold 

p!()mlote trehalose exposure to toxic "''''"UAJ\..''-A" and desiccation have all been shown to 

........ A"-"''' ... may a SlOW1Jtll2:-·aown in metat)ol1sm 

to 

Macario et al. 

Iwahashi et al. 

which stabilises membrane structwre 

ret:lorl[ea that serves as a reserve 

39 
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the first line of defence of nll1cro'-olrgarusms 

chemical stressors is the cell wall. The cell wall can be re-enforced the formation of :lU).>.LaU::1JUllU 

structures, may be flat or and termed the biofilm and 1'.'-"" .......... rI~stJlect1vlelv ,.LA", ...... -

Garcia and l:<'OJrtel:re, 

mechanical means \.I.u ...... ".1..LU 

Biofilms and are very resistant to ,""",l.U!-'U'uu chemical and 

Biofilm .~'-u •• , .... v .. may be a common stress response mechanism in Archaea. 

found a Ul'-"llU.U in response to stressors 

such as nOn-(>pIllll:iU concentrations of or 

biofilm was co:mtlosea OrC)tell11s. pOlysaC(:nanCles, and metals and enhanced cell 

survival by crf:atll11g a ...... "~" .. -... "'A environment. Cells within the biofilm showed an 

increased tolerance to otherwise toxic environmental "'UJl1UJ.uuu". Metals up within the Ul'-'UllU 

were found to stimulate 

bioflim may serve as a ...... '''t-... -~"., .. 

phlenc,mt:non has 

of the nlllcro-ot'gaJllSln in metal det1,letf~d medium. Thus the 

and as a reserve source of ..... ,!..L ....... " 

been observed in AI"C/Jt.rcoJ!.'Ioll.'HS fJirrJTu'ndt.t.r. 

and 

and 

LIIII,rlJ~mOJ;;a(;renum tbe:mJllau,totrool'Zm.m SllJUlresung a common stress response among the Archaea ' ....... '., .... 0-

Garcia and rO.rtelrre, ~V'JV~'J' 

AND 

Several m()rplho,lo~,c:al "".''''''1'>''''' have been hc .. nT,,·rI in response to stress. These include in cell 

size and tiul:kerunlg of .;'u'"',,· .. lv and tlrlUllI:>n, 

the cell walls 0 f I1CCJf)I1"~_IfY!r cmvisiae cultivated in a n"."rt",.~ .. 

bioreactor at a 1 % solids JU".Ull.'~ increased in cell wall thickness. 

10adUllg from 0 to 1 % caused an increase in the wall thickness from 70 to 110 nm. 

It is that the increase in wall 18 a mechanism in response to uaII""'!!;C 

cell wall the presence of solids in the reactor. et al. 

mechanism in S. cmvisiae in response to shock The authors local 

redistribution of and matrix cell wall material occurred with the onset of stress. Portions 

of the wall matrix may have been into the areas formed 

of the membrane caused shock. 

40 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'-<LJ'<tVl"'" 2: Literature Review 

Nemati and Harrison (2000) found the SlZe of USJ)erlIOeO cells of Ju,'fo/O'bUJ metallieus 

cultivated in a were smaller in eXl)e.tlments conducted at levels of 

stress. Smaller cells have a area to lin.H .. ,""" .... relative area for 

the rate of nutrient U".''''IJUA.l. To maintain this non-essential cOlmp,on.en'ts are 

not sVflth,eSll,ed and It is ext)en.diture shifts from 

rruunteftarlCe, resistarlce to mechanical stress stated 

that d.r()d~rnalffilIC stress may result in the use of the carbon and energy source UV.UU4llY used for cell 

division and formation for intracellular mechanisms. 

observed this a metabolic flux 

exposure to shear stress in cross-flow filtration for cell retention. and found 

Archaea on 

When 

kinetic evidence an increase in the maintenance 

L""'LVAL."" the effect ternp,era.tw:e and nutrient stress on the kinetics of ferrous iron VA ........... ')u. 

grown at low dilution rates or elevated there was an in the cell maintenance 

re(lwretnents and cell concentrations. This increase in maintenance .. .,.('mu·p..,.'p .... 

energy eXlpel1ditw:e on IH" ... U ... .u'''H .• '' and the maintenance of function 

instead of under the and Lanlatgllere (2002) 

n n,'''''lI''<TP'n a decrease in the biomass on exposure of S. cerevisz'ae and S. metallieus 

to 1!l1:reaslng stress due to solids .Vo.UU''c!<. and This is consistent with an 

increase in maintenance energy 

In Part A of the literature 

relevant to the o!(:sellt 

Section 2.2.1 covered reactor considerations in the STR that are 

lV.uL.lU.ll~, ~a~.-Ul .. II.u ... mass and the presence of solids were 

such as the Rushton turbine is atta111ied th1:ough rotation of the llHP':"iCJ.. 

power per unit than oltlcncc:o blade and 

more energy and cell in the reactor. 

mass was shown to be an consideration in the STR due 

to the limited oxygen and carbon dioxide at The limited 

of these gases intensive and aeration of the reactor which leads to 

1!l(:re:ase:o hvdJrocivflarrnc stress. The presence of solids in the reactor not increases the lllL'CU;'''Y 

of hv,dr()d'rn~unlc stress interactions of solid with the cells but has been shown to 

reduce mass transfer in the reactor. In Section the mechanisms of hvd.r()01m~unlc 
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stress SOl10s-ttc!e and SOllds-c(>ntam1Og STR "V"'PH'" were 1lU",,-W'''<:;'U. 

mechanisms lllll,lU"""'U interactions between cells turbulent t",r",rt1nr,<: between cells 

bubbles. In SOJ10S-cclnuurung """r"",,,, the pnnclple mechanism of cell da.tnaj:~e was 

These mechanisms have an at 

IJH''-L~'' pertonnrunce level as well as at the cellular level. At the 

substrate unusa,non IJ.LU'UU''-L .".L ..... ".vu and rates were observed. \Vhile at the 

'-UdeL.",,'_" 10 ...... I.I.I-' .. V1Vj':,y, VJid.UJ.u .. and cell ".."y",I,,,,,,, ---'-,,"--J were 'U<:;UU.ll<:;'U. 

In Section it was shown that the cell 

The cell "' ... "T"'I,,.,. ... ,·,, 

the lack of re-en:torCllll2: macromolecules. 

the Archaea d1tltere:d c()nslde:rably those 

the Archaea are of 

the 

"" .. " ...... , ... ", lflt",,:rnlhT due to 

hVI:!ro>dvlnarruc stress was shown to be oet:enIl1rleO fJJ.JJULd..L.Ll} the presence a 

to 

wall or the cell 

wall cornp()SltJlon. Cells no cell wall or with walls of re(lm:ed structural 'nt",,...·,hT are more 

suscef)t1b·le to the hv(1roldvnatntc stress. 

In Section the to a extent, mechanical stress on micro-

OtJ;!;a.tl1SlllS was discussed. It was shown that det)enldltl2: on 1Oten!>1ty of stress alJlJll""u.. the effect of 

stress can 

cell wall and 

from minor "' .... 7""r' ... '" UalUltji,L to '-UlIUIJ'''' 

"' .... ,"',,.,,,,'" was also examined. 

a near neutral internal This section CUlltlllna'[eo 

The a d1s:rulJted 

of the cell membrane to a loss 

h' .. 'rt ......... ' ... '" of the ele(:trcln t1:an:;port 

maintenance of 

hv<1ro,dvnatntc stress 

in In essence, mc:rea,SlIltg 

either fluid bubble shear or and size and 

has an .Ll ... l" .... ," ... '" on the and metabolic of the 

which process 

the up to a critical rate to 

pelrto:rman(:e due to 'fTlnr()v",rl mass transfer. above this rate, process 

declines. 

In Section 2.5 the the stress was 

have shown that when their 

setlsitivlltv to stress increases. Section 2.6 the various mechanisms micro-

UJ.l',alJ.'"H''' possess to counteract the stress were fJ1<:::><::lUL • .1. The first in the response 

process is ""O1.'''1.1l'''' stress. The is initiation of the ,"",,, ... n.n,,,,. mechanism 
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a res'urnpt1<)fl of The response mc~cnlanJlsrrls lI.1CllLULU::U 1n this section were (i) the 

stress and of 

and increase in cell wall tlucktless; and mC)rp,nOiOgllCaJ I..uaUj.!;c:> such as reduction in cell 

metabolic .......... 1"' ... " such as a shift in energy eX'pel:lCU,tw:e from to maintenance. 

in Part A this an uuuel:sranatng mechanisms cell Ul:I.lHa}~C within 

the effects of this Ul:I.ll~~C: at the reactor pe:rtonnanlce level and cellular and the bl0lOl!lCai 

response to stress was aLLalUCU. undel:standl11g can now be a01Dltf,d to ~"~~A"'~~ ri.¥""-H,,, relevant 

to 
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.IJ~'U~""''''J.J..U'.i''> ,,,,,d,,'''''~ for the <;A'''''"",-,\.''' of metals have been in ",vicr""" ... ", for many Rio Tinto 

and mines in have been eXl)lOJltea since I'.L\'-~',UHJ"H times for their 

silver values \.LI.L>UJLUl., Germanv and 

recovery has been for centuries 

pr()ce~ss~!s took as uncontrolled 

ores and tank .<:: ..... U.UJ~ 

tank ."" ..... .uLUj<. classic 

blC'OXld~Lt10,n of :!WVUlU<:: 

UU'''<::~'l-HI.UI! processes use en:l:!1n.eel:ed 

flotation concentrates. Because 

stress conditions in these 

far the focus of this review has been on the stress, prutt1cOOl.tlV hv(iro>dvlnarruc stress, eX1Dej:ietlCe~d 

the th(:rrrlOt,h1I1C l\J:ctlaea. 10 reactors. The current section 

U1Ull;:a'.'.lJUl~ in STRs and 

U1U' .. ::" ...... 'UjoI. with an <::U"l'u;,,,,,:> on Ch:alClDP'vrilte CT'C;-"' ....... c 

U~!~""'U"""" prutt1CWlll.tlV those u<;.uu!<. ..... lt'. 

Further to 

HJO::::l-I.I.;tUU:~lH of 

U1\.,01"'.'l-HllJ\1. nucro­

The section culminates 

in a detailed review of the literature on hv("irn,nvn~1ni(' stress in U1l.J'lCi:I.I.Hlllg "uc;-"'''''c 

2.8.1 ROLE OF BIOLOGICAL LEACHING 

Two prttnalry incentives drive the need for UlLl1Uil!ll.al l~!aClhlng. The first is the need for cleaner 

minerai extraction te(:hrllol()g1I~s and the second is the cost eff:ecltivf~ness of the process, for 

ore. Universal metal extraction processes such as or sn:leltmg 

prc,dulce ","n,n,,1' dlCIX1(le and other en,nro,nrrlenltal eX~I.ffiI)le. 10 

the treatment two ton:nes of dioxide gas are for 

every tonne copper extracted tKJlve.ra-~ruJ.t:LILlan et dioxide has 

been in acid and in several and health crop 

forest and Another 

is that mine from are also less 
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due to absence of oxidisable iron and " ...... .., ........ and 

mme anun:age Process economics are ... ,_'''" ........... ... 

Ue:pendilng on apl,hc:atl'Dn, blO'lea.crung may be a favourable 

lower energy reCIUJJ:errlents and ...... " ............. ] of scale. .Ij1<)101~C:;U '~''''''''t .... L'''''' 1S 

to to acid 

.. .............. j<., costs. 

due to lower costs, 

Hlf,,...,,<>t1,nn 10 

n:un1nlg: , ... ,';",,1""lT ,-''''UJJU.l."" nll1lJlng rn,mf"',<ln'p" to combine in prclductl'Tltv '''''''''''fl,vP,mpn1'" 10 

2.8.2 

to expose U"' .. lJo;;;:U metal e.g. 10 case of 

e.g. copper 10 un.' ..... ';;", 1S 

to occur via chemical attack of the mineral ferric iron. The main role of micro-

V.L~;aUl"H'" is to re-oxidise iron back to ferric iron \ ... '"'.w ...... "~,,. 

The process is upon UUJ""".UVU of as an VAJtU10'''''''J'';;; energy source. 

as an ex!unple the LUUlUW' .... '" p",,,,,,,1",...11 

Femc iron oxidises metal cnl ........ ,; .. 

et 

+ 

The resultant ferrous iron is UAJlUl~'C;U 

accordmgto 

4 + 

Several factors are known to 

These factors affect the 

+ 

+ 2 So 

the n:ucrcl-o:rgarusms to LC;~~"UC;.L" 

+2 

U!I.)',C;"'\..U.Ulj<:. process.. Some of 

to 

opt1rr:us~ltlo,n rleqlllr(!S an balance between each ........ <>,.,.,1"1", .... 

45 

of metal as metal 

2.5 

the ferric oxidant 

2.6 

are listed in Table 2.8. 

extents. Process 
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2: Literature Review 

2.8: Factors and pararnet:ers auc .... lllU! bacterial mineral UJI.!U<lIUUill and metal mobilisation 

Factor Parameter 

Physu:ocheln1c:a! parameters of a 

MI.cr()Dl~[)lO'g1C:al parameters of a bl()le~IChmg 

environment 
In1lcrO,-O!:lrnl:llSIDS; <lei" nt-·,ti"',f"I abilities 

I-',., ... nl·ml'~ of the minerals to be leached 

• 
errlperatlll!e of the blcIlealchLng "' .. rv·""oc affects the rate of cht:nuCal reactions oc~:w:rinl! 1fl 

the as well as the ",..+",..1-.,. of the mlc(c)-olrgarusms prc~sent. In exothermic u:acrung 

an increase in ternp,era.tUl:e above the of the 

Lcal.Ull.Il", rrllCrO-{)rg:Ull!!mS may to of the 

In order lca ... lJJUll", to occur, the redox OOitel1tl:ll of the 

rest pOltentlal of the mineral. In adcittl1on, llllHI:J.""':> 

is reclWl:ed to be above the 

ch:aioonvnlte have a narrow redox 

estlmll.ted betwe!:n 490 and 590 within which 

the nrc)cess o,pe:rat~es V!-'UJlU","UV ct this window the 

rate of '''''-''''''''-U.'U~ lealchlng is reduced due to n<1!':!':I'tT<1tlon of the surface. 

,-,."H'C" is a vital microbial nutrient. The of oxygen necessitates intensive 

of reactor contents in tank lca.UJJlll~ c""tp·rY>O Int:en:sitv of must be optirrrised 

to ;n-. • ." .. "'tTP oxygen tracnstler with minin1al in microbial to cell ualUlIlKC. 

• 
The metal tolerance of nu.crc)-orgarus:ms ; ... ,rrol,tTPrl in the U!I .. I1<::illl,;lLIlIK nr{)cess is an tmDOlrta11t 

In I,.n.n"· ....... twk Ul\y .. ;;" .... I . .UJ.':i'!. U'!-'CHllLV1LO concentrations 

in the order of 30 to 40 g 1-1 have been 

resistant to a range have metal tolerances 
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2.8.2.1 

In tank 

Review 

resistance of the 

'""t'ln'-t.,~'t role in det:err:runtng 

The used in 

to 

CHJlUCU'-¥ of the leal:rurlg 

po:sse:ss cell walls of reduced structural to their mt'~ot)hIIIC CI::JUllterp~1l1s 

This 

treated 

in cell wall structure reduces concentration of ........... '" can be 

can be the and rate at which 

• mineral 

Some minerals such as 

in commercial 

Ir ..... n"' ... TI> are resistant to conventional UHJ.'- ..... J ... J.~ t"rh'fi""''''~ 

bl01ea(:h1rlg oper'at1<)ns while seoonClary 

such as chalcocite and covellite are more ..... JLI;eu ...... "'" to lea,cl11ng . 

.LU,.A."', ... .,,, ... oxidation rates have been ...... ''' .. tPli with an increase in the surface area of the 

mineral available for Gericke of in some 

mineral "'l'fT1r, .. .L,-~ ........ ,-u to recluc:eCl rates of 

.... Cl11t'·T1t""n was attributed to uarn.lgc 

the fine mineral of Harrison 

term opl~ratl0!lls. Tank leaclrung U"'J,<L .. 'V.1:, are ~acru~g UV"J..'U~'U" are 

pr()Ce:sst:s bec:am,e intensive and aeration to n"'~fT>,,,h> mass trans.ler are .. " ........ ot...",'-. In 

to tank rate 

solids and thus Clet.ernrilllies reqU1f(!ffit~nts of the 

is a COmmon metal " ...... IJu.'u'- of ,""nl".t'r<,nt'·p in the """'iIJU'.u It is of economic interest 

because uranium and are often associated with it of it is 

in combination with base 

minerals is necessary to remove in 

to the 

The pre~-trleatJmelnt of retJract.ory l<.U!."'-L'''''''.ll!l<. 

tntedenng metal -",,·t-IJ'uLi;~1,- in order to lal..;J.1J.lalC 

Biooxidation both an economic and 

attractive alternative to conventional such as 

lcal:nU1K and and extrerrlelv micro-

or~:anlsrrlS have been J.JUlJll',,"''-U in 
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2: Literature Review 

The The react1()ns ........ " .... .u ..... .u.,~ 

are 2.5 and 2.6. In 

are to illustrate 

I.I!U'!lC'd'''-UUIJ<:, is an attractive process due to increased reaction rates at elevated ten[10f~ratllfl~S and the 

enhanced ternpera,tuJre ....... ,,,, ... ,... ~V'J"""'.'''' of exothermic process The 

data and Nemati and Harrison show that the thc::rrrlOJ:lhllltc 1J,'v .. O" ..... u.u."l", 

process offers a 

extents of 

extent of iron solubilisation than the mc:!Sophl11c process. In 

solubilisation were observed for the studies 

similar 

2.9). y<::"" ...... "" (1 to 3 %) in STRs almost I..V.UI".""" solubjlis~ltio;n was observed in 

5 to 6 Nemati and 

bioreactor utilised has also been shown to influence the 

found that the maximum rate of "V'UIJ'''''''''uu'U 

The of 

."'" ...... ,,'ul'i process. Norris and Barr 

IItJotom/sBe was 200 mg 1-1 h-l iron 

reactor at a 5 % at a 

1% a STR. Valencia et al. 

• va.UUJ'l", and size on the lJ.u ...... ~,'-u'ul'i UlTfiIUJfJJ!.tf meta/lieus in shake flask reactors . 

The authors found extents than Nemati and Harrison who 

studied in STRs at various densities the same 111l.c!()-orgatru!;m. 
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Table 2.9: of data obtained different 

Mode and 
Time 

Reference reactor rate Aeration 

Noms and Barr, Mixed 1% CO2 30 < 75 10; 4{) mg 1-1 h-I n/a 
1988 enrichment in air at 

0.251 
min-I 

1 litre STR 100 1% CO2 70 < 75 10; 40mgl-!h-! n/a 
in air at 
0.251 
min-I 

BC Airlift n/a n/a 1% CO2 70 < 75 to and 200 n/a 
reactor in air at 15; 

0.5 I min-I 

Konishi et d, AcidilhiobacliiINs 1 litre 500 0.5-21 30 25-44 0.2-1 50% 9 
1995 round- min-I 

botromed 
flask 

Acidianus 1 litre 500 0.5-21 65 25-44 0.2-1 100% 5 
round- min-I 
bottomed 
flask 

Nematiand metallkus Batch; 1 Pitched 550 llmin-! 68 53-75 3; 6; 9; 3% = 100% 
Hamson, 2000 litre STR blade 12; 15; 6%=92% 

18 9%=88% 
12% 88% 
15%= 70% 
18 %= 11 % 

Valencia et d, S. metallicNs Batch; 1 n/a 220 n/a 68 38-75 2.5; 5; 2.5% =64% 
2003 litre shake 10; 15 5.0%=74% 

flasks 10% =41 % 
15% 22% 

560 2 I min-I 68 38-75 3 91% 5 
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2: Literature Review 

2.8.2.2 

used metal in termS 

aluminium. '-'VIJIJ''-J. is an excellent COlldllct()r of electricity 

the 

heat. At 

after iron 

almost 75 % of 

COltlSllIDption 1S cerluea on its COltlOllCtLng O!()O(:rtl.es. In its natural state, 18 

with numerous minerals. This rise to the tnlln"'" .... ". classification: native copper; 

IDllleraJs and OXi,Q1S(:O minerals (!lll~~~~&Q!:u1!!;!M~ngl!§.hL£!l;!J;2.!;L.J.!g~.u:n) The common 

minerals are cruuClop'vn1te 

Lhalcop·Vrtlte is the most u.L1-'·'M~''''' mineral. 

It is p!()cesseO mineral concentration and smleltLng to up to 99 % recovery. 

However this process geluel:aU!S dioxide and in "'~'M"""''', there is a limitation on the of 

that can be A cleaner with economic 

The bio lCal-UJL"!". of 

processes and account for about 20 % of arlnual copper orC)dUlctt,on. 

90 ,% can be in 150-210 

processes for the extraction of copper from l('nn'71Ntp are not cw:rerltlv 

but are at an aO'iTarlce.o state 

main 1Otf:nne01l1tes of ..... I-.u" ....... " and elemental 

is 

are proven 

recoveries of 70 to 

at a commercial 

2.7 

"u.LIf.'u ...... 1S the tnlln"'''n". rc~actton , ...... v ..... ",.J.J et 

2S0 + 3 +2 

ores are notofl0tlSly ..... '.J.J ........ L to leach both b1CIIOI~C:U1y or 

2.8 

and 

Stott et ~_1 .... u ... ~ischara~t(!nsied rate of copper 

to a pnen()mlenOn often ret·en:ed to as n" •• "nr.,tllnn extraction that slows as a function of time 

,., .. ,n-at", preC:1pltatJlon have all been O!()o()seo as causes of 

and 

Thus 

10 a bal:teJr1ally assisted while it may take 50 to 100 to recover 75 to 80 % of the 

in a chalcocite depO:S1t, the same recovery of the copper in a be 

"r h'",u.,r! in 250 to 600 

ne.rm.oph1l1C u.'Ul~:al-.'illl.!", of Cl1alcoPVrtlte has shown increased rates 

to ..,.. •. ~nnh. processes. Several studies with ""'.·~nnn. Ol1CrC)-orgarusims such as ..t'ii':1atllJZ/1tJaC1ll<rts 
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,-,Hii1VlleJ. 2: Literature Review 

tem?ox.raa,'lS and Let>to.fj.>tnitum femiMtlum shown very slow copper rates ,A.U'-U,,,. and 

et At. fmVx:I'aal1S releases 10 to 25 % of the .......... u." Vla 

slows "..,;,uu, ........ u,] or 

Thus the ,.,,.,,.,th,,,, 

the aerobic v ........... , .... u'u "\-Uif-lU' ...... before the 

ceases Le Roux 

exists to focus current research on processes which increase the ""UIA","' ... U.LU/,> rate. 

rates due to and 

tolerance cat)aC1W!S 

increased 

and Norris, 1996). 

IrnnV1r1h' concentrate was ettlc1(!ntlv le ..... 11<:;u with 78 % 

In 60 The ternp,era,tw,e .. -..... " ... ,,;0::. was 

3 7 ~) was solubilised ap~)reClab,Ly 

30 ulTo'JOrnlsBC was for the ............ ", .. ;0::. Irnnm"1tp concentrate 90 

than 80 % lea,CDJlllg was "'-UlIC"CU in 28 

For more U<:;'~"UL<:;", researchers have studied ch:a100P'Vrllte I.JJLou:aClrnn~ 

metal 

at 

Murr 

30 % in 

at 

of their results is in Table 2.10. extents of solubilisation have 

obtained for tef]np(!!aln.w~s 65 and 78°C a wide range of 

reactor ueSiIgrlIS. In the concentrates used were milled 

concentrate extents of copper dissolution. On average, 

was 10 The 

\g1tatl.on rates from 250 to 500 rpm in the studies STRs. 

air was emClctled with carbon U.LlJAl.II..1<:;, h"'''"P'lTPt' Konishi et aI. 

in the absence of 

Archaea most studied are those of the genus JuttotofJus 

iron at an optmlurn tC!mpelratl.tte of 

and 

The 

than 80 % 

tested was 12 % 

In almost all 

oxidise metal " ..... PUj, ...... ;:;;", 

the most P!()IDllSl11Ig 

in Table 2.10 is that of Dew et at. who obtained rates of 

"UJ,uu'w.",,",UUU in a J.arlze-:scale continuous 

the BHP Billiton Ke:search Laltloratorles in 

at 78oC. The continuous 10401 housed at 

consisted of a two 240 1 and 

four 140 I stirred tank reactors in series. '-'Vl-'I."~J. UJ.:>l)'UIU.UUll of 66 % was in 

first tank in a residence time of 5 "UA,UU.UU attained all six reactors 

with a total 1.<:O".''''<:Ol''' .. <:O time of 14 """h,...,,,, are most UU'I..1U''''U'.<:oU'Y the 

future of Ir ......... "' ... t'" UVIA"LVU concentrate blo.leac:h1n.g, the of the effect of hv.1ro,Gv:narruc 

stress on the nlllCrCI-OJrgamsms in prC)Ce~ises is 1mlPOI'ta11Lt. 
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Table 2.10: data obtained by different 

Micro-
Mode and Size fraction 

Solids 
ExtentofCu 

Reference reactor Aeration Time 
type 

I.e Roux and STR 500 1 vvm; < 90 5.5 83 :::: 29 
enriched 

1988 with C02 

GOmez 150 < 74 1 > 80 11 
1996 rivotincti shake flask 

Konishi Acidianus Paddle STR 500 1 vvm 38-53 10 dissolution 10 
2001 a 

sp. 

Gericke Extreme STR 220 Air 10 7.5 > 98 11 
2001 enriched 

with 0.15 
%COz 

Gericke Extreme Dual 6- 250 Air 10 and 5 7.5 > 90 for both sizes 6.3-8.4 overall 
2001 blade STR enriched across all times residence time 

turbine and a 6- with 0.15 
blade %COz 
blade turbine 

Dewet 780 C A315 Air ciao 38 10 95 14 overall 
1999 6 cascade enriched residence time 

culture reactors, with 0.15 
STR %COz 

mixed Mixed axial-radial 350 Air 44 12 > 90 5 
780C STR enriched 

withCOz 
culture 

Plumb et 85 2 to 91 4.5 
2002 micro- shake flask 
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2.8.3 

"""VU~"''''' concentrates has uu ......... ,!')u'u .... " ..... ,,,....,.uu-<U elC1pIlrlCIlI over the last 

20 and has emler~~ed as a serious U'''~L''U~' 

prIDC(~SSles such as the .... ..,U' .. ".. nrnr"p"" Ot'"lTI"IC)nen 

Mintek South et full-

WQ,rlOW1<le eJ.UUJUVlll>' three dltterlent "IC ... <lUlU .. "!')J'"" 

concentrates concentrates and 

(in association with arsienopynte and 

at Fairview in Africa is 

in operatlon since 

lI""Ull.'~ concentrates All cornmerCJ.al 

two are UIJ'=<llo;;;U .... c"U'!-Iu ........ or m()oe:rat:elY m(~mlOJ:1t11l1C U" ...... ICU". The 

are the BHP Billiton JUJI.I'-''-JJ in Chile and a 

venture Peiioles in Mexico. op,eralte at tl"rnnlF'rlltllrl"~ in excess of 600C 

The ...... ·v""'....,. tank 

IJICJL<lU.UU .... CIDmme:rC1:a! LJLU .. _"' ..... LJll;'!') p,ro!cesses for rec'nvl"TV \"'''''''1-' ..... " from 

Plant Year Concentrate Location 
commission 

ed 

Fairview 1986 14 440 

Sao Bento 1991 150 580 Brazil 

W:tluna 1993 115 2820 Western 
Australia 

Ashanti- 1994 720 16200 
Sansu Ghana 

1998 60 1570 
Peru 

Laizhou 2001 100 4050 
:MINBAC 
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2: Literature 

m1'CrO'-olrgarusms "'1-' ........ ".1<. two domains and with broad ternp,era.tuJ:e and 

ranges are known to Since first l1....,.u .... Lnu.u' .... iron- and 

and 

These from en'ru~::>rumen 

... ",,... .... ,' .. leach gas vents and 

2.12 lists the COlnttler(::1ally Irnnf,rrO,n 

These m1,crO'-OJtga:rus:ms as a 

two or more "v'" .... .:;"'. ve:pe:nrunQ: on the conditions that a dltteJtel1lt m1cto-
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Chapta 2: Lt~ratu"" R~~' 

A. d;,cu.".d in Section, 2.6.2.1 and 2.6.2.2, {h. advantage, of high lemperatureleaching have 

corne to the fore in the lost two decade.,_ Bio\eaching i, an e~othrrmic proce" and reacror 

roohng j, • requirement in meoophilic ,'ystem, (Konishi" d, 2001,). Le,ch dump environments 

have recorded temperature, up to 8O>C (Brierley, 1990)_ The u,e of thennoacidophilic Arc)"e. 

no< ooly incr .. ,e. chemical re.crion rate, but .lso minimise, cooling requirement'_ The 

.u{otrophlc {hwllo.cidophil ... re useful in biomimng due to the!r .bility {o ox,di<e f~rrco;t' and 

.ulphide ion, ,nd ro thri"~,, low pH" lugh tempenture. ,nd high metal mncen'",tiono_ 

The =t1y rttogmsed {axooomic fromework of the .Archae~;' ba,ed 00 165 rR.'-IA phylogeny 

(Itoh, 20(3). The thermoacidophilie micro-organism, pre,en{ed in T~ble 2.12 f.U within the 

dom:tln Arm,"" the phylum Cren:u-chaeot>., the cla" Thermoprotci, the order Sulfolob.Je, ~nd ~ 

'ingle f2mi1y, Sulfolob,ceo.e, wrum" compo.eel of>ix geoer1 (!toh, 20(3). The genera of interest 

in thi, stndy :tIc the ,trictly aerobic SJI!folobJlJ, M,tall.pfmm; and SJlljtmJ<v<'''1ii and the facult~tlve 

aerobic AtidiantIJ and SuljuI'-phatra. In the following section, the ch.ntcteristics of the genu, 

S~lj'hbtIJ, ore ru,eussed. 

2.9.1 THE GbNLS 5ULf'Vl.unU5 

One of the more common grouf" of exttetnophile. used in biOln1lling ore the micro-organisms 

belonging to the genus J"u/fdob>l'. The isolation of the fin;t SJI!folob",,-like 'peci" ",,.. pubh,hed by 

J _". Brierley in 1966. However, maJ:.etensation of the ,peele, waS (01)' c.med out by Brock $/ at 

in 1972. SlIifdo),tI! cells ore coccoid, .bout 0.8 to 2 ~m in diameter, highly irregulor and usually 

occutnng 'ingly (F~'llre 2.1(jj. Wben cells are tumbling throogh the mi=oope field, distinct 

lob<:. c.n be "en (Brock d d., 197Z). 

b 

Figure 2.10: a) Electron microgr.ph of 1 thin .ectiCKl of S"ifoIoimr addot:aUm",J' (85 000 x)_ 

Under th~ electron miCID<cope the ITlIcro.org,ni"Il> .pp<:ar 1S ittegulat .pher .. which are of,~o 

l,*",d (sourced from Brock and M.digan, 1991) b) S"!fll/""JIJ cell nego.tive stamed with uranyl 

1CeI,te. cJ S. lokOihii (sourced from http;l/web.pdx.,du/ dQre/E.,'\1'%2Qpie.,htwl). 
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Some melnbe,.. of the gem" S"lfoJob:u are .. rohic, autotrophic ond thennoaadophilic growmg 

.hove 5fr>C and .t pH 1 to 3. S"lfoitJbUJ' has ""en isolated from acidic continental solfatlro fIelds 

includmg Y d1ow<ton e N ociani! Pork (US_"), New MexIco. Solfatarl crater (l taly), BIrch CopPIce 

(U.K), Icdand 1IldJap.n (Brierley, 1966; Brierley, 1978; Mmh aod Norris, 1983). 'Ibe", micro­

organism. """ ,ble to oxidize .ulphidic ore< like pyrite, chokopy"te and 'pho.lerite, fonning 

,u1phuric acid Illld .01ubili'Jng the hellV]' met:tl ion •. Many .train, ~re .ble to o~idise re".oo, iron 

(Brock, 1978; B""rlepnd Brierley, 197.1). 

A. di. crn;,ed in Section 2 .. ;.1, the cell will. of {he mesopbilic (bocl<rja) .nd {hennophilic 

(Atch"".) bioieoching micro-orgao",,,,, h.ve differtog <tructurol integritie,. 1be cell waU, of 

S"fol,b;n .pp. compme only pro,",o oubuni" while the me.opbilic b.cten. have cell "",lis "'_ 

enforced with pepcidoglrc~n 10 biol"ching ,ystem,. the,., sttucrural differences 1Jlfluence 

oprim:tl 'l"tem perfoml1oce i.e. the .ond<. lo.ding utili.ed ,n the r"eror or energy tOput 1Jlto the 

""octor mol' govern the 'y'tem perform.nce rather th10 {he minerolleach ,.,,, •. 

2.10 llYDRODY~AMIC STRESS IN TANK DIOLEACI-UNG 

SYSTEMS 

Biohydrotnet:l1lllrgicaI ptoc."e, ""'. pl~ce in three-pha .. • y. tcm. (Roo';' 2001). The . oIid ph~ .. 

cotnpri:! .. the mine,,! to be k>.chcd (to which micro-organistm may be 1ttllched) ~1ld precipitllte>, 

tho liquid ph~,e con;;'", of nutrien"" phnkJomc cell, ~nd \""te prOOuc", .od the gu pha .. i. 

u.u.1Iy a combin~tion of at< and coroon dioxide. The three ph" .. reqUIte mixing at a 'at< to 

ensure effective inter-phlSe conllCl Ind transftr. A. <kloikd in Section 2.2.1. those mixing 

requirement. ond 'he pre.ence of . olids ,n th e ,"oclor h.ve the porenua! to cau,e , hear and 

colli,ion domage of the le.ching micro-organistm. The,e d..m~ge ev.nto mll!l1r .. t them. elves ,n 

,everol w.y.. In te!"ID6 of ove,..11 proce,. perform~nce: the growth, oxidation ,.,,,co and ceil 

o'''chment to the miner:tl may decre""e. At the celluht level: ~ to ceil "",Us (if pro.en,) and 

cdl mernbnnos can h,,'" cotnpoundmg effects k>.iling to the in.bih,y of the cell., to maml21n 

intern:tl pH. the shutdown of me,obolic p.{h"",y. and the 10 .. of nuclear Ictivll)·. In order lO 

improve the efficiency of the biol""dllng proces, it ~, unport.nt to know how hydrodynamic 

"r .. , affecto the rate .od eXTenT of leaclnng (Chong 'f d, 20(2). 

Th. type of the micro-orgoni,m used in the bioleaclnng proce .. pl~y. a ,ole to determin1ng the 

extent of hydrodym.mic cell d..mage. "-fe.ophilic b:OCltllll posse,", rigid cell wall, wlnle tho 

thenn'1'hilic Arrhaea u .. d to high tempe1"llrure ]jole~chmg do not poss ... true cell wall, but 

prote1t1 or glycoprotein s.-hytlS. In Section. 2.4.3.1 and 2.4.3.2 cdt. wtth no cell will or cell, with 
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wall. of .. ducod ,(rUctuul in«g>ity we,.., .hown to h. 10" ro"hon' to the offecl3 of hydrodynamic 

me,,, III ",lido_froe "1Cto,.. and that tho p,.. .. nco of ",lido in the reactor compounded the 

hydrodynamic "reo. effcct (Scholtz.Brown, 1998; V dt:l>cia el "'-, 2003). 

Table 2.13lisrs the result. of ,~ral inve";gadono ""mod out on tho offects of .olid, in m;neral 

slu"j", ""ing ,TIeso""il;" 100 \hermoph;l;,; culture.. The inv.,tlgation. highlight the effect of key 

operating p",.mete,.. ".och a' ,olid. Ia.ding. ""lid, 'tze, agitation rate (pm<'", input) .nd reactor 

d .. ign on biolcaching pcrfonn.ncc. The invL.,tiogatiom >.te rL"ViL"wed furthc.t in Section 2.10.1 to 

2.10.4. 
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on reactors. 

cell 
Reactor 

type inhibition Nature of inhibition Reference 

AcidithiobaciUns Yes Shake flask Batch Flowers of Effect Attrition and friction Declined iron oxidation et 
materials rates and 

on ore 

and 

AcidithiobaciUns Yes STR Batch Attrition effects from Increase in 

spp. solids in the reactor. Inhibition at Harrison et 
reactor failure at 2003 

blade 0-30 %w/v 30% 

Effect No inhibition at the 
tested 

sp. No STR PBT Batch Effect of solids None Nemati and 

3-9 % (w /v) mineral 2000 
solids 

12 and 15 % mineral I ncteased solids Reduced leach rates and 
solids cell numbers 

18 % mineral solids Process failure 

sp. No STR PBT Batch Effect size: Increased surface area No inhibition Nemati 
37-150 jJ.m with decreased size rather increased surface 

area leads to increased Harrison et 
oxidation rates 2003 

<25jJ.m -Small Reduced leach rates and 
structure of cells. rates 
- Particle size distribution 
affected the 
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Reactor 
or 

Solid Nature of inhibition cell wall type Continuous inhibition Reference 

Yes Batch Coal Effect of reactor Mechanical stress due to Decreased cell number 
mixed increased solids and oxidation rate 

culture of Modified and oxygen limiration 

airlift STR 
AL 
MAL 

Mixed Yes STR RT Batch Effect of solids limiration Decrease in the 
biooxidation rate 

culture 1994 

Yes STR Batch Coal Effect of solids limiration Decreased leach rates Loia et 
concentration 1994 
30 % (w/v) 

Yes STRand ore- between a Shear between Decrease in oxidation et 
immobilised reactor and oxygen was not rate; increase in 2002 

reactor an STR at 12, 20 and 
30% solids 

Yes STR RT Batch Effect of solids Witne and 
attrition 2001 

30 to 

BC65 No 
-Low redox 

process; 
at 30 and 

Yes STRs RTand Continuous Cobaltiferous Inhibition of bacterial Limiration et 
At. thiooxidans PBT atrachment decrease in 

bacterial 

B6-2- No STRs RT-PBT Continuous No effect at et 
like micro- mix up to 12 % 

but decrease oxidation 
was noted at 15 

3. Aeration 

Yes STR RTand Batch 2002 
PBT intense 
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Reactor 
or 

Nature of inhibition Reference 
cell wall Continuous inhibition type 

Yes STR RTand Batch Effect type Greater loss of cell 2004 
PBT with Rushton 

turbine 

Yes STR RT Batch Effect SIZe Attrition Loss 2004 
70% 

-63+45~ 63% 
89% 

Yes STR RTand Batch of solids 2004 
PBT beads action of the 

No STR PBT Batch Effect Increase in the number of 
solids in solution 
0-24%w/v to increased 

2003 
from Effect Increase in the Cell death and no 2002 

Oto24% to increased 
-75 ms·1 collisions 

No STR Batch Effect size: Leach rate on Lindstrom et 
acidocaldarius and 1993 

Effect of solids Increase in leach rate up 
to 6 % and a decline in 

1-10 % leach rate from 6 to 10 % 

S. meta/lieus No Shake flask Batch Effect of solids Leach rate declined to Valencia et 
stress 2003 

2.5 to 15 % w/v -gas transfer limitations 

Effect size: Mechanical 
-38,38-75,75-106, metabolic stress 
106-150~ the leach rate 

from 0.62 to 0.08 g Fe I-I 
h-I 
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'-'I.lall It:J: 2: 

2.10.1 

All endeavours to Cll'D"JV 

concentrations 

c ... " .... " ..... a HlI=l>U'lll1J..U. ... !<;:~'Wl • .ull: 

factor in .. n~n ... <''-....... I'; 

fraction in 

n .... u.''' ...... mass uaJ""""OL 

as a 

stress 

oxygen-

concentration. 

not ......... ",.ui" CJl1U"I!U oX'ITl7c:n 

1l11JJ.U.L'~ b.loCIX1(iatlon at 

solid 

in solution has more interest in 

rate "K~laULUll rate ne,eOf:O to meet 

2.10.1.1 

and 

oxygen Ut::.lLUaUU was reason 

5% 

studies of Pearce 

to show in 

et at. 

The cultures were 

"""e"h..,..." shaker at 160 

concentrations of 1 % above 

The increase in 

oxygen transter rate re(lWretnents cause increased 

cells. 

and Loia are in increased 

their ,,,,,,t,,,n,e at 

more re(:eoltlv Deveci 

1l11J'.l.laUu.u, reactor was 

cultures 

in shake flasks at solids lU'!UlJ(lI!S 

The authors 

2.1 The llUllUJlUUfll was Uc:5UIUt:U 

concentration. At a 

while at a"'UU ... ,:UlrallUU 

concentration 

was lUJ"lt;'Ilt::U in 

concentration was excess 10 

as reason 

to 

and 
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140 

120 
., 

II 0% pyrite 
··········0··· 0.1 % pyrite 

-E 100 

1 
.g 80 

~ 60 

----'¥'--- 1 % pyrite 
._.-, 2% pyrite 

- -- - 3%pyrite 
-'-0--,-, 4%pyrite 

- -..- - 5% pyrite 

OJ g 
40 0 

v 

" 'E 20 ... 
""' 

0 

0 50 100 150 200 250 

Time (h) 

2.11: Effect of concentration on ...... '.' .. ," ..... tron UAll",,,UUU at solids 

<I"'~nl'p" from et 

and Hansford 

an STR at an llUI-'<OJU<O.L 

the effect of ... ,_"'-'1-',, ........ culture in 

in and the 

cotlt1~~:att(m u ..... n .. ,...'rpn mass transfer could be attained COlnpare:O to the shake flask of 

In the first the effect of solid .uaYU'll'. 

% S) content at 

blC)OX10a,tto,n rate was found to be n ... ..,. .... ..,. .. t. 

concentration tested of 60 

concentration 

was three 

l..UJel'-<;UL'i:lULUU of 20 % where limitation is \"U ...... .,,,l.,y 

content tTI<.tp·I"i<l1 The aUI.uv'" ,...h",,'nr,,·rl that the 

Cltr,ectJlv protJot·ttonal to the surface area of the UllUCJ:a.t. 

solids in the reactor. of the Oeltnand line was 

a m1Jt1eral 

UAI",,""U" rate was 

the concentration of 

content of the mineral. a low "U1I-'Ul ... ';;; '-U,U,."UJ'Ujt, .... " .. ,' ..... the authors "UL.W';;; ... that if 

was UR .• U ... .lU",UUU rate was nr •• n',rTUlTlI. to the 

even at 

In this way the results of the first 

SPt!C1tIC U.lu .... ',h.!'.laL1UU rate remained constant at 

content mineral was 

could be confirmed 

I.U.U'AU .... '<"y 0.035 

inert 

d·1 with 1nc::te~lslrul total solids concentration from 10 to 30 %. ext)erlm,ent \"U'.1!!!.11«;\.1 the 

results that the 1n<:reaslng loa01t112' was 

res,ponSlble for the decrease in ""'.,V4 .... ua,u.u'u a '''~.''VI-'u. ......... culture over the tested. 
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0.7 

0.6 

0.5 

-[ 0.4 

~ 0.3 
~ 
!l 0.2 
~ 

0.1 

0.0 
0 

a 

.. 

.. 

.. 

ro ~ ~ ~ ~ ~ m 
Solids concentration (% w/v) 

UltJU1UU<LU.UH rate vs. 

biooxidation rate on amount of 

in an STR 

The results vu' ...... u<ou 

The author 

b 
0.04.,----------------, 

0.03 

] 
'M 0.02 
o 

-[ 
""' 0.01 

lt 

.. 
'" '" 

J 0.00 +--_--.--....,--_--.---,..---; 
o 10 IS ~ 25 ~ 35 

Solids concentration (% 

for low,,""',"'., ..... 

\.1.1.'''''<;<>< in mixtures 

and 

lUJtl1l:IlUon mechanism 

Thepet'rormrunceofthe~orea,ctors .... I<>tiuphr u ... '-,,, ..... jt;<;u in the solids concentration 

5 to 40 % whereas of 

in the same reactors. 'Ibis result 

concentration on is 

...... ~." .... L .. in the solid 

concentrations of low 

at 30 % solids 

tIDclmg that the 

was 

of UlI..lUl""-'.U<; 11li ... <;.1. ..... 

30 % 

Pi:C)"Wllnp- in an STR was The "Ale,-•. "''''''''' •. ' ' of inhibition was "'UJ..LL.U •. <OU to attrition via 

solid p ................ ". The redox "'v· .... , .... ,""' at 0 and 10 % 

while at 20 % 

U ... ' ... L<:; ........ were 

used a very similar 

in order to minimise 

slow increase in redox 

At 30 % in redox IJU'L<;l.lUi<U was Oh""'11"V~'rl 

to 

limitation. The studies were 

Pearce 

% S) 

reactor 

... vuujt;u.." •• v.", and may n:u~crc::>-C)rganJlsrrlS of ~L"""J;""" 'lrtl" .. C"{r or inoculum size. In both 

studies the ...... vu.oJ ... the m1c:ro-organ1!;ms in the mixed cultures were not 
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650 

600 

550 

~ 500 

m 
450 

400 

350 
0 2 

Pearce 

one litre 

STR for two 

to mass fractions 

2: 

"0 < 

v-"" V 

-r-
-«-«-

0% w/v pyrite 
10 % w/v pyrite 

20 % w/v pyrite 

30 % w/v pyrite 

< <...-"'< -- <v- < ......-v< -v- <v-..".< v--v 

4 6 8 

Time 

of low :>WIJH',ll 

10 12 14 16 18 

on the blC)O:l!:1rultlcm of ltl;lUlULUU in an STR 

350 

I 'll" V "IV the 

blC)0:l!:10lltlcm of ferrous iron ltU<UllJ:lll.JU,ll;JJIll 1n a 

a J.'-ll:>lJllUU "'<''''''''A in an 

",.."1,, ......... Ult< .... U<UllliS of 5, 10, 20 

UlU'"'''''''' OLarrletl~r of 53 f.UI1. The ",.N<", .. " 

cells was then UClcrlUlUC'U. pn~seIlce of 1l1l.l.C'lISC in the for the 5 

and 10 % volume """'-UUU". was nh';:Pf'VP/i a 

These 

atl:ecteo the cells. 

750 

700 

650 

;> 
S600 
..c 
[.lJ 

550 

500 

450 

2.14: The 

.... '-"IU ...... '"'-'"' that hVld:r()Chm~LmllC: stress to the pre::;cll .... C of solids 

III o % quartzite v/v 
««««0« 5%quartzitev/v 

- - _- - - 10 % quartzite v/v 
-«-'<7«-« 2O%quartzitev/v 

0 20 40 60 80 100 120 

Time (h) 

YUlUU:llC lU'~W.ug on b1()o:Odatlon of lCIIUI.11S iron 

at an llHU<:;lt.l<:;.L 770 ao:anl:eo from 
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results VUI,,,,,-,.''-U Deveci "'"'l~"UU'~ the effect of inert on the 

of corroborated the The ...... 1.£"'" as the 

solids that there was no ll .... 'x:I;;.':lll.'l<1. solids 

concentration turbine at an llAlI-''''UI;;1.. of 2.51 m S-1 rna 

decrease in the extent of decrease in OelJerlOeo on the 

concentration of solids there was a limited 

effect on of oX'ITQ"e:n ult1l11;atllon rate on 100 roM over 

a 4 h The extent of 

concentration solids to 30 % Uo;;._1..", ... "" in the cell was 

lower than uc\;rc:il.lSC rn which that a ,..." .. Mr,n ........ ""'" ...... intact 

their to 

120 

II 0 % w /w quartzite 

100 ·0····· . 10 %w/w quartzite 

- - -'01'- - - 20 ''I. w /w quartzite 

80 
_ .. _ .. _. 30 % w/wquartzite 

~ 
~60 
j 
:>-

40 

20 

0 
0 2 3 4 5 

TIlTJe (h) 

2.15: of co:nc(!ntratlon on viability of a un;i>VI-'Ulll'" n<u·t", .. ,,, 

llUI-' ... ''' ..... at 2.51 m S-1 

In an ... ,..., ...... ,' .. mineral instead 

concentration on At. 

concentrate in which the main minerals were cn:l1C(Jp,lI1t1e, OC)m1te, chalcocite and The 

concentrate ... Vl' .... lU ... U 

were 

solubilisation was achieved 

decreased 

oxygen and carbon U>""A.l~'" 

and a size fraction characterised by a of 112 /-lffi. 

were in a STR at 200 

and carbon conditions 

.ua'cllll"" of 3, 10 and 20 % almost 100 % "UJ.''-L,~ 

The recovery of rn'-. .... ,·" at 

concentration. At a 

The a.U.UVJ," were able to 

be excluded as a 
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the low extents at the were to 

I1vlru:()d,rmlmtc stress. 

lW,-------------------------------, 

II 3 % solids 
'>·······,0, 10 % solids 
--__ -- W%solids 

-"--'0"-"- 30 % solids 

- - - 40 % solids 

100 300 soo 

Time (h) 

2.16: extraction ten'Vo;aaans from a ,-n1'"\1'."" concentrate as a function of 

,v,n.""u", \"...,,"1-","' .... from Witne and 

2.10.1.2 

As have 

or the ........ "u... ....UJLl .... ~;U has a 

and thus on the 

Nemati reportf:d the 

on 

IX'AU\.."' .... pertc1mlarlce of Ul\..l"'.' .... UU!}t, above a 

12 % cotnpJlete mrUbllUo,n at 18 % loadttllj;!; of 12 %, 

ratio and thus the mf~chant.sm of inhibition was to due to a low cell to 

microbial lOarun~ of 15 and 

18 % the .... UU.LUl!lU,Ll lllC .......... ,ll"',ll the 

unpoSUl,j;!; severe rO(jvtlarruc stress on 
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........... .:: 2.17: 

to l.u~ • .lo;;;l"'o;;; the 

those of the 

2: Literature 

35r------------------------------, 
II 3 % w/v pyrite 

30 ··········0·· 6 % w/v pyrite 

--_<1'_-- 9 % w/v pyrite 
-,,_. 12%w/vpyrite 

- ___ - 15%w/vpyrite 

0---. 18 % w/v pyrite 

o 200 400 600 800 1000 1200 1400 

T!lTle (h) 

of solids .va.uu.'1! on the UIIJOlca.\';l.IJUl~ of S. met.'JllzC'.flS from 

Nemati 

carried out to those of and 

Iva.UUj'~ on S. metalliC'.fls inert 

In this way 

al.U..llUlVll of the inert IJl!.LUI.w:au:::s, UIIJllt:a.crumg or 

.lU, • .1.o;;;<t".ll1~ the inert solids '-U'.H.C:U 

However D10llealCh:Lng rates were orlo~tesslvelv reduced with 11l' • .LI:<t::;lUg 

from 0 to 15 %. 

UlULGIILt: RJ<tUUll! above 

15 %. The SDe:Cltlc ...... ,...,·,,+h rate 1flc:re:ilsed to 0.020 h ·1 at a 15 % 

to 0.011 h ·1 at a 21 No ...... " .. rl·... was IJrt::SC11I..C of 24 

The U.l\,'.lU,.,,,, delcreased with .1.UI...l.""'''ll.'l':. ''''''''TT''"'''' H."'U.lll~ above 15 %. The 

was to and 

the effect of lU<I.I..ll1.'l':. on the U''-'U .. ..1u,nRJU of by 

S. met.alilcus in shake flasks lU"UJJll~" of were 

a size fraction of the extent of iron :SU1UL'1ll~'<tU.VU increased 

concentrations of 5% from 64.0 to 73.7 % 

n~~m~r ulcrleas.mgthe concentration above 5 % to 10 and 15 % caused a UI:''-lll.'1: in the 

extent of solubrnsati()l1 to 40.9 and 21.5 % res,oelcti'\i'elv 

The extents of "Uj,UI.'''''''", obtained Harrison 

are 

(2000) 12 % caused a 

extent of soJub.IDs:ati()n while and Harrison showed 
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21 solids. It is I-llll'-:;UUU.l'-:;lHI such as OXVo"f'fl 1l.rnltatl01:l, In 

densities ... a •. I.£,U: p1axtides and to a lesser extent, llUllO:luu,n and low 

were f'P·,nr,n,,, 

Haxrison to 

t'UJrrnlettI10re, n .... "-".I" ... " ... Sllsr,enslo,n of 

Nemati 

much lower extents of :SUJlUL'lll~;alJlUU In latter. 

may have occurred. 

could have led to cellulax stress caused 

In<:or;npJlet{!l, slust)erlde:d tl,artlcl,es I.J ...... U>llL. et 

of iron "UJlUL'lll:,,.UlUU at u .... "'''.,,~ 

fraction of 38-75 !Jlll retlorted 

Nemati and Harrison 

Total solids 

3 

6 

9 

12 
15 
18 

Extent of 

100 
92 
88 
88 
70 

11 

Total solids Extent of 

3 91 
9 86 
15 80 
18 86 
21 86 
24 62 
27 46 

lU;IUJJll!!~ and a prurtlcle size 

literature. 

Valencia el al. 

Total solids 

2.5 
5.0 
10 
15 

Extent of 

64.0 

73.7 
40.9 

21.5 

studied of a concentrate at IU.IUllI!!:> of 3, 

on .......... vpu.lll ... mtC!()-o,rj!:i!.n1.srr.LS 1l11l.11.tUlUg a .\ul'ftllil,hu. For 

lealchl.ng rate delcreased 

U'-:;'I-J.'-:;",,'-:; In l'-:;illll.lJ.lllg rate observed at 

oxygen caxbon dioxide 

and low redox pOltelltl:U. 

caused attrition 

range 30 to 40 %. The 

"",,,,un,, gas enrichment 

was metal 

pU1tiUUallCQ to be due to stress 

et aL 

ut.U,,,,..,-.llJj.O;: o:ucro-,or:garuS1TI and ./f,r;zat'amltJ 

factors were mt.cf()-orga.rus,ms to 

stress, nutrient and 

of Increased 

utilisation rates CUR reSl)eC1ivellv~ a 15 % 

decrease in OUR from 820 mg 1-1 h-l to 450 mg 1-1 h-I in 4 

if axe combined concentrations. 
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It is that mc:reas:mg solids and across a limited 

op.eratmg window .... n,"'r.u" effects on the of ....... ,La ... ''' .. 

concentrates. size "' .... '.1."''',''''''' surface area of mineral for oxidation 

below a critical 1-' ..... u ... ,,<O this 

as increased cells to the V;U:ULU;" as 

.... u"L~L1a'."'u that cell attachment is lrn'n~l'''f''rl of the 

death rate of 

lHI.-,L",a;~cou from 0.23 to 0.58 h-I 

and cells are of similar AU.'Kunu'u",. 

a mixed culture on 

with size from the 125-180 J.U11 

reverse was noted. Nemati et at. 

10 size 

",uu<,,;y the 

150-180 !!m 

m-3 h- t to 0.098 

J.U11 range, below a 

size on a thc~rnl01jhlLl1c 

25-45 !!m range 

increase in rate was 

au_uu ........... to an increase in the surface area aV'Lll"''''': for leachllllg and was LUU",,"'£:H' the 

No mlluc:nc:e on UH.lJ.l-'uV,'VK or kln,et1<:s was 

seen at these size u.a ... uvu". to less than 25 !!m had a 

effect on the <lrt1vllhT 

structure to 

nominal mean diameters u,""""""" from 25 to 5 !!m, a "",'~u ... ,uv .. 

at 20 !!m to 0.020 m-3 h-t at 5 0.040 h- t at 

25 !!m to 0.025 h- t at 5 were observed on uco,.,-c:;.a::iU1K fJ,,, .. u,'-.... 

size ual.-U'''U, the increase in the number u .... ,"'-~" .... u .... J'CO collisions increased the 

nV(lro,dVltlafnlC stress the fme oart1(:ulate affected .... 11y""J .... 11COU,ll .... , .... n ...... l"\PI"11 

of U"~''-U'''U'U such as .71",("".""r 

In a the ll111U<O .. ".CO of lm'nr()ve'rl n;" .... JlllAJlK to increased area was not a 

Pearce was able to COlu ..... ual<O 

rate of oxidation of t"'r'l"n,,. iron was m()nltOl:ed 53 to 

255 J.U11, at a of 5 % v Iv 
pel:1ocis of 98 were "h'o"' .... ;''''11 for the 114 A 

of 74 hours was 

similar effect is seen 

UaJ.H"'l';C the cells more 

in the orC!SeltlCe of the 255 J.U11 size tra(:t1on. It is ...... ,('\n"n. that a 

Nemati et at. 

uttnerrn.or.e, Pearce 

the re(1uc:ed size u.a',-u,.lU" 

or()oc)se,o. as Deveci 

and Valencia et al. (2003), that since ad·dttltuobal:::ill1 are known to attach to 

the shorter n~,,' .... ""n with the fJ ................ " may be to the £C:;L1UL;COU surface area 
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"'LL,"'W,UU'~"L 4ll.JW""" '-CI.j'UilIUU'cUU concentrations to be 

more ... i:tI."LULV. 

750 

III no solids 
700 "0,, 531'fn 

650 
------- 1141'fn 

-"_'-' - 161jJ.m 

~ g 600 - - - 2551'fn 

&l 550 

500 

450 

400 

0 20 40 60 80 100 120 140 

Time (h) 

2.18: p ...... U\..." size on the OXloa,non of Iron 

at a ....... UUJ,)<, of 5 an .uu..., ... Ju. ..... of 770 

IMPELLER 

with other "UJUU,'-\..'UULaJJLlUJ')<, and solids-free ""ch>"",c ..... cr'l1c<'pn in Section the au..., ... J ........ 

an role as re~:ar(1s nv<1r()mm~lm;LC stress within the D1CIlealChlng 

STR. extent of the "rHTP""" and 

vnlin .... ,p is to 

turbines. the Rushton causes more ........ u .. l'~ ... to micro-

~ ... ~;~ •• ~u.~ as was shown in the studies of Pearce and Deveci 

10 % lIlveSllg"dteU the effect of on the bl011eachJlng 

mtl.1Dllno.n and similar redox fJU1L<::HU .... p ... I..'llI..:" at 350 

to 630 caused a approxlffiatelv 14 

The redox nntpi".N" the 

turbine at 630 the course of the eXlJetlffilent results 

illustrate the jn"l'p'~"Prl h'vd1~odvn:unlC stress induced the turbine \"u,."p"""';u to 

turbine. 

Deveci similar to those observed Pearce The author retlor1ted 

the loss of of mesotlh1lilC UJIU"C",\.."llU,)<, rruct:o-IJrg;anJlsrrIS on ferrous iron was 

more extensive with the Rushton turbine the fJ"''''''<::U at llUP'::JU<:: ... m 

the 2.01 to 3.35 m S·I. With the ...,n' ..... ~ ..... blade was no effect on at 
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a 10% 1V",u.u:l~ on 111''-.... :a''J.111!, from 2.51 to 3.35 m 8-1 while the V''''''''''V of 

15 % under same condlt1{)flS .I.,"u,,,u,evu turbine. 

volume in an 

hvc:ttcldv:nrumc stress to 

650 

III radial 350 rpm 
600 . . .... 0 . . . radial 630 rpm 

- - _- - - axial 350 rpm 
550 _ .. _ .. _.. axial 630 rpm 

:> 
S 

500 

iii 450 

400 

350 

300 

0 10 15 20 25 

Time (days) 

2.19: and llUI.J~Jll~.L on Ul<..'VA.LU<llUUU of 

lV"UJ.JU'~ l~Lual..llC:U from 

1.97 and 2.27 m S-I) on 

the a.LI-Uat;Vll in a STR in the UI~:"~ln",~ of 18 % total (3 % 

15 % qu:artllte~). 

of 1.97 m 8-1 

The iron leach rate and extent of Dll1SatLon was at a 

than at 1.67 m S-1 Leach rates of 0.091 

m-3 h-l were vu',au.'''''' 1.97 m S-I reSDe(:tiv'eiv The extent of 

,,,,,,,-uu'e, was 86 % at a 

of 

of 1.67 m S-1 1.97 m S-I. 

the was to mass transfer at the 

rate and at a of 1.67 m S-I. IrnDrc:>vf~d mass transfer at the 

U,"C'''''JVll\. ",,,,T1~,.,n1 of the rmcr{)-orearus,ms tlu:oullZh 

an increase in rate of ret1:01.lS 

stress at 

of 2.27 m S-1 

mass transfer. 

Atchaea than the acidithiobacilli "lU.UU:'" 

utilised a size L.L"'I-UVll and a mt.Ct()-Cltl!::am.sm 

however invalid as a n .... vl .•. ,u~ COml)atlS0,n reactor ~~'UHl~IJLY 

and mass transfer rh''''''''rI has not been 11ll;lUlICU, 
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2: UJ.'LIO'-4UU.o;; Review 

2.10.4 

In an of lfltlera,ct1()flS between and bl0iea(:htt1lg 

et and Karamanev et orc)o()se:C1 two new reactor ''''''''~'Jt<.u~. 

a 

conventional 

concentration of 20 %, STR conventional airlift reactors failed. In contrast, 

redox .... "' .. P ...... " and concen tration 

STR AL reactors not increase 

and remained at aplJrCIXl!nal:elV lfl 

increased 465 to 669 m V over 16 

MAL 

MAL 

increased 6.25 X 107 to 9.13 X 107 cells ml-1. No n-rr,,,rl-h was observed in ALreactor 

STR. reactor, .l.AJt<,V.I.'JUO:> 

of IVlc.Q1tlcatlon of 

a conical bottom recluc:eC1 

reduced 

coal as as 

a 
700 ,.---------------, 

650 

~600 
1 550 
!! 
&,500 

j 450 

400 

o 2 4 6 S 10 12 14 16 18 

-- Modified air lift Time (d) 
... ·0.. STR 

- ..... - Airlift 

... ,""""'''' 2.20: Influence of ""'J.!.IO"'-',V.I. 

20% 

Karamanev et a new 

on 

lift reactor tlu:oul!h J.O;;IJLa' ... J.U~ bottom 

........... ',..1 of "~'~"I'> U:UUlllCLl 

b 
1.+8 

&+7 
::!rl 
" ~ 60+7 
c: 
0 
'0 

~ 4e+7 
__ ....... __ ..... _- .... -1' 

!l c: 20+7 8 
'il u 0 

o 2 4 6 8 10 12 14 16 18 

-- Modified air lift Time (d) 
.. ··0· STR 

-'1'- Airlift 

(b) mlcr'ODlal at a 

named ore 

The rp",rtr," 

based on the airlift I-'J.," ....... p'"'" utilises a porous matrix (geotf!xtl within which the mineral 

are Nutrients are to 

nutrients tlu:ough tmffiIOD:U1sea structure. The 

leacnJlng UJ.l~aLll"jlH" are attached to of mineral. rnc:U()nl,ess conditions 
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'U!J"'IJ'lCL 2: L,1L.CL".lUl.C Review 

was fast aOlsO!:po.on 

for the 

len'Vo;'l(taans cells onto whereas in 

h<l'rfU'lp" due to the of 

reactor it was .... U.I..L'-' ...... 

amount of Sfit!anng. The 

reactor was shown to handle 

The OltlffilettLc rate of 

ore reactor was to be 2.5 times 

than in a STR. '-'UAUI':'Ul.JI!. reactor ... "llH.LJ':'Ul.AUUH L""!U~.cu liAlCH'» l Y 0 f stress 

attachment in tum u .......... u, ..... u the extent rate of "", ......... J.U", .. .1''-'". 

In Part B of the literature 

rellev~tnt to the current 

.......... ,,", .... u .... 1"> in the n:u:run'K u ....... ", u. 

STR of 

Sections 2.8 to 2.10 

UIUIClU.llll.ljI; p:roc,ess, the extrenrlOf)hillC 

In"\J'ohrprl m co:nu:nelrCl:iU U.IU1C~acnlI:lg pro«:esses 

extent chemical stress in Ch:i!lClDp'vtt1:e was 

shown to pn:seIll a 

.... U.Ol<JJl ... <l.1 and 1J1\,""1':'1\..,<l.1 .... " .... 'llul"'. 

the recaiCltraltlCe 

the mineral causes rCI.1UI..CU rates 

of mineral !c ...... u.u.~ 

Section 2.9 .. _" .. ",,,,n 

an .... "., ..... " .. ,." 

a function of the 

In solids lU"'~J'~ 

hence nutrient limitation of the mlct()-orgliltUl,ms. 

range mlct()-o'rglm1SmlS Hn,n,I",,·rl m IJU."""' ... Ul.lllf. prc)ce:ss with 

of the genus ,JUt!OtOO~'J. :--'pr'"Non 2.10 

AUO,,,,U •• ,,, of 

the 

in STRs 

stress was shown to be 

the reactor 

'U"UU"JI!. r(~allCea the 

of the tank Ull.IlC.' ... U.U'jI; both IH"'''U~''llll''' extent, 

lJl!Ceaslng n<l.'t1rlp size within a 

extent below a the prc)celSS perltorm~tn(:e was <lr!1" ... ·" .. 117 

to stress to the cells at 

Rushton turbine was shown to cause a m microbial 

pertclmlatlce than the turbine. This in was all.l1U'UU:'U 

mass transfer 

extent of ..... " ...... ...,"1">. 

unit volume when the Rushton turbine 

Hl' ..... "' ... "', ... 1f. the llUp"JU, .... .L to a 

mt1,l'O,:rpn the IIlt:laIJUJ.:IC 

n~u·,.v.·.. hp17(',n r! a the np'Ir.H'VP effects of hVlm()d\'na.rrulC stress 
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'-''''''1-'1.'-.1. 2: Literature Review 

the of mass reactor 

ID'Ires'l:ij!;lltors were able to minimise the effect hvd:r()d'Tn~lffillC stress in the UllJ''''''<-J,ll<j'~ reactor. 

J. ... , ........ VA."'"' an of the reactor from round to 

J."".1U''''llJ,~ the ll .. "'U:' .. Y to and 

immobilisation the C1el:actunent of and the t,.""",,,"("V 

and , ... j''''''',c,t~T 

ID ...., .... ,.r'''~·rl rates extents 

Hll.11U'UgU plnYSle'lOl~Cal stresses such as re(lUc:eC1 mass 

increased 

'-"'~"f"'-~ in reactor 

concentrations 

extent of l"'d,,-UJU.'I<'. 

stress has been to be one of the reasons for re(1u(:ed 

recoveries in and "U'~J.LjUUIJUJ.ll'- U1lJ"""'-J,ll1j'l4 

This review has hvdr()d1m~unlc stress is an in the 

the LJ> ... ""'.''-UIUI4 been shown 

in the overall prc)ce:ss pertorrnallce of the Ul<-Ol"',",<-H.Ull4 

influences the ml,cr()-()rg~nlStlnS at a cellular level for "'''''''-'UI-''''' their 

and it was also shown micro-

orl~tlls:ms IJV"""O"" .. "", .... ,,,.,,'''' U''-',U"",,U.:,.'',,, to stress. In way are to sense and react to 

the effects of stress and a state. 

The jJJ.<;;"''''ln aims to deltenIlltle the effect of the U><.JlU.l'. ......... ""' .... (~ ... "'" to 

""'~'i1J.:"L"'.ly and in ,-VlHU1 .. a. 

C1ome:rn:lot:1nt.llC archeaon. This 

of stress on a ml,cr()-e,rg:arusm 

nutrient limited environment under 
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'-' ..... f.'1O~J. 3: Materials and Methods 

In this the eXl)erinl(!nt:al proti:>co,ls utilised in this are discussed with emph:asls on the 

reactor and cOlnf1J~:ati>on, reactor start-llP. ext)erimc!ntal protoc()l and the methods 

In to a of the mi;C!0-0I}:;,ulls1n as well as the fractions is 

pItched blade lmpeller was chosen to prc)Vlcle 

~.UU.LUI A315. to the ",,11ri,jm of the .I.4;UUlllil this 1mtJell;er 

chosen. A standard reactor conhguratlon was not utilised because COmI)lelte solids SU1;pe:nSllon was 

not possllble under standard reactor set up conditions. A decreased off-base 1m'peller was 

utilised. this solids at the lowest power to 

maximise the range attainable with the overhead stirrer motor used. 

The expeno:1enl:al consisted of a One litre lacket:ed stirred tank reactor eq11l1plped with a 

4-blade plt1ched blade im~)elle:r, a a 4-blade baffle and an sparger thri:>U2:h 

which 2 vvm air sut'pl,crn:en'ted with 1 % was The sparger contained 6 

1 mm in on the surface of the arm of the sparger tube. The of the 

reactor was maintained between 66 and 680 C of the 

impelLLer was controlled with a Heidolf overhead stirrer. In order to minimise eV:lpC)raltiolil, the 

a cirC:uIlltinlg water bath. The 

condenser water was cooled to 40 C 

the reactor is illustrated in 

3.2. 

a Lauda thermocirculator. A schematic reJ:>re!;entatlcon of 

3.1. The dimensions of the reactor COlmp,onents are 
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,e 

~~ "'l'pk""""," 
~,,",n, 

K""""" .. 

Ch.pter 3: M.terioh ond Method, 

, 
----':j 

[i] r w_~ 1 

Fig-<lre -'.1: s<;h.111.nc <ep<e,ent:.tion of the ,tirrcd unl.: >ptcm. B = b.ffk; 

1= unpeller; S = sp"'ge' tube 

, 
n 

wJ 
-

v --
~ 

n 

T 

---_/ 

-Q, 
,e v 

, 

,­, 

Fip '" 3.2: Dimen,iom of ,tiHed I2nI< IT.e'or. 

IncemoJ diameter of ""cto< = 115 mIn D Di=>etcr ofimpdkr 

I leigh! of working volume = 1 .. 5 nun " \'i;'idth of unpcllcr 

H.fflewidth = lOmm Blade 'memo," 

Length of impeller ,h.rt = .. 70nun AngIc of twist 

I~de ... nc. = 10 nun 

= 53mm 

=20mm 

=2mm 

= 45" 
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3: and Methods 

Two of 1c'''''',u. .... UJ.".u:;" were used for the eX]Jetunent:s. A Ir"OV·Nt .. concentrate cOJm{:,ns,ed 

reactive mineral 

3.2.1 

A chalcOIDYOlte 

BHP .L.Illll1lUILl. 

to 

MINERAL 

and 

Africa. The 

while rn,.,ff,,,t,,. prurucles .... u,U~'UO'IOU. the inert 

solids are "'0;;." .... .1..11.110'" below. 

to a U."'_UU'U between 38 and 75 11m was 

Ch:a.loDP'vrl1te concentrate was determined 

measurements were carried out an 1330 V1.02 4.53 g cm3• 

The 

3.1 and 3.2. 

elemental COlmpOSJlt1on UllUICJ,jUl.I/;!;Y of the concentrate are 1c'.L~;"";JiUlO'" in 

1C,,;:.ute;U, COlmp'OSlltia,n of the 1liJl\.U..l .• <1 chal:coDVJt1te concentrate. 

Iron Total Rn)-nhlU' 

29.8 25.9 31.7 

CuFeS2 79.52 
Bornite CuSFeS4 4.14 
Chalcocite CU2S 0.01 
Covellite CuS 0.33 

FeS2 8.05 
Other 1.23 

CaS04.2H20 0.50 

Silicates 
Si02 1.45 
CaAhSbOs 1.83 

Mica 1.88 
Altered silicates 0.10 
Other silicates 0.29 

Other 
Iron-oxides Fe203 / Fe304 0.32 
Carbonates CaC03 0.09 
Accessories 0.17 
Other 0.08 

100 
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'-''''''1-'''_''' 3: Materials and Methods 

The of the used 111 this 

a Malvern !V!,l~lt:I:Sl:<!;eI 

For the chemical eXI)erunent:s, the mineral was irradiated to de!itrc,v 

were on the surface of the pru:tlcLes. The material was treated 

orp,ora,tlol[l, South 

ext>os,mg the 

to radiation 

was 

size 

o 
O!~ ________ --.r-__ ~ __ ~~ __ ~--__ ~~ ____ ~~~'-____ -'~~O 

.1 1. 

3.3: Size distribution of Irnn''''''t". 1-' .... '-''-"", sieved in the 38 t075 (lrn size range. 

= 481Jl11, = 66 IJl11, = 89 fJ.ffi. 

3.2.2 

of the 38 to 75 fJ.ffi size fraction were obtained and wet 

CONSOL Glass The "l1.lrt"it .. reQWfC!O p:re-ltre~ltm:ent to remove Or~!;afilC 

and 111o,rgaruc itl11DU11tle:s. To remove 1110,rglllI11C C01[ltrumulan in 30 % the solids were 

nitric acid at 4()OC for 4 h and sul)seQu1ent1v rinsed with distilled water at 8 times Wltil the 

contarrunants, the 

of the cm'lrt"jt .. was determined to 

and the To remove UL~;"'U.L'" 

'4 ... ,"'" ... , ..... was calcined in a furnace at 40()OC for 6 h. The 

be 2.6 g cm-3• The size distribution of the washed and ........... "'0;;;1.1 ,-\U ••• lI.."no;;; 

3.4. 
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o 
O~~ ______ ~ho ______ ~~~~ ____ -'~~ ______ ~~~ ______ ~~~O 

.1 .0 

3.4: Size distribution of .nn"rl,,,T,, 

41 /lID, 

sieved in 38 to 7 5 Ilm size range. 

65 /lID, ::: 104 /lID 

The eXl)er:unc~ntal work was initiated a 

was maintained in a one litre 

medium at 1.6 and 

150 ml of 

fresh Norris OK mineral salts medium and 4 g 

COflslsted of distilled 

UJIG'WOlrlJ- meta/lieus \..\..ULUJ."'. nrOV'10f:a BHP Billiton 

tank reactor at 680 C on Noms OK mineral 

and 30 g 1-1 of a < 22 size fraction of Andina 

was as described in '-'",'.LLV'" 3.1. The stock 

from reactor and .. ",""I <> r.n ..... it with 150 ml of 

::: 0.40 g 

::: 0.25 g 

0.20g 

The Noms OK mineral salts medium 

KCl ::: O.lOg 
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'-'''''''1-1'''''''' 3: Materials and Methods 

3.4.1 

The in the prC)ce,dw:e was stabilisation of the ch:alc,oP'Vr1lte concentrate. 

lau,".u~.au.uu was carried out in the reactor to inoculation. This ".dUU.",,"Uv.u p:roc:ed1Ll[e was 

necessary to fluctuations in the solution 

of the reactor. A 21 g of the 38-75 

on CallSllllg stress to the nucrcl-o:rgarusms 

fraction of the concentrate was to 

every 550 ml of ll!<:;UllllU at 680 C in the STR. The solution was measured 

hour and "rlill1,,'h"r1 1.6 with until a stable of 1.6 was obltattled. 

After stab1llsatlon the reactors were inoculated. For each reactor, the inoculum was pn:PlIJred 

from the reactor ::'UlJ-I.'Wll.J,lCU 24 h eaJrlier. The was ..... UJWI:;U 

to settle for 30 min to remove as much P"';'''''!-''''''''' and mineral as POSSll)le. A 150 ml 

of the SUf>erlnatant I.Ul.JlaJlHll.q; cells and residual pre:Clp'ltalte was to the <O'-jlllll'LJJ.al<OU medium and 

to mix in the reactor for 10 min before """"UI-"'U'" for the 0 h 

The gas flow rate was maintained at 2 vvm. The of the stirrer was set to 0.76 ms-1• 

The was to grow under the minimal stress 

24 h. After 24 h, the llUIY"'ll'C;J. was and the inert I-'''''L'''' ......... UIC fraction was 

reactors where recluu:ed to achieve the '-V""-"UV','" SI)eCltie:d for the eXlpel:ttIllent. 

for 

to the 

The critical 1ffipeJLler at which the solid I-'<lJLU,,",!"''' were cOIIllr:,let:ely su!;pena.ea was deltenllltLed 

The reactor vessel was raised a mirror the method of Scholtz-Brown 

the base of the vessel. The u .. p .... " ...... at not remain on the vessel base 

for than 1 or 2 ""'l,U!.'''''' was determined to be the (1.67 m 

was measured a Veeder-Root 6611 tachometer. 

3.4.2 REACTOR ANDSAMPLUNGPROCEDURE 

The reactor ternpc~rature, gas flow rates and llUI-I"'JU,IC" were chlecl!:ea on a basis. In 

ad(ittt1on, the reactor volume was cO:Ill!:,en.sal:ed for eV~lpOlratlo!l, with Ul"'U-UI::U water, every 12 h. 

from reactors a 50 ml with a silicone were 

attachment. :::iaJlllp,les were ,....,nr"rpn from .,."1'1"",,, down the reactor 2 cm away from 
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3: Materials and U.U;:;Ul\JUlj 

llUfJ<OU'C.I. shaft. extraction of the " ..... ,"1-', ... , 30 seconds to retain 

concentrate at 30 sec4C1ndlS, a 20 ml devoid of mineral and 

.... UU.LiIW.,U..u~ pre,opltate and the The and 

concentrate rer.ruurun:g in the 

was used for all 

returned to the reactor. The 20 ml 

....... " ...... ,'u ....... in Section 3.5. 

%en it is to consider of 

....... ~, ... U' ........... UJ'IllL Y and robustness of the p!()Cedwre in order to ensure accurate data .... t· ... ,.'""'1 In 

current ........ , .... u.u,] of the methods was tested in 

tnpucate and between the U1plmc~nt used for 

l<Ua.J.VM';', was tested and __ I .... ~.A .. ' ..... on a basis to ensure turlco.onl.flg and J.<O.I.A<tU' .... uy. 

methods were chosen from prcClce:dures used by in the field of 

D1CIlealcfll.flg and with ext1:emoptu.l1c ffi1c:ro-iClrg:U11sms. Some tec:Ml1qlles utilised were 

to the 

ac(:or,d1rJl\! to 

of this 

calculation 1-'.'-';;;' .... '.UIO .... in 

The 

\ppenOlX A.6. 

........ J .......... uu!', pertonnrunce was the sm;penSl.on 

and iron and copper concentration. The response of 

stress was determined in (i) cell 

contrast ffi1lcroISC()PY oruct1cle size 

fluorescence metabolic ",,-t,,",Chr 

reslp1r()mt~tty met:hocls, and (iv) .... u.u" ...... u'u rate of the culture 

SDS PAGE anaIVSIS. 

3.5.1 

error was 

pOltenlt1ai, cell 

to 

(ii) 

oxygen 

measurements were 

error was 

in situ Metrohm 704 meter and The 

to be 0.71 %. 
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3.5.2 

Redox pOltentla1 measurements were taken in situ a ""','U-"'<OJ'U Metrohm 704 meter .... '-I' ..... IJI.}"'U 

with a .... ~, ....... .u. .... u Pt Ip,..I· ...... ,1p redox The redox ele ictt4::><1(:s were tested 

""'''''''''',n..."O" a Crison standard redox "v .... UU'l! of 468 mV 

to be 0.09 %. 

The ".u ... V .. ,"U error was ................ ", ... u 

3.5.3 IN OF CELL NUMBER 

concentration was det:er1Il1rled either direct a Thoma .... v, ...... u.j<. 

.... UlUUU<OJ. with well dimensions of 0.02 mm in and a 1/400 mm2 area and 

at a magrucllc:at1Cm of 1000 x or a CellFacts 

Direct has been suc;ce:ssnmv O:::U:IUUJVO:::U several researchers 

Nemati and Ha:rnson, Konishi et al (1995) 

be as 

error of direct ret:)rOOu<:1bll1ty of the memc.o was found to be ac(:ep,tat)!e. 

the p ... '""'.'v.,........ cell concentration was measured. The count was ",,,,,,,,fl·,I.,/,,,,,, to 

re!=,re:seoltatlve of the total cell count in the reactor based on the u ....... "", .... UJu.jt, studies Nemati and 

Harrison and 'l,rl·.n.-nj-,In .... studies 

on the pru:t:ltl:onm.g of ')ut'fotolJus cells hpj"".",,,..., 

These eXl::>ellmlents were conducted to confirm 

method biomass deitennulatllon i.e. mJicrOSCClplC C01lntlng 

studies remained pn:do'mJna11tlv in the 

the apI~ll .... aUlllly 

reactor. 

free cell CO\lntln2: as a method biomass determination in 

thus corll:1ril:ll1rlg 

bioleach 

The CellFacts size I, Cellfacts InsttunlentlS can used for 

the detection cells and a curve. The is 

based on the flow to enumerate size 

volume the area under of cell number as a 

function of cell size a cell concentration. Error is minimised for 

UU.LU .... UUH and a wash routine to eliminate cross contamination between """"1-'1"'''. Several 

to res:erurcn,ers have utilised flow ... ut· ........ 'ph'"<' methods 

enumerate and size nucrc)-o:rgarus:ms ,.L""-,,",,-'" and 

Sch·war:zen1trub,er. 2002). 
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'-''''''jJLOCl. 3: Materials and Methods 

3.5.3.1 Direct mlcr()sconic CIOUtltitll!? method 

A 1 ml 30 min in a 2 ml npperlOO.rr rrl1cr<)luJ~ tube to 

remove .lC".l""UW preClpl1:ate jJ ..... u. .... A'I.". ,-v, • .uu.u~. the 0.5 ml of the setded was 

removed and mixed thclrolJgbllv A40 of the settled was diluted as reQluired. A 

10 was into the well the cmmtJlnll chlunlber a counts 

were made at a 1000 x tru!tgnli1(:atl.on The concentration of micro-

in the was \..",,',-wall:;:"" the 

3.1 

where: cell concentration 

c of cells counted in the squares 

total number squares = 16 

squares where cell were counted 

D of the 

A total area of the chamber (1 

dr dilution ratio 

The error was calculated to be 6.33 %. 

Cell based on the Coulter [eCnnlqllle 

To det:errn1t1le cell concentration the CellFacts <1,...,,1,,,,,,, .. a 100 was .. "..,nn,:rpr! from the 

the CellFacts and diluted 100 fold with the 

In order to confirm the absence of 

pre:clt::llta1te and fute "'ALI.£~'L'" and cn~llcclpv:r1te ULLLlaU=" the was viewed under 

1000 x !llal¥llilcatlon contrast rntICroSC(>DV before CellFacts All 

<I,...,I"",,,,rl were free of IJ"'.UI;.. ........ ",,,, cells remained in solution. The CellFacts was set to 

peJrtorm two UllILlU''''' .. The cell diameter limits were set between 0 and 2 and 0 and 5 

where error of this methold was calculated to be 1.32 %. 
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3: ...... " ........... i> and iVlf:tn()US 

3.5.4 IRON 

Ferrous iron !In,~IV'~P;: were out a standard potas:slwm C11chrOlna-te titration 

pr()ceuw:e has been used several lmres1t1glltors m the field 0 f "'>V'.",,,.,-u.u.1'. ferrous iron 

and .n ....... "'lV ... 'U, and Third ct 

A 2 ml sUS1Den~!10n of The bulk 20 ml SUSIJem;10n 

UUJ,,,,,,,,41 or mert solid 

was mixed thr.,.,...",o-h 

........ " ....... ," and C011tatn1t1tg prf!O~)1tates was .... .,nr"r .. rI ferrous iron 

~"l,l"J.V'U ,><u.U~J><::" was necessary m order to rugestton of the .., ..... ,'"' .... ,,<1. .. ;; m 

solubilise m the pre:OP'ltalte. A 2ml of concentrated 

was "~"~''F. at 10()OC until cornpJlete dissolution of the prf!op;ltalte 

was att:amed. Three were 

then to the ""'"..,,"',, which were 0.0149 M potaS!;iWn dichromate 

The redox reaction is 

emlpc'lnt of the reaction is 

6 Fe2+ + 

on the oxidation of the 

a colour mediated 

+ 14 H+ -+ 2 Cr3+ + 6 Fe3+ + 7 

mdicator. 

3.2 

The moles of ..,1..1 .... ,,, .......... dichromate m the titre ... "" ......... , ....... to convert all ferrous iron is 

to the nwnber of moles of iron in the " ..... ,"I-'A .... The ... 1..1, ...... " .. 1.1'4 of ferrous iron 

in solution was determined 3.3. 

3.3 

where: ::::: concentration of Fe2+ (g 

::::: concentration of (g 

V2 ::::: titre (1) 

volwne (1) 

M ::::: molar mass of iron (g 

== nwnber 

The error was to be 1.37 %. 
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was used to determine and total iron concentrations 

was error was calculated to be 2.86 and 

and inert n"·,rt,,,t.· solids was removed from the bulk 20 m1 

was acidified with 2 m1 of concentrated uy .......... , ... u'v ... , ... 

and diluted to the l.<O\.IWJL<OU concentration 

UI.1l.lWl'jl.1000 mg 1-1 ,. .... UlllU:U and iron standard solutions \"L''''L~'~J 

and 50 mg 1 -1 for 

standard curves are 

100 and 10 mg 1 -1 

limit of the 

iron and 

was 0.03 and 

0.06 mg 1-1 for and iron concentration iron and copper in all sm;penStlOn 

3.5.6 

Protein 

at 

assay 

the detection limit the AAS. The were as 

Slit width == 0.2 nm; 

current := 4 

= 217.9 nm. 

the cells were v ................. by eX1:ra(:tlrlg intracellular 

and set,ar~LtlrlQ" 

The concentration of 

PAGE 

on SO(I1UlD d,ode:cvl 

in the bulk solution was determined 

from "l1lUI-'L<O" taken 

Protein set:)arlltlCln is comrnontv used to determine the relative a ... '"" ............... ,-

ina their aPlprCIXllnalte molecular and in what fractions or under conditions 

SodiUln dOliecvl denatures lJl.lJL<O.'.u", <Olll.l"","\...1.1 .• ,,, the Sl;;lJ'lU"lUUIU p.wc:ess 

reprodluobili~ofthetecllru(~ue. SDS is an anionic its molecules a net 

It binds to most soluble H1<""'-II11'" in aqueous solutions over a 
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range. rI .. "h·"u~ most of the cOlnplex lseco:no:ary 

Of()teJflS. and is strclngly al:tra.Ctea toward an 

sanJ.plc::s treated with SDS are run on a vertical 

The relative amount of 

thr,oUQ'h the matrix. 

Y J.a,.lU, ... ,," in the 

Of()tems ffilli?;tate more 

bed 

rate at 

smaller 

to-mass ratio is similar among ::iLI::;-ldellatJu.re:d pOl'irpepo.oes, 

on the in molecular 

relative distance of a 

of a 

structure of 

molecules move 

Because 

of 1S 

the 

of its molecular 

of known molecular with the the 

rel:at1(lnShlp between and can be and the of unknown 

3.5.6.1.1 

One 100 ml 

500 g in a 

was removed from 

Universal 

reactor mid and cerltr1i:Ujl:ed at 

for 6 min to reJnove mineral concentrate ferric 

The su!:)et:1:latantwas de<:anteo into a beaker and 12 x 1.5 ml sanJ.plces were transferred to 

hp'pend1ort tubes and for 3 mines in a Heraeus at 16 000 g. The 

~U~J~JlA4l~UWasillscru,oeo COlnb.meo in 1 ml saline solution was 

Cellltr1tug~:d for 3 min at 16 000 g. The sup,ematru:lt I..'JU'.411Jll~ soluble 

initial ll1\ .• JUll,"U to remove 1 ..... X;1..11-..... l'"l> from the "41Jl1l."'", some 

consisted of 

two than the 1-'.1.,,;\..11-""""'" \..V'.UI-'.u,,~;u the 

was used for extractions. The reslusp,enc1ed in 200 of 

Tris-HCI A 200 f.ll of2 x SDS buffer 

was .lU\,.UU"",, .. u at 6{)OC for 20 min. The Pt()teJfl markers 

of marker ", .. "t",',n were pr~:paJrea 

volumes of 2 x SDS 

16000 g. The 

treatment, the "41"1-'110" were 

uplerlllat:mt was u'"' ..... U'IOU into a clean hploend,ort tube. 

for 3 min at 

A 100 

18h 

I 

l41'.U .... LU" was The was run at 15 rnA for 

Coomassie blue stain then removed and for 2 h on a 

After 2 h, was de stained _ ... no",..,n,," the stain "v,;uuvu and 

for 1 h. This process was rerlt>a·teO destain 1 for 30 min 

86 



Univ
ers

ity
 of

  C
ap

e T
ow

n

\..,U:4IJu;:a 3: ....... , ............. " and Methods 

destain 2 

then stored in an 

until the ba(:l«!;rollnd of the 

container in 5 % acetic acid. 

was de stained. The was 

3.5.6.2 Bulk solution UI. __ "';;"'" measurements 

A bulk of 300 m1 was removed from each reactor and was cerltrltUjl~ed at 500 g for 6 min to 

remove all pr<!C11='lta·tes. After cerltrli:ujl;,tt1<On, was concentrated th1:01.1l2h a 

Pellicon Biomax 5 membrane filter \LVJ.llUVVLIC} .... t'.ln·,no- m()ie<:ul4es than 5 kDa. The sanlplC~S 

were circulated the 2.5 m1 remained 

was measured the Bradford assay The error of the Bradford assay 

was calculated to be 8.9 %. 

3.5.7 OF CEll. 

Cell mC)rpJtlOlOgv was deterrrl111e:d contrast llll'-H.J:>'-VIJV. p .......... , ....... SlZe and SCru:uurlg 

electron m1.Cf()SCODV 

3.5.7.1 Phase contrast micro1sc(}PV 

'-'U.aIllt!;c:s in cell were determined with contrast H .... ~.V"LU This 

method has been utilised and Nemati and Harrison 

Ml.c!()g!:apl1S were taken an BX40 were ",,,,'n.,,,,,,,,,, as described in Section 3.5.3.1. 

tmcrolSC(JPe ""'11n.~".t1 with a ColorView Soft lm.agJng crunera which was LV'''U.'Ull'.U 

Pf()Ce:SSlm!: software. 

3.5.7.2 Particle size llnllW'sill 

of cell size was data CellFacts 

The was the srune as discussed in Section 3.5.3.2. The in cell 

size was determined a Weibull 4 curve to the size 

clistritmtllon curves "" ............ WI .. ... the CellFacts aI,,<uv:,o;;a. Three of the 4 

UIC~.L.u.U.u.'~ the curve were utilised. Parruneter mode of the 

mode the in cell size was determined as a function of time and 

UL'JU'fUdWLU', ... stress. 
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..... U<LIJLCI 3: IV.l'UCl.la.!1S and Methods 

3.5.7.3 SEM 

;:,c~l11n111g electron mJ!crc)sc:ooIV was used as a tool to Ill<tlo!l.UJ. v enable a 3-dimensional observation 

archaeal at 1000 x 

A 20 ml was removed from the eXl)eJ:l:mcental reactor and I..:Cl.IUlliUlECU in a 

at 500 g 4 min to remove Pal,UI;..IU<LLC:S. Universal 

Al ml in a Heraeus .u1\'HUj~<: at 13 000 g for 3 min. The resultant 

was washed with saline solution 1.6. 

in 0.1 M sodium buffer thJrotllrh a 1 em, NulCieoo,ore IlVlllll'DUln;; 

filter with a pore size of 0.22 \!m. was in contact with the glultar'ald.eh'ITde solution 

30 min and washed three times 0.1 M sodium cac:on.vlate buffer. A 30 % ~~"" ... ~.~ 

"'W.'""""JL in water was then the filter. The was for 15 min in contact with the 

"'U'"",,"." solution. This pr<)CedUJre was ....... ,,'''''' ......... for 90 and 100 % The 100 % ethanol 

was rerleated three times. The filter was taken Ull.UUlJ;!;U a critical process. 

with a and viewed ;::,rump,les were ~"},cp",,,,,,,nt'lu 

scanrulng electron rn1.cn)scooe. On average a 5 k V beam and a distance 13 cm were 

pn!Clt:'1tate elmbedcied the cells and obscured the view of the cells on SEM analvs1i!,:. 

6 min and washed three with solution 

to :SC~}lll:<tlC the cells from the fine .............. " ... " .... to 

time and 111c:re~LS1fltg the number wash is that a 

of cells were lost cOlmpare:dwith .... Cl.lLLJUUj:l,<LL1UU and wash 

3.5.8 USING DUAL STAINING 

Dual fluorochrome struLn1rLl! is often used to determine the of rn1(:ro·,orJ1:antsms 

the 

The stains rul:telren.t1ate between viable and non-viable cells 

to pelletrate permeat)111~;ed cell membranes. In the current 

was determined 

which has a 

a dual fluorescence ,,,,,nm,,, method. SYTO 13 

fluorescence emission at 520 am p«)pullwmiodide\~IU~I..:~a.L 

and 

of one 

which 

has a red fluorescence CUJU."".lVU at 610 rum were the fluorochromes choice. Dual c~,,·.'"' ... '''' 

pr<)pll::l1um iodide and SYTO is between dead and live ual~u:::nal 

tatllJVl'OCCI'US aureus, Pseudomonas flt,u' .... r.-p." cells such as 

Gunasekera et can 

Escherichia coli 

oelletJrate cells with darnaJ~ed membranes. 

SYTO 13 can pel:m~~ate thJrotlgh most cell membranes. 1S non tluorc~scent until it 
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binds to When combined with P:U'l-'lI.llUJLU s101UlItaneOllS stal1lmg of live- and 

In membrane cornplconlls~:d and the SYTO 13 green is 

U;;"WI.Ulj.!, m 

the extent to the membrane is cOlnprOll11S;ed. 

date the these fluorochromes been to 

Ulll.H ... .liV at neutral of the sus;pendil1lg medium utilised in this 

1.6. TIlls prc!sente:d a pl1!U'-l!.l.l1! prc)bl,em smce lUI..J."'.':SllJlj.!, the caused the arCltlaeal cells to 

A 6) were tested to de1:ertIl1f,le at which 

without cell au:a.ul"'U, ,."""It,.,.,. in selection of 2. The relative concentrations of the 

rluorclchrornes and stalrun,g times 

were ......... m'rlpti (2001). 

3.5.8.1 

AS ml 

..., .... 041-' ..... prel1al:atilon and" ":;'IA""Jll!." 

was .. ",rn,...,iTPrl from the reactor 

""' ......... uu,,.; without severe 

The was settled 30 min 

........ H .......... ~,llJ.l'> at 500 g for 6 min to remove pre:C1J:,ltates. The SUf)CDrlalanl was '-';C1'UJ.J."'l';o;;u at 

16000 g for 5 min to separate the cells from the 1-''''''''''<''''''''; medium. The cells were suspelloe:o m 

0.85 ml to 

The 

DM BA 

3.5.9 OXYGEN 

of 13 green (5 mM) and a 10 J.Il 

and to stain for 5 min. 

O11c:ros;cof)e fitted with a B-2A 

a Nikon DXMJ200F CCD camera. 

......... "' ..... 1" a well reCOgillSC:O al)proac:n to assess the microbial of micro-

and Harahuc ct TIlls 

can also be The 

processes of carbon dioxide catabolism energy via the oxidation of and 

" .... I-'u, ....... ions result in the COllSlJlffif)tlCln of oxygen. the oxygen rate, 

the <lrt.",,-., of the can be ....... u ............ , ... ' ..... OUR measurements were taken a Micro 

,"-,AHU,LA V6.03 The Micro , .. _. __ ..... is an indirect circuit" res.pttOIrletc:t:, 

ue!'l,gIICU to detect low levels of oxygen '-Ulll"LLUlliJUIJU. the air in 

1S ,-ll',-wau;;u tlu:ollgh the sensors, rnf',;i",,,,.p(1 and then returned the I'Ip<II1,,'n<>('p above the 

to the The oP,era,tlon of the instrument is based on the I-' ...... u'-'I-' ....... that the C011SlJlffit)tlC)n or 

prc,aulCtlcln of a gas may be the in the gas concentration on two 
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the volume of the gas. The rate of gas r(''''''''' ...... 'NI"' .... or " .. ,"\£I1,r1-,,,,,, may be 

U1V.U.J.LI.,U" the result the time bet'wee:n the realdlnl2:S a<:co:roulg to 3.4. 

=--"-'~-"';;"';;;:=----
)*V 

3.4 

= OUR (fLl 

V = volume gas (1) 

1 = oxygen concentration at time tl 

]2 = oxygen at t2 (fLl 

t2 2 

tl = time 1 

Procedure 

ASml was removed from each reactor at intermittent intervals and 

death the culture the eXJ)erlffilental runs and allowed to settle for 2 min. The 

was added to a 100 ml Schott botde , __ . __ ,- __ '-' .• a. ... l>U"""'J '-'.J, .. ;a..uJ..LU~ 20 ml of 1.6 

""I'A1ll'J"'4Lo;;;U to 680 C and 3 % fraction < 22 

mC'd1tle<1 lids that 

The bottles were 

connected with to the res.ptlOnletler channels a seal. 

in an incubator set to 680 C The gas used for the 

res.ptl·onle~er ~'~U''''4L'V'' ~e OUR was measured at Sp(:C1tle<1 time 

intervals over a 5h The error was calculated to be 2.89 %. 

Orbital shaker 

Schott 

3.5: Schematic ret:,re!;entat1,on of the used OUR determinations. 
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3.5.10 

Power measurements were made reactor to a Ul',-UlJlUII::3:3 

arm. Rotation of the 11U.IJC.UCl. in the vessel resulted in the 

a one 

which was fitted with a arm 

'-A'_l.ULl~ a force on a load cell. Various were tested. The load cell 

realC!.U::lg was converted to a power 

where: m 

g 

L 

P=~-- 3.5 

= the mass L<;"'UL"'I<. on the load cell 

m 

til,,!r<l""'-p from the of the arm to the centre of the table (0.1 

N = lllllJ<;lll:l. 

The one litre STR set U<;:S\.LIU<;U in Section 3.1 was used to conduct all solids lU"UllJl~ and 11111.1<:''''<;1. 

For all eXlpe%:1111lents each reactor contained 3 % as the 

source of UUUl,:UI.". The solids were conducted in two sets. The first 

\.Ulll:31:3l<;U of 4 reactors with a chalcoovn·te R)ltUlllJ<, of 3 % mass and 

10a1d1n:f?:S of 0, 6, 9 and 12 % oOlerated at 1.97 m S-1 while the eXI,er.imC!nt:al set consisted 

of 3 reactors 10a1dmJl;s of 0, 15 and 18 % at 1.97 m S-I. The UllIJeller 

eXlper1mlent was conduClted in one eX1Jer.1mc!ntal set cOlmprisilng 4 reactors. Two reactors were 

operated at 1.67 m S-1 (0 and 9 % u<uu,U.<;j while the retnaini.rl~ two reactors were UiJ'era(eu at 1.97 m 

S-l (9 % and 2.13 m S-1 (9 % '1u;uuau:) 

formed the focus of the 

confirmation of A 

illustrate the o&ribili~ofthee~lem~ruts. 

While the ext:lenmeltltal sets described in Table 3.3 
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3.3: 

Solids <V,",'L.LI.LJ<. eXIlertmelllt 1 

Solids 2 0, 

0 

9 

set were The reactors in each eXl)et:lmc~ntal 

conditions. All ''''-''''I-''U')<' and <L ...... ,"'", for 

p..,."nl,,,,prl for 

18 

run 

reactor were 

eXl)er:lrru~nt:al set. 3 % 

1.97 

1.67 

2.13 

to variation 1t1 process 

1t1 an manner to 

mll:l11t1ll:se eJ{pe:run,entaL and error. The range of were chosen 

based on used in 

The auUlors 

tank reactors oP,erared 

are above 

solids 

and 

conducted Nemati and Harrison and 

"U.;"""'Ull"l<. those utilised BHP Billtion in the stirred 

The three tmpeJLl.er 

to 27% 

were conducted 24 months 

across 

eXI)et:Im(~nt:aJ. sets is not made. For the .u .. ,I-''-......... eX1=lenme:nts, a 48 h ... u' ................. hnilrl_l',n 

was n::\.1 WJ.eu because the cell COlIlC(~ntlrati not increase <In,,,,,,,prH' between 0 and 24 h. 

It is recogtl1st!d 1t1 of an eX1=,erllmellltal that ext:rat:lo.lllticin from a one litre reactor for 

IS and studies would be was not 

considered the focus of this eXl)e1l1l1enlts were not exlJax:lueu ................... it. 

in the reactors was This resulted initial redox 

because a sut:ttcleoluy cell co:nct!ntlratllon was .......... , ................. to resist the effects of hv(im,dvnaxDlc stress 

induced at 24 h. Due to the initial redox of the mineral 

oo:::w:recj, "_""1UL',)<' in nutrient limitation and eXlJertmenlts .... U.UI-'J.Ll<:O in 10 

"'"'~l-'leJ." the results of 

eXlpe1l1l1enlts are 1-'.1.,.,,<Oj, .. '-.... and discussed. An 

solids 'UA''''''''.'''-, llU!..Jeu., .. and combined 

in process pelrtor:man<:e and the of the 

as a MIctlon n .... ,J.e.'''ilJlj!, hvru:od.vn:arrllC stress is retlorl:ed. 
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I 

pruranleters were .. ".TP"t1",<>t~.rl in order to assess the of 

stress on U!""<OiI.I_H,U'~ of .... ll.U .... LH' a 

redox ... nt .... ,t." rate and extent of and r ..... ' ...... '~ .. UlI.IUlJLliSa.UU'Il were the 

utilised. The of hvdr(Jd11Tt!~unlc stress was determ.lned 

qU:a.rt~lte Lva.UUl'j<, at a constant 

In addition to these eXIJe!1.tnenlts, were also 

conducted for set. In this way the retlroduCltJllv 

!-' ...... u .... !<O;> in the size 38 to 75 Ilffi .... UIHIJU:sC:U the solids ~~~,~"'r ..... 

ternperatu1:e was 'nr,>ln"r! at 680 C and the at start of run was aPIJro!xirnat:eiv 

1.6 

To of solids !V"U.l.LLI!. a constant Ch:alClDP'\l!11:e lL'"Ullll! of 3 % was used in all 

reactors and the solids concentration was addition of in 

mass. U""',,",,!lI;; L<,},,'-UHI<!.O of 6, 9, 15 and 18 % were used reactors 

were V!-'t:L"U:U at a constant llU.IJt:.Ut:I of 1.97 m S-l, 

To of llLJl !-'<O.u ....... reactors were run at of 

2.13 m s-1, .... vJ..L~;;'IJVUu.ull! rates 108 and 117 S-l .. ",,, ... ,,,.. ... ,,,,, 

shear rates were .... ru .... UJ.""~;U the lUJLLU'NHJL>' 

y=lOxN 4.1 

y shear rate (S-I) 

N = rotational of 

The solids IVilCUll.!¥,'" utilised were 0 and 9 % in the pn~sellce of 3 % ch:alooP'w1te 

For sub-set of ext)erlments (2 for and 3 for the combined 

a reactor ,..".n~~"""'I"'''' no and 3 % .... lHUL.LIU was run CO]UOJIT'em:lV The llHIJ<OJU= 
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in the reactor was 1.97 m S-1 the 1.67 m S-1 the 

and combined eX1)erunc~n This reactor was designated as the control 

reactor under .... vu .... u .. ,JU~ stress. 

over oenclds are known to show .... u''' .. I~ .... ., In 

I<-r" .. ,rMj·p run was re1n .. ,~te<1 after a two-month 

A3% 

the in order to determine if the "rt,,,,,h<, 

from a set of runs are 4.1. Both 

deviation for I,.IU'L<;"U'''"' was detetmine~d to be mV variation in the Uej[Celll,U!e 

.... U>l.Ll'<;;U was 2.14 %. These indicate that there was limited in the 

a two month 

680 60 

660 
50 

640 

'" 40 Q) 

'" 620 ~ ...c 
30 .E:l 

600 0 

'" .... 
u 

580 20 ~ 
0 
u 

560 

I>< 10 

~ 540 

~ 0 520 

500 
0 50 100 150 200 250 300 

Time 

-III- Redox potential; Experiment 1 
-0- Redox potential; Experiment 2 
-III- Percentage copper solubilised; Experiment 1 
-0- Percentage copper solubilised; Experiment 2 

4.1: err,"'"",!'" U1Vl" .. ',-Uj,U!'; at a 3 % ""HlIln, and an 

of 1.67 m S-I. EXl)er1Jmerlts 1 2 were I..UUUUl:I.CLI two months 
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""".""J'L<O' 4: .H.<O"llll" and 

In an to whether the was 

tests were The 

a 6 % run are in 4.2. The 

redox 

650 

640 

630 

620 

610 
I>< ..g 
u 600 ~ 

590 

1<1i0'11"1" 4.2: 

were mV 1.08 

4.58 % These results that the 

sets. 

0 50 100 150 

Time 
-.- Redox: 1 

···0··· Redox: 2 
-.- Percentage copper solubilised: EX1petilmenl 1 
... c· .. Percentage copper solubilised: 2 

200 

chalCOp'vrilte U!Ul'Ci:l\.HlllJ'; at a 

and 3 

1.67 m S·l. 

95 

40 

35 

30 
'1:1 
u 
'" ;;S 

25 ~ 
<Il ... 
u 

20 8: 
0 
u 

15 

10 

5 
250 

6 

an llU.IJ<OIl<OJ. 

sets 

a 

were 



Univ
ers

ity
 of

  C
ap

e T
ow

n

vl"aVl"" 4: and 

In to ensure that the leacrulfig of 

were 

out in a similar manner to 

nucf()-clrg.anl.StrLS were excluded. The .. .LoU" ... '- ..... ".U .. ~H .... " 

of the "u,;uu.v .. 

and 150 ml of a one 

been removed UJt<."' .... v .. at 16 000 g for 20 

150 ml aqueous 

I 

as a of 

The 

to ensure no contamination 

550 ml OK 

the 

were one litre STR. The 

served as the ferric !ron 

1 % carbon dioxide was 2 vvm 

The 

lUl.UUj<!.U an 

redox The eXl,ertmenlts were conducted at 680 C over a 74 h 

\..UJ,l\,,<'llLLaUIUll and and ferrous iron I..CIILL'"U'''I:' were m()n1tored. 

The oDllatr.lea for chemical eX1Je!1m.ents were <>V""'IC,,,,rl and are m 

4.3 and 4.4. The solution 1.57 to 1.68 from 0 to 6 h 

!ron lca'Ll11Uj<!.. U",,"".LL"L it 1.82. 

Stott of found a result for the control reactor where the iron 

concentration did not increase above 0.18 g 1-1 and the increased from 2 to 2.4. In the 

h) in the three no cells were observed the course of the eXl)erl.fficent 

viewed contrast The ""Cl."'-U'UU limit for the 

"'V.""I""UI<. method is apJ)ro:X11Ilatf:ly 7.8 x 104 ml-1. The 1-...... ,.."", ferric iron 

cOlncc!ntratlorLS m SOlUtiOn increased to 0.43 0.24 g 1-1 There was an 

decrease in redox from 500 to 390 m V to ferrous iron '''''''-'''L'''I<. from the mineral 

the ferric iron sterile 'inoculum'. 

'V"~"j<, used in the <..!J('"ULaJ. 

chemicallea<:.I11t:lg 0.67 g Fe 1-1. 

ferric iron introduced 

concentration in solution .... " ....... ;;, .. "" .... 

under ..... ",uu.,-..... conditions of tel1npcerature, aeration and 

2.91 g Fe 1-1 m while 

via of the 

the reactor, iron. The ferric iron 

ferrous iron concentration increased. In 

chemicallea<:hJlrlg to be "UO'LaJ.Ua'~lC, regem:ratlOn of the lca'_lLU.lj<!. 1S 

for 

In 

iron occurs via the VA. ........ ~v .. of ferrous !ron 

introduced into the This oxidation rate is slower than the 

oxidation thus ferric iron re~~en.er!lt1()tI in the '-u<;;uU.'-aJ. 

was slower '~"~"j<, to reduced mineral solubilisation. The extent 

74 h was aeltenrurlea to be 25.8 and 7.9 % the 
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4: Results and .LI!"" .. l"",JLUU I 

H,.,.u,p·"",,, in the '-U' .. UlJ''-'''' u""", .... ".uuu e:xp<!t1t:netlt the 

m 400 m V from 4 h to 74 h is not retJre:seJt1ta.o of the 

where the redox uU',,-uu,,", rernaltned tnrough()ut the course of 

the exp,erunerLt. An 

and ~"'''n'''''''''<lt1,.·p was ""~JLU,,,,,.'-"" oxidation of 

LIOJ..LV''', iron in an STR at 700 C and aeration rate of 400 m1 min-I at cOlntt:oli.ed 

The rate of "H' .. U"'.'-,,", UAJl ...... UVU ferrous iron at 700C and a redox nntpr,NOI of 606 mV was 

UH."UI~J.'-''''' oxidation rate at the same ~p"n .... ,,,, .. .,t1Tt·,,, and 

the COJt1trlbultlc.n of "u, ....... ,,, .... U-"-Luauuu 

L\::J.LU'''' iron to for the process I..VJl1ULU'-'U3 UWLl3"U m 

to ...,,,"u,"",,,""' V.iU,-,auvu rate. 

1.85,.---------------------r 520 

1.80 500 

1.75 480 

1.70 460 

1.65 44() 

1.60 420 

~ 
'"Cl 

400~ 1.55 _-0. 
0- "0.0- - -0. 0-0 - - -0 

1.50 -'-------.------.------,------,-----+ 380 

o 20 60 80 

Time 
• pH 

- -0- - Redox potential 

4.3: Time 1-''-'-'.1..'-'<03 of and I-'v','-UUaJ. for a 3 % ch~tlcc.pv:rite solids loa.01lllg m 

hXpelt1l11lents were run at a of 

aeration rate of 2 vvm 1.97 m S-I. 
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';::I a 
t:: 
0) 
u 
t:: 
0 
u 
t:: ,g 

4: "'-':;"UJ.L" and I 

1.0 

0,8 

0,6 

0.4 

0,2 

0,0 -'---------0'-----r<'F'-----,----,------i 
o 

• 
--c>-

20 

Ferrous iron 

Ferric iron 

40 60 80 

Time 

Time p. .. 'JL,L, .... " a3 

were run at a 

aeration rate 2 vvm and an llU~O.l.':;j, of 1.97 m g-1. 

The bai,elJltle reactor, ooera,tln,Q" stress, a 

data set to which 

solids 10~101l:1g, .u.ul"'"',"' .... j, 

reactor in 

For each set of 

a u":,':;l.I.1.l':; was attained a 

chalC:orlyt:lte concentrate and no quartzlt'e. 

U'~U,UI."""''"'U at either 1.67 m s -1 or m S·1. 4.5 illustrates a 

set one such Variations in the 

concentration and iron and concentrations in the 

are as a H.u. ...... U,vu of and discussed in Sections 4.5.1 to 4.5.5. 
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50 

40 

~ 

11 '1:l 

" 30 
~ ~ 

~ 
~ 
t: 
0 

20 'p 
] " t:J .., 

t: E ... 

t ~ 
10 

0 
u 

t: 'il " !:: u 
" 0-

0 

6.5.+8 

6.0.+8 

5.5e+8 

5.0.+8 

4.5e+8 

4.0.+8 

3.50+8 

3,0.+8 

4: Results and 

o 50 

"'lit" pH 
-0- Redox potent:ial 
", lit.. Cell concentration 
-0- Percentage iron solubilised 
",6 .. Percentage copper solubilised 

100 

Time (h) 

680 1.70 

660 
1.65 

64() 

1.60 
620 

600 i 1.55 

:I: 
] 0-

580 t: 1.50 
!l 

560 &. 
>< 1.45 0 

540 ~ 
1.40 

520 

500 1.35 

150 200 250 

,-,ll"'''C.UIVVjLUC; lC;~I""1JWl:~ in the ua:,C;lJlUC; reactor characterised a lUaUUj,j£. of 3 % 

of 1.97 m S·I. redox n,..,t"f".t'<I cell 

conc,en'tratlo,n and iron and ,..,.., ........ ,- S'O!UIDllJ.sa,Uoln are L./,.,"'"ICU line indicates the time at 

was mc:re:asea from 0.76 to ms'!. 

redox is the 

m llU,lU':U',C; on the solution redox nntpr,n<l 

m()nltolted to jt'ui.,."t,. the relative rates of the various "U""UJU.".1lU. reactions in the 

The with time in 4.5 COlnprls(!d three 

increase in redox !-,U'LC;UUa! from 520 to 610 mV over the first 24 h, a slower 

increase to 650 m V at and ",i<1Ulll,,"'UUH around mV after 120 h. 

In one, ferrous Iron in 

stabilisation and 

ll .. J .... lllUUl, was V~~'-L"' ........ to ferric iron 

2 + 0,5 + 

The increase in the ferric ion 

24 h add 

mtlwducl:~d with the 

cc()rdJtng to 4.2 et 

+ 4.2 

caused the redox to rise 

Accumulation of ferric ion occurred because the chemical leach in the two 

I-'L'U" .... "'''' was u,U ................... i.e. ferric ions were to the mineral and 
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Ch.p/or~: Re,ul", ""d Discus""n I 

fcrrous ion, :into solu!l<J<l wlulc uoocrguing cuncoml1::oot reJucOO<J. to fe"uu. ion (Eqn 4,3) 

(fonl.n 'laL, 19(3) 

Fqn43 

Tbj, inhibition, t<rmd ''p.ssiv.tion'', ho. Lee" o),o;='ed by s<vero.l re","ohe ... (Rivero-S.ntillin 

,I aL, 1999; GcrJCle , I ai, 2001, Stott ,I d, 2tXlO) ~nd is cited OS ~he prim",)' cau'e of ~he 

reeo1ci(tane. of eho1copyn'" to eoonieal and biclog!C.lleoclung. P .. ""cotion uf the chalcopyrite 

le:\ch p=" is thought II.> Ix cou'ed br the waling of ~hc mi"",a1 with one or mor. ]"ach 

reoct;"" prooue". lm·~,tigator, ha>'~ ' I""'ul,too that tho .urf"". of tho rmoer:>l could Le co"tood 

,..ith ek"'''''tal oulph,,,, ju",ite Or' oopp<,-nch poly.ulf.(k It i. lik.,]y tho< p."i,'atio<! i. c."""" 
by tho combined .ffcct> of the,o product>, Tbe pre,ence of the,e inhibite>ry compound. ero,to • • 

diff""o<lai borner on 'h< ,urfa« o[ tho mineral ond OS 0 CO<1''''1""no< ,.,!ric" tr.., rot" of f.<ri, 

leaching WIth concominHlt robs< u[ ferro,,, iron oml clemental sulphur "'to solution. IJ::1)ere 

,he"" '""" :or< low« ,h.u tho flllC,obill ""idation no"'. of fem>us lrO<l and clement,] sulphur, 

thc.u conccntI,tions in wlu"'-'n dccrc.><. In the pr<s<nt .tudy, j.,..,.i", p'ecip1tot;on wo' ,;,ible in 

all "<>e'o,, throughout the run but ,~c""t >m()\]nt> ,ppc.roo .ft'" oppro~""otcly :J.O h (Figw:< 

4.6). Th<,c obs='otlO<l' or •• imilir tD tho •• of Stott" aL (200.1) who f()\]oo jar""ite prccipitown 

aft., ,ppwrimotcly 50 h, In the pr<sent st..dy 'he moculutt' ,..,.. '«lIed for :J.O min prlO< m 

JHo<uL"lon in an .ffort to «duc< tho ""'OWlt of J'lfUlite added to the 'Y'tom. E,,,n '0, • 

~a!lt "",o,,,,t ofjor"'1te w., mlTOdu("e{i intD tll< ",",,[0,.00 m.y h",'< provid<d nucl.mon 

sit~. fo" Furth« p'.apitatio<t. 'pccdiog up the p",;,cocion pruce". "I'!U, eould explain why 

p."iv'lJOO 0==0<1 e.ru., in this ,tudy. In .. ",nc •. tho mKwbill celli wcre . ub,ttltc- (fcrrou> 

I<on) limitoo quite o.dy in tho experimeot (.pp<oxun~tdv 48 h of"" the Uloculum build_up ph:o'~). 

1b.i. l11rutlOtion affected the growth flIte of tho con,.oo docJ:co.oo tho rate >t whlOh ferro,,, iro<l 

,..., "",di,d (0 ferric Iton Ev<n<ually both ~l.o"on dono<, (f.,mos il:on and .ulphido) rcquil:od 

for microbul growth wore Jimjnng 

FigI= 4.6: Chalcupyrite b>olc~ S·I"R ,h""'1n!l oxtcnS1v< jaw"t< pre,ont ill the ""'«0< aft~r 

.W h STR opcuted". 3 OJ, n=lluoding ""d on lmpclkr tip 'peed of1.97 m ,". 

' 00 
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Chpt.r 4: Result> .nd Discussion I 

In ph .. ,c two of thc redox »Otennal cu,...., the chemle.1 le.ching proce" at the miner.1 ,urf.tee 

occurred.t. lo","r .. t. due to min.ral p .. , jvation. 'lbi, led to a decline in the rate of ferne iron 

generation by tho miero-a<g.m,,,,,, .nd th", the redox »Olenn.l jncr ... ed at • ,Iowcr rotc 

eo,,"?ared to ph",e one. In ph ... three the rote at which the feme ito!} leached tho mittenl (Eqn 

4.3) w .. equol to the rate at which the micro-organism, regenented the ferric ito!} (Eqn. 4-2), thus 

mOlnwning a eamtant redox potenual. Stott ,t al. (2(l()3) report.d oompar.ble data ""ing 

'uifob",iiks th",nru/fidIlO:>dJaIl5 where the ferrous lro<1 cO<1centr11ion In , 00noO<1 remOln.d low 

throughout tho experiment .nd tho redox potential inc ..... d from 435 mV (Ag/AgCl) to 570 mV 

(Ag/Agel) in approxima[fly 33 h. 'Thereaf[er. the redox potential incre",ed gradually to 

.pproxima[ely 600 mV (Ag/Agq, and ".bilistd around this value for the remaindtt of the 

expetunent. 

Gerich 'f al (2(1(11) found that when le.ching chalcopyrite with on extreme thermophile, the 

redox potentioJ mcreosed by 35 mY from 313 to 348 mV af<er 24 h and [hen remained at the 

,tlnc value fur. further 24 h .fter which the potential incre ... ed .t. dower nte to 450 mV .fter 

7 day>. During the 7 to \0 day period t:Im rote increased .gain and flnally ",b;U,ed [0 

.pproxim.td)· 620 mY. At t/u,; tunc almost complete onciation of the mitten! was reaJised. The 

;mti.l redox potcoti.l d.. .. of Gerickc,' aI. (2001) folImv • • itnilir tt,-nd 10 the data presen1:<..J in 

Fig=<: 4.5, but the overilllnc",,"e in redox potenti.l w., ,/mvcr tlun ob,ct'l"cd 1n tins st~d)" 

Therc arc two po,,;blc re1>O<1' fur this ObstlV1ti.on. Fit.tI)', in the pte.ent ,tudy, the initial redox 

potential of 1pproXlm.td)· 514 rn V (Ag/ Agel) W1S high, ;.e. the initi.l ferric ;On conccnuotion 

w" Ingh. Inve,cig .. ton hve ,ho,," th.t high initioJ redox potencial, 0tigh ferric iron 

cO<1centr>tion) h:tmper chalcopyrite lc1Ching po,,;bl), n,,;tng to p.ssivation of the mmen! 

(HoWtld =d Crundwdl, 1999). Thitd 'f aI. (2OCIO) found thot <:Vcr> • redox pot,-ncial of 

appromn.tdy 450 mV w., too high to ''''tain a consi,tendy high ch.lcopyrite leach r.te. 

Redu"d chalcopyrite leach rate. or high redo" potential . is explOlned more clearly by the profile' 

ptc<ented in Figure 4.7 whlch ilIum",e the ferric iron demand of chalcopy,;[e and p}-nte as • 

function ofth. femc to ferroa. iron "tio and hene. the .. do" potentiaL RegiO<1 (.) ootiin •• the 

redox potennal v,1ndow (approximately 450 to 56(1 mV) wherein the ferric iron dctn,nd of 

chalcopyrite is ~.'reates!. Much debate .urrounds the ex.c[ loeation of region (.). 'The data 

pre.ented ill Figure 4.7 h th.t of IIiroyosh; tf al (2004). In the present study the redox potencial 

from 48 h to the .nd of tho experiment I~y within the window outhn.d by region (b) wher., .t the 

tnete .... ed redox potencial the ferric iron demond of chokopyrite w» diminbhed 1lld th", the rate 

of mitten! dissolution wa, reduced. 
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Ch..pl..: 4: Re.ult> and D;"C\l3,>on I 

a h 

'--0- r--;' / 
I, \ :1/: / 

/ ;~/!-
./ : .- .. -/ : '}---~----

~OOJ1 0001 , 00 

F<ttic/ferroU'l r:atio 
"-----,------"-----T----- ' -----,------r ---- -'-----~ 

m 77< ," 
Redox potential (mV, Ag/ AgCD 

Figure 4.7: Th~ ,""Ie of oxichtion of c1Wcopynle and pyn'c.' 70>C a, a function of redox 

potenual (;\g/AgCl) (,dapl~ from H!tayo>hi ,/ ai, 2004). Region (a) opnmru redo::< pot=nal 

"'ndow for chilc<>pyrit. le,ch",!>. region (b) sub-opum,l redox pol. ntial ",-indow for ch2lcopyrit< 

lea<hins. Dashed .econd2ry 'x Axi.' ,how_, the correspondIng redox potential" <ad 

f~rr1C/ f"rrou.' !ton ,""tio pr"". nted in th~ prtmo1J x oxi" 

In nO'HecUcitunt b>olcaclnng 'plein>, ,uch" thc pyritc 'y'lcm Olu<:hed by Si"ing: ond H.rrison 

(2003), no "'Potts of minernl po"ivatlon han brtn publi,h~d and complet~ di,"olut1on of th~ 

conc~nt,.,.te occurs readily. In th o .rudy by SiS>Ing and HuruOtl (2003), th~ redox potentiil 

decr"",ed ftom 548 lO 505 In V Ovct the Cmt 2+ h due to the rnpid rale of feme lco.ching of th~ 

mltlem e~cceding the microbial ferrous oxidotion rate .nd re,ulting in d,e accumulation of 

ferrous iron . Thereafter the redox potential increas~d gradwJly hefor. _'tabilising "round 6.)(1 In V 

aflct .ppwXltn>ld}" 5 dol" (Figurc 4.8). Although S",ing and Hamson (2003) workcd in a very 

high ttdox pot<nwl t<girnc, the.e tedo~ potental" were ,,!col for pyritc oxid:ollOn~, i, ilImtnted 

in Figurc 4,7 where the rate of pyrite oxidation inc ...... cxpo<lentially at redox potentia" .bove 

500 mY. A s<cond reason fa< the 1mpro.ed l. aching obocnced by Gerich ,/ al. (2001) i, 

po,tuh,~d to be the ,"cry fin~ mc fraction of concenlnle (<1.0 10 ~m) uscd, Ulln-Cme brrind!ng 

has hcen ,hown lO improvc chakopynte biolcaching (Lawrence and Pouhn, 19% cit~-d by Genae 

'laL,2001). 
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Fig\U~ 4.8: Redox potenu.l .. a function of time for the di"ulUtlun of pyttre by .r"lfokbllJ 

""ta/II"" (adapted from Si,:sing and Hurioon. 2((l3). 

4.5.2 pH 

S<-vt-rn.1 pt"O<"<",,~, govern th~ v"iahon In ,oluUon pH in the ch.Jcopyrtte bjule~ching >y>tem. Th~ 

~.ction, ~xf>"cted to occur 1ll the thtrrnopbilic biole.clung of the Andin~ ch.lcopynte 

concentnte. which cont= ~ pyrite fraction. are ,urrunarised~, Eqns. 404 to 4.8. Th.,.e:ue 6ther 

acid.consuming or .cid-producing re~tions .nd occur simultaneously, at ''M)'ing nt.,. depending 

on condition> pt"'~g in the reaclor. 

Ferrous iron oxidation by micro-organism.: Ferroo, ironleach.d trom the mineral during Ih. 

chemic.! leach step W1> ~·o:ridi .. d to ferric ion. regenero.nng the feme le""hing ~gent thtoogh an 

~cid cun,urrung re.ctlOn (lordan # ~I., 1~)3): 

2 FeSO, + 0.5 0, + ILSO. _ Fe"CSO,), + l-bO add ,"","lIIi,,!, ... Eqno404 

Precipitation of jarosite: Signifirnnt jarosite precipit.tion commenced beMeen 25 and;;o h into 

the leach proce,,_ In addition, precipitation increased with • ri,. ;n solution pH. F~dc ions 

preClp1t1tted with monov.!ent cation, (e'peeiilly K+) p,,,,,ent in wlution, with the concomitant 

generation of acid a,; illu,trated in Eqn_ 4.5 (Gomez ,1 d, I ~)6): 

_Eqn 45 
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E lernenul su lph ur oxidation by micro.otgani.mo: 1be sulphide oxidi .. d to elemental sulphur 

in {he ch<1llical k,ch Hep wa, further o:.ci.d1sed by the micro_org>11i,ms to ,ulphote with 

concOffiltant .cicl genenti"" .ccording to Eq11. 4.6 (Stott 'f ai, WOO): 

... Eqn.4.6 

Pyrite disoolution' The Audin, ch.lcopyritc concentnte used in thi. .rudy cOflI.,ned 

approxirn.ldy 9 '/, -..,1-.., pyrite. Jbc pyrite di,,,,lution i. acid gcnenting .. illultt~led by Eqn. 4.7 

(Slott , / ai, 2003): 

.. hqn 4.7 

Acid -i nd uced c hakopyrite di .. olutio n:'!1>e acid-induced partiil dissolution of chalcopyrite can 

be represented by hqn. 4.8 (Stott ,t "I, 20(3): 

During the ba.eli11e experiment. the pH decreased 'teadily f.om pH 1.68 to 1,49 over the fi,..t 

70 h after which the rate of H+ p.oduction dec""a.'ed c~mmg a more gro.dual decline in the pH. 

The pI I ,r..bili,ed .round pH 1 ... at approximately 200 h. In ,ome b .. elin<: exp<:rimento .n initial 

mcrc .. e in pII w.s ob,erved for th<: fitst 2.f h wher<:,fteJ: it dec.e .. ed over th<: e"sumg 100 h. 

Thi. initial use i11 pH w" con.istent with the oJ[irhtion of ferrous ion, present in wluti"" .t the 

.tart of the run. When ferrous iron aVJ,tl.b,lity decreased due to mineral ra,,;vation, the OJ[idation 

of elemental .ulphw: W,," the predominant reactlOn and the .oIution pH decre~.ed L.e. the 

deae»e m pi I i, indintive of a ch11lg" in the metabolic ,clivity of the b.ctena from, domin.nt 

dependence on ferrous oxidation, an .00 con.wning reaction to sulphur O~idatiOl1, .n acid 

generating to.ction (Stott e/ ,,1,2(00). '!1>e decline in the rate at which the .olution pH decreased 

and the ,,,,bili,,tion of the pH .round 1.4 co<rd~t .. WIth on mcre,.e in the culture dath <ate. 

'lbe proflk: of cell concentration, shown in !-'igme 4.5, indicate. that at the onset of the .tationar), 

ph.'e, the rate of pH decrc .. e dechned. When the cell, entered the death pha'e, the pH 

rem.u.ed atound pii 1.4. Stott.f ai. (2003) ob,en·ed , ,irnil:u pH profile, an initi.I ili,'P deere .. " 

in pH with m.bili,ation around pH 1.4 during le.ching of chakopyrite usingA,,<5an..-, bri<rID-i. 

"4 
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Ch.ptct 4, Re. ul13 ond D;'"""ion T 

4.5.3 CELL CONCENT RATION 

In botch cultun:, the tn1ctnb1:,j gtnwth curve com;',I. of lag. e~ponential growth, , tationary alld 

dc~th phase .. , The growth curve fm the thermophilic .eidophile. us ed in thi, ,rudy ,howed • 

growth plmc, a , tarion",), ph1lc lid • de"h pl",e (Figure 4.5). The 24h inoculum build-up 

period e~h.ibitcd tapid growth, &. rc"ut nf . ub.tr.tc htnitatlOll due to p",,"votinn nf the 

milletol.nd bec.use lotgc inomh werc used in. the experimell", th~ growth ph .. ., nf the eulnue 

Oll COmmc.l1C1tlg the experiment ~l 24 h w" llol expo"."ti.! but nthct ill tho 11t~ growth ph"e, 

Hence , hmite d number of genel'atiom l'e,ulte d before the ch.lcopyme mineral became 

p"ssiv.ted. Ho,,'ever, as discussed in Section 3.6" • , ufficiently high inoculum size was required 

mall exptritmnt, to tesist the effects ofhyJrody~atn1c ,trc,. mduccd al24 h, Fwm 24 to 71 h, 

the ccll conctlllI.Uon mc<e.sed from 4.52 ~ 10' to 5.76 x 10' cell. mI-' ~flel: ",hich the cullure 

teached the stationary phase. The culmre remained in the ""tionary ph.5o ti11121 h .nd the cell 

concenttation ",ned to decline appreCIably af,er 192 h. As mentioned earlier, the chemic.lleach 

step" the rate-limiting step In the biological leaching of chalcopyrite under the conditions utilised 

in lh" smdy. Jf chemical leaching i, Inhibited, the cot=ntmtion of ferrou, lOll and ~ll!.l 

sulphur av.ihblt for biologic. l orid.ti"" is .[f<-'Clcd alld tht gro",lh r.lC will aette.sc more 

",piilly o",-mg to Iimil~tiOll of Dutnelll .lld ""erg}' SOUrce' . III practice . ulldel: the c""ditiotn 

sturned, leaclung re. ctions oonlll1ued al ~ reduced rate following initiM passivation (Figllre 4,5), 

IIellce the pen;<-'<1t.S' of lotal iron ~nd copper in solution continued to incre-.se, but at • ,lower 

tale, Thi, colltin~d leaching indicate, that th~ micro-organisms, though substrale-limit~d, were 

,till me<aoolically active, Another f~ctor thot could hamper mLcrobi~l growth, [0 a more linnted 

~xten!, ".,,, the precipitation of jarosite removing nutrient' fonn solution, According to Eqn. 4.5, 

ommon.ium .nd potassium ions may co-precipitate with joro,i",. 

4.;,4 IRO N SOLlJEILISATION 

Tmn ",luhili"tion followed In thl'ee di.tinct ph,.., .. (Figure 4.5). Over the &'" 24 h thero "'1< • 

"'pid merc.5o in .moUllt of iron solubilistd with an iron solubilisation mle of 0.055 g I'h', At 

24 h w~n the impe-ller tip "",~d " '" mere.oed to 1.97 In .·L to attain comple", oolid. , u' penSloll, 

the iron solubilisation mte declined to 0.017 g I th·' during lhe 24 [0 118 h period Afte£ 118 h thc 

l'1te declined further to 0'()079 g 1-' h·1, Pmm 191 tn 216 h no further 1rnn ""luhili .. tion was 

ob>erved. 
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and lJl!;Cm;Slo'n I 

same trend as dissolution to 191 h 4.5). 

was a lncrease In :>VJ.UU'!llO.O:;u ... n'r-.n".. over the 48 h with a 

0.035 g I-lh-t. """."'4""W- the rate of ........... " ..... 'v .. decreased to 0.013 g Ph-1 

118 h A uC'~J.O:;;":>1: in the solubilisation rate to 

rate of 

the 48 to 

from 118 to 191 h. trend when ."' ....... "J''''I<. a ,--" .... n.' .. ''''"''''''u. ............ 

were 

Stott et found that rn,nr .. '" the 

slowed over time. TIlls in the "V'.UU'J.llO.4U.VU rate '-V'LU'-.lU"'" with '>A~,'"'.'''''UJL 

V" ........ fJ ..... 'u\.o ..... of on the mineral surface. 

Care must be VUll4.LJ..'o;;;"" In with of other researchers due 

to the diverse ffil,crCI01:U 

reaction 

in the leach 

data V"O""'''''''''''' 

reactor 

4.I.""'U'~U" In prc)ce:ss '-'VlJ<U.I.LlVl.'" are pyt'l"rtpr! to lead to 

auteten,ceslnprC)Cei>S 

4.1 to the mass of 

normalisation 

volume cOltre,ctea 

extents of rn .... n.'r :>''''lU.Ull~''auU'll all 

and Konishi et al. ... ,,_'UJ'I. .... ,,'" to the use of ultra-fine ch:alc10P'Vr11te 

'-"'01.R."'O:; et 

a 

indicate that ............ ,,",,-l '"', ........ ,.VIJ 

~ ...... uUJ" ... ~ mineral concentrates 

Ull,;'lC"."'U.U~ rates and extents may be <>,--tl1P,rpti by fine 

or 

In this 

An 

hv(1rodVllarruc stress Pr()Vlljes a basis 

stress mediated either 

the llHI.JI:'LlO:;.L In the sections 

hvdt()a'm~lffilc environment caused 

not 

It is a 

the COtIVellt1o,nal 

several inter-linked 

cOlnpan!;on to 

U;U ""'''LO:; to the reactors or lnc:re2lSln,g the 

are determined. It is the 

the results in stress or stresses on the microbial 

ch:Cl.lCloP'l"rlt:e J<;4'-.'lll"~ via llUU .... 'LUU'U 

....... ,'"'u.v .. ", .......... "'n the oxidation iron to ferric and the v",",uauU'll ""I·nh,,,. to 
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Table 4.1: leached from and studies from literature. 

Size Solids Total ell 
Reference Concentrate fraction released 

Reactor type 

Present -like 38-75 3 514 10 STR 40.03 40.8 1.22 

Rivera-Santil1in sp. Not 5 285 10 shake :::::8 :::::25 1.25 
1999 available flask 

Plumb et dso 85 2 10 Airlift :::::58 1.16 
2002 me/aDieus 

Gericke Extreme d90 10 7.5 320 11 STR 98.4 95.9 6.5 
200t 

Le Roux and sp. < 90 5 29 STR :::::83 1.43 
1988 

Konishi et A. 38-53 0.5 9 500; STR 70 :::::95 2.1 
1999 

Stott A. dso 66 3.2 415 :::::24 shake 72 0.96 
flask 
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4: Results and Discussion I 

The of .V"' ...... ,'!'. was In,rp"tinr<>r,,·t1 at qU:U1::/~l[e LV.,ULI.l'." in the o to 18 

Reactors were 

at aOl)rOIX1r.nat:ely 

were "";a:SIUJ..";u on a 

was chosen to 

studVll11l! the 

concentration 

in 

at an unoelLler 

redox nnb" ... tt" and 

ch:a1c1op'yrtl:e because a a\.111 .... eJ. 

loaarn:gm mC)lealcnmg 

iron and rn.-.n,·,. concentrations 

"::>l.~".lUJ;:S have shown that 

........... ".,,, ..... !'. the ...... .1." ... "'-' 

an mc:re:il.se 

tron and concentrations in and 

to contam 3 

demand and 

Nemati 

concentrate 

same SlZe fraction. 

the ""-'.<ta .... " of the inert 

eXl)erun,ental DrOllOCOL. the combined 

of the 

this 

mineral concentration on the " .... 'u ..... "LJ'u .... 4L environment In('1",,<=I<:lno- solids 

LV"'.UU.,JI'. were recluced. 

Nemati and Harrison where 

solids a COl:lCll11dt~d that a 3 % 

11eiE;ll~;lu.,e ".le ... uaJ.ll""<U d:iUIl:il.ge to the culture and 'ULJVH.1CU "U1 ....... 1\;;a nutrients for 

the duration of the in the 

ch~llcc>ovnte COltlcc!ntratlon nU.m,~nt limitation V"''''.uu,cu 

approxtma.te1v 48 h the inoculum UUJLLU-'UIJ 

due to mineral the 

concentration above 3 % not have ",., ..... "",,.,-1 

concentrate LvaUU.ll'. was m~tU1t:aUlled. 

4.6.1 SAMPLE 

In the of the effect of 

pelrtOttrllanCe, direct "'VJ'U~'''-'J,,,va between results across 

the eXlpel:1mlen.tal data was 

data 

pr()Cedures overcome. In this 

(0 % and % 

108 

This limitation was not due to "'VJ'U~"CI.", 

Thus 

the nutrient 

the 

variation in 

1) represen 

is 

a 3 % 

Thus 

to 
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4: Results and Discussion I 

between the to IH.,mmUIl:S"IUIJI when 

1-''''' u.1...1<;;~ were to a "'HJW~Ul'" eXl)er:l.tnl~nt. a 23 h inoculum 

was conducted in the reactor fraction was On 

m S-1 to ensure \..u.lH~JLC:ILC: sUS1DelJSiOn 

reactors from 0.76 m g-1 to 1.97 

.,,,'V 1Ili .. ' a COmt)arlSCIll of solution 

between the """',,,J.JLU<O and the CXI>JCl:llliICllllaJ. reactor at a 12 % 

4.10 the cell '-Ul1\ .. <;.Llu.;"UI..,., are CU'ID1ClaJ:eu 4.11 orelSetllts a 

"'V ... ~, ....... A"U'U h"h"",,,p,.., the extent of iron and :;UIUljW,:;auu'll tn two reactors. 

6Wr---~--------------------------~ 1.9 .,---".----------------------------, 

:\ 
\ / 

b' 

1.8 

1.7 

i 1.6 

1.5 

1.4 

o 20 40 60 80 100 120 140 160 lW 200 o 20 40 60 W 100 120 140 160 180 200 

Time (It) Tim. (It) 

.. 0 % quartzite II 0 % quartzite 

- -<>- - 12 % quartzite - -<>- - 12 % quartzite 

4.9: Effect of solids lUlt.\.W.I).!: on at 0 and 12 % w/v ~." ... +~ .... ~ 

.§ 

~ 
~ 

I"lnn1l'P 4.10: Effect 

1.97m 8-1• LJ"Ml<::uline .... rl< .... .,i-.. c the time at 

6.2.+8 

6.0<+8 

5.8.+8 

5.60+8 

5.4.+8 

5.2.+8 

5.0.+8 

4.&+8 

4.60+8 

4.40+8 

4.2.+8 

4.0<+8 

was llR.1C.l:SCU. froID 0.76 to 

\ 
1 

0 20 40 60 W 100 120 140 160 lW 200 

Time (It) 
• 0% quartzite 

- -0- - 12% quartzite 

solids lUlt'Ulll~ on cell concl~ntration at 0 and 12 % 

the llU~c:.W".1. 

of 1.97 m S-I • .....,'.;)LJL"' .... line llllll\':.ILC~ the time at the llU.~"U"'L 

tncreased from 0.76 to 1.97 m 8-1• 
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an 
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45 

40 

~ 
35 ~ 

:If. c 30 
"" ~ ..a 25 

i 
" 20 ] 

4: Results and Discussion I 

~ 
~ 
:If. C 

-2 
2-"-Y 

,/ 

,/.Q' 

l 
fS 

i 
It 
8 

o 20 40 60 80 100 120 140 160 180 200 

Time (h) 

lIB 0 'Yo quartzite 
- -0- - 12 'Yo quartzite 

Effect of <V"\'uUI! on 

40 

35 

30 

25 

20 

15 

10 

p--""- ...-0--0 

/ 
.d' 

.....0/ 

o 20 40 60 80 100 120 140 160 180 200 

.. 
--<> 

Time (h) 
o % quartzite 

12 % quartzite 

and "UJlUU'Lll",CU at 0 and 

12% of 1.97 m 5.1• line IHI..I.l.C<lllC::; the at 

which the llUIJCjU"'- lnrrp<l,~pl1 from 0.76 to 1.97 m 5.1 • 

redox is an 

redox pU'lC1.1 ...... <U 15 lu • ..ucau an inc:re~lslIlg concentration an 

concentration. In 4.9 the reactor 

'" "",,"'<:" an increase in redox UU'lCl.lU'<U 606 to 650 m V from 23 to 

118 h ferrous iron "'V·irl.' ..... ~ ... rate uecrl::aseu I1U",,,Ul11 

The inc:re~lslIlg s()lutlon redox PUllCUUlll is rer)rei,enLtative of microbial UXtuauuu 

of ferrous ion to feme iron. no ferrous iron remained in "VIU'.1UU 0.12g 

microbial VAl\..lllIUU'lJ may be limited of ferrous iron as substrate. this 

reaction is 

In 

the 

reactor cont~l1nlng 12 % the redox UUlCllWU uelcreaSI:~a from 605 to 567 m V over 

25 h reactor was 

decrease in redox n,.."t-",~,N~ be due to two prc)ce$S(~S the 

solids into the eX1Dellrnlen~ 

to become <qu."'''''' iron in sollutl.on at a re(iuc:ed rate. 

amount in "U<UI..I.U1.1. caU:SlIl,g a decrease in 

rate In this case ferrous oxidation reaction was rate 

a iron may 

have due to of The stressed micrC)-Olrganisms 

were unable to ferric lIon in and this toward an overall 

in redox 71 h, .l.CLIUI.!.:> oX1clatl:on rate to almost 

110 
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4: n.t:;~U1l" and Discussion I 

same rate as control. The redox IJU'LOCUUru ~LaUll'~"'U ,,-"LV"'''U 630 mV not reach the 

of baseline the time of the t:A~'t:.lJ.111(;Ul. 

Over the first 24 h after "''-" ..... U'" ... the same extent of decrease in was seen in 

reactors From 48 to 118 h in the reactor 12% 

rate than reactor and to around 1.6 at 192 h. 

of the baseline reactor C01!ltulUc::d to decrease to 

Growth nll'I'"I1npr'p;-" are pn:selllt:\ m 

the 4U • .uU.VU 

cOlnc(:ntratLon remained 

the exp1et1lnetlt. The aPl)ar,ent 

4.2. <W'£,,,Tirh rate was 

In the reactor to 

than the ua:'t:.lUlt: 

and maxinlum concentration were in the ua:,t:JJlut: 

of the addition of 12 % In contrast the of the 

m reactor "VU'.U.U.Ju.'l'. 12 % 

1.4 at 192 h. 

.......... '""'~,.'I. was 

course of 

was 

4.2: for 0 and 12 % '-I .... ,:uu,,, .... V.,U."'I'." op,erated at an 

12 0.002 4.96 168 144 

The rate of iron oxidation is not linked linked mci1r<:ctly UllU'U)!," the "'''';;;AUI''''''' 

rate of the Over first 118 h of run, the iron £",,·111,,110'" 

was similar 4.1 After 118 h, rate of iron release in 

U'l. ........ "", ... oc(:unted to a extent in 

rate the ........... .IJ,""" was Sm:ruj:lc~lntlv .I.' ... '-', ....... u 

led to a del:l1rle in the amount of iron ;)u"uU'J.U<) 

of It:<I ..... 1.lUl)!, 

m 

function of 

m 

concentration 

lU"I.WLlJ!." are n,...·"p·nr~·11 

two. Thus the "n,·,.,t,,. !ron 

also a function of time. 

111 

reactors 

This 

the 

and this 

rates for the two 

iron leach rate 

rate was not a 
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12 

'-.J""'+""'L 4: Results and I 

lron oX10atlon rates o and 12 % £111""T,,,t.> ODlerateO at an 

of 1.97 m S·l. 

OX:I03,no'n rate UA""' ..... U .. rate 

2.88 0.46 

Over the first 25 h the of there was a Increase In the 

concentration in 

concentration was 

both the 0 and 12 % 

the ua"o;;J.J.uo;; reactor than for the l1""t't~'ltp reactor; 

This rise in 

the 

u ....... ,,, ..... 'vu curves follow than their .. p"np.~t-i'TP iron release 

curves. lULL/wnw the initial I.UJIll.':lH.1.'lI.1UlLl, there were two 

liC"I.1.LU'~ are 

in the 

Ulll""L'VH was a turlctllon 

In 

u,.. ...... ', ... "-'4U.'U~ than at the 0 % 

"1-' ....... '", ... rate was at the 12 % 

is discussed further in ;::,elct1()ns 

4.6.2 4.6.3. 

12 

4.9~4.11 it 1S 

Ulll"aL:IU11 rates 

copper 

gCucell-1 

2.85 

o and 12 % 

1.97 m S·l. 

rate 

that the overall 

copper rate 

g Cucell-I 

0.29 

12 % 

reactor is a oelcrease in the extent of 10;;al.11JI111{ ettect:ed p.l.JJlllalllY 

to the 

a UC:'..;LC:<l.:>C: in 

This Oecrea:se In concentration may be due to a decrease in the culture 

rate or an .u,--,- ... , .. " ... in culture rate or the in redox I-'Vl"' •• ' ... " ..... 

to to increased solids 

microbial 

112 
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4: Results and Discussion I 

AN 

sets of eX1Jer1tnlental runs were carried out to detennine the 

AV,",UU,'''' at an ,'''''I-',-,u'O;;J. of 1.97 m S·l a>!JlalJlUIl rate of 

The total were 3, 9, 18 and 21 % 

0, 6, 9, 15 and 18 

concentrate were the f-Ul1 SiZe 

the eXlJer1tnlent:al conditions UUJu,,,,"u, 

0-23 h 

these eXl,er1tnenlts are pn::;CIIHCU 1n 

All Reactors 

1.97 
700 

1.97 m S·l 

ll,~,J.C.l"llJ'1! solids 

and the 

Table 4.5 summarises 

4.19 and 4.22. 

two sets of eXl,e!1tnenits were conducted at different times, In order to facilitate cotnn:art,ion 

Deltwf~en the two eXT)erJLtn~!n sets, the UUIL<U.l.I1CU from these runs were normalised. 

eXlJer1tnlental run rn'n~."t .. rI a basellrle reactor (0 % 3 % ch~LlcClOvnte 

and two or three eXIJer1tnlentall..lu;U;UJ,u;:-

consistent between reactors, the difjference the baseline 

and reactors was to the of the 

Normalisation of the data was achieved in two all 24 h rC,IUllIII!l; were set to 1 

the data was llUUll,am;cu rli"irl ... ", the result nnr~j~'l"n for the 

time COlrre!;t)ondlnl:r result the bas:e!Ule reactor, 

an ex:am,nie to the UUUlJ,au"o;;u value for the baseline reactor at 48 h was 

4.9: 

Normalised baseline = -=---....::!:~ 4.9 

the llunllau~iCu values for eXl)er1tnlental reactors at 48 h were calculated 

4.10: 
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LJ." .... U",,,.vu I 

experimental = -=----=--==- 4.10 

value for hll·~plllnp reactor at 48 h 

reactor at 48 h 

two 

were 

In 

the 

was 

critical 

in 

cell cotlcentr:aticm iron 

metal 

were 

van Weert et al. 

of oxygen mass 

in 

were 

an aeration rate 

range 2.1 to 2.3 mg 1-1 all 

oxygen 

of .u •••. uu~ on 

in all reactors, 

The rate of de<:re:as 

reactors. In 

within 

reactor 

data has 

rates are 

2vvm, 

units while 

units. The in the reactor co:ntamJ'flg 

of 1.77 at 23 h to a 

reactors 

reactor while in reactor LUUUJW!Jlll~ 

similar to .." .. ' ... .1.1 ... 1;; reactor than 6,9 12 % '-I ........ "'" ..... 

114 

are nr,'""'nl"p,,, in r1O",...·" 

at-Test: 

in B.l. The 

These 

to 

concentration 

is 

1.5 4.1 mg 1-1 

i'po;:np,-j" to 

was unexlpec:tecllv more 
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'-'u,,,IJ" .... 4: Results and 1Jl!.cm;Slo,n I 

are 10 

The most that towards a slower rate in the 

the 6 to 15 % and the increase in 

18 % reactor are the 

and the of stress 

The extent the was pr<)p()rt1onaJ. to the 

in the rate of and an increase 

in at an 18 % When a .v, ....... u~ was excec~dl~d. the 

un.'-"';''''C .... lfl<:r"oon of dec:reastng. It is seen that in reactor I..V,lAl.CLUJU..!", 18 % rl11" .. iC>7.i·p 

aorrunat1t:lg in the 

l<I.",,'UJ-U,VU to SU1JOlreSSlo,n 

" .... ,V .... UClllJ, .... l<I.J. .... VJ" .... "H..IU" ~'''rr''' .. ''',rI the leachllt1g of 

the u." ...... LUl'<. 

I..V,UI .. J'U .... '<C .... that respelct to the 

the .... " ... u.u..l'<. or,oc.ess was ",Tt'p("l·prl Stg:ntlt1c:mtl} 

and 18 % 

2,0 2.0 

L8 
1.8 

::t: 
::t: "'1,6 

'" 1,6 

1,4 

1.4 

1.2 

0 50 100 150 200 250 

Time (Il) 
.. 0 ~Yo quartzite 

.. ······0·· 6 % quartzite 

--""""'f'--- 9 % qua,rtzite 

-<'-47'_.' 12 % quartzite 

data 

0 50 100 

__ 0 0;', qWlrtzite Time (Il) 

""0",, 15 % quartzite 
--9- 18 °111 quartzite 

at an 18 % 

in 

.v" ..... ul'<. at 

stress Detwet~n 15 

150 200 250 

4.12: Effect solids loadlrllg on ""I,,,N.-,.., for two ... ""If''''''''u,.'''''', .... sets with solids 

LVd,UUL!"," of 0, 6, 9, 12 0, 15 of 

1.97 m S·l. JJl1"UC;U line the at the llUI.JC'.LC.l was increased from 0.76 

to 1.97 m S·I. 
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Z 

4.6.2.2 

with an 

4: Results and 1Jl" .... U';:,:>l,Ull I 

1.5 

1.4 

1.3 

1.2 

1.1 

1.0 

0.9 +---'---,-------r-----,------,------i 
o 50 

____ 0 % quartzite 

-0- 6 % quartzite 
_ 9 % quartzite 

-0-- 12 % quartzite 
-...a.- 15 % quartzite 

.....-b,- 18 % quartzite 

to 

which the .1U'VC.UCJ. 

effect of 

100 150 

Time 

baseline as a ... ",r."", ... 

1.97 m S-1. 

200 250 

o to 18 % 

line indicates the 

was increased from 0.76 to 1.97 m s-1. 

redox ",,,,,""811,,,, 

aC4:rc:asc in redox pO.tCllU:aJ. the reactors '-v ...... ..u..uuj<, 6 to 15 % 

after 48 h The 

at 

was 

!Oa.d1nlg used. The extent of recovery was 1nv'",ro:",lv pr.op,ortlollal to the 

solids LV"UJJ .. j<,. the the run the in the eXl)e!'lt.tnc~n 

that Da:,elJl1le reactor. The the reactor .... v ... UU.uJUL~ 

d.1ttet:ed from the reactors with a in 

was of 18 % redox 

above 600 mV. This decline in redox nn1'",r,N .. 

in this reactor 

in all the other reactors had 

aP1Jrolxttnal:elv 140 m V was due to an 

increase in the cnlnNnn ferrous iron .... v.w ... ' ... u.u.auuu. This CUJlI:ClllilC:U to .. ""~ ... , ..... u microbial 

lIon Normalised 

4.15. In the reactors .... U!.HAJllJ.U.!~ 6 to 15 

are 

was an initial 

decrease in redox nnTP,.., N .. with .. "'''np.~T to the baseline reactor whereafter the redox nnt",,,,t; .. 

rate than the baseline. This lln..J.C~l"C, 

the ................ ''''I-'·yu, ..... in the baseline reactor CaUlS1!1:g a stabilisation 

around 650 m V. The 1J.1.,'J.ll .... " for reactors .... U.Ul.UU"U!'; 6 and 9 a sinillar 
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~""'I-'L""" 4: Results and Discussion I 

trend while the pr()blc~s for the reactors cOrltrurutLg 12 and 15 % qU:ttti~lte were similar. It is 

concluded that with respe.ct to the redox potential data prt~sellteld, the critical solids loadln,g at 

the process became slg1rub.carltly attect:ed to stress was 9 % 

700 700 

"" ~ 650 iol, 650 
« 
"- ~ .:!' 
>600 i 600 

S 
1 1 

d 550 I 550 i 
" l.l 0 

l 500 ~ 500 

450 

0 50 100 150 200 250 0 50 

0% quartzite Time (h) __ 0 % quartzite Time (h) 

···0··· . 6 % quartzite ... 0···· 15 "A, quartzite 

--.....--- 9 % quartzite - ... - 18 % quartzite 
_ .. _._.. 12 % quartzite 

Effect load.lfl.g on redox po·tenttal for two eXl,etJlrrH~nt:al sets with solids 

10a,llIfll'l:s of 0,6,9, 12 and 0, 15 and 18 % 

1.97 m S-I. Dashed line indicates the time at 

qUltttidte and op.erated at an 1mt)eUer of 

the 1mlJeUer was increased from 0.76 

to 1.97 m S-I. 
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4: ... ~""'u," and L/!"'-ll"'''JlUll I 

1.1 

1.0 

0.9 

>< .g 
0.8 ~ 

'"0 
0) 

'" ~ 
0.7 E 

0 z 
0.6 

0.5 -t---'----.------r-----...,------,------I 
o 

time at 

because 

reactors and 

50 

___ 0 % quartzite 

--0--- 6 % quartzite 
_ 9 % quartzite 

--0--- 12 % quartzite 
-.01.- 15 % quartzite 
---.0.-- 18 % quartzite 

100 150 200 250 

Time (h) 

to the baseline as a u ... '"''''v .. time for 0 to 18 % 

of 1.97 m S-1 ....... "" .. <C ..... line 

In.-!"",;."",,; from 0.76 to 1.97 m S·l. 

....... ,u ... ,.u ....... cell C01IlCC~nt1rat1lon 

pena,as on ll"_L,"""'~'~ !V,.U! .. ~ in the HUll'"' ...... " 

Nemati and 

in the cuttent 

where 

of 0.76 m 5.1 (250 

and 

in the 

cell 

'"'v, .. " .............. v •.• , sufficient nutrients 

and Harrison 

to this however 

ext:)oslllg the .u,J'"'u .......... to the gnndJlng 

similar reactor 

at the 

Nemati and 

and 

to 

stress to the culture and when the ,.~.L,."'V .. rate was 

lULLca:,c:u at 24 h a 

Over the 23 to 94 h at the 0, 6, 9, 12 and 15 cell concentration 

mc:re:lsed in all reactors 94 h the reactors 6 % qu:ttoate 

reached stationar the reactors 9, 12 and 15 % 
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4: Results and Discussion I 

168 118h an 18 % 'V"UJJLLI!.. no 

cell death occurred over the 23 to 71 h was 

.... AlleU' ......... to the end the eX1Jertmient was 

continued 4.6.2.4 and and 

and Nemati Harrison (2000) have oxidation 111 the 

A '-"»'1>-''''''''''''' of cell concentration in all reactors 

4.17 showed that over the 23 to 94 h the cell concentration in reactors co:nta1l1lng 6, 9, 12 

15 % npl",,,,,,'n 0.7 and 0.9 fold of the 1J""leJ.ll.LI;; 

increase in the normalised cell concentration 94 to 168 h was Oh!,PMTP(\ for the 6, 9 and 12 % 

the baseline reactor to the 

a concomitant increase in cell concentration in the reactors. 

h~""""Pr1 with the redox nl'.tp,,,t.<>I and the reactor .... ",' ... Iil.uLU~ 18 

"'l'UW<:'-1 the d1tter,en(:e with resoelct to the baseline reactor a cell concentration 0.3 

that of the baseline reactor for most of the CAIJCI.lllllo;;;lll. 

6.5<+8.,---..----------------, ~+8.._-,-----------------~ 

6.Oe+8 

~ 3e+8 

~ 
" 3<+8 ,g 

~ 2e+8 

~ 4.0e+8 

8 
=(J 
u 

:1.+8 

le+8 

3,5<+8 +----,J'-~--.-_._-.__~-.,____._-~~ 
om_ ~ m ~ ~ ~ ~ W D 5<+7 0 20 40 60 80 100 120 140 160 180 200 220 

--e-- 0 c/o quartzite 
Time (Ill Time (h) 

-e-- 6 % quartzite 
-'t'- 9 % quartize 
--A- 12 % quartzite 

--- 0 % quartzite 
-0- 15 It/. quartzite 
-.- 18 % quartzite 

,,·."'uu;; 4.16: solids .V,,\llUI!. on cell concentration for two eX1Del:1tTlental sets with 

loalcl1nl2:s of 0, 6, 9, 12 and 0, 15 and 18 % and nn,,,, .. ·,h>ri 

1.97 m S-I. line lllCllCll:U:S the time at which the llHl-'o;;;,UIC.l 

to 1.97 m S-I. 
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1.2 ,---,------------------------, 

1.0 

0.6 

0.4 

0.2 

0.0 +---'---..,-----..,-----..,....------,------1 
o 50 

____ 0 % quartzite 

--0- 6 % quartzite 
____ 9 % quartzite 

--0- 12 % quartzite 

--6-- 15 % quartzite 

--.0.- 18 % quartzite 

100 150 200 250 

Time 

4.17: ,-,u",.u~;,- in relative to the baseline as a turlctl:on time 

QU:ttti~lte lOll.UlIlg;lS opt~ra1ted at an of 1.97 m S·I. 

time at which the llH!-,Cl.1Cl. was increased from 0.76 to 1.97 m S·I. 

rate the extent of were lnl:lut!n<:ed 

of """ .. 1·.,.11'p to the eXlpe1l!Illental reactors. 

are shown as a 

reactors caused the aooarerlt 

o to 18 

the 

the 

4.18. The 

rate to to the eXl)etlmlentaJ 

decrease from 0.005 h·1 at a 0 % '-!u,u,",ou,- ,va,uu.'!'. 0.002 and 0.001 h·1 at 6, 9, 12 

and 15 % At an 18 % occurred 

rate was 0.002 h· l . 

The extent of o-rr,"n'h a,ennea as the concentration was in all 

reactors co:nt~L111Jltlg cOl:npare:d to The maximum cell 

concentration in "U:'f.'",.u"JIVU !lll'~UC"L at a 0 % 

solids increased stress to the 

addition of solids may rn,.,m!hnt", towards a re(1uc:ed extent of lrrc,wth, These orc)ce:;ses ll .... , ........... (i) 

to cell death and thus \.<L11.1:SJ.l1K a the loss of cell to cell structure 

reduction the extent of (iii) an increase in the maintenance req[uttement for 

The reduced extent of maybe in the 

death rate with concentration and can be to the "1J'C'-J,UI.. tate 
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4: .l.\'<;;~U!U' and Discussion I 

4.11. Further rate constant as a function of 

concentration is in ;JOO',U,,",'U 4.9. 

4.11 

fLapp the rate 

the ~~C;U1JI,,", is a function of "'U'!U);U,'o..l factors such as 

ferrous ferric iron 

concentration 

the SPf:C1tlC cell rate 

the cell concentration the !U<I,UllJII! at which the 

became s~:rul:tC~U1tlv "'J"'''~L'''U to stress was 9 % 

Process failure in terms of absence of culture was nh.~p1rof·r1 at 18 % 

• Relative extent 

o growth cate 

4.18: Uv.uu ...... , ..... u extent of growth as a nu,("!1'nn of 

of 1.97 m S·I. 

4.6.2.4 effect of solids on iron solubilisation 

reflects the in !ron concentration with time and 

concentration while 4.20 illustrates the in iron concentration in the 

'-UUUU.UJI.u~ reactors relative to the baseline reactor. The concentration of "UJ,UU.Ill" iron was 

in the lartzlte-colnta.1nlng reactors in the baseline reactor over the course of the 
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4: Results and I 

Over the 24 to 96 h the tron "V'"UIJ'lll'.O::U increased in all reactors; 

however rate Increase was line reactor '-V.1U~"U.<O'" to the eXl0el:1n1tental 

reactors TIlls the nOl:m:al1Se~a 

normalised iron in the reactors decreases 

with rp"nPI-t to the U,.,,=lU';;; reactor over the 23 to 94 h time Clusters of solids 10aru1JlP" 

,"UJLUIJ'lll,.<1U,UH were ...... , ........ U' ......... At 216 h, the 6 and 9 % solids ."" ....... ,'10'. 

showed extents of "V'UlJlll""UV'U of aplprc1xunal:ely 0.9 fold that baseline reactor 

the 12 and 15 % lOaldltlQ:S resulted in extents of "v ......... "'"., ... v'» of 0.7 to 0.75 

that of the baseline reactor. Iron "VJ'UIJ'lll",.U,Vll .I.<O.Ug1jUlO::U low in the reactor 18% 

.......... >1, ... and decreased to 0.2 fold that even had occurred 

in the .... u., ... "'" .... reactor. 

As illustrated in the iron solubilisation lVJUVW<O ... two The first to 

118 was a rate followed a slower rate over second 

(118 to 216 coincided with the of 

co:rresO()n(1ed to the the m1(:ro-organ1~;ms 

The rate of tron 2 due to of the 

with time. of this data is in Section 

4.6.2.5. 

50 

1> 1>4() -.. 

" -.. .£40 .. 
e.:- :£ 
] e.:- 30 i 30 

~ 
1 
0 

" " 20 .g 20 § 

W W 
" ~1O ~ 10 
~ ~ 

0 0 

0 50 100 150 200 250 0 so 100 150 200 250 

0% quartzite Time (h) 

.. ·0 .. · 6 % quartzite 

--'1'--- 9 % quartzite 

__ 0 'Yo quartzite Time (h) 

0 .... 15 % quartzite 
- .... - 18 (Yo quartzite 

_ .. -41"_.' 12 ~yt) quartzite 

solids LV ...... """ on the I-',o>,,-,-uu'l"." tron two eX1Jer1fl1enlta sets 

with solids 'V.'UU:lJo!." 0,6,9, 12 and 0, 15 and 18 % w/v V~'O::.I.'<l"'U at an .1.1"1-'<0,"'<0.1. 

of 1.97 m S·l. Dashed line !HUU'-",l"''' the time at was increased 

from 0.76 to 1.97 m S·I. line indicates start solubilisation. 
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4: "''-<;;~U1l'' and Discussion I 

1.2 -,---,------------------------, 

1.0 

O.S 

0.6 

0.4 

0.2 

0.0 +----'---..,-----..,..-----..,------,------1 
o 

4.20: VU~lHl'!.<; 

50 

____ 0 % quartzite 

--0- 6 % quartzite 
_ 9 % quartzite 

--0- 12 % quartzite 

-- 15 % quartzite 
--.0.- 18 % quartzite 

tron "VJlUU'J.U" 

100 150 200 2S0 

Time (h) 

to 

10adulg8 op,erated at an llHIJ<;JL1<;.L 

baselttLe as a LULL .... UlVU of time for 0 to 18 

of 1.97 m S·I. Lf","U";U line ll .... U ...... llO" 

was to 1.97 m S·l. 

solub:lI1s:atl()U rate data to 192 extent iron i3VIIUU'llL<,,,UlUU 

in solubJLI1s~Ltlon rates were calculated as detailed in 

LIJ~J"'U\.UA B.1. The rate at iron was released into solution ..... ..., .... '-'_"'" ........ 

At 6 and 9 % iron release rate was aPlprclXI!na1:ely 0.85 fold that of 

the baseline at 12 15 % iron solubilisation rate was 0.7 

baseline reactor. The iron "'-',, ....... '.LUO'''' ..... .., .. rate reactor co:ntal1t1lLng 18 % 

was apr)ro:lillrlat~~ly 10 u",,<; .... u .... reactor. The extent of iron "UlIUUJ.U<,au.vu from 

o to 192 h was ........ ' ............. l<;U as iron content of 

reactor g) .1.<;1<;"",<;1..1 into solution extent 

1n<:reaslng hv(:irodVlnarruc stress. iron data pr(~senu~o, 

l<; ..... JJJlUl'!. or()ce:ss became slgrutlcandy ",H"",~~""rI due to stress 

was 9 % '-lu"' .... "' ....... 
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4.21: 

4.6.2.5 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

4: Results and jJJ.1>l-ll1>1>lUU I 

0 2 4 6 8 10 

o Relative rate of iron solubilisation 

• Relative extent of iron solubilisation 

12 14 

• 
0 

16 18 

V.LJ"""''''''-''' rate and extent of iron :SUJlUUlw~;au.uu as a rutlClJlOn of 

and an liHIJ<::.U<::.L of 1.97 m S·l. 

effect of solids .u .......... ~ on C01)nf~r S~JlUDUlsa.non 

concentration 10 1>UJ.UUUH as a function of time is across 

is UUUUlUI."c;u. with .... ',.'''·r~ to the 

.....,,'1-', ...... '''''''''''"'='''''''V'' '''''' ,\JV,,",1l a similar trend to iron sO.lut)1l1~;atlot1 

20 

in solution over 23 to 48 h. h .... ,.<,h •• ~ the "VJ,UL'.LU''''''''VU 

of solids 

4.23 . 

two 

As observed with iron "UJLUU'lll""'U'UH, the first of,c~.Lu.lHYwascharalctc~!;ed 

a solubilisation rate the second 
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'-''''''I-''''-L 4: Results and Discussion I 

l' 40 l' 40 ..... ..... 
" " -:i. c. -:i. c. 
1 30 1l 30 
] is 
~ ~ 

51 51 
t 20 il. 20 a: 8< e " 
t 10 t 10 

Ii 
~ ~ d: 

0 0 
0 50 100 150 200 250 0 50 100 150 200 250 

II o % quartzite Time (h) __ 0 "AI quartzite Time (h) 
.. {') ... 6 % quartzite · .. 0···· 15 % quartzite 

--........--- 9 %~ quartzite - .. - 18 % quartzite 
_.'-'V"--" 12 %, quartzite 

Effect of lUl'Ull1~ on the npt'r,~ .... 1r .. n,p 

sets with 'U,,"'UJ.UjO!," of 0, 6, 9, 12 and 0,15 and 18 % ~~LL~"~ and op,er:ated at an 

of 1.97 m S .. l ... .o .... ", ......... indicates the time at was 

increased 0.76 to 1.97 m S .. l. Solid line lin .. U ..... L'", the start of 2 of iron solublLl1s~ltJOln 

18 

of 

1.2 
"0 .... 
'" ;;I 

...0 1.0 

.f! 
0 
'" tJ 

0.8 0-
0-
0 
u 

~ 0.6 .... 
t:: .... 
1::1 
&. 0.4 

"0 .... 
'" ~ 0.2 

~ 
Z 

0.0 
a 50 

___ 0 % quartzite 

---0- 6 % quartzite 
_ 9 % quartzite 

--0-- 12 % quartzite 

--.olio-- 15 % quartzite 

-6- 18 % quartzite 

100 150 

Time 

4.23: '---u .. u~; ... in "U'.UU'llJ"'''U.Ull .. ",I· ..... ,,,, to the 

Uattzl1te l()adl1n~!;S opel:ate:d at an llUf.JoeJU"::J. 

200 250 

as a function of time for 0 to 

of 1.97 m S .. l. line indicates 

time at which the llUIJ'''Uoe.L was increased from 0.76 to 1.97 m S .. l. 

rates (0 to 192 h) were .LIJI-''"UU.LA B.l. The extent 

"v.,uu',.....".o.u.vu from 0 to 192 h was ................... LI';;\.1 as per1cen1tage of rAn .... " .. content of 
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'-"" ... .J'L .... 4: ....... "'"'" and L'l.:iI .. lASS:Lun I 

the lllJJl!C.L4l in the reactor g) released this A decrease 

both the copper "V.,UI.'.LU"4U'VU rate as well as the extent of copper !C"'I..l.Lll!j! with lllc:rellSllll! 

!U",~llL'}!, was observed. rate of copper uw,::.a.1UU was at 0, 6 and 9 % 

and decreased to aPIPr<)X1Jmateh 0.7 fold that if the baseline reactor at 12 15 % 

At an 18 % U"",lL!LC RJd.Uil!>' the normalised copper rate was 

0.32. 

1.2 

c: 
0 1.0 • 0 'p 
«I • '" :-;:J 

...Q 

-5 0.8 

'" • .... 
I!) 

~ 0.6 
0 u 

'""0 • I!) 

'" 0.4 :.; 
E 0 
0 
Z 0.2 

0.0 ..l.--.,---...,---,---.----..-----...---,--,..--....--..,.---l 

o 2 4 6 8 10 12 14 16 18 20 

o Relative rate of copper solubilisation 

• Relative extent of copper solubilisation 

V ...... "-;LL" ....... rate and extent of solubilisation as a function 

!U~'Uil'1:: and an llU.iJC,U<O, of 1.97 m S-l. 

ratio of the extents iron to copper "U,lUI.'lll"CU at the of leach 1 and 2 are 

4.6. The ratio at the end of hA~'''A''~ 0.62 and 1.10 while in 

between 0.50 and 0.94. There is 29.8 % 25.9 % iron in the 

8.1 % and 4.1 % 

bornite If all minerals at rates, the iron to copper 

be 0.87. the ratio was 

and between 0.82 and 0.94 in 2 for these 

concentrations. ""'P~I"O'<ITr. .. ~ have linked several processes to the ... u; .. u~,c in the iron to 

ratio. These processes include (i) dissolution of to 

.c ..... U.lu}!., (ii) increased pr(~Cl1oitllti(m of iron as ,,,n: "'" .... of the mineral 

concentrate '~""""""'" to the pr(~tererlt1a lCa"-HJUl}!, 0 f and the 
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",Ip,r-N.:,,,, '~;4"'JLJ.UJ;j<, of non-l:eO:OUlS <.u\-,un.",; minerals covellite or UUJ'UJ."" 

Arce In 

if the iron to 

tron .... UJl!\ .. 'OUL'''ULUU 

m g Fe 1-1) in have led to 

two and thus a decrease in ratio. the 

selective .<;" .... Uj'U" m concentrations of m 

It can be seen from 

mc:.re:lsea in the reactors with lll ..... J.<;~'''ll:'Jo!, If the 

nr,pr1n1t"T~'11 from solution mineral "", .. ,..",.". it into account 

Stott et al. (2000) 

found that concentrate with metals in the 

concentrate were there was a .... ,,, .... <;, .. ,," m 

the iron concentration in i:lUJ'uu.VU ....... '_.AJU.... m 

after nine was the to the formation of iron prl~C1r)1t3ites 

as , .... ,RlAl ..... 

15 and 18 % the iron to ratio 1.00 in 1 

and 2 of at the 18 % In this reactor 

it is 

2 1 where ratio decreased 

the redox in this reactor between 460 and 510 m V 

lie within the redox window 

for In at this 

than at the other 

here and the 

the is that the reactor 

and tron 

18 % 

the lowest final r",nr,,',. "'JU'_"" 

the .<;" .... uJeuJo!, 1./.1.\..''''',,,, u·"" ... u.<; ~.F. .... " .. ~ .. 

This effect increased in U"'~lJll'U."'<; as 

127 
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the 

stress was 9 % 
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Univ
ers

ity
 of

  C
ap

e T
ow

n
0 653 

6 

9 

12 632 

15 618 

18 463 

The results discussed thus 

the the 23 h inoculum 

lVAUUJ'!':. and the nature 

to decreased metal "VlUL/JLll",lUU'U rates. 

three sets of The fttst 

3.36 

2.85 

2.91 

2.47 

1.71 

0.66 

the 

co.ncentratio.n 

3.61 

3.14 

2.62 

2.10 

1.30 

the A"'\,UU""u 

The reduced peJrtorman<:e 

from decreased 

ratio. 

0.91 

0.82 

0.81 

0.50 

rates 

to be ........ " .. ,;Jc ........ within 

\..Vl .. VU"<;U the 6 and 9 % U,U \.£ • .,0 .... , ......... l'. which 

apt)ea:reO to oertotlm "J.luuauy and caused a low UU'!:HO,U of stress to the m1,croi-ot:galuslns. 

the 12 and 15 % <l11<,r""rp lua'uJ.UjK" which showed "'~ •. llU'l.al1 

The 

" ........ v .. , .... cluster cornprlS 

reactor pelrto:rm:an<:e '-'UUJ'~<LL"'U to the fIrst 6 and 9 % 

a drastic decline in 

observed. 

reduced 

at an 18 % 

was 

lnt:eg'lratilo.n o.f .... , ... v"." o.f micro.bial or.-,UJ1'h and mineral ............. ".JI;:; 

Further data as a function ''''''-UUJ"" are IJJ.C"CU,LCU in Table 4.7. The 

rh,.·..,t-1r .... of the _r""j'h 48 h at the 0 and 6 % loaldlnlZs to 95 and 

144 h at the 9 and 12 % the cell 

concentration was lower in these reactors, the lC.l.LUlJ:> rate was the 
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onset of "''''TV)'' , ... conClen1:ra1Ilo:n, a 

m V was attained more 80 h) and the 

In time course in the quartzlte-c:oflltarn1tlg reactors, in nutrient l1tIl1t~lt1o,n 

of the tn1<:ro··orJ;.tntsrnls. 11n:l1t~ll1o'n caused 

at 71 hand 

and Harrison 

nutrient limitation led to a U<:'~.LUJl<: In concentration at 118 h. 

effect. nutrient 

low hv<irodVlnarruc 

the increase in redox .... n~" ...... <1 to above 640 m V was In the current 

apf>ro:lillrlate:lv 72 h at 6 and 9 '-!u,<U.u,uo;; 'V~'Ull'l':." and at rI"""~"~" ,v.'u.u.~" 

9 640mV 

Table 4.7 presents the on substrate 

ferrous iron 1<:4.,,11<:U from the 1S VAJ'U!,,<:u 

an the amount of ferrous 

this to 

and not to or 

U<OL4llt:U In L\plDenldlx B.3. 

similar across of 6 to 12 %. The 

0.66 with an error of 4.4 %. At a 15 % 

If the 

then 

'V",ULl,'~ e:Kplerunents In 

all 

concentration 

Because 

are 

this is as discussed in 

,"VJlULI!''''o;;U may have been an undelrest1n:13 

on lron was 

was 

than at 

at the 

of the true 

concentration 

concentration of 18 

the 

to a a 

was ""/",uu.,,,auu lower at 0.49 ,-V"U",'"",,;,.. to 

the amount 

on substrate was very low .L<:"U!lJLU~ in an 

other 

In 
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Growth 

0 

6 

9 

12 

15 

18 

The decrease in the 

u;a"",.uJ.1'" reactor 

Ata 

4: Results and Discussion I 

for 0 to 18 % 

of 1.97 m S-I. 

Normalised 

48 1.00 

48 0.59 

95 0.71 

144 0.67 

72 0.96 

n/a 0.49 

of cells on iron at 6, 9, 12 

rruct(>-Olrg.ln1SnllS were less 

where the 

at an 

Error for normalised 

0.04 

0.02 

0.03 

0.03 

0.04 

0.02 

18% U;U.U;lILC "',nf1l'lh<>,rpr1 to the 

at U.U.u~JI.u!', for 

UUVU'UH .... stress was 

the culture was 

o % n"'>1"t~"t1' 

to utilise the source ettlC1(!ntLy for the pr()(illctlon 

1"P1", .. t'tpr1 similar trends when a to leach 3 % 

LI-~'I-''''''''' to iron decreased from 1.81 g Fe-1 at 0 

and 6 % u.;a~ I.£"L" to 1. 6 g Fe-I at 15 21 % 

0.22 X 1011 cells g Fe-1 when the solids 1vau.u..'k!: was increased to 24 % nn"f"f'o"f'P 

and to 

in 

Section hmi1"n.r1",n<>1"n'''' stress conditions can in an U ..... HOl.'":;''' 

VAA"'".U.V« of iron may be d1l:'ecited 

mechanisms of on iron. van Uden 

in the absence stress, the maintenance 

will be zero and the will be a maximum. 

used 

as the 'nt,p .... ,,"r 

the stress 

stress increases 

the amount substrate \..V."~IJ.Ul'':;U maintenance will increase. In extreme cases where all the 

substrate consumed is for mamtemmce, the will be zero no will occur. 

As discussed in ","".YUH iron ....... I-A'-""15 occurred in two ... 1<1'1, .... " 4.19 and 

dual 

the 

at all 

observed at 

be linked to increased hVI:lrC,dvnal 

In the "' ... """'" ..... the dual 

Nemati and Harrison 

than 9 %. The ~ ... ~ .. ",~ 

stress at the 

iron 

dual 

to 

AU"",,,,,,,,:, ill 

in all reactors was linked to nutrient limitation as well as to increased solids lU<'U.lllll!. 

The effect of nutrient limitation caUlSID:g a decline in the iron "UJ.uU'lll,,;aUlUH rate is illustrated in 

4.25. a 9 % total the rate of iron constant 

throu,gh()ut the the nutrient with 88 % of the iron 

solubilised 357 h. In contrast, the showed a in the ,"UIUUlW.",.U.U'U 
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rate 118h at this 30.5 % of was 

30 
a 

16 35 
b 

5.6<+8 .. 
" .. .,. 25 " " 

.. 
E " " " 0" 
~ " .. " c 20 
.g " " " s " § .. 

15 .. 
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.ll " 10 
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a j 20 

S 

~ 
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] 8 
~ 15 0 'il 

4.6<+8 U .. g 

10 4.4<+8 
50 100 150 200 250 300 350 400 0 50 100 150 200 250 

Time (h) Time (h) .. Total iron ., Total iron 

" Cell concentration o Cell concentration 

Iron cell '-U' .. ~.o;;;'.'LL''''UUll as a ...... '-UUll of time for a 

of9 %. (a) Nemati Harrison 

to vdroejVl1arruc stress in both ,,,,,:rp'''''' is in 

4.26 u""',,"UU'U rate in the 

as 

h.l1c<!t· ......... rate for the 15 % 

118 h, at this 27.5 % 

cOlmnarf~d to the effect of pnmartly .... "i .... "'.nr 

9% the concomitant 

at a 15 % 

.,-",,-• .u,u~ at 1 % Ch:aicIDO'V'I1t:e to 

12.0.---------=a=--------r 

11.5 

11.0 

,g 
S 10.5 

~ v 10.0 

] 
9.5 

" " .. 

" 
o 

" .. .. 

" 0 .. " .. .. 
" " 

" .. " " 

9.0 +---.--~--,..--~-~-~ _ ___I 

o 100 200 300 400 500 600 700 

Time (h) 
• Total iron 

o Cell concentration 

ofnutrient~Jllo;;;~U'UH nvar,oa.vnanllc stress 

4.27 illustrates from 

20 % ch~llcc,py:rtte 

b 
32,.....-----------------,- 5.0<+8 

30 

" .. 
.. 

" " 
.. 

12 

o 

" .. 

" 

.. 4.9<+8 

4.8<+8 "E 

§ 
4.6<+8 ·s 

" 4.5<+8 i 
4.4<+8 ~ 

4.3e+8 

10 +---~--~--__,---.,._--4 4.2<+8 
50 100 150 200 250 

,ime (h) 
• Total iron 
o Cell concentration 

4.26: Iron solubilisation and cell concentration as a function of time a total solids 

JU ... u.u.'''' of 15 %. N emati and Harrison Present 
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4.6.2.7 

120 

100 

80 

t:: 
0 

'.0 60 u 
01 
tJ 
>< u 

40 

20 

0 

o 2 

• 
--(}--

--&--

- - --'i;i'- - -

_._+-

'VV!J!J' ...... extraction 

4: J:'-t:~Wll; and .LIl.Sl-llS:SlIUU I 

4 6 

1 % .. n.,,."'~vnrl" 

5 % cna.lnl1~Vn[e 

8 10 

Time Cd) 

12 14 

I-U:iUl-'UIYVUI.t: lc:al-Jlllillg (~l<1a'Dte<1 from 

Frutos 

;ollnparl.son of results to literature studies 

16 

The "r1,rp",,,,, increased !U"UllJII:!: m reactors been by several 

and Nemati and et 

In most eXloet1ments. the mineral concentration were 

Some authors the concomitant effects 

limitations and the of toxic 

oxygen mass 

the mineral 

concentration and not inert material to bulk up still be 

as a Pr()fOllnd on the mineral et Nemati and 

Valencia et In this section the results obtained in the 

are COlmplarf~a to those in literature where hvdr()d,'n~lm'lr stress was conciucied to 

on process pertclIDlarLce. utilised the 

4.8. It is , ..... ·.," ... '"r"' ... ;- to note that ;UUHRilTl1 et 

eXlJerlments in flask where oxygen limitation occur 

be 
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4: and I 

4.8: in the various solids studies. 

Reference Reactor Solids Size range Shear rate 
fraction rate 

Gomez et Shake Not 1-7 
1994 flask 

Nemati and STR 53-75 500-550 83.3-91.7 3-18 

2000 

Witne and STR d90 112 !UIl 200 33 3-40 

2001 

STR 38-75 560-760 93.3-126.7 :3 
2002 : 0-24 

Rubio and STR dao 130 21.6 1-20 
Garcia 

2002 

Valencia et Shake 38-75 220 36.7 2.5-15 
2003 flask 

Present STR 38-75 550-700 91.7-116.7 

Gomez et (1994) the effect of loacutllg on the L.I., .... <O"" .... U.'U~ of ch:iIlCC)P1{r1t:e a 

tIU!crol-ol:ga:ms:m and found similar in 

stress to 

there was increase in over the first 24 h UJlJIU""<O ..... from 1.5 to 

apr)ro:K1rrlatf~lv 0.87 at 190 h. At a 3 % increased over the fltst 24 hand 

then pt()ceedf!d to dec:rease from a 1.4 at 190 h over the ..... ,LLA ........... ''-" the 

At the l03lcl1tlgS of 5 and 7 % the rose over the fltst 

48 h and then remained constant at a of 1.9 until the end the 
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1.8 

J: 
c.. 1.6 

1.4 

1.2 

0 so 

--"""9'--­
_ .. ........c;J'._ •. 

'-''''''!J'l''''' 4: Results and Discussion I 

2.2 

2.0 

1.8 

1.6 

J: 
1.4 

"-
1.2 

1.0 

0.8 

0.6 

0.4 
0 50 100 ISO 200 

• 1 % chalcopyrite Time (h) 
--0.- 3 % chalcopyrite 
--6-- 5 % chalcopyrire 
_.-v--.- 7 % chalcopyrite 

b C 

2.0 

1.8 

::t 
c.. 

1.6 

1.4 

100 ISO 200 250 0 50 100 150 200 2SO 

Time (h) 
----- 0 % quartzite Time (h) o % quartzite 

6 % quartzite ···0· .. · 15 'Yo quartzite 

9 lYe quartzite - ... - 18 ;% quartzite 

12 % quartzite 

solids ..... "' ........ ,,'l". on solunon Gomez eta/. 

and 0,6,9 and 12 the f.1"'~"''-'''' 

for (a) 

and 0, 15 18% U;U l,L;lILC: for the 

In the nrF""""'" a dec:rease in the solution redox n ..... ~"' .. ,t1., 

Similar were rprlorrp£l (2001) and Nemati Harrison 

Witne and a p.t'lllTI:anlly \...uaJ, .... ""f.1 concentrate a 

Ulll~UJltlUJ culture in The maximum redox n,."~",,nt1,,1 in the absence of 

oxygen were 597 mV for 3, 10 

concluded one '-AI,...." ... "' .... "" .. for the low redox '"'V'L ....... U' ..... nh<:,,,.nrpn with 

..... H ....... '." ....... solids concentrations was shear stress to cell 

Nemati and found 

~.",J."''''''''''~ from 450 to 600 mV 

at J.vauu.''''- of 3 and 6 the redox 

At a 9 and 12 

lU.,Uljlll!. the redox '"''''' ....... u" .. .u. .......... "'" ....... from 450 to 500m V with a mcrease the 
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4: Discussion I 

At 15 f./V',,-u,-,, .... rernailIle:Q constant 

of of the cells to oxidise ferrous iron as 

solids 'V"'ULU,~ Ul\..1.'''''',''' ..... This was 

Two mechanisms were for the lower 

at to ratio may 

in the ferric to ,,,A.A.V,,,, iron ratio 

500 mV not 

rate. Severe stress was 

.""' ....... .JlUj!, at1S 

Gomez et 'V",u.uJL~ on cell concentration. 

The 

UC\~LC'<I.:SC in the rate 

to 7 % The extent of ,...,.""yj·h ...,"' .... lln::..., from 8.5 x 108 to 6.2 X 108 

a """"_ll1J'C in cell "'U1L1\..C:U was 

le+9 ~--------------------------------------------~ 

ge+8 

8e+8 

C 7e+8 
.g 
~ c:: 6e+8 

~ 
8 5e+8 

=e 
U 

4e+8 

3e+8~-----,-------,------~-------.-------.------~ 

o 50 100 150 200 250 

• 1 % chalcol)vrite Time 
- -cr - 3 % rhl:.ro'~vritf' 

- -.010.- - 5 % cha1colPyrite 

-. -'17-' - 7 % rh~lrn'~v""" 

ferric iron 

rates. 

as 

a 

1 

7% 

to 100 h 

4.29: The of Ch:alClDp1vril:e lClaamo- on cell concentration au ... ..,' ....... from Gomez et 
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Harrison 

S. mctallicus and 

0.016 to 0.020 h -I 

and JJLO ..... U"".uu I 

.... "L.~."' ....... the effect of 'i ... , ......... ,u .... 'V,"UUJ'I'. on the leacrutng of 

similar "I-'IJ"'<'IO"l rates over the first 50 h of the 

o to 15 %. The '" .... '~~' .. HL 

No d.1tteren<:e in the 4UIU .... <O" 

rate hpl",,,,pn the reactor with 0 and the reactors 12 and 15 % was 

over the observed. .vaUUJ'1'. on the 

obltatrled. in where on 

"UC;\..Ul .... o-r.",uth rate from 0.005 h-l at a 

0% u<Uu, .. , .... lC)actlng to 0.004 0.003 h-I at 6 and 9 % 

O1"r",rl-h rate to 0.002 

et al. (2003) 

S. mCjratt:.!cus in shake 

mineral .... v.u .... eHLA.'n.vH 

\..UlllMUCl.CU as one of the 

shows the 

current 

'V"UUJ'¥; above 9 % caused a further in th e "IJ IlJaJ. <OH 

0.001 h-I at 12 15 % 

of LU".J.C"".Ll.'~ !uaUUJI)!!. on 

A u"'''a,-,vH was obtained the lower 

the 

LaH'""'J'UJ.' ....... in the .... AI"' .... A.ll ........ ,'", increased mechanical stress was 

to lower rates. 

of Gomez et al. As "h"",","",; in the 

found a in !ron 

with IDc:rea~iIDg !V"'LALU!!.. The rate 

the extent solids Jva·UUJ'1'. 
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12 

10 

8 

t:: 
0 

'p 6 <'<I 

'" S 

~ 4 

'" t:: 
E 2 ..... 

0 

4.30: The 

and jJl~'-L''''>JlUll I 

o 50 100 150 

• 
--0--

1 % chalcolDvnte 

3 % cha.1col'ynte 
- -<Il10- - 5 % 
_. -'V'-' - 7 % chalcolPyrite 

Time 

of ch:aloOP'vnl:e ''-'''U'''~ on iron 

200 250 

et 

The iron solubilisation results OOICalrLea in are COlTIPared to results obltalrLea in 

Gomez ct al. Nemati and Harrison and Valencia et al. 

4.31. 

and 38-75 f.!lIl size fraction. For each study, the data were normalised 

.................. ,.. for 

5, 1 % for N emati and 

,,-,'-'.U<;,G et aI., 1994 respe(:t1v,elvl 

u,-' ... ,,,u.,-,, by those rej:lorlted for 
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4: Results and 1Jl!;CW;SlOln I 

a 
1.2 

c: • Nemaci and Harrison, 2000 
.g 

1.0 --- Sissmg, 2002 

'" '" ---- Present study ;.:! 
..0 ---<>--- Valencia ,/ ai., 2003 

" -0 0.8 
_. __ .-

Gomez" ai., 1994 
'" c: 
0 

0.6 . !:I 
..... 
0 

5 0.4 
1:<i ... 

't:l 
0.2 " OJ 

~ 
§ 

0.0 0 
Z 

0 10 15 20 25 30 

Total solids (%, 

b 
1.2 

• Nemati ""d Harrison, 2000 --- Sis.fig. 2002 
1.0 ---- Present .ruJy 

!l ---<>--- Valencia ,/ aJ., 2003 
'" ... 0.8 
{j 

'" ..!l --<\ 
c: 0.6 

\ 0 
. !:I 

\ ""t:I ... 0.4 \ '" ~ 
E \ 
0 0.2 \ Z 

'" 0.0 

0 5 10 15 20 25 30 

Total solids (%,w/w) 

4.31: of leach detennined for 

2002 Valencia et 2002) and Gomez et at 

vanous 

For both the extent of iron solubilisation as well as the overall iron leach rate, the observed 

and the t"l1"f'''lf''tlt were similar. In both 1t"'rf",,'HO"lH1l~n" fraction 

co:mr)n~;ed 3 % concentrate relnal.n(ler inert The overall 

extent of iron u.u."".U.U'U was lower for all 

to the to the recalcitrance of '-u<U'-v~ 

The of hVldrcJd'vn:arruc stress was "n",,"'''''''''' at a lower 

cOJmpare:d to 

critical solids 'V"u.ul,~ 

critical Iva,u.u:,~forch:iIloop'yn1:e 

that nutrient stress due to h",,,,,.,,,,,'Nnn in the ch:iIloop'\Tt11te 
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4: Results and Discussion I 

stress levels of cell trauma at lower solids The 

N emati and Harrison used as solids At solids !V"UJ.I.!l<!." 

to 12 %, stress was less Slg;nUlcanI, the extent of iron solubilisation and 

lton rate follow the same as the !-,.L~.i:>'-11L and the work At 

15 % 

18 % 

of 

!Ud.I..W,'J", there was a ae~:rease in the nonn.aw;t:u extent of iron i>UJlUIJP!''',cu and at an 

lUaLU.l.ll~ and data 

to a total solids .VtlUU.Al"," 27 

21 % ll'~ll'-'lU1.'l", unlike the of Nemati and Harrison (2000), 

not occur. 

The solids !U"UJ.I.ll"," at l\CdUJJlHl", was SlQ11l11C~L1ltlV ~ ...... , ...... ,.~ were lower in the 

studies than in the studies a constant mineral and some of 

to those the I;;AIJ=.lllJ,o;;;U 

a smaller inoculum size while 

Nemati and Harrison 

These differences in terms 

were dittet:en 

,,.'-,,, .... "'-""1'-'''' dLfh!relnCI!S intrinsic to 1l1c:reaslng 

U1.I.U':;"'" IV".UillV are !-'Vi:> '"'''''.\C''' to (i) to oxvp"en 

the (il) an increase in amount of "UllUU'lll"':;U metal concentration which may 

the 

'~~~"I'oto a 

Witne and In to assess the 

author used a inoculum size and 

results were 

as a reason for reactor 

oo·taltlea 111 the 

transfer. rr-.'''"<l1"f',n results 

on the basis of iron 

to less than 

Nemati and 

Nemati and Harrison 

reactor 

Inoculum size was 

conclusion was mass 

pvntf:-onlv eXl)erun,ent to her 

lU'lULU~. The two were '-Vl.U!-'<U. .. ·u 

mass transfer 

The author \"VIUU.UU.<;;U that at an 18 % 

and 

lO<LUllrlg, the fltst 

five to the re(luc:ea 

ttererlce 111 

its momentum. Momentum is a of 

jJ .. ,-'u ....... , of 

was !-'U"llU4,.CU to vary with I-'tu.UI..1C 

momentum the 

4.20 X 10.10 m S·l re~ipe:ctlveJly The DV]::ue-oruv 

collisions with to 
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13.6 

The 

vlJei1Ul"'.l 4: I 

and Harrison at an 18 % 

mc:rellsed 1J',UUlL1'" "1"",,11"7 and mass transfer limitations. 

The aUlHUJl~ lTlv .. "n<T<I 

was not oxygen .lULJe.llC'U. 

....... ~,;, ,rtprl to 

mass transfer limitations occur at 

U<Ol,uauu in "",'Ll41.CU 

showed that at a 

at 

concentration less than 13.6 % 

.... UJl1 ..... 'ULL4LlUU above 

who ."''''~ .. '''u S. me,talt,lcus are 

also pn:sel[1(eu in maximum rates and extents of iron ~Ul.UU'.lUO'i1U.uu 

are 1-' .. ".~<o, . .Il""U. U"'_.L"', .. ~" in the extent of ."'" ........ 'u)<, 

The maximum iron solubilisation rate lU'_.l<O'''~cu 

warun,):!; from 5 to 1 0 % dec:reased at the 15 on the 

ct aL (2003) used extent of .L ... " ..... U.LUj<. be because 

shake reactors while were CHJlU"JV";U studies. Valencia et aL 

were rotated at 220 

solids 

reactors at low rates. At the 

than in 

are 

in the various ~lUUJ.C~, rates were 

lower in 

the 

Harrison 

the 

... '-".H ....... .L" at the bottom of the 

are UHAW"I-'J .... " • .L Y 

from .... U.U1".'U11" hpruJpp·n cells I-' 4.1 ......... "''' to clisru t)ticm 

in mechanism cell C1arna~~e 

account for the dltterlenc:e observed hp1 ... ",·,.,., 

and Valencia ct Gomez ct aL 

in 

lXLlUL.CU mass in 

of 

in the extent of iron 

leachJlt1g at a 3 % 

Nutrient 

mc:re:ased hvdl:odvn:lffilC stress as well as oxygen mass transfer are IJU"""U,,,, reasons for 

!"''' ..... Uli!)!. in the 3,5 7% 

A summary of the critical 10aLdirlgs at which the Ui1:U:S1UUU between intensities of 

stress occur for the studies 

are more sensitive to ~u,~.~;'-~ 

in STRs. In a .... '~ ..... "" .. , the results of (2002) .... UU!IJ4.l 

show 

'U".\.llAl'l!. than those 

Ullt'He;U in the 

and Nemati Harrison show that the ch:llCiDp~ynt:e-(1ml.tt!o1te 

are more sensitive to increases in the pyIlte··quarr;~1te 
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'-'LJl"~l"'.L 4: Results and Discussion I 

t'utthenm)re, the of Gomez et a/. failed as a ., .... \..I.LI.J'l<. than the of 

et a/. This confirms that in the nutrient limitation 

cornpcmnlds the stress 

(total defIned by the of stress 

studies. 

Reactor 
Reference 

and scale 
Mineral 

No Effect or Reactor 
Minor Effect failure 

Gomez et Shake 1 3 5,7 >7 
1994 

Nemati and 1 litre 3 to 12 15 18 

2000 

2002 1 litre 3 to 18 21-24 27 > 27 

Valencia et 1 2.5 and 5 10 15 > 15 
2003 litre 

3to9 9-18 21 > 21 

4.6.2.8 

In order to detennine whether a eX1JO!ied to the of hv(irodVlnarnl stress can 

recover or .... v,,,....,,uv'u,,. a 456 h eXlJerunlent was conducted at a 15 % 

It is UU'Hu.;'''LC;U. there were 

"'AIJt:.LUli'~Ull:U runs discussed in ~p'-t1,.,n 4.6.2.1 to 4.6.2.5. The 

are shown in 4.32. In 1, the culture reCIUllred a 

to the aOeJ1t1.on to the reactor. The start 2, uel:JeIlue on the .... V' ............ .. of 

(1pl''''''(1 as the solids Ava"""""'jI; Ulcr,easeo. In 2 the cells acclimatised 

to the 1-'" .... ".;;"".<0 of solids and the extent of recovery OetJerlOeO on the perce:ntllge solids In 

for all the solids 10a'0l11I!SJ. the prc)ce:ss pertonnaltlCe started to decline I-'U""'U'y 

due to prC)lOlnge:d "'"'"I-''-'" .... L<: to stress. The decline in pelrtonnanc:e was linked to 

was the ,... __ . ____ J cause of nutrient I' .... "t."r.n, ... 
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4: Results and I 

a 
Phase 1 Phase 2 Phase 3 

630 1.80 3.2<+8 

620 1.78 
3.0e+8 = ) 2.8<+8 

~ 
610 1.76 =ll 2.60+8 

..;!. 

~ 600 1.74 2.4e+8 
~ 

:r: .g 
1'1 0. 11 

590 1.72 2.2e+8 ~ 

" ~ I:i 
8- 2.0e+8 8 
~ 580 1.70 

"1l 
~ 1.8<+8 U 
o:i 570 1.68 

1.60+8 

560 1.66 1.4e+8 

0 50 100 150 200 250 

__ pH Time (1)) 

-0- Redox potential 
-e- Cell concentration 

b 

26 
Phase 1 Phase 2 Phase 3 

24 
~ ...... 22 
,!'.. 
.", 

1Ji 
20 

~ 18 

1 16 

1l 14 u 
E 12 

t 10 

~ 8 
~ 

6 

4 
0 50 100 150 200 250 

--e- Iron Time (1)) 

-0- Copper 

4.32: Time for redox cell and metal 

at a of15% and3% and an 

of 1.97 m S-1. 

In for full recovery to occur, the culture must remain and the extent of 

cell the microbial mechanisms to stress are 

factors. It is from data in Sections 4.6.2.1 to 4.6.2.5 that the addition of 

",t1',"Pt'cpll" ""~TP,rt"'rI the rate and extent of .... , ...... ,,, .... u..u.!".. 

added to each reactor also increased the extent 

not occur in the AU"UJ.U!". range 

4.33 shows the and iron and 

:SUl'UUlll:S~LUUll from 216 to 456 h at a 15 % 
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4: Results and Discussion I 

a 

634 1.75 2.6e+8 

632 

~ 630 
1.74 2.4e+8 -c 

S 

~ 628 .;j 

~ 
1.73 2.20+8 ! 

626 " ::t: ·8 
"il 

624 
Q. !l ." a 

t 1.72 2.0.,+8 1:1 
622 c 

~ 
B 

0 620 '" J 1.71 1.80+8 d 
618 

616 1.70 1.6e+8 

200 250 300 350 400 450 500 

--pH Time (11) 

-0- Redox potential 

-+- Cell concentration 

b 
40 

i' 
"- 35 ~ 
.", 

~ 
.0 30 ~ 

~ 
1! 
u 
E 25 

t 
" ~ 20 
u 

0.. 

15 

200 250 300 350 400 450 500 

---- Iron Time (11) 

-0- Copper 

4.33: time for (a) redox and cell and 

metal at a 15% and3% and an 

of ms· l . 

The reactor was run 240 h the .,..,..· .. .,r .... 215 h eXlJer1tnlent to determine whether 

process pelrto:n:nam:e .m ..... '''''' or whether reactor failure occur. Between 240 and 

456 h the reactor pel:tolr:tn:anc:e al:JPf~are~a to unnUl""p The '-U;dH)~"''' were noted: 

An increase in the redox n ..... tPtln<l1 from 240 to 456 h the oxidation ferrous 

Iron 

An increase in the cell concentration from 288 to 456 h tnCUC2ltln.g cell o-r,,,,,1-h 

increase in iron and copper sollutl1l1!iatJlon 

The pelrcent~lge iron solubilised .... ,.. .... '>, ... 11 from 20.4 % at 216 h to 25.9 % at 456 h. The rate of 

was this time with an increase from 23.7 to 35.5 % in the 

solubilised. the overall pr,oc,ess perrClmlarlce increased 

of the cells to recover from the effect of the increased These 
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, ' ... --~-- 4: Results and Discussion I 

data also sU~!;ge:st the pn:SeJ:lce of and ad:ipt:<ttlC)fl mechanisms. Other unres·tlg:ltors have 

observed the ad:ipt:atlon of cells to increased hy<1!odYltlarruc stress. Allan /It al. found that 

over a of aplprc,mnat:ely twelve month.s, Picrasma qua'sszozcies cells were able to de'ITeloo 

shear resistance. A culture to an agttatllon rate of 440 rpm rate of 

conditions. 73 Ul a STR failed to grow after 2.5 h of to these 

A{:;prcJX1Imately 12 months later the culture showed imDrc)ved PJro"'lth. In ad(l1tl,an, no loss of 

vi~ihilitvwas observed when the cells were eXl)o~;ed to a shear rate of 1.67 S·I. 

In this :,1;\,;UU1:l. the UlCJreas;Ulg solids loadln:g on the blOlea(:h1rlg of ch2Lice;PYltlte a 

culture was solids the inert 

concentration caused a decline in prc>ce:;s perJtorm~lnc:e as measured chalflgles Ul redox 

potenrtlal, cell COltlCent1:atl,an, and iron and solubilisation. The data prc~se:nte:d for the 6 and 

9 % quartzite ic,adings 

baseline (0 % qU3xtzlete). 

very similar cor.npared to the 

At the 12 and 15 % qU:llt2~lte 10alwl<1;s a further decrease in pn)celss 

to the baseline reactor was observed. The reactor co:ntaming 18 % 

qWU't2:1te solubilised the least amount of rr.''''''',>r and iron. Even thc)Ug;h intensive hy1drc)d)rnaimJlC 

stress was reactor did not occur. results discussed in 

Section 4.6.2.8 show with recovery was po:ssll)ie. 

Revit~wing: the data prt:selnted in this section enables the identification of the critical solids 

10adttlLg at which the affected due to stress. 

This critical solids loadln.g is to be 9 % Ul the presence of 3 % 

ch:ilc'Jp,{ri1:e in this The of the indicators to measure the effects 

of stress is an consideration. Some assays, for cell 

conoenl:ra1t10In, are more sensitive indicators of the effects of stress than or 

redox potentlal measurements. dissolution was a more accurate indicator of the process 

perte.mlatlCe than iron dissolution due to the of iron underestimation of the 

iron concentration. studied the influence of solids loadttllg: on the j! ...... JWI.U of 

Ja"chllro!'J1'YlYJS cerevisiae. She re}::;orlted that the critical solids loadttllg for cell darna~~e varied between 

0.5 and 1 % delpellding: on the pararne'ter used as an indicator. !!max as an indicator showed 

that solids exhibited a ne:g:atlve effect on "H.JWI." at a loadttlg than 1 % 

however indicators such as the of cells on and the a 

critical solids loa.dlnlg of 0.5 %. Similar observations in the current 
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'-'''.al-'' ....... 4: and Discussion I 

The Ullll""" v mechanism of cell u ..... ua~~<: reactor is n .. ' ........ r~~ to be "V''''''''-I...<:''''-

solid interactions. This \..v, ...... ,,,,, •. v» 1s ~" .. ' .... r'rl"·rl the literature where it 

several 

to conduct 

to cell 

was shown that the dominant mechanism of cell U<l..lU"'~;O;:; 

reseru:ch.ers to SOlllu··cell-SOll.U interactions. In the I-''''~'''''''>>L 

au"\.. .. '...... of solids to confIrm the contribution of 

~~"~F,- UO;:;\..'1 ... <' .... clhaJc01PV11te was reCIU1l:ed as the 

stuclies conducted with cells in the pn:l;lt:IlCe and absence of have shown that 

occurs in the of 

and the mechanism of is contact cells and 

As mentioned in Section the rate at which cells contact with solids n",'rtH-j",<;; in the reactor 

is clictated the momentum which in tum is influenced the l111I-'<::JI.1<::'< 

increase both the rate t.-p,rn,,-.., at which 1-'''' ............ " collide 

with each other with cells in the reactor as well as the momentum transfer of the I...V,.ll,,.Vl1. In 

:-'""-1'1",, 4.7 the influence on pertc.r.nlar.tceisexarrrined. 

The 

a JU"IWf>'YUJ culture was determined at 

sets of O;:;2I.II-'O;:;''''''''O;:;U were conducted. In the 

3 % chalooP'Vr11te no and the llHI-'O;:;''''''L 

and 2.13 m on the DlOilea,cllllIlg 

IO<lrl1t'.0''' of 0 and 9 % Two 

set, the solids 

was 

."aUll"II< was maintained at 

in the range 1.67 thrlDull~h 

to 2.13 ms· l . In the second set, the solids '"''.Ull.''' was maintained at 3 % Ch:alClDP'\Tr11:e with 9 % 

was varied in the range 1.67 to 2.13 m S·I. For both 

sets of eXl0eJ:lttten the baseline reactor contained 3 % Ch:UClDP1ml:e and no and 

was op,erated at an li"I-'O;:;'"'-''' of 

The 11111-'<::''''<::.1. used exceeded the 

."-Y' ....... , .. solids >v<.u.uUII<. were run under the sar.ne conclitions as 

was increased after 48 h as OPIom;ed those in Section 4.6 

to 23 h. 

ODleral[eU over an 8 

Doterlna,L and iron and 

mt!th,odIDIOl\!V 1S in Sections 3.4 and 

and maintained at aplprc)X1Jmatel,) 

concentrations were measured on a 

145 

Reactors were 

redox 

In this section 
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'-'lJI4~L<Ol. 4: and Discussion I 

it was not ne,ces:sru':'¥ to normalise o!()ce:;;s data since all eX1Jeruneflits were run S1lI1Ull[ane01 

data are 4.41 the fIrst set of <OlI.IJ<Ol.llU<OUI", for 

set of eXIJetunenlts are pn:selruea In 4.34 to 4.40. The data p"'A.L4l.U.u.A'~ to 

unit volume cOltre!;pondl11g to 

4.7.1 SLURRY 

4.34 illustrates as a LA""'"''"'''' of time for a 0 % "!u,:u.uou .... lOa01l1lg 

a t an llHP<OJL1<O.I. ofl.67 m S·l and a 9 % 

inoculum UUJL<U- LA'" 

reactors llR • .I.<Ol""'<OU same extent of aPlprclxttnat:ely 

at 48 h to cause COtnpllete 

decrease in solution 

in all 

of solids and 

72 h. At a lUliUllJLl':. of 0 % J.<OlU4JLU<OU constant at aPli>rc,xttnat:ely 1.45 

from 72 h to 

In(:re:asea and 

run. After 72 h reactors .... V.AC"'''UA.~ 

120 h to 192 h. The rate 

increase in 

'-'''t'l-UIb'''' a lU",lI.UJ"LAlU of 1.69 and 1.80 at of 1.97 

2.13 m S·l 

The reactors .... v •• LaJ ....... ,1". 9 % increased 

stress As 

this increased hv(irc.dvnalntc stress combined ferrous iron UHill.LU,",'" 

to of 
. . 

an lncrease in to 

aUll" ..... elemental oxidation. 
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1.9 ,------r----------------, 

1.8 

1.7 

1.6 

1.5 

1.4 

0 50 100 150 200 

-0- 1.67m o % quartzite Time (h) 
-- 1.67m 9 % quartzite 
-.olio- 1.97 m 9 % quartzite 
-+- 2.13m 9 % quartzite 

... IV ..... :: 4.34: '-''''''Ul<.'' in solution 

and llHIJCIU"' ... 

in the of3% and 0 and 9 % 

1.97 and 2.13 m S·l. Dotted line indicates the onset 

the "IJ'-"U";U eXlpet1nllenta.t conditions. 

4.7.2 ON REDOX 

'-H',,"U,"'''' in the solution redox 

4.35. The final redox n"t.'r,H" attained in the eXI)er1m;ental 

reactors at 192 h was tn'li'er~;elv OrC)Ofwtlon:al hvdr()d1,munlc stress aooueo. 

"u,.ll.I. ..... y in all reactors to the 

increase in llHIJ""-<<O" aOCUUC)fi of An increase 

460 mV to aPlprc.xunal:ely 540 mV was observed. For the reactors r()'nt"<l"n'nO" 0 and 9 % 

VIJ'C.l.4l<OU at an .. u ....... , ....... of 1.67 m continued to increase to 

615mV aO • "" ...... ,'l<. and 588 m V 9 % \.jUiUU'll<O In<>ti,,,,O" at 144 h . 

At a 9 % au::ut~1te 'V",UU"l<. of 1.97 m the redox 001[enUal decreased 

the first 24 h after the u.U' ....... U..I.H UULLI . .l-L1U HI'''.'''''''''''', it remained constant for 48 h at 

apl)rc.xunal:elV 528 m V and increased t;J.,",UU;4llY until the end of the run ....... , ..... JL .. l<. 540 m V at 192 h. 

The decrease in redox n,.,tpr,H" to an increase in the .", .... v,." iron concentration 

due to a decline in the Ull.'lVI.{ll.;<l.l ......... , ... ,'" iron oxidation rate as a of the ... .-...... ,'''''''u 

solids lOa,WIlII! and agltat:1lon rate cOJrrespc::mcitnll! to increased energy W:;:;lp'auun in the reactor. The 

culture appe:are:d to recover 120 h, at which the redox "'nr."r,~'" orc)c(!ecteo to increase 
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a .... V .. \...UUlll'ULl decrease in the "UlLULI,UU 

the time frame of h). 

The nr.tp,nH,,1 in the reactor co:nt~l1rulng 9 % 1-' .... ,"''''-,''"' at 2.13 m S-I decreased from 

532 mV at 48 h to 470 mV at the end of the run. The ferrous iron concentration in "UIUUUU 

ll".J.t:;'1M:;U to aP1Pt<)X1ltnate 0.12 g 1-1 and ..... ,,""u .... '" at this concentration for the duration of the 

at a 9 % ~""L"'H~ lV".uU~ and an llUIJ<::Jll<::J.. of 1.97 m 

L'AlU,",UU'U in the 1.1.'-",,;1'; ...... "" ferrous iron VAJlUaUVU rate, 

to an increase in ferrous iron concentration 

an d a de<:re:as U1 the "v,uuvu No aD1Dru:en 

of2.13 m S-I. 

"Pt",.",,,, .. ,, was ""oo'n,!"'" at a 9 % 

64{) 

620 

600 

580 

560 

54{) 

520 

~ 
500 

0 
13 480 
~ 

460 

440 

and uu.., .... ,"' ..... 

4.7.3 

0 

-0- 1.67m 

-1.67m 

-dIIo- I. 97 m 

-+- 2,13m 

0% quartzite Time (h) 
9 % quartzite 

9 % quartzite 

9 % quartzite 

otentlal in the VL""~"'-'" of 3 % cn:aloop'Vr11te and 0 and 9 % 

1.97 and 2.13 m S-I. Dotted line indicates the onset of 

the "1-', ...... , ... '-' eXf>er:llffif:n conditions. 

OF ON 

IJW""",LVllU\. cell concentration was the increase in solids .v, ....... '" and 

in all reactors 

1.8 X 108 cells ml-1. The rate and extent of 

reactors and u" ...... a".u~ the .... IJ",..\ ..... 

148 

the cell concentration 

7.5 X 107 to 

declined on addition of 

the ... \.J .... UClutU 

to the 
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In the reactor cOlntaining 0 % qUllrt2:ite and op,era1ted at an unpeJler of 1.67 m the cell 

concentration increased to 4.4 x 108 cells ml-l at 120 h. Increa~i1ng the solids loadtn.g and unt)eller 

a recjuc:t1cln in cell ~c)wtn. From 48 to 72 h no I!.'-,-'W'.H was observed at a 

of 1.67 m S-I and cell occurred at a of 1.97 m S-I. Sulbse:qu1ent to a 

was obselved in both reactors. This O1"c)wtn was followed stal1011lary and 

death pn:iliSC::;. For the reactor cotltrulnttlg 9 % qU:ubolte and op,erated at 2.13 m no "'-'-,-JW''''' 

was obsetveld. Cell death occurred over the fIrst 24 h after the m(:re:ilse in unpeller 

and the ad,ditl.on of solids. Thereafter the cell concentration remained constant till 140 h. 

From 140 to 168 h there was a further decrease in the cell concentration. 

5e+8 

4e+8 

3e+8 c: 
0 
'p 

tl c: 2e+8 OJ 
u c: 
0 
u 

::::l 
OJ 

le+8 U 

0 

0 50 100 

-0- 1.67 m 0 % quartzite Time 

-- 1.67 m s"; 9 % quartzite 

~ 1.97 m 8-
1
; 9 (~/O quartzite 

-.- 2.13 mit; 9 % quartzite 

150 200 

•. "JU,,·.., 4.36: '--'u"u~;'- in cell concentration in the presence of 3 % chalcopyr1lte and 0 and 9 % 

qua.rtzlte and imJ)elller of 1.97 and 2.13 m S-I. Dotted line indicates the onset of 

the SP<:Cltled eX!)er:lffil~ntal conditions. 

The increase in cell co:nc(:ntratlon from to 120 h 

at 1.67 m S-I and 1.67 and 1.97 m S-I 

2) for the 0 and 9 % quartz1te lC1amngs 

after the net decline in cell 

concentrations from 48 to 72 h slgrutles that the cells ao:apt:eo or recovered after the 

increase in hydtc)d)rmLmLC stress aPJ)l1ed at 48 h. The extent of recovery was pr.oportlollal to the 

mt(:nSlty' of hyc1roilynamlc stress aPf)l1ed. At a 0 % quartzIte l()adlng an unl)eUer of 

1.67 m S-l the O1"c)wtn rate over 2 was the l.l.lJ'~UC;~l at 4.17 x 106 cells ml-Ih-I. At a 9 % 

qu:Ub~lte loadtn,g at the same unl)ellier the 1!.'-'-'W'J.l rate over 2 was lower at 

2.63 x 10 6 cells ml-Ih-I. The lowest gt()wt:n rate of 9.65 x 105 cells ml-lh-l was observed at a 

of 1.97 m S-1 and a 9 % qu:Ub~lte loa1dmg. The aPl)atlent SP(:CltLC vro'l;uth rate was 
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",-,U,"I-''''''' 4: Results and Discussion I 

cah:ulated for the penlods 48 to 72 h 1) and 72 to 120 h 2) the methcld 

out:l1nf~d in Appen.d1x B.2. These data are preseolted in Table 4.10. 

the I!.:HJWI.U on the maximum 

the spe:cifilc death rate pr<~seltlted in Table 4.11 were determined for each ltnpelUer and 

concentration. The biomass on substrate was cal,culated as described in Ar'pendlX B.3 and 

the SPf:ClflC death rate was calculated as descriiJed in AJ:lpend:1X B.2. The of the I!!'o·wth 

decreased from 72 to 48 h with the concentration from 0 to 9 % qU:l.rt2~lte 

at an ltnpeller of 1.67 m S·l and increased from 48 to 72 h with 1nc:realSUl:g the ltnl)ell,er 

1.67 to 1.97 m S·l in the of 9 % The of cells on iron 

decreased 2.84 to 1.94 x 1011 cells Fe due to the presence of9 % the 

from 1.67 to 1. 97 m S·l at a constant of 9 %, caused a further 

decline in the from 1.94 to 0.9 x 1011 cells g-1 Fe. 

The maximum cell concentration at the initiation of the statioitla1Y decreased from 4.35 to 

2.98 X 108 cells mi·1 with 1nc:reaLslolg solids 10adwLg o to 9 % at an ltnpelUer 

of 1.67 m S·I the ltnl)eUer to 1.97 m S·I at a 9 % qu:art2~1te 

10adin:g caused a further decrease in the extent of P1"()w1:h with a maximum cell concentration of 

1.83 X 108 cells mi·1. in this reactor the cell concentration did not increase above the 

initial concentrations 1.85 xl08 cells mi·1 observed at 48 h before the increase in ltnpeiller 

and the addition of qu:art2~lte to the reactors. The extent of gt()w1:h over a fixed time is 

influenced the rate as well as the cell death rate the &;:J.'-'WI.H 

the hy~:ircidynatruc stress decreased the rate gt()w1:h and increased the cell death rate. 

In a death is observed at all solids 103:dulgS and ltnpeJller The 

SPf~C1tLC death rates shown in Table 4.11 were calculated between 144 and 192 h. The Spc:CltLC 

death rate increased with of stress. The death rate 

increased 0.0012 to 

of 1.67 m S·l. 

a constant 9 % 

h ·1 with inClreas:ing the qu:l.tt2~ite loading from 0 to 9 % at an 

Increa!;ing the ltnlJeUer from 1.67 to 1.97 m S·l while 

caused the rate to increase 

apJ:lro:rim:ateiy two fold from 0.0039 to 0.0082 h .1. A further increase in the ltnlJell,er 

from 1.97 to 2.13 m S·l caused an aplprciXl1nat:ely 5 fold increase in the SPf:CltLc death rate to 

0.0386 h· l . 
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rate as a o and 9 % 

2. 

Conditions 

0% 

9% 

9% 

9% 

1.67 

1.67 

1.97 

2.13 

4.7.4 

1.67 m 5-1 

1.67 m S-1 

1.97 m 5-1 

2.13 m 5-1 

Growth 

0% 

9% 

9% 

9% 

72 

48 

72 

o 

OF 

0.010 

-0.001 

-0.029 

-0.030 

w/v 

2.84 

1.94 

0.90 

as a .... ,.',..,..n'" 

4.37. At 0 and 9 % 

0.012 

0.011 

0.008 

-0.005 

of 1.97 

MaximumceU 
concentration 

4.35 

2.98 

1.83 

ON 

0.011 

0.005 

-0.011 

-0.017 

2.13 m S-I at 0 and 9 

Time at 

120 

120 

144 

death rate 

0.0012 

0.0039 

0.0082 

0.0386 

lU"Ullj,l': and llUIJ<;jUIeJ. 1S 

the iron release curves that the "U'.UUll1" iron concentration 

increased to 192 h at a 0 % to Ata 

9% of 1.97 and 2.13 m the initial 

increase in Ull.IUJJllM:;U iron JllL,wr:ll the same trend as the reactors run at the lower llU", ... ,U ... A. 

the rate of iron to 148 h with a 

144 to 192 h. that the increased 

1.67 to 1.97 2.13 m S-1 at a 9 % "lu.:uu,n<; ioad1nlO" 

caused a in the concentration of iron Astheexp,erune!ltProgres:sed h 

this ...... , ............... concentration of iron ;)V"UU'll1;) was not 

...... ,.uv ... of but also time of ","","V,c·",." of the to 

the 

Iron 3 in all reactors. At 0 9% an 

1.67 m there was an increase in the V.LUIUV'U iron concentration over the 
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48 h after the inoculum Phase 1 was followed a " ........ 1-"'--'- lncrease 

In solution iron COloc!!ntratlon over the 96 to 144 h 

lncrease from 144 to 192 h. The initial slow lncrease In released 

cOlrresP()n(ied to the rate of the V.l.l~'Ull"j'U" 48 to 72 h 

time retlorltea in Table 4.10. The increase in the 72 

to 120 h was aCI:otnpauled an increase in iron rate as "n',,,,...,,p,, In 2 

iron release curve. 

~.---------r--------'r-------~-----------' 

30 

'"tl 
0) 

20 '" S 
..0 

-§ 
'" c: e 10 ...... 

0~--------;---------~------~-r---------4 

o 50 100 150 200 

-0- 1.67 m s·'; 0% quartzite Time 
-8- 1.67 m 9% quartzite 

-.t.- 1.97 m it; 9% quaru.ite 

-.- 2.13 m 9% quartzite 

4.37: '-'''~''F,- in iron concentration in the pr~:sellce 3 % ch:a1ooP'1{111te and 0 and 9 % 

1.97 and 2.13 m S·I. Dotted line llUjU"".U::l> the onset 

of the "I."' .... u.,;;u eXl)erlnllental lines indicate the of 2 . 

The "' ...... ,,;'- In the rate and extent of iron sollut,1l1:;atllon as a .I.U •• "UlUU of .l.UaUUjll!, and 

IS more 4.38. The "I-'<:; .... u;,'- iron oxidation rate 

was ..... ' .. U!l1l<::U and 2 

B.2. iron solubilisation rates at 0 and 9 % 

of 1.67 m S·1 were in 'V"U.llJ'~ and an 

of 1.97 m S·I the iron l>UJlUL'll.I.'," rate was lower in in 

t'UlttnlertI10re, in 1 at a 9 % nll<.rt?·'tp "J".Ull.'I'. 1.97 m S·1 the 

iron solubilisation rate was 1.7 than at as the 

prl::>Ct~ealea and the culture was eXl::10~;e(j to the elevated 

stress for an extended the SP~:C1tlC iron solubilisation rate at a 9 % 

1.97 m S·1 U"'~llLJl"U SlgJrut1,carltly X 10-4 to 7.22 X 10-15 g Fe cell·1 h·1 in 

2. 
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4.38c fJ.L<,;:'UUL<> the average iron oxidation rate over 1 and 2 and the 

extent iton sollut:,1I1!;atllon over the course the eXTJel1l1TIf!nt. The extent 

48 to 192 h was calculated as the fJ ..... , .... '" •• L"l~ .... the iron content m 

the reactor (5.9 g) 1..1:1<'''''';:;U 

Oto9% 1.67 m ma 

decline m rate from 5.7 x 10-14 to 

4.9 X 10-14 g Fe cell-I h-I. 1.67 to 1.97 and 2.13 m s -I 

"AtU»LAU''--UJ'!'. a constant in a hu'th,·j' U'-LLHH:: in the 

iton "VJLULJ'lll"" rate to 3.5 x 10-14 1.3 X 10-14 g Fe cello! .. p"np,~N",pl" Itis 

""'T"'n~'ro:.r'T" to note that soJlut,1U!;atllon rate was 1 at an 

of 1.97 m S-1 a decline in the average 

V'~'UlJ""''''uvu rate. The extent of iron "VJ,ul..'lJJ."au,vu Oelcrease:O from 24.0 and 14.0 % at 0 

9% of 1.67 m S-I to 8.0 10aUlIIllJ" of 9 % 

and llHfJl:.UC.l. 2.13 m s -I. iron release was not 

in Section "T.\J'.'<:' .. J_ concentration may have been 

an underestimate the iron concentration in "v • .uu'vu. "VJ'UI.. ...... ,,,"u'vu data was thus 

to the status of the 

a b 
7e-14 7e-14 

0 
6e-14 0 

60-14 .. .. 
5e-14 r 5e-14 

:.c 
40-14 ~ 40-14 

0 

~ 
3e-14 .gl 3e-14 

.j. 
0 

.# 
2e-14 2e-14 

1<-14 1<-14 o 

0 0 

1.6 1,7 1.8 1.9 2,0 2.1 2,2 1.6 1.7 1.8 1.9 2.0 

Impeller tip speed (m ,') Impeller tip speed (m ,') 

.. 0 % quartzite • 0 %, quartzite 
o 9 1% quartzite o 9 o;() quartzite 

153 



Univ
ers

ity
 of

  C
ap

e T
ow

n4.38: 

"V.1U'J.lll"",UUU rate 

4.39 

4: Results and Discussion I 

C 
6e-14 30 .. 

~ 

5e-14 9 
25 i;' 

~" e.:-
20 c 

0 

" 4e-14 ." 
" ~ 1l 

-!:9 0 15 {j 
J II 

51 
~ 3e-14 c 

109 
~ II 

,.. 
<: 2<-14 

0 

E 
!l 
'" iii IJ.l 

1<-14 0 

1.6 1.7 1.8 1.9 2.0 2.1 2.2 

Impeller tip speed (m ,.1) 

• Specific iron solubilisation rate; 0 'Yo quartzite 
o Specific iron solubihsation rate; 9 ('10 quartzite 
C Extent of iron solubilisation; 0 % quartzite 
II Extent of iron solubilisation; 9 % quartzite 

!ron ~V.'Ul'.ll.l~"'W.VH rate 1 and (b) 2, 

extent of iron solubilisation as a ~'"''''''''H''''''' 

the ill the solubilised concen tration as a 

!ron 

(c) average 

at 0 

rate was lower in 

9% 

was 

1 for all reactors. In 

2 than 

illcrea:sea in all 

reactors. Phase 2 to 144 h) was release rate, while in 

3 soJlut,1I1~;atllon .. I-'II-'.l'J" ... .u.:;u 0 in all reactors. was 

COfll1rJtn1t:lg the 

continuation of non-llc:to'MrU2: cells. The Cotlce:ntr:at1C)I:J 

solution was to the and u ... ,f.', ..... , .... and 

earlier in the reactors """',P1'·,t.·rt at intensities 

stress. 
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4: Results and LlI.iSLI..ISS.lUII I 

~~--------;----------r--------~----------~ 

30 

20 

10 

o~--------~--------~--------~~--------~ 
o 

-0- 1.67 m 

- 1.67m 
-A- 1.97 m 

-+- 2.13m 

50 

o % quartzite 

9 % quartzite 

9 % quartzite 

9 % quartzite 

100 150 200 

Time 

concentration in the of 3 % ch:aiooo'vn1te and 0 and 9 % 

of 1.97 and 2.13 m s·l. Dotted line onset 

of the SP~:Cltled eXf)erun.ental conditions. Solid lines lllUll.\ .. <tILt; the end of 2. 

As discussed in Section if all minerals in Andina concentrate were at same 

rate, the ratio of to rn."n"t'1S ext)ected to be 0.87. In the at the 

intensities of hTT.rl .. ,vhrn" the ratio was than 0.87 in 

both leach .... u.~ .. ,,·'- in ratio of iron to 

was IJU·" •• U'''.<OU which mineral in the 

concentrate the 

if the ratio was lower than 0.87 in both this 

dominated both at the 0 and 9 % 

of m 2 increased 

rate had increased. This is confIrmed 

the decrease in the solubilisation rate of 111 and the increase 

in the "VJlUIJ'l.I.l',"U.vu rate of iron on reactors. l,v",I,,,,,.. and 

of 1.97 and 2.13 m ratio was similar in both for both reactors. 

to have dominated in both in these reactors because 

remained hAI-,,,,,,,,., 480 and 535 m V. are 

within the redox window where the rate of .... H<t11..VI.l is 

care needs to be taken when tron data as in 

Section if the measured iron concentration was an underestimate of true iron 
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cOllce:nll:atlon, this would have the iron to and the ratios IJH'~ICJlH"'U 111 

4.12a and 4.12b would also be Ull'UClCM.llU"lC:5. 

4.12a: Iron to concentration ratios at 96 h 1) for llU ........ .u ........ 

eXI)erltnlents. Total smioe:nSllon iron and concentrations un,"'''\.U ....... after solubilisation 

of pre:C1pltate. 

concentration 
ratio 

0 1.67 603 1.50 2.60 0.58 

9 1.67 565 1.30 2.34 0.56 

9 1.97 529 1.14 2.10 0.54 

9 2.13 487 1.05 1.85 0.57 

4.12b: Iron to concentration ratios at 144 h of 2) for 

Redox 
Iron 

concentration 
ratio 

0 1.67 615 2.60 3.20 0.81 

9 1.67 588 2.15 2.70 0.80 

9 1.97 535 1.20 2.30 0.52 

9 2.13 481 1.00 1.73 0.58 

4.13: leach rates 1 and 2 the release rate 

9% 

9% 

0.Q194 

0.0163 

0.0088 

the 

0.0113 

0.0075 

0.0050 

0.0000 

Ratio of eu release 

2.1 

2.6 

3.3 

4.40a and 4.40b pJ. .... " .... <H the spe:CUlC r,nt"""'p" Ulll:5l1LLUU rates over 1 and 

2. The "u ........... .... 

observed with iron 

and an UHVIC ....... .L 

UIJ'~1.4ILIOU at 1.67 m 8-1. 

9 % I.jU' ..... UOllC .vuu.a"l'. and 

UU.L"""'vu rate was calculated as detailed in Mnnp'nn"y B.2. As 

Ulll:5l1LLUll rate at a 9 % 

1.97 m S-1 was than at the 0 and 9 % 

to the 

1.97 m S-I was 1.2 

solubilisation rate at a 

than at the same 
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lUi1U.W'~ but a lower 

rate in this reactor was 2.5 

vlJI"IJU;CL 4: Results and 

of 1.67 m S-I. 

lower than at 

the aPl)ar,ent rate is lower at the 

solubilisation rate is rate is a measure of the of 

biomass. stress at have caused a 

due to solid-cell-solid a in the 

rate of the culture. The Spt:Cl[lC r,nn'''''',. soJlubl1l1~;atJlon rate is an 

measure of the metabolic 

Section 4.6 the n1"()rp'"" 

each cell. It is an J.UUCLJ.<C''-l 

r()lnn,',. '''J1U.UllJ.:'dUU'11 is not "' .... ",..1",." 

oe(:autse. as discussed in 

metabolism the 

solubilisation rate at the 

.,... .......... ,"P" mass transfer 

The in 

to ,,"nh"{)~TF'rl mass 

enhanced leach react1()ns UJ..Lv .... j!;u HTI'h,."UP,rl contact hp1 .. ,,,,,,.., the solid and 

have (i) 

and 

,.,...,n1"()up,rl oxygen transfer oxidation rate and 

enhanced the rate <>rt'ul1hr of the 

culture may elevated due to the "V"UU.VH redox notennru 

A similar argum.ent 1S ~ll<_"U.l<:; to the Spt:Cl[lC tron Ulll""LLUH rates, however variation 

1n the measured concentrations due to such as in 

Section 4.6.2.5 may occur. 

Ata9 % 

and llHIJ'-JLL'-L 

74 h 

the 

data obtained 

of 2.13 m of 1nc:rea~;1ng the 

llJ.~.J.<C""'-U h'vdt:odvn,amlC stress. This 

eXl)er1memts conducted at a 0 % 

1.97 and 2.13 m S-1 

to 1.97 m S-1 while a constant J.V"U'-'J.~ of 0 % J.'-"·I,U,.<CU 1n an 

from 0.010 to 0.020 h-I and an increase in the 

rate x 10-11 to 8.2 x Fe cell-1 h -lover the 24 to 

A further increase in the llHI-";JlJ.'-J. to 2.13 m S-1 a in the 

rate to 0.012 i:lUJ.UU'llJ.,,4UcUU rate remained at 

8.2 x 10-11 g Fe cell-I h -1. UC'..J,UJICU when 

,.,.",,, ... " from 1.97 to 2.13 m the aplDru:en 

remained at the lowest lH1IJel.lCl. of 

"1-', ............... iron oxidation rate was of 

1.97 m S-I. leach rate remained the "",,,,,,-.. n SPf:CltlC .... ,.~",,+h rate 

had dec:.Ill1ed; lU~U'-.IUJ.J,~ that the mass due to the increased rate was 
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'-"J""~L"l. 4: Results and Discussion I 

4.40c prc~sents the average SP<!Cltlc copper release rate and extent of copper release as a 

function of solids loadU1.g and The extent of copper solubilisation from 48 to 

192 h was calculated as the perce:nt:ige of the copper content of the mineral pre:serltin the reactor 

g) into The average rate decreased 

mc:re~LS1tlg the 0 to 9 % while an ttnfJelller of 1.67 m S-I. 

H()wc~ve:r. oon1trru:y to the average iron sollul:.ili~;atilon rate the average SPt:Cltlc copper 

release rate increased on the to 1.97 m S-1 while m~untrultU11,g a qU:ttti~lte 

loadin.g of 9 %. The extent of .... r.1nr"'t' release declined with mcrea.smg solids loading and ttnpelUer 

Inlcreaslng the solids concentration from 0 to 9 % qu:tttidte caused a decrease in 

the average SP<!Cltlc copper release rate from 7.15 x 10-14 to 6.78 X 10-14 g Cu cell- l and a decrease 

in the extent of from 28.8 to 24.7 %. the from 1.67 to 

1.97 and 2.13 m S-l caused a stgrul:1Gtnt decline in the average ,-"",n" .. release rate to 6.57 x 10-14 

4.5 X 10-14 g Cu there was no observed at a 9 % 

qUltttidte concentration and an ttnpe.Uer of 2.13 m the maxinJum pelrcent~lge copper 

leached was 7.7 %. This confIrms prt:V1()US tmcilnl5S ttl<i1lcattng that de!;pllte the absen(:e 

in the reactor, the cells still remained mc~talbo.liClillv active with iron and oxidation 

corltrllbutlng to the of the mineral. 
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1.4e-13 

1.2<-13 

1.0e-13 -j: 
== 8.0e-14 ::l 
~ 

U 
6.0<-14 .;;9 

~ 4.0e-14 

2.0e-14 

0.0 

4: Results and Discussion I 

a 5<-14 b 

0 
4<e-14 .. .. 

0 
o 

3<-14 
0 o 

2e-14 
,£i 

o 

le-14 

0 
1.6 1.7 1.8 1.9 2.0 2.1 2.2 1.6 1.7 1.8 1.9 2.0 2.1 2.2 

Impeller tip speed (m ,') Impeller tip speed (m .. ') 

" 0 % quartzite 
o 9 % quartzite 

" 0 UAg qua:ctzite 
o 9 % quartztte 

8.IJOe-\4 ,--_______ C _______ -,-

7.5Oi:-14 

7.00e-14 

6.50.-14 

~ 
~ S.00e-14 

-< 
4.50.-14 

o 
o 

II 

.. 

" 

4.00e-14 +----.----.----.-----,---,...---+ 
1.6 1.8 1.9 2.0 2.1 2.2 

Impeller tip speed (m ,') 

o Specific copper solubili.llatiofl rate; 0 % quartzite 
ill Specific copper solubilisation rate; 9 o/;} quartzite 
C Extent of copper solubilisation; 0 % quartzite 
III Extent of copper solubilisation; 9 ~% quartzite 

4.40: ;::'O(~CU.IC solubilisation rate 1 and 

solubilisation rate and extent of iron "UJlUU'1l1<'4U,VU as a function 

9% 

159 

2, and (c) average 

at 0 



Univ
ers

ity
 of

  C
ap

e T
ow

n

0.020 

0.018 

0.016 

0.014 

0.012 

0.Q10 

0.008 

In this section 

to 

4: Results and Discussion I 

-,-----------------------, 8.Se-ll 

o 

8.0e-11 

7.Se-l1 

~ 
7.0e-11 ~ 

• 
• 6.Se-l1 

0 

+----..-------,,..------.-------r----.-----+ 6.0e-ll 

1.6 

• 
o 

1.7 1.8 1.9 2.0 2.1 2.2 

s 

iron solubilisation rates over the 24 to 74 h as a 

ataO % 

IN 

results from the .u.UjJ'-JU,'-L in the 1-'.I.t::~t::lll study are COlmoarf~a 

m literature. 1rhese 

and .. u,_,Lu .• vlfJ .............. URWO;i1 ..... !JlJ,~ ~'''~tprr'~ as well as The solid include 

conditions are detailed in 4.14. 
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tTl1"'1rr,vprl mass U"J."w~J. rates could to ..,...,,,,,;-h rates, as f'rt",,,,,1-h rate is U\cIU'-"U'.uc on 

the carbon dioxide oxygen concentrations below critical In aOCllt1C:>n, in the 

tron 

solubilisation rates as the iron oxidation rate is a function 

concentration. Gomez et aL lnclreaS,lng the flasks from 100 

"" ..... " ... "'.u 150 to 200 rrl",,,,,;-h 0 f oJ "'/!I'"'''''J on ch:il.lClop'vn1te The 

rate as well as the maximum cell concentration increased with ~n .... ~a~~uj<, rot·<lH •• l1<1 

This lmt)rnVernetlt was ttr1hntprl to llT1'nr"VP'rl oxygen and 

Gomez et at. was mass transfer 

at the low rot:atl1on:al In ad(l1tl1on. the is 

low cOlnpare:d to the STR at the same "~J.lau.VH rate. of the 

shake flasks over the range of l11'lP."HO'<>tp,rl served to llTl1nU\Vp mass and solids 

,-uua,.,'W.uj<, reactor pedc.rrrla!lICe 

stress. For .... ""."HIJ''-. it is f-IV,OiW .... ''- that at 200 solids sm,penSllon was enhanced .I.'-"U'cu,!,: in 

VU.JIUU'U kinetics. 
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v""'I-"L= 4: Results and Discussion I 

le+9 

ge+8 

8e+8 

C 
0 

':0 7e+8 g 
C 
(I.) 
u 
C 6e+8 
8 

:::0 u 5e+8 

4e+8 

0 50 100 150 200 250 300 

--- 100 rpm Time (h) 
-0- 150 rpm 
-.III.- 200 rpm 

4.42: influence of agltatilon rate on cell concentration Gomez et 

the h""r .. ",n a critical could lead to a ue'...LllJ.e 1!l 

pr()ce:ss perlonmanoe. Pe~ce observed the on the 

of acidithiobacilli at a 

axial or Rush ton did 

not the metabolic of the aCl<uilil0 

and the increase in redox ""otpt"It1<1 

while no <lrtl~T11hr was on"",,,,,,,, ... , 

was seen in the 

At a 0 % 1.67 to 

2.13 m S-1 ..... " ... " ........... uF. a constant o % resulted in an increase in the 

rate from 0.010 to 0.018 h-I and an increase in the tron 

V'L'U"''''''"UVU rate from 6.2 x 10-11 to 8.2 x Fe cell-1 h -lover the 24 to 74 h 

mass transfer 1mor()v(~d the Ul~;l"')VJ.JL'" the culture. 

increase in the llUI-'<;JlJ. ... .l to 2.13 m S-I in the absence of 

the 

a further 

a ue'~""'J'<; in the 

rate to 0.012 h-I and the .;:t"lf'.-ltlr iron solubilisation rate remained the 

same at 8.2 x 10-11 g Fe cell-1 h -I. 
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'-"""-"LC.I. 4: Results Discussion I 

650 ~----------------------------------------------

600 

550 

500 

5J 450 

400 

350 

300 ~----~~----~~----~------~~----~~----~ 
o 5 10 

Time 
l1li axial 350 rpm 

· .... ···0 .. ··· .. radial 630 rpm 

--......--- axial 350 rpm 
_.'--'1;1"-" axial 630 rpm 

15 

The influence rate on metabolic ",..t'n,j'u 

20 25 

the 'U ... l'UHJlllU in the 

I1I:C:SCU',-C of 10 ''"'" ........ l'', Illca.~WlCU in terms 

(2002) out 

460 m to 

However when the ~'L"U'VU 

extent of 

in the UllJlll''''~ 

7.15 to X 109 cells g 1!1ucos,e' 

in 0C' .. UU'U 

studies to Pearce 

cultures in the 

the ........ c"'.,~ 

, .. ";:;'1... .. "'.,,,0: in the ~,-.",,~h rate, the 

agltatlOo rate. The 

the of 

The author 

from 

both the rate 

also a 

from 

from 2.33 to 3.51 m S·I. As UllS'\';U:>~CU 

of cells on c".~<.ctc an increase in the maintenance 

energy J.'-~!UJ.JL';;;""';;;'" with .... ,-, .. ,-,;;; ... ,,-u stress. Abu-Reesh that the ,,,no,-u." ... 

rate of hybrldolma cells increased with rate 

the increase to be to the cell maintenance re(~Ulrerne:nIS at 

obta1!led in this are COlmtllar~~d to results UUlalllCU in 

La.!lmUji{uc.n: (2002) in 

the influence of ......... .L,;;;.L" ...... ~ llUI-' .... ll.~.L on the UIL'le~LI,;UlIlll by S. metallicus in a 
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while the un,)ell1er 

found to unlPtQ,ve. 

\....!j'''I-'L<::.L 4: Results and Discussion I 

In these studies the solids loadln,g was 

was varied. The results pr€!sentt~d in 

constant at 15 % qU:I.!t2:ite 

4.44 were obtained at 

than the critical impeiller at which prc)celSS pertonnallCe was 

Direct of the JUJyolt;'blis sVsterrlS to the was difficult 

because the structure of the cells the solids loadlnlg was lower and the unpeJller 

were in the cOl1l1pared to the two Jutj'oiob.us sJTstems. "'-";"1""'- these 

dltJterenc($, the results were sinlllat in all three imrestig:ati()ns a de<:re:ase in fJ.app with 

Both JlIlj'olt;bus 1tlcVestlgllltiolls and ch~ko,pYl:ite) 

sinlllat results. In(:re~tsltllg the 1.67 to 1.97 m S-1 caused a decrease in the 

aPJ)atlent SP<!Cltlc j!JLUVVUl rate. A Oel:urle in fJ.app from 0.011 to 0.008 h-I was observed in the 

cOl1l1pared to a from 0.014 to 0.011 h -1 in the 

\Vhen the unlJeUer was 1!l(:re::tsed further to 2.20 m was 

observed in either instead cell death occurred. The results of Laltna:tgnere showed 

that there was an initial decline in fl.app from 0.135 to 0.125 h -1 with margtnal increase in the 

from 2.33 to 2.48 m S-I. A further increase in the to 

3.51 m S-1 resulted in a more decline in fl.app to 0.114 h -1. 

The rates observed were than those observed in 

the This increased rate may be attributed to the different minerals utilised in the 

two As in Section the pyntt:-q1Ilattzlte 

was slgrutlcantly less nutrient limited tha:n the ch::ticIJP1rri1:e-(lu:lcrt2:ite used in the prt$ellt 

This nutrient limitation resulted in a lower rate and thus a reduced apl,atent SP<!CltLc 

gt()w1:h rate. In addition to the between the two Ju,ifolo'bus sys;terns. the 

SP<!C1tlc /ltm;vtn rates were a:n order of in the cO!ll1pared to the 

In ad(:I1.tl1on, the aPIJat,ent spe:cltllc j!.LU""U! rate in the did not 

decrease below 0 over the range of unpeJl1er studied. It is exr)ected that the 

have the h1g!lest appiarell1t SI)eClhc gto'wtn to the sup'e!1()r strength of the 

cell wall cotnp:rist:d ma:nna:n and This cell wall structure would have 

1!lc:re:lsed the resistance of these or~~anisnls to the effects hydr()d'V-ntl.!nlC stress. 
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'U'"""l-'u.J. 4: Results and Discussion I 

0.012 0.140 0.2 

0.010 0.0 
0.135 

0.008 -0.2 

.... 0.006 (l.130 ·0.4 c:: 
IlJ 

'" IlJ 0.004 -0.6 ... 
p... 

0.125 
0,002 ·0.8 

::i. 0,000 0,120 -1.0 

-0.002 -1.2 
O.ltS 

-0.004 -1.4 

-0,006 0,110 -1,6 

1.5 2.0 2.5 3,0 3.5 4.0 

5-1) 

--0-

--l1li-

Li'_ .• __ 4.44: '-'V,UA!J'<U.A,'VU rates for S. cerevisiae \J_,.uU""'~~U"",-L, and 

\'_"""""''''' 2002 and a 

Iron leach data are rr.''' .... '' .. ,,·rl for and the 

10 4.45. Ata9% 

LU",-LVVI'L ... the ",vr,,,,rl',,,rl 

in the at a 15 % was an increase in the rate 

0.076 to 0.107 g Fe 1-1 h-I with an increase in the AU'p .............. from 1.67 to 1.97 m S-l. 

like Gomez et this increase in rate was due 

to .... u,LA .............. mass transfer in the 1. 97 m S-l reactor. If the effect of HTIlr ... ,,,,,,·rl mass 

transfer oxygen and over effect of the lin ........ '."L ... h'vd!:odvn:amlC 

stress llu..'U'-LU 1Oc:reaiS1l1:g the llUIr'Ll.1Cl. then 

Over the range of liUIJCJUCl. solids concentrations the 

extent at a 9 % Ata9 % 
. . 

Lva.ullJ'>< an 10crease 10 to 96 h) 

"1J~;"'Hl'" iron and rnlnn.'!' S'Olulb1l1sa,tlclh "h.,,,,,,",,,,,,rl with an increase in the LU1l-'LJUCl. 

from 1.67 to m S-l. However this initial increase in the rate 

extent of metal '-'ilL""',"'VU due to the UC'~l.UJ'C in the 

the nVar()mln~ltnJlC stress at the in Section 

4.6, of 10 the to lower levels of 
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4: Results and Discussion I 

stress than the ml.crc)-o:rgarusms in the could stem from nutrient 

limitation to of 

the 

rnn'"Mho i.e. the effects of hn~"E'~'''''< stress \..UUIJ.";:U 

with nutrient stress effects of mass transfer. 

0.12 0,012 

[J • 0.10 0,010 -'-0 

~ ~ 
0,08 

0.008 

0.06 

0,006 

0,04 
Il.l 
'oj .. 0 

~ 0,004 i:l 
...c: 0.02 
;;! 

..!:l 
c:: 0.00 8 ...... 

...c: 
;;! 

0.002 ..!:l 

• c:: 
8 

0 ....... 

0.000 

1.6 1.7 1.8 1,9 2,0 2,1 2.2 2.3 

• Sis sing, 2002; 15% w/v quartzite 

[J Present study; 9% w Iv quartzite 

... "' ... u;; 4.45: CotnpalrtsC)fl rates for and ch:iIlooP'V'rtt:e 

as a function of llllIJO;:;J"'O;:;J. at UU':UUOllC lU,",Ulllg" of 15 9% 

Gomez eta/. that the final ""v"",",''''''',''' were similar in tests run at 150 and 

200 rpm and rates of 150 200 

the extent of "V1U'/ll;)"L1VU was 89 and 84 % ..... · ...... ,r .. "'p Here mass transfer limitations 

are cited as the reason for the solubilisation. The mass 

transfer to 1mIDrc::>Vt~C conditions need to be accounted for before addrc!ss,lnQ the 

effects of who 

at solids concentrations m,eS()plllh!s were able to LU'11UlUL in the absence 

of mass transfer limitations. The authors discovered 

the reactors, the decline in 

induced lll\. . .L"""llll': the "n1~,,;-'nM rate from 390 to 450 

after .. ""...,n,,"'''' the oxygen llU,lll<lU"'U in 

was as a consequence of stress 

Similar results were obtained in the 

in Table 4.12 it was that at a 9 % ""n"'''''''''' 1\-,a"Ulll~, lllL!,o;:;a"UJll.!. the 

from Ull,VUIYH to 2.13 m S-l caused a pr()~eSS1Ve decline in the and 

.-",,..,n,>1" solubilisation. 
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4: Results and .LJl,,'-U':S:SlUll I 

4.7.6 

In this the effect of lnc:rea,slDg .va ..... ""'''' from 0 to 9 % 

Ull'JUI':U to 2.13 m S-I on the ulu'l<oa ..... UJ'u14 was 

of In(:re~LS1t:Lg al"'.""UVU leachllng were observed at a 0 

lUaUllJl14 and to a limited extent at a 9 

1.97 m S-I. of hvcirO(jvnamlc 

lU.'u.u .• )!,j L<O",UH.<OU In lffiot()ved mass transrer and hence "n"'''","~.rl 

above a 

transfer were 

hVl1r(),rlv1n<lrnlr stress, the "',.,o,h,,,,,, 

solids caused a 

to those observed for 

in the extent of 

.u.o.un,¥. increased the 

the collision 

U>"".IJ''O' ..... u in these events. At a 9 

increased 

tron 

In 

1J4.I.U\.1<O" In "VJ.uw.va 

of mass 

stress. The 

while 

as the energy 

above 

the effects of stress on orc)ce:ss pertonna.11Ce were ".j<.uu ...... au was determined to be 

1.67 m S-I. 

In 4.6 and the current the effects of lUl1Ulll'l/: and UllI-/CJll<O,. have 

been treated In the lU"U'''U'.lo< '''O .... ulva the .... u.,uuu.~;u oflnc:realslDlgsolids.v.o.uu,,~ 

as on the orc)ce:ss pertorrnal1ce is """c",,<oU. 

In this the 

and 4.6.2.2 is ext,encled. 

rate. The variation of the 

the law function. 

4.8.1 

Ul"''-U::s:sc::U in Sections 4.6.2.3 

were to determine the death 

rate with the concentration of 

over time h."""rp,rl for the 

was the of 

4.8.1.1 l)€:te:rmlmng sp,eCllnc o .. .r,'W1'h and death rates 

4.46 illustrates a 

is UC::S\.,,.lUCU and 
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",-"ll,au,<:;.L 4: 

an <:;AIJVll<:;ll 

concentration and 

'<OL'41""''' energy and 

to grow and retJrC,QUlce. 

hVI:lr()Q~rn21.ID1C stress. The second 

may contribute to 

and I 

used. Furthennore a 

111',.1.""'''<:; in concentration. 

rate in 

maintenance 

mechanisms in 00. .... ",_", .. " .... u"u .. a~;,- due to 

stress. If directed to reclUcea. a decrease in cell concentration is 

may occur due to 

affect rate 

increase in metal ion concentration and ionic strenl~th m(~d!un:l, nutrient LULU"'U'-' .. 

of metals and increased ionic 

If substrate Oe(:on:les UlIUC .... · .... 

the 

stress 

4.46: Growth curve a UlI"'!.IJr/,«.! culture in the I-'.LC:1SCIILC of 3 % ch:uoOp'\'T11:e 

lines un"' ... ,''' .... and (C) death 

The and A and C in 4.46. 

conditions stress, rate dominates rate such 
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4: Results and .Ln",-u;,;,!,-, .. I 

Il app == Il 4.14 

<lnt~<lr,,,,nt or measured "",~.' . .I.L,'" rate 

= maximum <M""",;'h rate in the aLlM;;"'-" stress (h-1) 

Under conditions of increased hv(lrcldvnarmc stress it is that the death rate be<;otl:les 

Ilapp = Il - 4.15 

rate in the 

This death rate is a ....... "u.v .. 

stated that hV(lrcloVlnarmc 

ro(lVfl:lnn1C stress. Lakhotia and 

can reduce f.1app oe(:re~lS1t:Lg Il or 

In the rate is eX1Jresseo the LV'~V\"'ll':" .... "Iuau.v!!. 

4.16 

In the m the curve in 4.46, the 

rate 1S concentration, As <:;AIJ'''-LU<::U in 

Section DC(;OIl[leS substrate limited due to 

,L"'''U'LU'~ in reduced ferrous iron in 

mineral 

SOt:C1I1C !1F~''''n+h rate 

1S concentration in the absence 

.... v, ..... ,.u '.La ,,,LV,,,, the rate 

"'~,'1A',' ..... UAL ""U\>UI':,<> to be used as an 

the 

where 

,-u,~.",,- in available 

4.16: 

= biomass concentration at time t 

biomass '-U1Ll,-t;llLL<l.UlUll 

t = time 
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nVI[]IC)Q'I;rna,mllC stress and not 

stress is 

This is 

the mineral. 
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4: Results and Discussion I 

Hence flapp can be of In 

CN unit time and UH.I!U;<t"" 

dea th can be the 

U""'.LU~.U as the maximum rate attainable in the 

rate 

the 

In this 

4.8.1.2 

Pearce 

"U,~"'lH_" of the stress 

1S ChllIa(:teJ:ised 

rate, the biomass is u ... .u .... u 

it was not to determine 

m some eXl)erunen1ts 

....... :v."''''' of the 

law 

rate constant 

as a of time or dltterenlt1al 

rtererLce ,",Pln.",'".n flapp and Il, Il is 

eXl;>el1lIllen.tal conditions 

rate and a 

metabolic 

rate is much smaller than the 

due to the .u'\..VUJ'1-' 

on in the 

4.18 

curves 

reactor 

the 

solids 1 ..... "'rlH1i .... e:KpC!mne:nts were obtained from eXlJerunenlts 

"l<..LLau.vu rate. For 

non-I2:rC,Wlnl! S. cerevisiae 

was ext)os:ea VV.LUUj,,, 1"".,.-t1"n across the range of 0.00 to 0.40 at an """1-'''''''''''''' of 

of 770 was the 

soluble ..... "~ .. ,ln as a fraction of the maximum 

The rate of ...... "~""'n H"""""""' was de:,Cl:lbc:d rate constant, k. The were 

The eXI)Of:Lennal eXlpel:1n::Lenltai data with a correlation 

of 0.954 while the the with a correlation 

of 0.999. An ... "' ..... au'L". form: 

k = 0.00198 cI>233 4.19 

cI> = solids lU"Ull;I~ or 

was r1P.""~·rI for the ael)enlaeltlCe of k on the concentration. The was 

data of Currie of at. a mill cell 
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Pearce 

1090 

where N 

The 

'-<"'"IJL\;;;''' 4: Results and JJL,~""L'::"".VH I 

similar studies and modelled 

The 

cell m 

01'",,,,1',-,-1 the effect of 

""",nN, ..... n rate constant. For the 

a '-V,.HIJ''- 'VJ. ... "U over a 

fraction range of 0.00 to 0.40 at an llUlJfCll.lfC'" of 750 An 

k ::: 0.0202 <1>1.92 4.20 

0.99 was derived. 

to cell ....... , ...... uuvu m reactor. 

was increased in the 150 to 

0.20. The .v."Jw ..... "" law a 

0.95 was ODl:am,eo: 

k ::: 1.278 x 10 -9 NI.91 4.21 

derived all rate data. The 

,..,.-,t1r," rate constant was described rates 600 

600 

600 

law model aPT:)rQ1J!1a,tenless of the 

uq''''',u<.;''''''" of k on the ""'~',">J'U'"U volume t-.. ."rt1r.n 

extended the Pearce 

S. cerevisiae. The author 

rate constant in the <H'r",,1-h 

law hu,rt,,,,, For the 

5% was maintained at 565 

was varied 460 and 850 

Pearce 

the need to 

The 

law 

and oJI.lLLUl.LG-J.J.LUW'H a 

"''-'UU'UU>~'''V between the "1.1, ....... , .... 

'V"UllJ'~ was varied in the range 0 to 

For the UUIJ~.u .... ~ 

maintained at 1 % The fC'-I'_"'LLULJ'" were determined 

ext:;e:t1Jmeltlts, the 

concentration was 

J.U"Ulll'~ and llUlJfCll.lfCl. 
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be 

::: 0.11 <DO.50 

::: 0.014 NO.34 

.... UJLJ.<O.U1U.Ul! was the 

eX1P01:lern of <D was not 

Poor correlation was 

data even 

a 

serve as 

is close to 2 

the 

R2::: 0.98 

R2::: 0.87 

model to 

h~"'·Mr..rl by Pearce 

to .... ",,'-.L,'u<c 

were above the 

Abrahamson 

are 

reactor while if the 

cell-reactor mechanisms. The 

to 4.21 are all 

in these studies. tn 

to 1. The author 

solids (0 to 5 % 

40% to 

of cell are and 

In essence the derived in the studies Pearce 

have shown that can be (<D) 

extent to a law 

::: c <Dd 

= CNd 

C, d ::: constants 

In the the between solids concentration was 

law function Pearce and 
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4: Results and Discussion I 

was used. The 

4.8.1.3 

the 

18% 

method 

data 

of solids .u ... u .. ~ on 

data obtained in the 

10a,CIltlg8 and an llUU .... J" ....... 

111 t\D1DenlU1X B.2. In this 

solids because the 

and aeration was 

was not ........ "', ....... further due to the ... uuc,-, ... number 

out at 0, 6, 9, 

was <1e1tenrurle<1 

15 

the 

it was not feasible to <1eltenrurle !.l. in the absence 

formed at of the solid and intensive 

carbon ..... u."'-'''''- mass 

for Ull''-.'-'.IU''~' 

C01:l<11tlOl:lS of 

in which !.l. was 

hVar()<1"m~rrulc stress to minimise the stress effect on cell 

These data under conditions of minimal cell UalUitl';t: a~'cauLvU and i>U'''''''.ULI« served 

as a control which was 

In the !.l. for all 

in the absence of the 

1.97 m S·l. The 

to be 0.007 h· l , The 

rate at each 

determined between !.l. 

As observed by a 

solids The data shown 

data the law 

between the and 

was determined to be: 

was 

law 

in 

as the maximum 

of3% and an 

under 

was 

in the 6 to 18 %. 

as a function solids 

In 

rate 

conditions was 

as the maximum 

J,<:;,au'uu,,,,,+, ""'"",-uu'"'' the aelpel:lal~n(:e of on 

the 4.47 was obtained 

UJ.JJLllLJ.ll"J,"~ the sum of the squares of the 

The law model for the V.L<;",;::l.Al 

;:;:;: 4.61 X 10.5 <1>1.66 R2 == 0.98 4.26 

173 



Univ
ers

ity
 of

  C
ap

e T
ow

n

0.007 

0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

0.000 

4 6 

• 

.L.>!'YU;; 4.47: The 

4.48 shows 

constant. bUl,thc~rrrlore, 10 

,-,U"I.JC' __ L 4: Results and Vl~;CU,;S10>fl I 

8 10 

measured 

modelled 

12 14 

10a(1Jng (%) 

• 

rate constant as a function of 

1.97 m S-I. 

between the n .. ,>rl1,,..tp(j 

16 

the 

on 3 % in the pn:sellce 

18 20 

This is consistent with the ffil.crC)-Clrgarulsnls in these 

the genus JuqOtOI7le(J'with similar cell wall structure. 
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'-'''''''f'<'-L 4: Results and Discussion I 

0.012 .,-----------------------'" 

0.010 

0.008 

1l 0.006 'll 
"8 
E 

0.004 

0.002 

0.000 

0.000 0.002 0.004 0.006 0.008 0.010 0.012 

• 
o 2002 

L.O'ffilJatlSO'll between the eXIpel:1IT.len.tal death rate constant, measured 

used to ..... "', .... "tp the model and the data of and the .. ", .... ,;.u.:;u SfJecll:1c death 

constant (kdl for solids 'U"<ll<J.~ e:l{p(~nrnetlts. 

In Table 4.15 the ext::1onent of <I> from 4.26 is COJmpart!G to the by Pearce 

of 1.66 deternun(!d in the and ...... aLu' .... !'.JC<.:;J. 

is similar to those UU<<1ll1<::U m the m,resltiglltiC)flS and Scholtz-

Brown of 2.33 and 1.92 .... "1-.prINvpl,, The eX1JO!ler:lt derived in the p ...... " ... >< is close to 

2 collisions are the cell U1~·.L"'If'U'UU mechanism in the 

LO,ffiIJarlS0n between the <:AfJU1!<::U of <I> obtained in the various 

Parameter Pearce Present 

d 2.33 1.92 0.50 1.66 
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4.8.2 REDOX POTENTIAL 

The opleratlng redox can be related to the ferric to ferrous iron of a 

can be dete:rmined the kinetics of blclleachltng (pf!teJfSen and 

For this the rate of oxidation of tron the micro-

or~~nlStl(l, and the rate of leachltng of the mineral as a function of the ferric to ferrous iron ratio 

are reclU11'ed. In Section 4.7 showed the of the rate of ch:aloop'yt11te 

leachltng on the ferric to ferrous iron ratio and thus solution redox po terltlatl. The mineral leach 

rate was de11ve:d I-il.irc)voshi et al. and the redox wirldow 

for opl:un:al c1:1alc:op'yrtlte le:acblOg was apJ)rOlillIlatf~d to be between 450 and 560 m V 

A ShC)Wllnll the det,en.delLlce of the kln.etlc:s of ferrous iron on the 

iron ratio can also be derived for the to 

Hansford getllerated a for the rate of ferrous iron oxidation 

and 

JUI'fokJbus sp. as a 

function of the ferric to ferrous iron ratio. Petersen and Dixon 

redox poten.tlal of a can be determined from the intersection 

reportf!d that the opc:!ratmg 

between these mineral 

oxidation rate and microbial oxidation rate curves, as a function of the ferric to ferrous 

iron ratio. The intersection between the mineral curve and the microbial curve reJ)resel:lts 

the at which the is balanced. In order for balance to be the rate of 

microbial ferric gelnel:atl.on must the rate of ferric of the mineral. If these are 

not balanced then the ferric to ferrous iron ratio will shift until balance is adue~Ted (Pf!telfsen and 

The relevance of the intersection between the curves in deJtinlng oper~ltuJlg conditions 

within the was fIrst et al. The authors 

dete:rmined the intersection between the ferric demand curve for and the ferric 

curves for LtjtJto.rptr:tlum /em)'Jhz,(um and in an effort to undet:stand 

are the dominant iron oXldismg bacteria in commercial processes 

for the bio-oxidation of and The and demand curves 

ref;pf:ctlvelly for the mineral and the bacteria are shown in 4.49. L unlike At. 

lenw)crac.ms, has a .,Hin'1hT for ferrous iron and is not inhibited ferric iron hence the rate of 

ferrous oxidation remains at elevated redox The curves in 4.49 

were derived the kinetic constants for bacterial iron oxidation obtained Boon 

and van and the kinetic constants for the ferric of 

obtained et al. et al. that the intersection between 

the mineral and the microbial curves the conditions redox where the rate of 

ferric and ferric demand is balanced. L has a at elevated redox 

potetlltlals c,::>mpaJred to At. The curve intersects the bacterial oxidation curve 
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4: Results and Discussion I 

ren"lDIl'tlU,1n at a At this elevated redox JJUlClj'UiiJ., leaches at a 

rate and L ren1DO'1tU;1n lbis 

fcrnooxuJa.ns in the U1L'lCii,LU.Ul~ of 

a 

1400 

1200 

1000 

800 

600 
~ 

~ 400 

200 

0 
600 700 800 

pyrite 

uptospin/lnm firriphi/um 
Acidithiobacilllls firrooxida1ls 

L rf!n7n~.tlU;m 

900 1000 

4.49: Rates of ferrous iron ..... '~rt.',.. .. '~ .... from the chemical ferric lCaLUjlU~ of (64 

and the rates oxidation Tlfn1DfJ'ttUJIn and At. 

Arrow indicates of intersection 

ren7twtlUI'11 and curves, 

In the n"'~'''''nT et (1999), Petersen 

and Dixon a is 

observed in the solids lua,UllI'J"; e:!i:p(~runelnts and at each 

'''''''T''·}'.'''''' 11,,,,111'10' as a lUllLUlUll time in the solids lU"UlljL~ e:l{pt!nrnetlts. 4.50 illustrates a 

ferrous oxidation rate curve for a and 

mineral oxidation rate curves for '-...... ""ul-'Y ..... '-

.. h'lt .. ,.n, rate data were chosen since relative and not values are for this 

discussion. rate of to ferrous ratio 

whereas the cn:alc!op'ynl:e curve is raised within a narrow window of low ferric to ferrous iron 

ratios and the rate is "~H1l1L"U recluced at elevated ferric to t"rrf1'''' iron ratios. This 

is a:S'''JUii,lCU with at ferric to ferrous iron ratios 

As the mineral curves rate oxidation of the 

two minerals. iron and oxidant 

demand. to this demand is microbial t ...... ,...,,,, UA.l.Ul"UUll as 
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4: J.'I.."~L"L" and .L-"" .... U."".vu I 

the 4.50 The 

curves and their pOSl1JlOn relative to x axis are consistent each mineral and UlUllcacllllllg 

with mc:rea~;mg 

if 

rrucrcl-oltgarusms or 

u'--" ... ,,"uu curves will shift 

"'-"",,""U of mineral and shift down 

U","Ud ..... of the mineral decreases. 

if the oxidation of 

then the rru.cr()b1:al curve will intersect the HJ..U,n;L .... curve as shown arrow a 

will increase. In the I-'L\.." ..... n 

h) due to the cell 

co:ncl~ntratlon and <>,..t1,,11-., ferrous oxidation the inoculum at 0 h. 

shown in .... VL" •. lU.U", the rate of 1s 

cell 

cOllcentrat1l)nS and the 

b) at an ferric demand and 

elevated redox m a 

the "r t",.11i'u 

faster rate than Ch:alcOp·Vtl1te ..... ,. .... , .... ,);. 

----

chalcopyrite rate 
SuifolobUJ sp. rate 
pyrite rate 

fernc 

iron ratio 

,I.' .,,, ..... <: 4.50: curves as a function of the 

ULU .. '-" .... bioI each a J H"SjUtU'UH"J 

1997 and and 
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'V,,'''+'C'-L 4: Results and Discussion I 

In ,,,.,-n,-," 4.6 it was shown that 1nc:realS1!l,g: AV"·ULlJ,J<.. in the o to 18 % caused a 

decline in nn>n--'<<: pertonnallCe as shown 

rate and extent of 

UU;;lU..I.<U. and a decline in 

From 0 to 23 h (1n,oetllutn 

1nc:re~Lse,d ''',Ull><UlY in all reactors 

and At 23 h, 

a decline in their prc)ce:;;s p,ertc:>maatllce. The 

were 

were chosen on 

4.16 shows the 

to 71 h 

1nte:nslty of 

within which the 

o 6% 

stress "I-' IJ'-'\..' .... 

pOltentlal over 

in 

eXI,erunlental reactors 

The three 

9, 12 and 15 % 

4.51 to 4.56 

the solids 

24 

a 

,-AIJ'-.LllU'-U'L" by ~Ul,l:U\.1C,LUl}{ the in the intersection between the JU"IUU,'YUJ femc 

cn:alo:>p'l'nl:e femc demand curves. curves at 23 h rqJu::::>t:lll ... ',",u,.uu'uu" in the 

reactor was and waSlULLC.'~C'U. 

o and 6 % AV".u.u,J<..", the redox nr.rpr. n., 23 to 71 h At 9, 

12 15 % load11llg:8, the redox 24 to 48 hand "".,""',"'"." 

increased but at a reduced rate \-UJ.HI-'<U.C;U to the reactor 0 % 

in rate was concentration. At an 18 % 

redox from 606 to 508 mV with a 

to 506 mV at 71 h. 

in all reactors. 

mineral over time of the reduced 
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the 23 to 71 h time 

Oecrea:se in the 

area for 
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4.16: ~ ....... ~;~ in !-'VILICllU'U from 23 to 71 h 

Reactor conditions 

o 
6 

9 
12 

15 

18 

4.51 and 4.52 

ferric demand curves 

6% 

under conditions 

culture ('t'I".,,;:,'r1 Cll.Usmg the 

1.97 

1.97 

1.97 
1.97 
1.97 

1.97 

the 

606 621 

605 607 

605 599 
605 567 
604 565 

606 508 

femc curves of the 

concentrate over a 71 h 

......... , ...... U"JU in the mineral 

As 

ferric 

this 

area available 

the mineral and 

....... , .. 1<, .~~ in the Posltllon 

between the mineral curve and 

increase in the VIJ'<;J.",LUJ,lo!. 

23 to 71 h. 

to 

1l1l'L.H.'UI'U curve 

in the transition 

in the reactors rr..1T<I"1"I 

180 

o to 18 % 

636 
618 

613 
595 
584 

506 

and the 

of 0 

the mineral curve 

....... , ........ 1<, due to (i) 

into account these 

mCI1C3lQn,g an 

a to c. This 

" 
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--

Ferric/ ferrous iron ratio 

• mineral rate 23 h 

- ~ - mineral rate 48 h 

'"'"0",, mineral rate 71 h 

Ju!loloims sp. rate 23 h 
Julfoloims sp, rate 48 h 
JUlfoloims sp. "lte 71 h 

4.51: IJrOIDOSI~d 

conditions neJr.!;~!,1bJle to mild hv(:1roldVloarruc stress. 

and a under 

of interest hpj",,,·,,, ... the mineral curve and the HU'-.L ... 'U ...... curve. 

4.52: Ma~~1tlca 

the intersection 

intersection 

Ferric/ ferrous iron ratio 

III mineral rate 23 h 

- ~ - mineral rate 48 h 

"' .. 0 .. · mineral rate 71 h 

Julfolobus sp. rate 23 h 

J ulfolobus sp. rate 48 h 

J ulfoloims sp, rate 71 h 

m 

ll ... o;;;.L'~"L h"tn,'ppn the .. uu"uu curve and the ."",. .. ,nl"\-.<> 

(b) 48 h mtersectlon 71 h intersection 
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4.53 4.54 curves of Utl~IIUV,UJ culture and the 

concentrate over the 23 to 71 h in the 

of 9, 12 and 15 stress The 

mineral and microbial curves are 

a 

"'-U'YUY. a reduction in 

The microbial curve down 

with a concomitant downward 

an increase in the iron and The 

shifts to the in the op<!ratmg 

redox I-/Ull;IIU'U. Over the 48 to 71 h to recover from the of the 

stress '-U'UUJ".,u'"". The microbial curve shifts "n""''''rl with a "llJ.".iJ.UU"A'I'''' downward in the 

u'""" .... .c,'" curve due to LUI,IWIUC;U .......... " .... ")<. and the tntlcrs,ectlon extent 

of this is redox 

I-'Ul' ... U ........ in the reactor \.jUiUUOlU: decreased from 23 to 48 hand 

48 to 71 h. The redox !JUI',-"""", 

above the 23 h redox 

at 71 h, the 

at 12 and 15 % 

redox I-/Ulll;UU<U increased above the 23 h fJUILI;UU41 at 96 and 144 h reS1Jeclt1ve 

- -\iI--

........ ·0 .... 

4.53: 

iron ratio 

mineml rate 23 h 
mineml rate 48 h 
mineml rate 71 h 
SlIlfolobus sp. rate 23 h 
SlIlfolobus sp. rate 48 h 
Sulfolobll.l sp. rate 71 h 

,",UI"au,", curves for ch:alClop'vrtl:e and a 

conditions of mild to tnterrne(:11ate hvd.t:od,vn:atnlc stress. square indicates 

microbial curve. the mineral curve and 

182 
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4.54: LV.L<I.}{lllU'-" of 

the intersection 

intersection 

4: Results and 

Ferric/ ferrous iron ratio 

mineral rate 23 h 

mineral rate 48 h 

mineral rate 71 h 
SUlfohbllJ .p. rate 23 h 

SUlfohbuJ .p. rate 48 h 

S ulfohbu" .p. rate 71 h 

bel:we:en the LAW""" .. '" 

48 h 1!ltersec:non 

the 

I 

in 

the 23 h 

71 h intersection 

and 4.56 show the curves the f"/lflW,flUJ culture and the 

ferric ........ , ... "' ...... curves Ch:alClDp'iTrt1:e concentrate over a 71 h 

a '''I'S,' ..... , ........ , ... , decrease in cell concentration comlJaI'ea to the 0,6,9,12 and 15 % 

hence the overall ferrous oxidation cat)ac:1tv of the declined. It is 

23 to 48 h, on addition solids to the reactor 

18% 

15 % led to 

from 

the microbial 

ferric supply curve shifts low .... "Jul'~ .. to intersect the mineral ferric aelmana curve at 3 

Two the intersection fall within the redox tJu·, .... ,.Ju.... increased 

rates The intersection arrow b is 

."" ...... ,,,.1'; under these \..VJUUlLUU'U". From 48 to 71 h, 

the cell \..VU\..'CULU'UU'U microbial curve remains at the same DC'SlI:lOl:l. 

,..mTM1·pr the mineral curve downward due to continued leachJtng an increase 

in the total iron left the 

VIJ'-J., .......... at a redox ooterltla.l. This in 

reactor co:ntal111Jtng 15 % Utu.l.£,l"'" decreased from 23 to 48 h with a decrease 48 to 

71 h. 
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• 
- --@--

.. ··0 ... 

4.55: PrOlDosc~d 

iron ratio 

minernl rate 23 h 
minernl me <IS h 
minernl rate 71 h 
SlIlfolobus sp. rate 23 h 
SlIlfolobus sp. rate <IS and 71 h 

........ , ... "'u .... curves for and a .JUtTf}l:(}fJlll.r under 

conditions ~~p"~u,,,,, stress. 1 and 2 llH.L1"';,ll<:; intersection 

of interest between the mineral curve 

• 
iron ratio 

minernl rate 23 h 
mineral rate <IS h 
mineral rate 71 h 
Sulfolobus sp. rate 23 h 
SuIfolobllJ'sp. rate <IS and 71 h 

11.' ... u .. :: 4.56: ....... "'!;.u ..... ,," of the 

intersection ofinterest between mineral curve 

intersection 71 h 
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i<UUUV"'" t<!chru(lue ~J.t;"'C.'H<:;U here may also be as a tool to the redox 

the iron oXlda.tion rate of the u .... ,,<C,,''-uu.)', culture and the rate 

of L"" .... UJ'U~ UJ.,ULL ..... <U as a function of 

1S 'C"IJ<o'", ....... ,y H".-.,,, .. t,,nt 

This v,,_,"",.u.v 

ch:iIlc;o01vnt:e u<o'-"'u,,<o, unlike other less .L<CL,4LL .• u,un 

v!-',euu<u "_"",,'ULJ'~ of '-u ........ "''"'v ..... ,'- 1S "PO.t1"1,f'TP·{1 to a narrow redox potential 

to iron window. 

4.8.3 CONCLUSIONS 

In "<O,",!.LVU it was shown 

the of the 

in the form of a 

death rate constant in the n-;-""""h 

law 

at 

can 

solids 

JU~'Ull'!':." other than those used in !.Lv. .. , ... ">, between the 

death rate constant and 

correlation with the eX1Jel:1tl1len.tal data from the 

Further """LtV"." 

and Dixon 

redox .... " .. " ... ,.." 

the 

.ua.UllH' and time. In addition 

10 a Ult;0i'C,,;t;UU1)', 

Illllllt:r,U ferric demand curves. In the f-'.L\.,""'lH 

U'J()'IOI7l~J· culture and the ch:alc;op'l'n1te 

in the solids 'V"UllJ.~ e:l(p<!nrneltlts 

COllC(!ntJratilon it was to lmOrC)Ve 

iron oxidation of the culture. At lower 

to a 

of Ka'wltnl!s ct al. Petersen 

to 

method may be used to the 

curves 

that at an 18 % 

.<O .. ,'-''-.'u)', the microbial !<CLLUl'" 

microbial <If'tiV1i-v 

that were not 

,,,,,,,,-u,u)', at the lower 

t;UllIUll.!t;l.VC to 

'V", ....... .",,, was 

than at the 18 % 

and '<Cd ... UJLU!':. in the reactor 

lower 

nn'Op",.,.p(1 at an 18 % 

this eXlemlea 

H;;al-H"u!':. time were extended 

continued at a low redox >,UL<Olj'!.Ldl, a 

U<UU,lIL'C concentration to the 
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In this cmlpIC~r of m(:reaslng h'rt1,.nrl1T,n".-n'r stress, UllU,",,,,,, ll .. ,l. ....... ',,"1':. solids iOa.atnlg 

and llHiJfCl""l. pettormance of the were assessed 

of llU" .... 'U. ....... 

For the 

sets of 

on the 

The extent of the adverse was found to be a function 

m rate and extent of "",",,,,,j'h and 

Vl\.,Ulll1"".L1UU was 'V"'·Uli.'1':. and llUiJUl1"l. 

of the stress to be I-lu:>IICJlcuwithin three 

The fIrst cluster "UI'"~'UO''''''' % 

of stress to the nu.crC)-org:;lnli,ms. The 

reactor peltto.nnanc:e to the first 6 and 9 % solids lU".Ull.l>' at an 18 % 

a """'~l.u.'L m was 

The obtained in were to ..... U'-JL .... ~""Y 

reactor ~,,~h"n'~ from literature. A similar trend of a UC',lC:d.::iC 

with mc:rea~img nV(irO~lvn.amlC the 

effect miner~ "UU"'CUI~41~UU, the 

as oxygen and 0 f 

prc>OUlCtS "ViALL1U''''''''''' to stress in the stress could not be 

were able to of 

stress in the absence of "lU'lUI!''';d.1 stress. The 

tn .. · .. ti1 ........ all other rn~·rllT'nn 

was not oxygen or 

Ch~llCClpVlr1te to !eaChJlhg 

the 

This 

nutrient stress COlrnt.OUlndled the 

nutrient stress to the nu.cr()-Clrg:ant.SrI1S 

hvcir()d1nuLrnIC stress. 

Further of that the spe:Clttc rate increased in a law 

fashion with m(:re~lS1rLg hvd1:odlvnamlC law """"'-'.'Ul111l'. the "''''''''''-''';>1111-' 

between .uaUllJ'!,; and the Spt:CUIC death rate constant, was derived. The "'"l<""~'" , ... u""." .... that 

a be use to the effect of solids on the death rate 

constant of ju"otOIJ~IS m 4Jo!.',I"'.fCU slurries. The law 

was the data of of the solids .LV".Ull.Ll'. tenn in the 

model was found to be close to 2 in the solids .Ud ....... 'Jo!. study UV.L"UU11':. the of Pearce 
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(1993) and ..., ...... ,U1U'-"uj'U 

reactor is "V,L<u·· .. "u-" 

the data 

4: Results and Discussion I 

the 

et aJ. 

~H,'U .. O" observed in the 

mf~cn:arusm of <.UIH .. ~," in the 

Petersen Dixon 

1n the 

a 

1U"JW'LA_ then nnp""Nt'l,n- of the 

This 

I-' .. ~, ... '-'''''-", as in recent 

the within a narrow 

have 

W1Jrld,()W can lead to 

On "".u.",,, of the JJ.",,,~,o;;;UU"'LH solids 1va,Ull,'l'. and llUI-''''Ll'''' 

'-!Y.1.lU,llIC lU .. U11J'l': and 

were "'l',u"''''''uo., were 'u,.uu~"u 

the results the LUJ,HUll .. ,;U e:Kp(~runelnts. 

187 

COlrltrOltlng the redox 

extents 

the critical 

hv(:1roldv:nru:ntc stress 

This conclusion was 
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,-,".aUL",- 5: 

In '-'!J'''lJl\ol. 4, pr<)ce:ss c'onSlO.er~m(>ns were 

at a 

in ___ .. 'aOJ' ...... 4. The current Ch~lpt(::r 

stress at a 

solids IV".u.uJI~ 

to det,errntine 

the 

188 

to 

to 

were 

hvdr(")d1"'n~LmlC s tress was 

an 

of hvciroldvnlamlc 

stress, on 

UOJ ... ",.u ... oxygen utilisation rate 

Dual tiu<)re!!CellCe "L .... J..LU.J'~ 
SDS 
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5: Results and Discussion II 

.... .L,J.LIJ'uu'.U~a is defined as the "uv'"'uu of form and structure. In this section the form and 

structure "mu'Mlu"" cells are after to stress incurred 

observe 

as wet V.I.~;V4J'" 

of cell size for the 

Reactors were and 

without extensive 

of cells from a limited - .. -.-~-

contrast ffilcrc:>S(;O[IV was used to 

this method was 

be viewed 

(6 500 to 40 000 x) 

a scallnttlg electron ffil(:ros,cotle 

.v",uUJ,!.!. e:l{pc!rtrnelnts was 

contrast was to examine the in the 

1.67 to 2.13 m S·I at 0 and 9 % of 1-'."Hh"VU.1 .... cells. 

'-''''''UI''''''' were removed from the reactors for 30 min to remove the of the 

llllCl1"lUl::S were detected of 

well as a consequence of 1l1(;rC:ii:>.LUl". stress. These 

.... ~,l"..I.,.u •• u~, ,",'-All y 1n 
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1';_2 ~m 

ROlmd, ph.", d""k 

0.0 lwn 

• 
::;'mli, lU'll1(i, pl"''' (I;,k 

~ , 

uWng cell, ph, .. brighl 

[);vi<!ing a:lI, doublet 

• 
Tiay cell, !Olmd, pho"" duk 

05-15!= 

D.m'ged cell, ph ... dod, 
llnocbci:l 

o 
Empty gho.t cell, 

ph""e bnght 

D.m.~ gho'1 cell, 
p« dotn.itlo.ntly ph,,,, 

bright 

Clump of 'slick),' c,,n,, 
ph.", bright 

Figu..., 5,1: Schcmatlc R'Pr .. =tlt>on of cell ,hape<, in!"""ti"" and dimen,ion, ob,=-ro dunng 

h)'drodyn:uruc "':t", expcrim='" 

l'igure. 5.2 to 5.5 P'''''''''t ph .. e con1<"t image!! illu.trating ex.mple. of the different cell 

morphologies presented 1n I'lgUre 5. L Round, pha,e <htk cell. (Figure 5_10; j-ijgure 5.2 arrow a) 

and cell doublet, (Figure 5_1b~ Figure 5.2 a"ow bI) were found mostly ill the baseline reactor in 

the .b,.nc~ of qua"",;te when opetated at low impeller tip 're<'ds- I'olio"'~ng inocubcion, the 

celio occurrro ' ingly and ,,'~e round and ph"e datk. In mid ""p""ential ph .. e, several doublets 

and oce .. ion,lly chain, of cdl, (Figure 5.2 orrow b?j were vt,ihle. Th~ ,tationary ph .. e 

compris~d mostly single, <ound, ph"e d:u-k cells_ 

The r","etars supplemented with quortzite and opt:nItL-d at incrL",ed impdler tip .peed. pre. ented 

I11creased va<iacioo in cell ,hape, and sizes depending "n the intensity of hydrodjllamic seres, 

applied, Cell. 'o<ngiITl<'" app=ed pha .. d""k md round tonging from 1.5 to ~ in';u (Figure 

5_la~ Jiigure 5_3 OtTOW a)_ Other cells r"",,,,ned phase dark and round but were reduc~d in .i:.:e, 

ranging froJn srmll (Figure 5.1d; Figure 5,3 .rrow dJ to n~y t1n)' e~ll, (Figure 5.1e; l'igure 5.3 

arrow.) with diameters of ,pproximately 0.2 to O_S,um. Extreme morphological types observed 

'ncluded ghmt cell, where the m1cro--orga'usms ch.piayed round or ;un""botd shapes sometimes 

",.ith dork 'pots r>OUceabl~ v.-ithin the cytoplasm (Figure 5.le and 5.li; Figure 5.3 ""'OWl, and fl. 
In .ddnion to the'~ morphologi..-m type" leaking cdls Were al,o L'Vidcut (Figure 5,1g; Figur~ 5.4). 

'l'he,e were cl,.",fied as eeu' that had been d;un.ged and from which the cytoplasm was 
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Chaptet 5; Re,ull> .nd DJ>rusuon II 

extn"hng, At tho bJgbeI solid, loadn'll' wJ llDpdler up 'peed" d1Illp' of cell, 'HI< v;,ible 

(Figure _,,1i; Figu« 5.5 >!row '1 n.",.ged cell, form<d lorg< u-reguill clump' CDn<i"ing of 

v.rying cell ,i7~,_ J" .ub«que", ,«tions ,he ,carious cell morphohgie. "" dlSo1l><ed with respect 

to opetatu>g co",htl<J<l" 

Figu« S.2: lm.g< of cells """pled at 72 b fram the b,sdine I<acto< (0 '/. qu:uwte) "I"'!".:<I at 

an Impeller np ,peed <>f 1.97 m ,-,_ a = round. ph.,e d.rk ,ing\<'" bl = double,,; 1,2 = choin of 

coll" 
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Figure 5.3: 1m.go of cell, .. lIlplcd.t -2 h from the ","e10< eo",.in1<'g 12 '/, q\Urt>.1te op.~.'ed.t 

an impdJtr 111' ' pe<d (If 1.97 Ill' ' . • = round. plu", dark; c = empty gOO" e<1I; f= dam.gctl 

Mho" ocll; d = . tn.ll cell,; e = My cell. 

Figure 5.4: Inugo 0:' con, .. m.plcd at 72 h from the reactor connrninp; 12 'I. (JUan-Lite """",ted .1 
." i:npd"" 1;1' ' l",od of 1.97 In , ' .• '>.now. iodieate leaking celli. 
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Ch.p'o, .i: Reml ... ad D-",cu,,,,,n Jl 

Figure 5.5: 1m.g< of cell, ' ''''pled "' 72 h from th< ,oocto, coot1Jnlng 15 % qoutzito "P"'"ted "' 

.n impeJk, tip >peed of 1.97 m •. 1. i = dump of cells 

5.1.1.2 Thr effect of .olid. loading and impe!1e, lip speed on crll m0'1'hology 

The dfect of Jmpdb t>;> ,peed w>. det<TIIllIl<d .. (I .nd 15 % qu.,,";te luoding>. S.mp!<> ",-ere 

,<mov.d from th< «.cu", dO[l1lg nud_gtowth ph'''' •• cttkd for 30 mtn ""d viewed in. collnting 

chamber under ph.,e COOlt.","" , lC(() ,m'g1llJic.ti"". Ch"lng to the dep,h of the count111g 

ch.mboor, io so"", co,"", 1t " ... , ilifiicult tu ob".,n lmage' where oil celk ",-ere lfl foc", but the b .. 1C 

morphology of lhe cd!. con "ill boo di.tIngIl"'hcd. 

A, a 0 ,/, qU1rtZ.L'e Io>ding. IlQ <ignific,ot dllIw:nao in cell morphology or cell concenmtion 

(Figute. 5.6. '" 5.(0) w" ob« .. ""d b<tweeo th< three impdb tip ,pttd. iove' tig:ot<:d. "ilie cdJ, 

were predotni"""'ly phase d~r1: ond ""'old '"mh • di.m"" hetween 1.5 .nd 2 ~n, iodie,ting OD 

visible detrimeotll eff<:ct> dlle to increased hyJwdynarroc ,t",. Ibe" "",I" v,Mare dara 

p""",n",d ,n S"",ioo ('1.7). whae it w:I' ,hown 'hat mcrn,ing Ih<: 1!"pelle' np 'pe<:d .t • (I ' / , 

q01<"1[' loodmg ooly served to inlptoVe rn ... tr:In, f", and ""h.Ilce the m<:ubolic OC'1V1ty of the 

cell,. 

193 
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I'IllU'" 5.&, Image> of o:L ...... pIe<I., 72 ,(rem """"",,"c...,~O··. " .......... ODd op.raltd 

aI ""fIdJc' "<' .pc«I. <>q.) 1.57 Q • ': (1)11.97 m , .• and. (el 2.13 '" I ' 

." 
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5. U.:.2 I; % 'l=rl::fl, load,".! 

'!'he ,dd'oon of 1 S % q,,,,n'te to (he ,,,,,erors re,,,),"'! in "x(reme ch,,,I5'" in the morpholog), of 

the cell, '11,£ rlegf<e ot- cell d,m'ge ob,el"'ed wa, p'oportion,] (0 'he i!ltensily of hyci!c"Jl'tl.mic 

,Ire" applied as c,n b<- ,een by comp",ison of Figu,e 5.7. lhrough to 5.7d .• \l ~ 0 % qu,,,,"ilc 

co<>ccntrarLon "nd,n imp<lIer tip ,pew ot-l.G7 m, L cell, appeared ph.," d.d, 01><1 mumi with 

UWruo"'" h<tw£cn 1.S and 2.0 f1IIl (um", a in fl,f;U'" _,_i ,)_ Inc",,,,"1': th£ gU1mitc co""entrat'o" 

to 15 %, "hile maintaimng on impdk, 'p<£d of 1.67 m ,-" rc.ulkJ In ,ltcr£d cell morpho)o)!;L« 

I:nfommatd,. the quoliry of the ,m'ge p,c",nI£J 101 [ljgur< 0.710 j, r()()' hu, I,w mLcm,eopJ' 

,nal)'", ,howed that '()m~ celli remained ph,," dark 111d round (>!row a) ,,~th dWnn£r> bcroun 

1.5 .. nd 2J! flm and, few clump> of c<lI, (>!row'l w£'c .],0 ,"[Sible inilic1ting 'ht k,ry c<lb w£re 

pre,ent In i'igllr£ 5.7c it" ,em tht 'Ole"",,,!,; Ih£ 'mpdlcr 'pood to I.n m ,-J,I a cc~l«1nt 

quaru.it< loathng of 15 % ",uited In mor£ pmnc)illl,£d ch,ng£' in cdl morphology_ Onlv <null 

cell, (.ppwximaldy 0,78 fUn in Jiatnet~r), Ie.king cell, "nd cell clutnp' (indicated by ",,!Ow, d, l, 

.nd i re'l"-'ctlwly) w~re oi..>.en'c'], :'-10 ruund. ph .. e d.rk cells with" ill.meltT lJetwem 1.5 "nd 

2 fl.11l m",ined U1 m'p£mim, Thu, the incre.",d impdler .peed c.u,ed increased hydrodyn.mic 

,"e", 1'«ulring in ~ <ker .. " In cell ,j,e, .n inc"",< in the numlx:r uf k.king cell, and knce .n 

inc, ... s~ in th~ num"", ot- c.-[I dump'_ \'\11011 the tip 'p£ed "'" fu"h" 111cr£,"ed to 2.13 m ,-', the 

t",mlJ~, of c~lI, p~' field of vi"", d~dined comiderably ~nd mor£ cdl d£bri< wa< found Ln 

,U,p"1Sl0Ol_ S",'eral le~k.ing a, wdl a, gIl"'t cell" cd! dutnp' ,nd cd! ckbri, w£re .bu ,-j,;b1£ 

{indicat£d by aero"" g, c, i ,nd j in [1i~"u:e 5,7 d). 
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Chapter S; R.c,ul".nd Di>cu"ion II 

opeHtM .. =pclIe, tip .peed> of 1.67> 1.97 .nd 2_13 tIl ,-', 

,oo 1m,&" of cdb fmm a 0 '/, yuartzite IeaCtor run aI 1.67 m ,_1,. oo ph .. e J"k, rounJ eeli, 

b= Im.ge uf cell' frum, 1<; % qua,tzite r~tD< run >t 1.67 m , ·1, , oo ph, .. d,,-,k, round 

cell,; i oo ,moll clump of cclb 

coo Im.ge uf cells from a 1<; 'i. qu,,,tzire ",etor run or 1.97 m , -I, d oo ,m,il eeli. ; 

g oo leaking ccll; 1 oo ecli clump' 

J= Im.ge uf cells from, 1<; 'i. qllil'tz"e ,.,eto, run >I 2.13 m ,-I, g" leakiog cen.; 

c = gho« cell; i oo cell clump; i = ecli dcbm 

It ;, ",-iJenr fmm the micmguphs p, ... n,ed thot incr<>;mg h)dmdpHmic Itre., bj' ine"asi1Ig 

"S'utiou tnte",it)' .r • high <olid. concentration (13 '/, quartZIte) comcd "" .ltcr.tion 1n cell 

murpholugy_ Cell, wor< llimform<d from d<nu, round ""uetufc. to sm,licr celli, lcakiog cell., 

goo>t ecn., Hlcky cell dump . =J cell deon. , In<"'''''''ll impeller ,peed mcreo;e, the frequency of 

wlid_cell_soud colli""""., Th< cd! mOfphologi<:> p=cntcd be,c >.IT eharoctcnstic of the,. d"""b" 

even"_ Mild hj'ruoo)n= "Ie" «<uk, J1l healthy cd!. crpcric.ncing minor ~nvelop~ damag~ , 

As d1<e"" .. d in S<ction 2.4, i1though the extent of !In, d:u:n.ge due. not ilircctly ,freet eeli gruwth 

D< met~bOOsm, mber factors <ueh., the rueMe of ccrtam ecli w:all pmtcin, into , olution m~y be 

u"d<med. More <eVere medunical sl!e" le2d, to m.mbr'n~ d,""'K" whieb mllll" in the cclb 

JosUlg thei< obility to replicote duc to "",,!<cocci mcmbrnne ,ntcgnty_ In the extreme """, celli 

rupture and extrude cytop",-sm , .. uItiog 111 ""U debm, 

J..maignire (2'Xl2) ulvosog.,od tbe offeet of hyruooplamie >tlee" on ,be growth ""d morpbology 

uf j', ",,,,,ji,,, in 'hlf'}' , .. ctD<' U,Ulg I!.""""'ill,, eJecl!on micro,;cop)., tb< authOI ob,ained 

""'g<' of the cel/:, exposed lU qu.",jte Io><lmg; ufO .. ><:I 1 'i. v/v 2nd impelle r 'p<'<ds of _",5 and 

~SO '1""_ EXI""ur~ 'D 1 % ~""-',"i'" ~mI ~n unpdler 'p'-",d "f 850 'pm [Of 28 L ,e,ul'ed in 

",pture uf ,he cell e<".lope. Fign!< _~_R ,how, two point' ofl)' .... O<l. ? .. " coll inilicorea by tb< 
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arro"", . 1be image show, disruption of the "ell envelope and the relea .. of cytopbsm 11ltO lhe 

growth m~wn. Extru,ion of cytoplasm also "aused the cells to ,hrinkin size. 

Figure 5.S: Iliu,nation of ~ Iys~ y ... ,t cdlsompled from a S'J'R containing 1 0;. '"/'" quart,it. and 

operated ~t 850 <pm (Jourced from T -1U11aign ' re 2002). 

Com .. and Vive,-Rego (1998) investigated the effect of temperature on S"'P'rilMoCf1U IiJIrrus. 1bey 

found that the cell, decreased in size possibly due to .eepage of the cytoplasm out of the cell 

when the cell memb<,ne wa, damaged by heat. NkoSl (2001) reported .imilar decrease, in cell 

.ize due to desiccation of S. "mlSlm 0<1 cold shock Reis ,I III (2004) studied the effect, of 

nutrient >Ire .. on B. lichm;flm;, and observed the presence of gho,t cells. These cells hod been 

penneablfued a. seen by the disruption of the cytoplasmic memb<ane <n Pigure 5.9, ~nd cOl1tlined 

little or no cytopJ...smic material inside the cell envelope. lbe extrusion of cytopla'm canse, the 

cells to become .ticky and "OI1seqllently the cell, proceed to clump. 

Flgllre 5.9: "l'ran,rni, ojon electron mtcrogtaph of &",l/fli li<fxnif=is cells ' to1"'-"ed of nutrients 

(.outccd from Ret. ,/ ai., 2004). 

198 
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Chapter 5: Remlt>,OO DJ:lcm""",ll 

5.1.2 SCANNING ELECTRON MICROSCOPY ANALYSIS OF CELL 

MORPHOLOGY 

Sc.nning el«tron micm.c"PY (:i&\1) woo 11<ed to d<tefOll1le the eff«t of hydIOdynomic .tIT .. on 

cdl morphoLgy. 'The anal)',;, w", alw u""d "' a (001 to magnify .".1 enable. 3-dime",ionol 

obser .... rion of the nny cd], whicb ~WI( .. ched the detection limu of light mlCtO"opy ot 1000 " 

magnification. Figure 5.\0 pre.en" ~ hlgb magnifICo""" ""'ge of the S ~lfol'/;"i culTIllc growing 

,md"r optimol COrtJuion,. Outing lhe \oglu1lh."ic phose of growlh and u"der mM co,,,lition, of 

bydrodyn..ruc me." cell, appear lo'He, round .nd ,mooIh. A.uniIat morphology w"' ob"",'ed 

uoing ph"'" conUO" mkroocopy. 

Figure 5.10: Sc.mIlllg ek=oo microgr.oph of 0 tnld'growlh pha'" '\"'if"~' c"lm", from 0 

3 ,/, w /v cholropynte ,Iurry « 22 fill> ,izc f,>clX>o) opcntcd .t 1.97 m "'. 

The cell. growing unde' optmul c"nd",o,,, w<re wed o. an inoculum fm the ""perimcntal rum 

cooduct<d.t 0, 12. 15 ''''] 18 ~/. 'Kjv qu"''''~t< l<»<ling;< ""d on 1ffip"ller tip 'p"ed of 1.97 m , L. 

l>!id·log pha,,,. >omple. from reo<:lor, cont,,"'ng 0, 12. 15 a"d 18% w /v quo.rrn(e were prep.red 

by fixing tl>< cdb w'th g1utualdehyde, followed by dehydr.tion ''''] coanng (SeCM" 3.5.7.3). The 

,~mpb ".-ere 'uboequ.n'ly "",wed u"']'" tI", SF\! 1l>e .. mple from the b .. clinc reoctm 

coot.ined mo>tly mund, .mooth cell, (F~e 5.11) repre..,nt1Jlg <YP" ~ from Figwe 5.1. Figure 

S.12 ,bo,,', th.t moot cd], .. tophI from the r=tor COtIlI"ni<lg 12 ~/. q<Urt7.1(e 0pP",red dOlnoged 

OT h,ve coll"p=l. A ,mol. numbe, "f mu"d, <1DOOth celh wc.re vwblc (ur"",. ~) ., ",cere celh of 

",d1lC<d ,i,e (orrow dJ In th< microgropb , howing cell. '=pled from tbe reK'or containing 

15 'i. quorlzi(e, coll.p,ed OT ,bm'g<d cell, domi"o"d (Figure 5.13). t-;o , mooth, ,ou"d cell. we", 

v,,~)k t-;o cell; were ,';,i\>le in >""'ple> (ilk." from the ,=,or contll.l!llOg 18 ~/. quo.,,,i,. (Figure 

5.14). Ev,I".tio" of ,he .. mp1e, b)' ph.", micro,cop)' before ,he flXot;on itep , how.d only cell 

dump. and cell dol"" ,jnuW to tho.< ol»""',,d In figure 5.7.1 of Sectioo 5.1.1. It -" ro"i\>le 
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th" the highly stI<""d a, ,I.mogt"d cell, coclJ no! wt,h""nd the SE.\! .,mple prcpM>.tiO<l 

pnx",Jur" .nd I.I~~ thu. only cell debn. ".'" ob"",,-cd. 

f'igm< 5.11: Sconning clcclIon micrognph of ~ mrl-glOwth ph .. e SN1fo"'b", culm,e hom, 

re>c<or COfltll1nJ<lg 0 "i. w Iv quartzite ,00 operateJ at \.97 m ,", 

\ 

\' l. ~ ~ . . 
" \ J.'" ' 
\ , ~-. 
l ', \U \ B } 

1 .. ' 
,B I " _ 

U X 9" 0 ~ , 1 ~ m ~I b 1 ". . 
Figure 5.U: s.ca.ocing clcctrOll mO:IOgr,,,/,h of. nud_gmwtb ph .. " S"/fokbt ... culture hom . 

teactor comoining 12 % ",Iv 'I""""!!" a"J "('<mod~' 1.97 ttl , t" = ,,,,,,,d, ,mooth ccll; J = 

,mall cdl. 
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5.1.3 QUAI'.lITATIVE AKALYSIS or CE LL SIZE 

Section 5.1.1 p,e .. nted, in part. 0 'luilil>.rive analy,;' of the effect of hydrodynomic .O:e," on cell 

SlZO. In thi, .. erion, ~ guontitati,-e on.!pj. of the chonge lfl cd! ...ize ,,-ith incre""ing 

hydrodyno.mic stre" is pres.nted. ' Ine experimental prO(ocol wu described in Section 4.6. A 

b",e!lflf experiment. 1n which the partjcu.lote phllSe con,j.teci of only 3 % chakopyrite ~nd no 

Illert quanzite. was run with eoch .. t of experimento. 'I"" effect of quatt>ite concentn.t1om, in 

the range 0 to IS % opuoted at on impcller tip >peed of 1.97 m , _t, on the cell =e th,tribution 

wu ev:aluated. Data wete noctno~,ed as dc~cribcd ttl Section 4.6,2. A, mentioned ttl Section 3.6, 

e"-Ch =periment was 'epeHed to detettnine whell"r the ;ize th,tribution run-"s were 

reproduCIble. 

Cell =e W2.' 1iIldy.ed ""trig the CelIl':>e!.> partick .ize on.!),,"', b .. ed on the Coulter pnnciplc, to 

quontify both cell conc=tn.tion md ccll ,,;U di,tribution. 'Ine cell ,ize di.u:ibution, were 

de>-cribed by fitting ~ four panmeter Weibull function (Ecjn 5.1) to each dimibutiO<l. 

- ('-l)';'["-L ('-l)'J' -['>(';'fr .-1 y -a -- ~+ -- , +--
c her 

'·&1n. 51 

The \X'eibull function w"" cho.Cll over other bdl curvc~ "" 11 be,t desctibed the .hape of the ,ize 

di,tribution curve> over time and ovcr the unge of ""hili lo.ding, utili.ed. "Goudoe" of fit" of 

the We.ibull function to each size distribution WaS .".,,,d .nd the thr •• p",ometers of interest. a. 

band Xc, wOtt obt.rined. P1!:Itneters 11, b ond x" d"cnhe the curve~, illustnmd in Figure 5.15. 

Pomn."r" represet'" the height of the ~pex of the peak. b the width of the midpoint of this 

heigbt and X o, the mod •. 
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Ch.ptct 5: Result:< and D;'cussion II 
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/ t -'" 0 ~- " • , • • • ·c • 

Cd! d.un<,<, (I.Im) 

Figure 5.15, De,cription of., b andXo,. 

S. I.3.1 Sample dala 

In tin. <""tion, a oe{ of data repre"nting typicoJ b .. . lill. (0 % qu=ite) and experiment,,] (18 % 

quartzito) .. oult:< is pre,,,ntod {o enable companoon hetween the ,lZe di,trihutiom and the Weibull 

function pOT.meter:< (pdor to normah,~tiO<l) deri<ced from th .. . dis{ribution •. The.e p.rticulu 

quar{7.!te lo:>ding.< wore cho,,,,, beau.e thoy rot ilIum>!e the diff=nce bclwecrJ. the cell 

nurnbe<-b.,ed ,,,. di.\ribution. in the absence =d presence of significant hydrodynamic sire ... 

Figure, 5.16a and 5.17~ ,how ~ reprosentamce set of cell size di,tribuuons as • funcuOtJ. of time 

obtain~d illring a ha,ehne ",n (0 % quartzite) .nd an 18 '/. qu:utt.ite run. Figure; 5.16b and 5.17b 

ilIu.tnte the change in cell concentration ., a functl()n of lime at the two qu.rtzite loading>. 

Furth. rmore, the Weihull function p=teu a.. b and Xo dcri,.ed from the cell number-b.sed 

;ix" distributiom for {he 0 and 1~ % quartl"te loading' were plotted,. a function of time and ar. 

p,,,,,ented in Figure< 5.18 to 5.20. P,om the;e d.ta, the change; 1n the cell <hmcrJ.sions under 

optimo! conditions (0 % quartzite) and high intensity hydrodymmic ,!re .. conditio,," (18 'I. 

quartzite) are anoJy".d. 
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Chapta 5; Rc,ul" rnd Discu»ion" 
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~ ,.,d , 
! , .. -, 
• ! •. '" 
! .0.-' , 

Figure 5,16, (.J cdl numl=_b,,,,,d ,iu di,trlbutlOn", fuoction of time ond {b) cell 

CDolc<nu.tion". function of tlme,'" O'i" ~uart"'to Iooding"OO 00 imp<U« <ip ~d of 

1.97 m , -I, 

," , ,., 

" 

" ~" ' r------------,b,---------------

L."" , 
i .. "" • 

I .. ,,,' 
,~" '----c---cc----c---------c--~ 

" >00 ,~, '" '" 
1'_' ~ ; 

Fig".-e 5,17: (.J cell numb«_ba",d ili< dimibution .. 0 function of l1me anJ {b) cdl 

oonccn,unon .. 0 functlon of tir= at.n 18 % qu"",i", Io~ng ."d ." imp<lkc rip "I'c<od of 

].97 m ",_ 

Tbc cclJ. ,,,e Ji,tribution, fn< <he ~xpotimo"" at 0 h w<r< ,-ery ,imilir o,,/.o~ to the .l>scnce of 

qUartZ1tt '" <ho inoculum buiIJ-up ph .. e and ",...,fmnu>g ~,OOucibility of the .nalym, At 0 h, 

d!=~~cri>cJ by )( .. _ cell ""mk" ill< OJ,,, di"rioo[j()1l< fO! U .00 18 "i, ~urnz1te laoJing, ,,-ero 

described by , n.HOW Ji>tribut1on (illusl'"''''g \Ontfortn1ly in cd! ' '''<J with ~ small .re. on 

jmeg"uoo (illustratin~ 1 low cclJ. numlx4 A, W'.w<h p'ogro,,,d, <1>< di,miburion f", tb< 0 ~" 

qUlUtzlt< loading ~,c,e.,.cd in height rnd breodth mtka('''!! a" mC<<O"" in con cooc .",,,U,,,, and 

inc",a."d n""uon ~, cell dwneter, In .dd,non, "'" Ji'lrihuuDo\ c""'< ,hift<d to til< right 

inJi<ou"g 1" inc«''''' ~, 10-"">;::< cell diame'er 'With 1:1mc. At %11, ill<" cul,u,o =~h<d tb< 

m,,1nlum coil ,iz. (Figur< 5_1(,,) and c<li conccn'ntlOn (Figure 5.161,), IIot~ the b~",dost ,.ngc 
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of particle diameters Ind maX11llum pe.k height ",ere .chieved Th. ,iz. di,trihution fo< the 18 '1. 

quartzite 10lding showed an increase in height and breadth ovet the fir.t 24 h, At 72 h the 

disttihution decreased in height and increased m h<e:idth. The heighl .nd breadth of the 

dIStribution =in.d const.nl up 10 144 h whe, •• fccr the bre.th of the curve m=". d .nd the 

height r<:tllrUned constant. During the 72 to 168 h period the ili,tribution ,hifted 00 the left 

indiatting a decrease in Ivenge cell diornete' during thi, period. The cell concrntntiO<l 

(c .. kulared by incegratioo of the disttihution) in the absence of quart:.<it., in",.ased from 0 to 72 h 

after which th. culture ontered to 'tltionary phase of growth and the cd! number remained 

constant Figute 5.161». Th. cell cO<lcenttation in the presenee of 18 % quartzite decreased .fttl 

24 h, the tune at which quartzite ",.as .dded (Figure 5.17b), A minimum cell concentration ",-as 

am.med.t 96 h (Figu'. 5,17b), whereafter the culture rcmtined in stationary ph .. ,e until the ""d 

of lhe txpcrtrntnl. 

QUOlltito.tiYe analysis of the ch.nges the cell ,ize distributions for th. 0 Ind 18 % quarmte 

loadings were achieved by fitting a Weibull function to the <hstrihuoom .nd deriving pontnctc!s" 

(ape~ height), b (buadth) and Xo (mode) At a 0 % 'l""rtzlte loading paramete'" ~ ond b (FJgUles 

5.18 and 5,19) followed the .hape of the growth curve, being key par.meter, in determining the 

'rel under th. curve, proportional to cd! concentration. P.rametct" (Figure 5.18) inttdls.d 

during the grov;1h phase (0 to 72 h) from 6,8 x Ill' to 1-8 x 10' cells mi·' .nd stabilised It 

app'o"jmat.ly 1.7 " 10' cell. mi,' between 72 and 168 h ",!ueh coincided with the ,tattonory phase 

of growth (Figure 5.16b). Parametet b (Figure 5.19) mcrea,ed during the growth pha •• from 0.27 

to 0,41 fUn>! 96 h, From 96 to 168 h, b r<:tllained .table at thi; value, Tlris illcrea,e in the 

Mation in particle ili.metet of ~ tlpidly-growing health)" culture coukl he r.presentative of cell 

doubl. t, prec.ding cotnpktion of cell ili""ion, lbi, .ssumption i, ".lidated by the tnictognph. 

collected millg phase contr.,t optic" shm.1ng doublet< dunng the growth ph.se of the b .. ,<line 

culm .. (Figure 5.2). At an 18 % quamire Io.ding, parameter a, describing the height of the 

dI,trihution, mcre ... d from 7,7 I 10' to 1,3 I 10' cell, mi" over the fun 24 h during the moculum 

build-up phase. Afler the addition of qu.'lttzite to the re.ctor," dedned to 4,9 ~ 10' cells tnl·, .nd 

ret=in. d clo.. 10 thi. value for the retnainder of the e>.-peritnent. P.rameter b incre .. ,.d from 

0.25 to 0.38 fUll. from 0 00 72 h, and subsequently d.crelS.d to 0.3-1 jlffi at 144 hind retn2ined at 

thi, Yalue till 168 h. Iti, observed that the ,ize di,lribution (Figure 5.17.) chonged frOtn I normal 

dj,lribution pr>or to guaroile addition to be , ke",,,d to includ. an expanded t:ul on the right hand 

,Uk <m1ng to the presence of p.rticle, of the larger p.rticle diamete'-"" At the high gll>ttzite 

lo.dmg, the large.r partie!", possibly originat.d from d.mageJ cd!s becoming 1eakf and hence 

',ticky' and proc. edmg to clump or :oggregate (&ction 5,1.1). In addllion. hec.use these dump. 

Were of vor)'mg <hornet.« ond integrines, th.)" =y ha". been partially btol<en up during the 

dilunon ph .. " of the analy"', procedure, causing the noi,y S'8"al as observed on the right t:<il of 
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Ch~pler 5: Results and DiscussIOn II 

the .iz. di,tributions (Figure 5,17~). The pre,ence of these clump. was confinned u,ing pha,. 

CO<1tra,{ optic. (imaS"", no' ,)x",;n), Sirnilat clump' C!lU,eJ ~' exce"ive hydrodynamic me .. 

we~ , eL'tl in irnpdlet tip .peed expenment, (Section 5,1.1. hgure, 5.7c and S.7d) where the 

aggrega,e diameter m the absence of breakage tonged from 2.5 to 5 fI!TI 

2.~+7 '-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-, 

J UlO. +7 -

1.60<+7 

-" 1 . .00.+7 -, 
i 1.20<+7 

• 1.00<+7 

m 40 00 ~ 100 120 1~ 'm 100 -- " '.', """"'''' 
o 18 ' /' q ... rtnt< 

T .... (1o) 

Figure 5.18: Tim. p.tofiles of p=eter" for 0 and 18 'I. <Juart7i{e loading> op. ""m11t '" 

impeller tip speed of 1.97 m , _1 

0." 

0.42 o. 
"" 

~ 
.. 
"" ~ 
0.;2 

"" 0,18 

0,l6 
0 

"" " " • (Ol ~ 100 12<) 1~ 1m 100 

__ 0 " """",it< 

0 ,S ' . '! ... ",,"" 

Figure 5.19: Tltne profiles ofpa""me{er b for 0 and 18 % quar17i{]: loading« opet1ted at an 

impeller tip 'peed of 1.97 In . ·1, 

The mode of the cell.ize di,tributions for 0 and 1 B % qu,rtzite loading> was • functIOn of time .. 

well a, ,oIids loading (Figure 5.W), An ANOVA compllring the mock of the di,tributions m-er 

time i. presented in Appendh 1'. "Ibi, analysis ,hows that the cell ,i7.e chanS"" 0<1 lnctea"ng the 

quat",i{e louting {o 18 % is significant.t the 99,99 % level. At the 0 % quartzite lo.ding. the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 5, Results ond Discussion 11 

mode increased from 0.90 to 0.97 fUll during the growth ph~se (0 to 72 h). During the m.tiOll>ry 

pha", of growth. the mode remainod constant at approximately 1.00 fUll ov~r the % to 1+t b 

period and <kct<. ... 'ed to 0.98 )'ttl from 1 +t to 168 h. At the 18 % quort,ite Lo.ding. on Xo of 0.91 

to 0,92)'ttl w1S found in the inoculum build-up ph.,e. At 168 h, the mod. declined to 0.83 fUll, 

The,e results runf1l1l1. that 1S the intensity of hrdnxlynatnic ,!te .. incn ... ,ed Oll incteosing the 

quortzite loading from 0 to 18 %, a greater proportion of the cell, occurring singly had decre .. ed 

particle diameter" In ~dd!tion, lhe cd! diamctcr deae:l>ed '" the =penment ptogre,"ed, A. 

discussed in Section 5.1.1, one of the polential oulrutnc. of hydrodynamic cell &l1!t1ge j,; a 

dec", ... in the ","e"g< '12< of tho cell" Cell 'Ize WIt. ros\uhted to decre"e "-' ceU, become 

']".k:y' due to WIn"&,, to the cd! WIlll and memb<one or bec"\lS~ .m.ller cell •• r< more energy 

~ffioenl in. streufu1 envitontr>cnl . 

. " 
• .00 

"' 
" " 

Q,t; 

0-
0 " ~ ~ \l0 'l'_~< 

o lS "loq __ 

I ! 

Figure 5.20: Time promes of parameter Xn fot 0 and 18 0/. quortzite loadings operated at on 

impeller tip spet<! of 197 m, '-

5.1.3.2 The effect of increasing- solids loading aero •• the range 0 to 18 'Y. qu~rt7i te 

The four p~rameter W.jbull func[ion (Eqn. 5.1) w., fitted to the ,ize distribution ",rv. for e.ch 

.omple inter;~ ~t e.ch .011<1. loading in the unge 0 10 18 % quortz1te, Pot,mettls d, ~ .nd Xn 

" .. ~re determmtd. The data for each solids lo.ding over the gtowth phose of the experiment was 

o>-c.-.gcd and 'ubsequ~ntl}' nonnilised avin't th, re'pecLiv~ 0 0/. quortrite da,. (Section 4.6,2) to 

en.ble romparison acro .. the nmge of quart2ite loadings tested. These ~veraged, nonnoli8ed data 

~re pre,ented in Pigu .. 5,21. 

207 
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U 1.05 '.ill ., 
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Figure 5.21, Change 1n pat:unetcr.., b and Xo ",-ith inCrc.1.ing qwu:trite looding from 0 to 18 'Y. 

w /v at a mt"'ont ImpelJ.or tip .peed o[ 1.97 m ,_1. 

Parometer a (apex) temained constant up to 0 quortzite loading o[ 9 %. At a 12 'Y. quort.Zite 

loading the ave""g~ curv~ ar w\\s 0 85 fold the basehne value ,nd decreo"d further to 0.35 [old 

the h.,eline v,.)ue at 15 and 18 % quartzite Ioodingo, At 6 =d 9 ,nd 12 % quartzite loading., 

parometer h decrea,ed by approximately 19 % cOlllporod to the b"ehne. On overoge th roughout 

the Hperiment porometer b WIt, Iughcr at the 15 ond 18 % quortzite loading thon at the lower 

lo.din", of 6. 9 and 12 0/ •. P.r>.melct x" (modo) decre.sed ",-ith 2!l inetease in qu.rtzite load!ng 

from 0 to 18 % indicot1ng th..t there waS , dcchne in the ,vet.ge cd! diameter with mcteastng 

quartzite l""ding-. Thete wo, 0 deete .. e in Xo to 0,94 fold thot of the ba,cline teactor on 

inctta.Ulg the 'Juortzite Io..ding to G..nd 9 %. Ineteasing the quattZltc l""ding ~bove 9 % e>med 

th~ nonnalised Xu vllue to decline to 0.89 "' In 18 '10 quartzit~ concentrMion. These dOl, ore in 

ogreement ",~th the pha.e con"'o" ffilcrograph. p"",ented in Section 5.1.1,2 The ffilcrograph. 

cle.r1y ,how a decrease 10 th~ av~rnge c~il chometer ,,;th incr~",1Og hydrodynamic ,tr~,.. In 

,ddition, combining- the re.uln ['" Xo and b ""th ffilcrOIlC<>pe an,.),..is ,ho"", that at the 6 to 12 'I. 

quarl:l:1te lo,din", the deetease in b i, due to the presence of .molL ,ttco;sed cd!, while" the 15 

~nd 18 0/. quartzite lo~ding •• the incre..,. in the width of the ch,triburi"" . panning both ,,=-ll ""d 

luge p:u-tick diametet. is indica!!,"C of • dccrc.. .. in the aveTI!8" cd! .ize with concoffiltant 

aggregatioo of damaged, ' l~,k)" ceils, The decrease in x" at the lowest quott<tte loading te'ted 

(6 %) is on indi.c,Uon of the oen,irivity of cell ,i7~ to the ~f[ect8 of hydrodynamic stre". 

5.1..1.3 Cdl aggttgarion 

In an dfO<t to conf1ttn th..t at higher pulp den,;tie. leoking cdl, aggregoted or dumped, an 

experim~nt was con<hct~d at two pulp de",.ai~, (0 .nd 1 B % qu.rtzit~) using the .arne ptotocol as 
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'UIJlal-'l<::l 5: Results and Discussion II 

in previolls solids 10a(i1ng eXpler1Jmelnts. The cell concentration in the 0 to 5 IJffi and 2 to 5 IJffi 

rell;1O!lS were determined the CelllFa(:ts allalyser. It is to note that a 

proportion (apJ)rmdnultely 100 

in the 2 to 5 IJffi was 

in the 0 to 2 IJffi range. The pel:cellta~~e of 

5.2: 

where 

---.;;;...;.:;.;.:.:...*100 

::: pe!'cerlta~:e of cells in the 2 to 5 IJffi range 

= the concentration of cells in the 2 to 5 IJffi range 

= the concentration of cells in the 0 to 5 IJffi range 

5.2 

5.22 illustrates the in the of cells in the 2 to 5 IJffi range as a function of 

time for 0 and 18 % solid At a 0 % the of cells in 

the size range decreased over the first 48 h from 3.0 % to 2.0 % and stabilised at 

aPlprclxirnal:ely 2.5 % for the remainder of the at an 18 % solids loa,dm,g, 

the of in the size range increased from 4.2 on the addition of qu:art:i~lte 

to the reactor at 24 h to 7.2 at 144 h whereafter the decreased to 4.0 at 191 h. From 

24 to 144 h the cells were in the death and hence there was an increase in the of 

From 144 to 191 h the cell concentration increased margtnally pos:>1b.ly due to recovery 

of the and resulting in a decline in the of clunnpitllg. Another POlssillilily is that the 

cell clumf)s p:roe:ce(ied to ore:aK·-up due to their pr()lOlngf~d exposure to mechanical stress. 

These data show that the number of cell CIUrn~J:; 1n sm;penSllon was a function of solids loadm:g 

and time and also corroborate results pr€!selnted in Section 5.1.1.2. The contrast in 

..... 01 ...... " 5.7a to 5.7d an increase in the of cell with 1nc:rea~i1ng hy(iroldyn:amJ.c 

stress. 

209 
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8~----------------------------------, 

7 

6 

2 

o 20 40 60 80 100 120 140 160 180 200 

--0% 
···0·· .. 18% 

Time (h) 

CI .... CHLa~.C of cells in the 2 to 5 jJ.lI1 range as a function of time 

101l,d.tllQ'S at an uulJ"",u ... .1. 1.97 m S-I. 

IlC~'''UILl!I to literature studies 

correlated the size 

o and 18% 

,"Ul.llI-'U"'lUUlll, nlLlffiiber and Henrici Shuler and 

doc:unlented that two exist: (i) acc:urnuLatlon of biomass with concomitant 

increase in cell and (ii) ltlcrea:se in cell UUJlllUC.I.:> the cell size 

of /:t!'lOlG1tJa':lIJr vmetamUt and their at rI;tF .... ,~nt times the org.!lnlsm 

SiZe and Shuler and 

are similar to the size observed in this in the absence of 

The most notable similarities in the "R,.I.I-'ut-.. ulII, ............ '-''''''''''I';,e" are those nh""""[TPl1 

where the size distntmtlon Orc)a(len.ea to the increase in cell size to 

the of the to increased cell of 

the mode of the size d1stritmtilon to the 

reduction in the size of intact cells eSI)eC:lrulV In the current 

this is seen in 5.20 where pru:an:lett!r declines the 

in the absence 

210 
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5: 1\.C:;UIU; and LJ'J,"'-'''''''"UU II 

'Ull,Ull,'I<. to 18 % UtLlLL,ll<::, variation in the cell size distribution was observed 

This d1tterem:e indicates that the ....... "ul ..... " in cell U:lIJUI..IUII:; at the 

due to increased IHI: .... u,aUllLal stress. 

A decrease in cell size was Nkosi who 

....... , .... uu ... , .... the effect of LUIJWJlg rate on the size Cells were cooled to 4°C at 

d1tterlent rates. The COlltrC)l at 14o C. The prled()ml111:mt cell size decreased with 

a to the 

where the stress 111temntv In the the 

mode ue',-u:a:>t::u 6.55 j.Ull for the and 5.13 j.Ull for the slow-(:oo!ied 

The decrease in '-UIJll.I,11! was >l.I.LUUUL~;U to a 

of deISlcc:atl:on or a loss of contents due to UaI,ual~CU cell m(~mbr:an(~s 

25r---------------------------------~ 

20 

it 15 

1 
Z 10 

5 

o 2 4 6 8 10 12 

- Control Cell size ().Lm) 
""0 , .. Slow-cooled 
-..,,- Fast-cooled 

5.24: of the IJl:IJlULIt: size of as a lul:l .... L1UIl of .... u.Jll.IJI! rate 

Several ,-u"ul,;e~ in cell occur in the 

stress. In terms of mc)ttlnC)lOllllCai chat1l:!:e:s. cell stress is to 

stt'atf!g1les such as the ,., .. 'nri"rt' .... .., of smaller cells thicker cell walls. 

As (2000) and 

(2002) that the size of S. metallicuJ was :>llJ'''ll'<::J. 111 

eXIPel:1rn,ents conducted at stress in SIRs. Smaller have a 

surface area to hence 1l1l;IC,1:>1l1l! the area 

interact with small eddies thus the effective hu,rl .. "rl"..., 

stress at the cell decrease. smaller cells are ad'varltal;!'eclUS 
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5: and 

conditions. In to a reduction in 

m to stress. 

that the walls of 

1% an STR were than the 

the with thicker walls 

that in the of 

to nutrient In cell wall 

In 

unit 

are 

m 

mechanisms 

m cell wall 

a u..u.U.ll'''''AJl<;;U cells cease 

COnalO()flS of stress was \..VUUJ.U'"O;:;U 

to ..... ,,..,,, .. :rI ........ ,,uuvu,<U maintenance 

such as cell wall U4J'''''~O;:;. 

of an increase in 

u!<'Lu.v' .. ~.~vl~.uw... archaeon in 

II 

is 

may cell 

was found 

the of 

in the absence of 

of S. cerevisiae 

and 

non-essential 

of non-e:sse:nuaJ. 

the energy eJq)en.01ture 

to stress and 

nV(lro·aVltlarniC stress may 

.. At ... ,,,.'-"', ..... ,... nm(:t1()rune: and 

and 

maintenance reclutCel:1tlellt 

stress on 4 .. ,UV"", 

a 

kinetics of ferrous iron oxidation. llJ.<lWlI.O;:;U;,U!\.C; Pirt 

....... 1>1 .... ' ..... , ....... <;; of the ,,",·,...r.,.. ferrous iron VAJl ....... UV .. rate on the to ....... " ........ u ... rate, biomass 

the maintenance coefficient. 

= + 5.3 

where: Fe2+ 

}l = the 

= the maximum 

= the maintenance '-V'''LL ...... ~UL 

mg11t11~enanlce CIDelmC:letlt was found to be a function 

from 0.39 to 1.26 mol Fe2+ h-l on mc:re~lS1tlg tenrloc::rature from 65 to 700C. A 

increase in the ternp,era.tU1:e to 75°C 'LAD""".'-"""'.'" coefficient 

to 1.31 Fe2+ cells were 
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The metabolic 

organu;ms within 

metabolic 

..,. ...... '1<0 .. used in 

of a culture is used as a measure of the metabolic actlV11-:rl of the micro-

culture. The utilisation rate 

du Plessis et Kim et 

utilise oxygen as the terminal 

may be used as an indicator 

The therm,oaClOcmh1l1C 

ac(:eptor in the u. ... U"' ... VL 

electrons from ,. ...... 1"'11,,, and elemental "'"UliJU1.IJ. 

and concentration were to determine the U"':;'4'JV1Ji" '''-,.,,;''','' on 

to 

Because reactors used for eXlpeJ:tnJtental runs were not '-'VALL..,,' .... OUR 

measurements were not mineral but .... VJUL.Lll.u'U~ tW'r,,,"-n Ulecuwn 

and reactors at intermittent time 

runs and URJ .... "'." 

were rotated in an at 68oC. The 

OUR was measured over a 5 h 

HlllClC;.Ll:tL were tes ted to determine 

Control "ruUpL~" "VjULa~UU~ 

extent of n .. ,-r .. ·"" .. in OUR due to 

subtracted from 

described in , .. ,-Tir'''' 

were nhlt<l11'Pti 

For all 

The average OUR of 

average OUR measured over 5h 

1"n''':""I1 .. ,,·r! over the 5 h was 

the experirnen As 

in two sets. 

two eX1PeJ:tnJtental sets are VL<;"C;JLn~U 5.25. The q02 values 

average OUR over 5 h nwnber 

The q02 was to be a function 

the q02 decreased over The extent of 

decrease was to the solids concentration. The U"'I_.L"';""~ in q02 with was 

attributed to a decrease in nutrient due to """"''''J"n ch:il1c1op'j't1ite HUU"' .. '"" while 

at the start 

In batch 

loss 

............. "" .. concentration was to increased hlT,rI .. ,)rI",., stress 

solid p ...... u ..... ~" j.JJ.<;''':OlU 1n 

under VU'ULLLV"L" of 

Spe~:IIlC OUR Oecrea:seO from 120 mg mass'! 

in late ext)Orlen.t1al 

as the nutrient declines A ... " .......... '"~ to a 

nutrient limitation occurred in the 

due to of the mineral and in a 

decline in the OUR. At a 0 % .... ",' .. t"ll"p concentration the q02 1.32 x 10-9 to 

214 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5: and Discussion II 

1.21 X 10-9 cell-I min-lover the 

The q02 time the 6 % £va ........ ,,!; was similar to the 

(0 to 24 

the 9 % 

Over the 24 h 

extent than at the 0 

1.30 X 10-9 cell-I min-I to 9.97 X 10-10 

decrease over the remainder of the .... AI,.. ........ .,' ...... L. 

'iy ......... 'n .... to the reactors the Q02 decreased to a 

The q02 dec:reased from 1.28 x 10-9 and 

cell-I min-I for the 6 and 9 % 

decrease in the qoz was nnn",v",u a ~J.".uu;ru 

a 12 .v" ........ ,.!<. the decrease in the 

q02 over the first 24 h after a,-,'U-LW'VU was more prclnoun<:ed than at the 6 9% 

Ud.LUIIL<:: '-'JH'~<::l.LU.'U'-'u:>. The q02 U<::._J..LLJU:U 1.33 X 10-9 to x 10-10 

48 to 96 h the to recover and the qoz increased from X 10-10 

to 6.97 X 10-10 cell-I set of ext)erJltnf~n at 15 and 18 % 

.... V,,, .... ,''''-''"W'V'"L;'', there was a in the q02 over the 48 h the ...... ..!Au.v" 

to the reactors. The q02 UC''-lll.L<::U 2.63 x 10-9 to 8.46 x 10-to and from 

2.69 X 10-9 to 6.81 x 10 -10 15 and 18 % concentrations .... "n .. '~th·' .. 

The q02 ~l1t,,,p'r111"n :>l".ulil:><::uataplpr()~nate~ X 10-10 both reactors and 

the remainder of the ext)erJltnf~n the 18 % 

the cells IJIU;;''';0111 reactor <::AIJ<::l.l<::llL<:;U a 

stress still renlllUIlea 

the OUR eXl)er:u:nenlts are consistent with the data oblta1rled the iron and 

rn'r.n,'" data ;)ec:t1on 4.6.2. 

1.4<-9,-----------------, 3.0e-9 

1.2e-9 2.5e-9 

1.0e-9 
20e-9 

!.5e-9 

J 4.0e-l J 
1.0e-9 

20e-l 5,Oe-1 

0.0 0,0 

o 20 40 60 80 100 120 140 160 180 

-- 0 % q"""",ire Tim. (1)) 
.. .. 0.... 6 (I/o quartzite 
--.-- 9 % quartzite 
- ...... _. 12 % quartzite 

II 0 % quartzite Time (1)) 
.... 0···· 15 % quartzite 
...... - 18 % quartzite 

5.25: OUR as a for reactors 0, 6, 9 and 12 

Ud.L.l.£l'l<:: and 0, 15 18 % nllllf·t~'ltp 1JI'::.'ll'::U at an 1.97 m S-I. 

215 



Univ
ers

ity
 of

  C
ap

e T
ow

n

,-,lJla!J'LCJ. 5: Results and Discussion II 

The membrane is several 

maintenance of ion ~'-",UU:;ll cell em~rgc!t1c:s. Loss of 111<;AUILlJ."'UC llU~J,Hy 

IHC;I,;U:"IU""i<1l U01.Ul~L~C of the cellIHc;llH.lIli:uc. In the nr.'<:PTU 

to 

the loss of membrane .ntp ...... "r of 

HJf~'W{/'W cells on ........ ' ....... ,,, .... ,'lI!. concentrations of was measured a 

dual fluorescence stain l"'''UUJ'~U'''. SYTO 13 iodide were the fluorochromes 

of 

been while SYTO 13 

13 Hence where fJ'1.'JI-'J,UlIllU 

the nuclear material. Cells stained with 

LUU"UlJ.1I<!.'"CU with blue 

when with 

membranes can be ..... O,U.1J'!'."'''"." ........ 

whose membranes have 

and 

U ........... , .. acids than 

IHC,lHU,LliU'"'' it rep,laoes SYTO 13 

to 

1-''-'"'' .............. a nuorc!scenc:e when 

1-'1.1..1""'.1""'" a red fluorescence 

rep,laCies a pOlrtlOln of the 13 

that enters the cell is n;-,')n,-.t'tlnnl<ll to the level 

The amount 

.......,u"'l';~ and the 

time If the time the 

within the cells can be as a measure of the 

nr"<:ptu a reactors 

........ ,,, .. "' ... .-1 across a """"""""'C" at a constant llUI-'C'UC.L of 1.97 m S-l. 
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Figure 5.26: 0,,,,1 '~'1neJ (prop!<l!um !odlde on,i SYIIJ 13 gre<n) j"N!fo"'''''' cell, ,.mp1od at 72 II. 

R<actOf coo.dio.O!lJi: 0 'j, w/v qu:utrJ.tc; impeller up .peed of 1.97 m , .'. 

Figure 5.27: 0.....1 ,tll1fl<d (pmpldium ><>dId< ""d SYrU 13 gn:en) S~tfoloiNI, cell. ''"'''plod ot 

72 h. Reoc,o" roodJ/"",,, 12 '10 w/v qwrt:r.l!<; JIllp<u., lip 'p"<d of 1.97 Ill' t. 

Figu.-e 5.28: Ou,l ,r"1f>eJ (propldium ><><hd< and SYrU 13 green) SNtfoioiNI, oill, "IIllpl<d at "'2 b. 

R"",~o' COndItiOn" IS ';0 w/v q_t>;te; lOlpelle< tip ,peed of 1.97 m' '. 
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F'gute 5,2u ,hoWl .rch,.al col!. .ampled 'rom a reaewr conta;n,ng 0 % Gu,,(?;;[e (ba"lme) Ln the 

pre,ence nf:l 'f, ch.lcopyrite ol"rated at 1.97 m, L ~f"r they,,:er< ,mined 'rirh SY'I'() 13 gre= 

anJ pmp;iliutn kxlioc. (nmpncable image, ,hm"~"g only a green tlunr"eence we" retriend 

minI', 'ingle and dual band futer, Nn red tlunre,ceoce w" ,~,ible ming eiTher the rlu.1 nr "ngle 

band futer" indicating that eel!. fmtn the b"elille reactnr ,hnwed nn ,~,ible uptake of prnpi~ium 

iodioc, At. 12 ~/. Guarttile l"'iling, the pwporliuo of cdb illJ01"'Cin.g red alld or>nge ;ncrea,eJ 

(Figure 5,27)_ The percentage uf cdb ill three colour cmegone, of gteen, red .nd orange were 

rlerertTILned frmu tnplic .. te im'g" fur e:>eh ",lirl., In.ding TI,e 'racrioll of flunre,cem g,een cell, 

wa, 4~.3 % nf the TOtal num),.,r nf cell, WUD.ted wbile the tlunre,cellt l"d and Mange cell, 

"ccoun"d for 3H_' .nd lS ':i. "'pectinl)' ( r .ble S_2)_ 'lhe fluure,cmg cell, were enumerated 

usmg' m,nu.1 lm'ge "naly'" tnnl (analySIS Imal':' Proce"ing wf""",,)_ 'n",e r."ulb inilicate 

th.! [h e cell membrane, were wmpm11l1,ed due tD rhe pre,ence 0' ,olid, ;0 the l".ctor, 

Pmpiiliutn mdide "ca, able to penetute the cdb re,ulting ill >otne cell, fluure,cing red indicating a 

11Igh degree nf membran e dam.ge and orange illdicating. b,er de~'lw of tnembmne datn.ge. At 

.n IH % 'l""«zi!e lD"ding "nd ''''peller 'peed n' 1.97 m '-', no green or orange iluUl",cence """ 

"i,ibl, ~hgllre 5.2H)_ All cdl, illlc",,,ced red. appearing ei,her 'ingly or in. dump' indic.ling Ih .. 

,I lhi, solid, Inading no cell n-..mbrane, ""m_lned tntacr due m the derated ;otem;t,. nf 

mech""ic"1 ,tre". jocrea,ing th e ",Ii", In.ding ;nere., ,, th e ,requency nf coili,j(}ll' bc"veen cdl, 

I H ':i' Guartzi" lo.ding the culture wa, tnetabolic:olly aclive, It j, po,,,;Llc th.l although the 

T ~bl. 5.2: Propnr(inn, n f cnmpmmi,ed (orange and red) and intact (green) cdl, for quartnte 

In,ding, of 0, 1 5 ,nd 1 ~ % wiv and .n lm pdlcr tip 'peed uf 1. n tn , -', 

Quart~ile loading­
(%; w/') 

Colour of nnO!'~"c.nce; ~/. of total cell. coullted 

Green Orange Red 

>CO " " 40_3 150 -,p 

" " Y!.7 701 
outoid~ in.ide 
dumps dumps 

TI,e lu," of cell ..-iabilil)· Jue to compro!ni;,d n"mbranes re;ulting lrom Lbe dfecLS of 

h),dtndyn,,,,ic ,nd ph y,iol'1';".1 "re" h" been nb,e",·ed by ,",-eral lnYe,tigator< (liling. 1 S>9u; 

Lam,ignhe, 20(2). LamaJgni-re {2(02) o)"crveJ LIm incre,,;"'f'; 'oW, concentr,tion in lhe tang. 

o to 5 % ..-/v .nJ increasing impdler sl"ed in lhe ,"nge 4W 'n Wi) 'pm cau,ed a deere"e ;n the 

nllm),.,r of ,·jable J. """'IT,,, celk TI,e 10" of ,~.bilil)· """ con"lateJ to I"", of m,mbune 

integrity ming meJ ilifferenli.l mcth),lelle blue ,1,ining, Nko,i (2001) also lllili"d n,,(hylen, blu, 

" .n w.dic>tor of lu," of cell "iaLilil)' lhrouf',h loss of n"mbrane ;,Mgrity, ,n lhe 'md)' of nu'n en' 
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iimi"uion of S. ""P;';(" On lilet,""ing ~~poSllre 10 ,latnUOn ;Ir~", tl,C nwnbcr uf membnne 

d.maged cell, iIl,,, .. ,,,1 (T.bl. 5.3). 

Table 5.3: [11 tlucncc of nutnent limiution on 'he "iabiliry of Bn:wc,', ye~'t cells (~koSl, 2fXil). 

Time (h) 

" 24 
,~ 

72 

% viabilitv 

'" 88,8 

gl.9 

,.,.6 

-"lot only i, the !epWdllC[O\-e c'f"'biliry oC micm-organi;tns .[Cected by • 10>; o[ tn.mlm,n~ 

integrit}' hut al,o the elcctron "om!",,", 'y,tem ond, for ocidophilic o'ganlS"", the ",~[ntenanc~ of 

• near neLl".1 inTem.1 pH may be compmmt<cd Acidophi[ic m1C,()-org.tLlI,n" need to maintain 

• la'~' plll7.dieut .cross th.i, ",e",hran", compored to nWTrophile_' .ntl the cell "",mbr.one i, 

lh. only b.rrier TO til<' jow I'll en,'lrOnrnent. ' I'h, n"mbr.tn~ o[ tll<'<nlO.citlophib ,,'ch " 

S. adJxoik>iu[ is c'p.bl. o[ proton pLltnpmg to '",mtain • n.ar nelm.1 inTr.ocellula, pH o[ 

.pp!Oxim.lely 6 pi! units (Ane",i'lie, ,/ at:, 1985) ')1'e lor)!;' re,ulraut pH i'pdieLll i, not on[y 

rr9l1lred [0' ",amtaining a ne ar nwtrallL1(~nl~[ pH b"t h~, 0['0 neen hn~cd to ccllu[o" ,e'pi",,;"n. 

Ane",ulb ,/ a/ (198.,) prupo>cd that il i, unlikdy th" ,\', "ddix);{ikri",' gcn~,ate, A -::1' e>celu,,,,d), 

by 0 fe1"mCnlotiH pathw,y 001 could abu mc chenUu<munc meam uf uxiilitivc pho,phUIylatiun, 

'rh", penn<-abilisatio(1 of (he ",emhr.tnc of ~ciJophilic mlCro'UIg>-ni,m, through "'-mage c,med 

hy "",chamc,1 ,,,e,, not onl,. cm,e, ocidiflcotion uf the ccll cytupb,m but alw offecl, the cell 

enew"C' rur~h",more, ",oinl:umn~ 0 large 1'1-1 gradient under uptimol conili:ium rcquir~< 

co",ide,ohk ITllUnt£L1=CC enerR". t..-!embrane d,m'ge m.y increa,~ lhe mainlcnance cn~'g)' 

r~tlllired lu mainl.tn thi, l7'ili..w and il i, I)("luiated that lhis may comribute '0 til<' great~~ 

tn."lte.n.nce en""y "'l'Hrement du'Hlg wowth of or~"",'n" under ,"c"ful conditiun< a, 

di.,cu',<cd in Section 5, j, 

5.4 THE EFFECT OF HYDRODYNAMIC STRESS ON 

PROTEIN COMPOSITION 

SDS PAGE an.ly,i, wOO u;e<1 in lili, slutly 10 .. nable prol";n profiling .nd .itl th~ ,~orch Co, ;tre" 

proteins. ')1,~ p"""ncr o[ new pmt"''' bo.nd, or ,he up_ 0' down_,e~lIlol;"n of cXl<nng p",tcLn 

b.nd" in the SiJfl!!ehtl, m[nI'" e~!""ed m ",ech~nLc~1 >In", " ... , of lntere"- Lih uther mgani"m" 

thcrmoaciduphib haye adapted to changing em'ironrn~nl; .nd h.v~ cl~,'dopetl ""',; '''ponse" 

"i, "iddy accepled II", when cell, .re <1re,,;~d <cr." pro,";m ",oy be mduced. A, """"' '"ch 

0' hear ,hoc~. ,01, ""e", eth~nol, ,Ufi-..tiOLl and oxidative ,Ire" hayc het'Ll ,ho"." to induce th~ 
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Ch.pter 5: R .. ulr. ""d Diocu .. ion Il 

Same ,ct of protein, Getez, 1988; Cuig 'f 41., 1993; LOpez-G..rcla and FOllette, 2000b) il i, 

po>..ible that mechanic.l ,Ire,. moy lndu"," 0 oimibr re'pon'e from !he archacol culrure, 

Furthfitnore, evidence of cd! '.,oil ,epai, mechoni,m, 'n <espome to hydrodyno.m1c slIess has 

been di,cu .. w in s.ction 5.1_3-4- The,e <epoi< mechoni,mo conld be focilitared by sire,. p<olcins, 

U"ng th .. ~ flndinW' 0, 0 bo .... 1\ " p'opo,.-d thot olIe .. p<oleim may be expre.,ed by the 

a<cha.,.) culrur~ in re,pon'~ to hydrodynomic ' \«c" in the chalcopyrite ,",uny system_ 

A prdirninory ,tudy"~ conduc~ to anoJy.~ the protein compo..iuon of cello e"P"'ed to van"". 

nnpcller tip ,f>Ced, .... d ,oIids loadingo, The ann of thi, anaiy'is W1S to idmtify change, in protein 

profit .. ,ign.lling lhe appcttatlce of n~ protein bands, lhe dt>appettatlce of protein b.nd" or 

the up_ ot down_ r.gulation of prote,n. du~ to incre"ed hydmdymmic 'lIe" condition,. T otil 

pmten "''" e~t'"cted from cdt. In mid-I"" phJ.'~ ond lo.ded onto polpcrylarrud~ gd.,_ Tne 

,ample. we" prepared a, de,cribed in Section 3.5.6,1_ Th~ protein profil .. obtained at higher 

.peed. ond .olid. loading> were compa<ed to the profil~ of th., b .. din~ "actor. Figure; 5,29a and 

5.3Gb , how. typical,~ ofSDS PAGE gd, from a .olid, loading (a) and an nnpdler tip 'peed (b) 

~ettment Th~ numbered .rrows Indicarc bands of intercm, Figure 5.29a ,how. the p,mein 

b.nding pattern, of edt, ~f>05 ed to 0 (hne A and D) and 12 0/. ~ane B and E) quarlzhe and an 

nnpeller tip .p<w of 1.67 m, -'. The intenS1ty of the protCln band inilic.ted by arrow 2 is oimilar 

in both fig=e. and th"" can be u>W a, a reference again,t which to determine 'ignificam change' 

in th~ protein profile •. Arrow 11ndicate' a po .. ible up-tegUialed p,mcin of .pp<oximatdy 45 kDo 

wh.r~ .. _ow 3 ,how, a protem of approXlttlatd) 26 illa that ha, been down-<eguhled on 

exposure of the cells to a 12 % quart7jte concentrotion, SiIruhdy, ·['tent ,/ aL (1'l'Xl) and Jet"" 
(1988) reported the down tegUlation of p<olem, on exp",ure of arch.ea1 c~ll, to heat ,hod. In 

addition,Jerez (1988) found th.t thete wa, an incre"e in the 'mthe,i. of twO protein band> with 

molecular weigh" berwe<n 64 and 1'>6 kDa WIth incr.a..ing temperature. Sire," proteins found ill 

low concentratiotl> during cell growth under ide.l conditions mal' be up-reguloted when the 

organism is cxpOicd to slIessful condition,_ 

In the prc<cnt study, under cooditiom of mild hydrodl~larniC Sire ... no diffetenc~ """ o!>.",,-.d 

ill the p<otein profile._ The p.otein proft! .. of cel[, gmwn in th e pr •• once of 0 % quartzite and 

lmpelle< tip ,p<w.. of 1.67 m . _1 ~ane Hj, 1.97 m ,_1 (lmc I) .... d 2,13 m 0_1 ~aneJ) Were compared 

(Figur~ 5.29b), Similar proteins Were cxpres.ed at all three impelie< tip speed._ It;' pm,ible thot 

in !he up- and down-regukltlon of the 45 ond 2.6 ill. p<ote1n' wa, in r"pon,e to 1tlcn ... ,ed 

mech.nicil or .... induced by th e pr~,=ce of quartzite p:utide" Furthermore, the ,inular prme1n 

profil .. ob,erve"] for lhe impeller op~ed cxpenments 'erved os , control 'howing that the protem 

profilc. arc .imilar in the .b'enc~ of hlgh lnten..iti~, of mechanical ,Ite ... 
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- " 

- " -" 

Figure 5.29: 15 ,/" SDS PM;E gd. ofto,a1 p<otcin ntractcd f"J<Tl S~Ifo"'bH' cell, KIoWO in Ihe 

prc>cncc of(.) 0 lind 12 'i~ q">.r,,ilC ~l"n imp. no, tip 'p'<ci of1.~7 m, 1 ,od (b) 0 ~', ~ll.rt<it< at 

impdb tip 'p«d, of 1.67. J. 97 "",1 2.13 m ,.t 

A = 0 ./, qu.mi,o (HXl ,u "1!11p!.o) ,. = tnolculw we'llb, t,,~rkc'" (kD.) 

" = 12 ,/, ~uaItzitc (100..u •• mpk) " = 1.67 m, L (1:Jl,u ,.mpk) 

CC = molcculor "'''"gh, rrutker (l:D.) H = 1.67 In ,_J (1 00 )Ii "mplc) 

D = U ''-;, 'JU="tc ('5 1,1 "ml'lc) = L~7 m I- L (loo..,.t »mpJ.c) , = 12 ~/, qw!lzlte (7S..,.t . ampk) J = 2.13 In "L (1 00 ,u ,.mpk) 

Aoother phcoOlnmon ~"o<jal<,J ""Ih ffieoh."",;u dWlag< j, the '01<:.,< of protel"", into the hul' 

.ciutioo I'wtCln, hlx'IOwd Illto ,ol"" .. ", due '0 in",,,,=1 mechanical >tee" originate fnxTl '"'0 

main 'OIl'CO' dqxnding on tho lcvd of ,t""" ,-OCOLu\le",J by th~ «ll,_ Th"e ' 0=« '-Ie th<: cell 

envclop< md the <-ytopb,m. 

Tn the p,,,eot study, a bulk .. 'npJ.c of 300 ml """' ,"xtrAel<" f,..." ,"ch ,oacte< at the end of the 

oXE"!IIll<nt, c<otrID,!\ed to R'lnOV," m;,,"TAI A"d p",eipi"'''' ",lid, .nd the "'pern""," 

cOtlcoomt<d to S JIll u,;og a 5 lD. ,,,,,,,brA"e filtc..- (S~",io" 35.0.2). 111 this way..u molculh 

,m:oil<, ,run 5 kD. were excluded fro<n the mnplc Ar>d tl .. , PTot,:in molecul~, 'JO'",O cOllcentuted. 

'Ih,,,,, .. "'pb 'JO'",," mod to do"'"nill~ if the protein conu'fltmti()O;o tlx, L"ll .oIution incro"eci 

w"h JOCn: ... d b"I, of hydrody""mic ,trc .. , After c(](lcentmtion, the "mpk. WetO :u"'ly.~ fot: 

tot.l ,olubk- pn)lClll C(I",~"t. n,e <e-.u\tl '"'' pre,eo«d Hl Table 5,4, 'j 'he PTO''-'in eO""e"=ti",, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5: and .....,,,, ........ ,,,,."" .. II 

stress alJ~Jll<::'U. There was 

10.1 to 27.5 !-lg ml·1 when the 

at an llUIJ<OJLl<O.l of 1.67 m S·l, 

.lU''''<::''''U'l''. the llUI-'<::JLl<O.l IH"J.Ulall.llll~ a 15 % caused a 

further llll;rt:.:l:>t: in the prC)teln release 27 to 39.2 !-lg ml·1 at an llUI.l .... '-" ...... of 1.97 m S-l 

and 46.2 !-lg ml-l at an llUI.JCll<::l. 2.13 m S·I. 

from 

release of the 

derlsltles, the outer 

U<tJlU .. "' ...... , rl~le2LsUllg invertase into the bulk i>V.lUU.V .. while 

the in 

S. cerevisiae was a function of time and agltatJlon rate. Pearce 

and .::lC]llOlTZ-Dr,OW'I1 Pearce 

SO<;Ial:eu prc.telltl, invertase. At low llUIJ<OJLl<::l. 

cell wall was IJ ................. Y 

intracellular nt't.tpl11 were t'P",>l'Vf'tl within the uJU ...... a..llY, it is IJV"""U.lC 

at low intensities of 

1.67 m the pr()telnS extruded into solution may 

that surrounds the JU,'JU"-"VU,J lntpn':1tl'~" of hV(lrOOVItlarruc stress the nt',C'ltp'ln" in 

have V,""",.1.1., ... u;;;u from .LU~JLu.Jl" the cells and release cell contents into 

medium. Phase contrast IJU;;"<O'uu::u in :::.ec:ooln 5.1.1 show of the cell contents into 

the bulk solution ... v,,'.llJ .......... '" of intracellular ..,,.,-.,.1",,'.,,,, in the bulk 

Solution prc)teJn c()n(:enltratlon forO and 15 % 

in 

1.67m 10.1 

1.67 m 27.5 

1.97m 39.2 

2.13m 46.2 

the nV'llrc.avnruruc that of 

it is also del~stand;lng of the mechanisms which such forces u::gwa"c cellular 

and survival is attained. In this the of 

nv,arc;ovnruruc stress on the '-'""IV""'''''' culture at a cellular as well as some of the reel)l(mele 

llu;o..U.aU",Ul." of these ~L~;"UA"U,'" 

A range of was ........ u'", ..... · .... on the .... " ...... ,»,. of stress. 

These varied from and 5.7c to ~_"_I',_ to the cell 
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5: and Discussion II 

and cells and .... v ... I-'1<;; 

.... ~ .. ~ .• ~ 5.7d ~U~"J""'~ in cell size with 

solids !"'dUll',)!, 

size distribution with .u'-, ....... ,,, ..... !!. 

size decreased with increased stress. 

!U<lUll")!, from 0 to 18 % 

to show the 2-5 J.UIl 

o to 18 % '-\U' .... u:,UlO. 1bis contrast 

of 

\Jl'V>!'<CU utilisation rate was used to measure the 

It was shown that metabolic "" ... , • .1. ...... "10" with time as well as 

UlclreasUlg solids ""~''''''''l<.. time may have 

nutrient .u.,U .... 'd'UU' .. U .... "IO ...... .... "".'hr<.tu'" as discussed in ....... ,.<-lV'Ll 4.6 the ae(:re:as with 

solids loadlolg was to increased stress. 

cells loss of 

Imldlltlg, no OInt~ .... ,"'.,t 

!U',\.lljU)!" more than 50 % the cells 

in solids loadlrllg was 

and red nuore:sct:nce. At a 0 % 

At a 12 % 

at an 18 % 

'Vt,ULU!"., all membranes were co:m):)rotnl,seej. t'urtJ:llenmc,re, cell ..... U,U .. R' were 

at an 18 % solids ImLCl11tlg. 

recovery 

'-'v __ ''''v .. 4.6.2.8. at a 15 % 

to stress was 

pertC)ffilarlCe tITInr(~VF'rl over a n"'C'ltr~r1rprl of reactor It is 

to the intrinsic and mechanisms the tnl,cr()-clrg.aru,Strls. 

studies have shown pu",,"u ..... resistance mechanisms to 

stress. wc:ketlling of wall with UlClreaS:Ulg 

in an In ad(jmon. kinetic studies 

in the maintenance increased 

reactor 1bis increase in maintenance energy can be to 

the diversion of energy mechanisms such as those shown 

found that the )!,.l.,",uU'<1A increase in ... ",.''''u'uu 

caused minor in cOIn pam, on to 

that the cells some kind of 

... ~ ....... ,"' ... "... to shear when the was J<;.I.d,UU ....... y increased. Maintenance energy has also been 

223 



Univ
ers

ity
 of

  C
ap

e T
ow

n

vU""IJU;;.t 5: and Discussion II 

to ...... , ...... ,." .... '" stress 

these 

as the HSPs. Several ","·''''Q·N ...... '~n, .. c 

shown m(:re:lseo prO(luc:uon with stress In Section 5.4 a 

'-'I".""'LLVU ,,1pl,tipti SDS PAGE the 

a 45 kDa pr()tel.n with mcrea:seo solids 'V"'U.l.u~. 

a stress "''''UP'1n increased hm'1".-,rI"", stress. 

these bands to To determine that the 45 kDa is a stress prl::>te:1n, the cross reaction 

HSPs is recluu'eO. 

on the concentrated reactor c"f ... ",~ ..... ",·t.,.., that the concentration of 

the into the bulk reactor ov', ....... vu ll .... ,"<;;' .. .,.O;:;u on to increased 

solids .v<,....., .. ~. or()tems released into sol.utlon 

to the wall. At 

hv,dr()O,rn3L!nllC stress, pr(Jtems m "Vl .... U.UU were SOli.ltc:eO the """~n,,,prl or 

cells. 

In the m1c:tolblal stress correlates and 

m .I.""'IJ"U"<;; to increased 

nvClrIJO'II'fl:unlc stress decreases ...... nr,""" perrc,mlarlce uuv ..... "' ............ 1" .... " 

level and not I-U'U'!';,U'~ the ,,..,,,Vl-........ \-.... environment. In order to 

minimise the hvdr(JO'vn:unlc stress, 

.... o ........ ,e.".", to "' .......... ,,,,,,,\0,,, nau ... .n. and metabolic "rt"T1,hr are 
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6: ,-"VUU' ... ::JlIJU::J and Kec:on:unlendlat1()ns 

In 

rates, has a 

tiU .... 'Ol .... ,;; on The current 

hVII1r()d1m~unlc stress was u"o","cu ... u pertC)m:lallCe level as well as at a .... "' .... "' ..... 

The .. UI ....... " .. hvdr()d1m~un:Lc stress was concentration 

U"L1."'La.u.J..U.J.~ a constant .u.U~""Ju.= 

a constant and 

co:nc(~ntratlon and llUV"-'U"-l. pelrto:l:Illan<:e was .. L\JU.lV .......... by ...... "<>Cll' .... 

solution concentrations. The effect on 

at a cellular level as was 

<>rt,u11r., membrane and prot(~ comt)OS.lt1l::m. 

The of 

Imldlng across the 

.u, ...... UloI. on proc,ess pertC)mtlatlce was determ1ned 

a constant 3 % 

and an llUjJ .... JU ...... 1.97 m S,l. 

stresses such as '-'.01.."';""""" 4ll.<l.UJ.lll'¥, associated 

were .v., ......... "" across 

(i) caused a U';;'_llLJl'" in 

extent of decline was 1"01".--.n." .. t' ..... ><" to 

Passivation of the .... u, ....... 'ul-"yu ...... caused nutrient and 

stress effect of the stress; and 

The solids 

affected was detem1ined to be 9 % 

concentration from 9 to 15 % caused a or'Ol2:JreSSlV'e '-''''uu.''' 

At an 18 % .... ".,.-1''7.,.'' concentration 

was 

of 

the 

Three of with similar levels pertc1mlatlce were identified. These 

were: 6 and 9 %, 12 and 15 %, and 18 %. 
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'-'''''''..,U.", 6: Conclusions and Recommendations 

The results of the pn:serlt were cOlnp'ate:d to pre:vi()us studies conducted in the l:S1<)pl:ocess 

at the Universiltv of Town lnVestilgatlng the of solids concentration 

on the blc,leadlJl!lg a ,}uI1oio'bus culture in PV11te··onw rfl.jennatl and Hrums,on, and 

STRs syslterrlS. The that the PV!lte-'onJlv 

was most sensitive to the effects of hyc:irod)'Jnarruc stress followed the ch:a.ic'op'vrilte-<1ml..rt2dte 

and the The failed at the lowest solids concentration 

due to such as below 1.0 and the of 

used in the pre:serlt at a hy<:\rc.dynalIllC stress. The ch:lIC()p)rr1t1e-qururtzlte 

solids concentration to the pyJt1te~-qllartzll:e of due to nutrient linUtation 

connpouncling the hyc:irodynalIllC stress. 

In the pre!;ent the of three imJ)elller and 2.13 m on 

process was also determined. Two sets were 

conducted. In the first set, the solids was maint1lined at 0 % and 3 % ch:lIcIJp]mt:e 

rund the was varied in the range 1.67 to 2.13 ms·1• In the second set, the 

loadlfllg was maintained at 9 % and 3 % rund the was varied 

in the range 1.67 to 2.13 m S·l. For the second set eXTJerl.tnl~nts, the baseline reactor C011trul111rlg 

3 % and no and at run 1ffipeller of 1.67 m S·l was run 

s1ffiult~ll1e()usl.y. The bn,d1ni~s on Va1J7l11g the 1ffilJelier were that: 

A 

(i) the from 1.67 to 1.97 m S·l at a 0 % qU:lr~~lte loadwlg 

(ii) 

resulted in mass trru!1st(~r which caused an increase in the metabolic "rt1V11hl 

the culture. This increase hO'we'iTer did not imprc)ve the ultimate extent 

at a 9 % caused a decline in the pr()ce:,s 

peJrto:rtnan(:e as measured the 

At a 9 % qua.rtzite loadtilg the imlJelier 

ad'l;'ers:ely affected was determined to be 

conclusion was drawn on 

in the extent and ('0001'1' leachlng; and 

above which process peJttormanl:e was 

lowest 1ffipellier 1.67 m S·l. 

of the rates iron and 

solubilisation as a function of time for solids and 1ffipeJller Results 

mineral was showed that the rate of the and ch:aioop:ynlte fractions of 

del)endel!1t on the redox At low redox 500 

dominated while at elevated redox 600 m V), leachJng dominated. 
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6: '-'V.U"!',",,""J"" and Re(:onlffi(~ndlat1<)ns 

The redox I-'v', ............. data obtained in the • ...,a ...... '.1o<. e:!!:pc!rune:nts were <1.,<,1"" .. (1 

further in Section 4.9. death rate constants were from the ...... ''''';·h and 

""JU'Ollt:U as a of the model: 

= 4.61 X 1(}5<I>1.66 

correlation was found between IJH;U!''-lt:U values for In au,.,,,, .. 'UU, the 

of <I> was to be close to 2, co:rrODoratlng 

Brown the mechanism of .... ""' .. a~; .. in the 

solid collisions. Further data was conducted of 

the .Lu.wuu",,, et 

nnp .. ~'t1"o- redox nntpf'.t1<> can be n .. ,>rl',rtp ... " ... UJLUJ<. ...... " .. u ... ", as 

In the 

the the Cfi:anlzes in the redox nrob"rIM., 

for the solids !UaUllJlJ<. el{pe~t1nlen tnt't"'"'' data is 

the a",uY"." n ........ ",H"o- redox ,",0..1,.,,"''-',,", 

• ...,a ...... "1o<. and on 

stress at a ,-"'!lUl''''' 

in order to use 

"yo"r .. "" pert:or:m~L11ce, a 

was conducted. The 

showed that chalng(~S in the <lrt1V11tv ....... u .......... , ... ~,tp.:w1jv and 

pr()teJln ClOtILPClsltlon occurred on Im:reaslng 

Vat:10USlll(JI~'HL"UJ~'-~ contrast mlCr()SC:onIV and 

scanning electron nu.cro,sc()py cell 

at the of hv(irodVltlarruc stress, cell debris. 

size showed that the of p-f()w1:h as well as the solids 

Thecultttte aS~"<I",,~rl the utilisation rate of the was 

shown to be a of time as ut:l~rt::ii:st:u with time 

to nutrient limitation of the cultttte The membrane .... 1',,"" ..... , 

as the of n"'lnU1" to .U'-.L .... Oll .• l". solids 

hu,ir.,rl".n .,~n'r stress lln .... ","", .. of the membrane to the 

increased. An ll".""'''''' • ...,a.U,U.'1<l was a",.v!ul-'au,,, a 

lU.LUUllj<!;, no .,nt~<:I1".~.,t loss of membrane .... ~"'rri ..... , was observed as 

indicated At a 12 % 50 % of the cells had 

while at an 18 % membranes were 

cornpromtlse,d. The ..... , ... 1''''', ... c()ml)Oslt1on of the was SDS PAGE 

Protein IJ.LL • .Lll':" were for the of new pr()teJl!l bands or 
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'-''''Ul-''~",- 6: Conclusions and Recommendations 

of eXlistm.g protem bands with mClreaSimg hy(l.ro~jyn.amic stress. The prelirruJ:lary mvc~stl~~tlc>n 

shc)wed that a 26 kDa was and a 45 kDa prc}teJln was up-reguJlatl!d when the 

solids loadlrilg was increased from 0 to 12 % qWlItz:lte. 

V"',,,<:lhlf' mechanisms which the of hy,dr()d,rnal111Jlc stress at a cellular level affects 

overall process pelrto.nnanl:e may be elUCidated on an~llysls of the data. For ex~u:nl'le, 

(i) membrane induced solids cell which 

contributes to a reduction in the extent of llCo,wtlt1; the pr()dllctl,on of stress prc::>teins or the up-

rellrW2ltio.n of stress prl)teins led to a decrease the aVf~all~e cell size as well as a decrease in the 

of cells on substrate due to energy diverted to the stress responses rather than to cell YH.'WUL 

mt.~gr:ltlO>fl of the nrncf"<:" pertor:mal:lCe and blorespollse four intensities of hydr(,dlm~u:nlc 

stress and 

(i) 

(iv) 

effects were Identlt1e,d: 

!m'orc)ved mass transfer 

limitation. 

Mild to intermediate 

stress with process 

an adverse effect over time due to nutrient limitation. 

stress with adverse effect over time due to 

stress. Adverse effect due to 

hycirodynatl11c stress and COlnpOU1:ldf~d nutrient limitation over time. 

to 

Intense hydr()d)rn~u:nlc stress. The pr()pC)IDOn of dead or 

active the 

cells to viable 

stress 

The at a process level and at a cellular level with ml:reaslng 

intensities of hydr()d)maltrulc stress are shown in Table 6.1. the various phYSllo1<)g1cru 

and metabolic states attained on pr'DwreSS10.n from neii:!;lij;,bJle to intense hy,dr()d)rmu:nlc stress in the 

observed were not 

that as the 

are illustrated in 6.1. The SCnle!I:le also that the 

a function of stress but also of time. The first effect of time is 

nutrient limitation occurred and this the 

hydr()d;m~u:nlc stress effect. The second effect of time was that over a prolc)flF~ed of 

op,er:ltiC)n, ad:apl:atlon to the stress conditions and hence recovery was PO:ssli'ie. 
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Table 6.1: The lnc:reaLS1l1lg intensities of hv,cir(}d,rnamJlC stress at a pt()ce:ss pertorrnWlce and cellular level. 

Stress int1em&ity 

J. ""'W'l~UI'O;; hydl[odlynamlic stress 

Negull'!;1b!e h'",i.·,.,rlun,.rn'r stress 

Mild to intermediate 
hycircldynalruc stress 

Intense hv(irodv:flalIllC stress 

Reactor conditions 

2.13 m S·l 

Solids 10ali1m,II: 

1.97 m S·l 

Solids ''''''Ull':II:' 

1.97 m S·l 

Solids lluaUlll';:; 

1.97 m S·l 

Process perto,mlaI1Ce 

solubilisation rates at 2.13 m S·l. No 
Im'bl"()Ve:ml~nt in ultimate extent 

Decreased iron and copper 
solubilisation rates 

Decreased rate and extent 
and copper solubilisation 

-decreased rate and extent 
and cell death 

and iron 

or no 

reduced rate and extent of iron and 
copper solubilisation 

229 

Effect at a cellular level and bio 
response 

No visible difference in m()tp,hc,lol:!;lcal types 
viewed under 

No visible difference in U""I--"'~"~l"""'" 
viewed under 

-Various types observed 
contrast and SEM: 

small cell 

%) 

-Various types observed 
contrast and SEM: 

cell 

-all cell membranes PCl[lHI.:alllll:'CU %) 
-some of metabolic 
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F,,~, ~""Ih Ill""" 
oc ", I ...:.;] .l.Ih~ cell. hliliO<l)·""",", ""." ' r>< ... ~...-d rnc •• I~~;' 

- -

_in,p""'''') mm - . \bd "<ri'!t ph,,,, 
=",1'<, _".".,.,"'k 

hyJroof°:Unlc ,",,'" 
Mid ~u"th ~h.", ootri<~, limi",oo" 

FAA IW"..-W OOL'" _~bk 

-~iip>l< iwdrr<l)",><mc ,t<", 
h,dmd,namic ''''''' 1 _~u',;"n' lirn;uooo , 

,,"0 elf",', )! .c.-... "",I>ioioo 

.... ,"' ...... -"'-- , , 
ott;.,;.t I 

, 
I 

i 
'1><1 ""'W'o 1'1",. I 

, Fort, ~""",) ph",· -mild to i"'cnn{X\;." 
!-ItkUOOh" ~"j'~;;i:n"--" tmld to ill"""",""", _Rq>h"~'; "d)' h)-drodynomic Itt"" 

h)"drodFwnic ""''' .( ... ,,; ...... ! "oil, i "'''~Cot ~mi"'k,,) -<~j" ... l , .. , or , .... " , 
-d<c« ... d ~.II">e - '1 p<o.d ... "r'"'''' ,, __ .~'). 

I , 
-dc"', .. ~lO<d <dI "u.c,uou! ",,,int<'nolfic\' 

"'1'''''''''''':''' 
lot""'" 
hydmdyoomOc u, _ 
_ '''""'' l''''pornon 

of cclh y 

I ~.".Ic .... I 
1 

i 
Grc .. er 

I propo"';o" of cdl> ,\ut"ly,j, 
c.,U ....... r';G/t , 

Figure 6.1, Pwpos~d scheme for the effect of varying inten,ities of hydrodynarnic .tre" on the phy"iology =d rnetabolic ot~t< of ,he, IN!ft,fnbu,r 
culture 
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'-''''''1-1"<:;''' 6: Conclusions and Recommendations 

m it was demonstrated that adverse effects of m<:teaslng h",rl'l"fVhm",tni stress 

on the U'''-'''C'',''-'UjLU~ 

and ,-"A,At"''-''''' 

a was due pnma.t1ly to 

rates and UULU"Ul .I.!.Hill"Ll"U, and not due to oxygen 

limitation as was or()o()sea nrf~VI()US studies. effect of hV(1roloV1narJ:Uc stress 

was '-V,LA ...... .,''-", 

cell U"J.l.IJ'U"-'''UI<:V 

where an increase in stress in ... U" .. l ..... ~ in 

membrane IntP01'1hr 

m'\restl!!;a tela m may for The 

detection of peJrto:n:n:an(:e due to h.,,'1t"I".r1un<llm 

(i) a decreased concentration 1S a 

<lr1"''''I"r of the I.W,lLlIC. in order to 

effects of hvc1rn,rlv1n<lrnlr stress at a """'ULl:u. to 

indicators such as the 

indicators such as 

are rli",F'rtil" related to 

to 

most sensitive and nr<lrn'-<I 

urthe.tm()re, to 

V .... 'l.IllJ'lV and 111<;;l"L/VlJ'''-' In the 

thr'oUi~h. for eX2I.1llJ)le, ".I.l,.u.U'U"A'.u~ the effect of u .... 'L.I..I. .. ,u 

of 

,-vUU,lU\."L<' that LU ... J,o;;;,,,,o;;; to stress need to be 

decreased 

In this 

size and nnf·t<lt,,-,I'lr 

culture 

this may be 

It is or<JO<Jsea that areas of research nr,OVllue answers to ,.,,,,,,,cf-.ni"'c that have 

arisen in further stress in the I.lllUl.UIJYU 

reactor and I-IV""uu,y OrC)VICle ways to lmor()ve 

1. Identification of stress or,:>tems lin ... u,-,o;;;", hv,::ir()O'lrna.mJlC stress is Two-

2, 

3. 

stress or,:>tems ISpn)p()sed 

where 

model 

IS re(:ornrrlelll0eo to confirm the .... .I.~""''', .... " of new or 

and cross-reaction of 

The 

of shear 

where the 

of 

and 

of metal ions did not 1lIl.J:C'i:>C 

to 

m(:reaslng concentrations of iron and the t:Xj::'t:Dlrnt:l:ll flllrnL1ckmg 
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a be 

IHlllu~.m;; stresses in order to assess Ferrous iron and 

of '-Utu'-·v~ 

is not reclU1lced .... .".~":r.,t-'nn effects are "~l"~L~~. 

4. In the I-,-,UUUI-ICCU in batch ................. ,'y of 

5. 

'n'rpo:Hn .... t1lnn- stress. For '-A .... "'''' ..... , 

cells remam 1n the reactor 

In a continuous 

hn·~"t,nMT scale while U .... I.UUWULI.J."i!<; accurate 

oplerated in batch non-

cell concentration becomes 

to a loss of retlrodu.:tl',,'e and o;;u •. u ..... y cell 

washout occurs Commercial are 

and 1n will 

relevant stress 

at cell feme iron 

and thus redox are to conf1ttIl the that 

over an the extent at redox maybe 

to at elevated 
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vU"'IJL'<;J. 7: Kelrert!nCC~S 

vv ..... ,,"vu rates of smalllJ<w.UL .. <;" m a fluid", ,-,uom""u. 

1371-1379. 

man bioreactor", 

reactors in blC.mtntrtg pro(:esses 
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Appendix A: Analytical methods 

A.1 SDS PAGE PROTOCOL 

A 25 on vertical PAGE un1t VG/OI putchosed from Om,,!,: Scientific (Cape Town) was used to 

c," the polpctylatnide gek Th. unlt con.i,ted of 2,200 mm (h) by 160 (w) mm gloss phtos, 2 

pb.t1c ' pace" , a gel ca.t«, a gel ,(2nd, ~ pb.,hc comb, 8 \M"d« CUp" and a powe, r~k unit ";"re 

" . ed to coM and run the gcl, Upper and lo"",,r buffer ch:unocrs "",no croat<d when tho gIos. 

plate. were ,ecuted to the gel .tand using bond« clip •. The t<>olV1tlg gel '01:" Iruldc up accotdIng 

to Tobie AI. TI,e gel co~onet'" were mixed .nd th. gd waS ~-..st to. hOlght of 5 tntn below 

the Ie.-cl of the comb. (Figure AI). 

Table A. I: Voiurn"" of the componento of the 15 % re",lving gel. 

Compound Volume 

Actybtnidc /hi.octylarnide """ 
4 X Tri. -HCI/ SDS pH 8.8 """ 
[)j,tilkd \1'ht<t """ 
10"1, w/v APS 108 fU 

TE\1T'D 20.w 

Figure A.i: Schematic rep,,,ontatiml 0' tJ" gla" pi~« ,etup ""d to ca" the SDS PAGE gel •. 

The re,olving gel was levelled with WRter-saturaled bUlanoland lofl to pol)"meri,. for 1 h. Wben 

the .ep.nting gel hod .et, the butanol""" dec.nted .nd the unpolytneri,ed material wa. wa.hed 

wi1h di.cilIed wal.r, The exc,"", wtill.d w:Uer on 1h. gd ,utface was removed USUlg filler paper, 

"lbe 'tacking gel was mixed according to Table A,2 and cas! over the r.solving gtland allowed to 

polytnerize for 30 mln. 
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Table A.2: Vohlt)\<, of lhe components of the ' lacking gd 

Compound Volume 

Aery lami d e / his .cryhmid~ 1.6ml 

4 X Tri,-HCl i SDS pH 6,8 ' IllI 

Di,tilleu \\',lcr 7,3~ ml 

10 % APS 120 f'l 

n-~:\n-~n '12 [J.1 

A.Ll STOCK SOLUTIONS USED FOR SDS PAGE ANAI"YSrS 

A.1.Ll 5 ~'. Ae <t;c acid 

A llil!~ ,lock ,oh,uon wos prepared hy adding 50 ml of acel1C wd Co '60 rnl of di'(llkod ""t"-

A.l.l.2 Aeryl! Bi.acrylarnid< 

A 200 ml SlOC!.. ,0/ution "'" prep"",d by .dding ('0 g ,~cryl,m'de ,nd I.u g fli",,,,bmid . 1 (~) ml 

elislil1c..J w,t~-l. 'n" ,oluu"" was mi"d and m.d. up to 2(11) ml u"ng eli,tillcd wat"-

A.1.1.3 4 X Tris-HCljSDS - pH S.S 

36.4 r Tri, b.se and o,~ g S[}S "'e,,, added to j5<) tnl of dl,lilled "",et. '1he pH "'" "djusted (0 

pH ~.8 with He!. The ,olutio" "'" (h e <ldu"d (0 2m ml with dinilled watcr 

A.1.1.4 4-XTris_HCljSDS_pH6.8 

12.n~ gTn, h." ,nd IL~ g S[}S "'"'' addt<! to 15iJ ml di,(illed watcr. '1'he pH w,,, ,djustecl pH 

6.8 ,,"h llC!, The ,olution w" lh~ dil11l~J lO 200 ml with Ji,tilleu w>leI. 

A.t.t .. ; 10 X Electropho,,,,i. Buffor 

A 1liltt, >loc!.. ,011,tion of dt'c!rOpho<e,j, bufft'r w'" rn"dt' up by adJinl: 30,25 ~ Tri, b",~, 144 r 

gil-o"e .nd 11) g S[}S [0 <);)n ml wtilled "'1ll". 'ne pH W," adju,,,d Co pH ~.3 wi[h He!. 'ne 

,-olillne of the ,olutioLl wa, thm adj u.""J to one line using ill,tilled water, 

A.1.1.6 2 X SDS Sample BuITer (Loading buffer) 

The >omplc buffer we; P"'Pareu h)' .ddinr 3.04 l: Tris b",~, 8 ~ SDS, 20 mlmt'rC"plOelhmlOl, 

40 ml gil-ceml and iJ.m g hromophenol hlue to 1711 ml dhillcd waCcr ']1,C pH w;" ,diu<t<0 to 

pH ~,8 with HCI. '1 be volume of lht' ,dution w" adju,;leu to 200 uti with eli. till:d W'~tt'r, 

A.I.I.7 APS (Ammonia persulplu.",) 

A 0,1 g iliql'O! of AI'S "'" ilis. olvcJ in 1 ml ill,tilleJ woltcr, 
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A.U.S Stain 

'[1,e "ain ,olution "'" prep"l"Cu by Jj"ulving 1.2 g C()oma,;ie Blue R2S0 Ul " mixture eonlLuning 

5W ml methanol. ·11111 ml Jj,tilleu w,tcr ,nd 100 IT.! ac"ic .cid. 

A.L1.9 Dcslain I 

The rk"aln T . olutiun v,"., , mixture of 150 ml .c'ttlC ,cid. 250 ml meu"'lOl 'Dd 1«<) ml dj,tille<l 

wat.,. 

A.I.I.IO Dcslain II 

11,e de,tain II . ulution wao • tnhlure or 140 ml ac,"c acoJ. l\OO ml merh'Dol ann lOW ml 

ni"illed watcT. 

A.I.I.ll 50m.\1"1ris"HCI pH 8 

1.2 g ofTns b"e w" Jj"olved Ul 180 ml Ji:Hill,el ",":Her The I'll w", anin'ten to pH 8,mh 

HCI. The fin,1 . ulut'on v,"., m,de up lo 200 ml ,,",Ut Ji,till,J W'Her. 

A.I.I.ll Prolein matkcr 

A ",ldc r.uge SigtnoMark"L., ,,"'lh prOiern, of kl10vm moJ..cuh, wetgh .. ranging from 6.5 to 

205 ill, V,"., n"J as the molec"l" wel~hr marker ",nna,n {T'igure ."'.2). Tlti, C1"e r.nge w", 

chu,ell ixc,",e it 'palmed the ,"n~' of molerolar w",~l'" of inter""t Ln rl,i, ,nluy. 

O. M 40Jll 

lO'd lOO_ 

".,000·· . -~7.":IO---R4.~:IO-- -.. ,~:xr--- -15,000-- -.,. ooc~ ... 
)6. 00(,--",ll:O-- _ 

<'/~­
lU,leo-- ,_~ 

1<.lOO- _ 
f,Soo- _ _ 

Figure A.2: Banding parte", of rh , wiele "n~' Si~m.~larhiL~ 
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The 'UO ... ,,, ..... ,JJ. .... pr()teJlll method was used to determine the concentration 

extruded from the archaeal cells upon darn~~e and The pnnClple of the Bradford 

of the Coomassie Brilliant 

The assay is on the eql.lll1'bn1UlTI bel:Wf~en two of the '-''-'U<lll40,,,,.:; 

acid \..v,,,,-,,,u,-,u,, OJu" ....... ,,);; to is 

it is most as the un-pl:otl:mltteld, has a 

" .... 't1r'n maximum at 595 nm. The 

A.2.t 

The LJ.L.'UL\J.L 

95 % emanc)1. 

dilution to a 

"'-''''-!..AUU, 1 00 

1 litre. 

Protein standard solutions were 

of 1 mg mI-! was and 

A 0.1 of 

cuvette. One millilitre 

... nT .... 'r .. li twice to ensure \..v.'u~,,\""\" 

error was calculated to 9.8 %. 

rnS~;Ol VIIII,' 100 Loom.aSSle Brilliant Blue G-250 in 

of8S % I-'UU"~'U\.'.u\.. acid was followed 

bovine serum albumin A stock solution 

in the 1000 to 10 mI-! 

was to a 2 

to the cuvette. The cuvette was 

and u,,-.... v,,,,u.·u for 2 to 5 min at room telJop,eratw'e . 

The of the U.CAU\.)U" was measured at 595 nm a OK medium 

Potassium dichromate was for 30 to 60 min at 1500 C CO()l1n:g in a 

dessicator. The 0.017 M solution of was 4.9 g of 

to a of water. 

251 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 g ...... 'v..,"', .... was added to 100 ml concentrated " ..... If'u',LL~ .... acid. The 

was ~01Ij"<llc"'r1 until the 

known concentration. 

Ull'AUlJ'~ the prle-c.relDru:ed standarcis solutions p,U .... L" .... to 

the desired COtlCentratl()ns standard curves !ron rnn".", .. are n .. ,p,,.'nt,,,rl in 

A.3 A.4. 

0.7 

• Iron standards 
0,6 

-- Lwear regression 

0.5 

" " ii 0,4 

-€ 

~ 0.3 

0.2 

OJ 

0,0 

0 50 100 150 200 250 300 

Iron concentration (mg 1") 

.... ,,"'u...,. .......... curve iron determinations the 

0.5 ,--------------------, 

• Copper standords 

0,4 
-- Linear regression 

!l 0.3 

1 
~ 0.2 

0.1 

0.0 <f'----,----.,..----,---.,.----,----l 
o 100 200 300 400 500 600 

Copper concentration (mg 1") 

.. n,4UU4J.U curve theAAS . 
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The Micro KesP1Iol:neter was the 

(i) 4.5 - 4.9 % 

19.5 - 20.0 % 

zero 

The error 

balance 

method used was determined 

UWlJWIUV gas 

HI-J'U .... 'H'- ",,"U.,I-"'"'' were measured and standard deviation 

the 

0" 
Stand:ard error = =- *100 

X 

VVhere X=measurement 

n=number observations 

X = n measurements 

253 

< ......... i<U .... error (%) were 

A.1 

A.2 



Univ
ers

ity
 of

  C
ap

e T
ow

n

andiron and ;)UJ.UU'llJ.O,a.U,UH rates were calculated or 

LiU,LU,LtlUlUK the rate between each 

B.l.l 

A :SUJLUlJllI,:stl'LlUU curve is used as an ex:u:nIPle to method used to 

A ch .. ,,,.ht line was to 

above 0.98 were <>rr'pn'tprl The curve was 

<I"'~"",O"p Iron soJlub.1l1!latJlon rate over the sp,eclttea 

2.2 

• loon solubilised vs. time 
2.0 -- Linear regression 

R2 = 0.996 
1.8 

-!:9 • 
1l 1.6 ., 
is 
.0 
::I 

1.4 "£ 
] 1.2 

1.0 

0.8 +-----.----.,.----..----,..-----1 
o 20 60 80 100 

Time (h) 

B.l: Iron "V,'U".I.ll'''''UoVU curve with a fit. 

B.1.2 BY 

The """.",u,,,uv way of 1..4J, ....... U .... JLU~ rates was 

B.t 

where Xl= iron or rn,nr,p" concentration at time tl 

X"'2 = the iron or ,..,.."nr,,,, .. concentration at time t2 
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rate was calculated between and ve.L .... ", ... to an average rate over 

the 

~t"-~~'~ OUR and iron and rates 

were del:enru.rled un' 'UJLU"" the rate of the methods detailed in Section 

the average cOlncf~ntJratl,on over the """_'_,AL'~~ time 

Where XI 

X2 

where 

the 

= the 

= the average 

iron or 

!ton or 

cOllcentratlc)tl at 

cOllcentratlc)tl at 

.... U,U'-'OUL.L .. L1UU over the time 

on ferrous iron was ........ , .... W'4L ... ..., as 

I Fe = -";';;;"--"''-

= the concentration of cells at time tl 

= the of cells at time tz 

= the concentration at time tJ 

= the of iron at time tz 
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4 

Ch:alc<>pvnte UAV,L"",,,.HllJ'~ at a 3 % lOaCllng of chalcolPV!1:te and an agtt:auc.n 

an llHIJ<::ll<::.L of 1.67 m S·l. 1:.xr)er:urnerl ts 1 2 were conducted 

two AU~'''UA'' 

Table C.l: Culture vaU",UWLlY 

.,-, I Ex 
Copper Redox :~;'~i~;r~"rl Time Redox ,I solubilised Time ,I 

(m V; Ag/ AgCl) (%;w/w) Ag/AgCl) (%;w/w) 

0 513 0.0 0 514 0.0 
24 602 13.4 23 606 10.4 
48 630 16.8 48 621 15.2 
72 644 19.3 71 636 18.9 
96 648 25.4 94 645 23.4 
120 649 26.1 118 650 25,9 
144 649 29.0 144 643 28.3 
192 648 37.6 169 644 31.2 
240 649 46.4 192 655 36.2 
264 648 55.0 216 653 40.8 

261 648 53.1 

.va ...... '!'. of 6 % 

3% and an <101t'<lHr,n rate I.U<llLal.l<::n~<::u an .... , ................ 

of 1.67 m S·l 

Table C.2: ""CIJAU' ......... UWlly of the exp'erunenlts 

Time 

23 605 10.6 600 9.29 
48 607 16.2 608 17.3 
71 618 17.5 620 19,0 
94 629 21.9 632 22.4 
118 637 27.0 635 27.2 
144 30,2 30.9 

35.0 
35.9 
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Time I-I.L\.'.LU';" for a 3 % .uaUUj'~ in the " .... 0' ..... '.\0 

nucro,-ot:galllsrns. nXpelllrnlents were run at a tenlOeratlllle of aeration rate of 

2 vvm and an UUI.J<::llICl. of 1.97 m S·1 

Table C.3: Abiotic control. and redox jJuu;;:uua.o: data 

Time (h) pH Error RedoXt/~::~tl 
(m V; fT./ AgCI) Error 

0 1.57 0.0111 498 0.4490 

4 1.57 0.0111 420 0.3787 

6 1.68 0.0119 393 0.3543 

22 1.71 0.0121 397 0.3580 

28 1.74 0.0124 391 0.3525 

31 1.73 0.0123 390 0.3516 

49 1.76 0.0125 392 0.3534 

52 1.78 0.0126 390 0.3516 

56 1.82 0.0129 392 0.3534 

74 1.79 0.0127 393 0.3543 

Time I-IJ. ... ,.LU,;" of and tron COllcentran()ns for a 3 % 

in the absence of nucrol-Ol:grullSlns. nXpelllrnlents were run at a tenloeraVllle of 

aer.ano.n rate 2 vvm and an llHI.";llICJ. of 1.97 m S·1 

Table C.4: Abiotic control. Ferrous and ferric iron data 

Ferrous iron Ferric iron 
Time (h) (g 1-1) Error (g I-l) Error 

0 0.00 0.0000 0.00 0.0000 

22 0.25 0.0034 0.00 0.0000 

49 0.25 0.0051 0.17 0.0021 

74 0.42 0.0058 0.25 0.0106 
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concentrate in the reactor a 

3% and an of 1.97 m S·l. in redox cell 

concentration and iron and are 

Table C.5: Baseline reactor: 

Cell 

0 

4.52E+08 10.4 

5.00E+08 19.2 

5.76E+OS 20.4 

5.90E+OS 24.1 

5.76E+OS 29.2 

5.42E+OS 32.0 

169 1.39 650 S.41E+OS 3S.7 33.0 

192 1.3S 655 S.71E+OS 40.7 36.2 

216 1.3S 653 4.50E+OS 40.0 4O.S 

258 



Univ
ers

ity
 of

  C
ap

e T
ow

n

C.l.5 "'''-''.L.I..LIJ LOADING 

Raw data from ;::'eclt1on 4.6.2. 

Table C.6: Normalised 

Relative 
Time 

Time 
setl 0% ex erimental set 2 

23 1 24 

48 1 48 

1 1 

1 1 

1 

1 1.13 1.04 

1.14 168 1.03 

1 1.16 192 1.02 

1 1.14 216 1 1.02 

Table C.7: Normalised redox potentl.aLdata for solids 

Relative redox ~I: experimental set 1 Time (h) Relative redox putential; experimental set 2 
Time 0% Hi· 9% 12% 15% 18% L 

experimental set 1 quartzite uartzlte quartzite quartzite set 2 0% quartzite quartzite quartzite 

23 1 1.00 1.00 24 1 1.00 1.00 

48 1 0.98 0.96 0.91 48 1 0.91 0.82 

71 1 0.97 0.96 0.94 72 1 0.92 0.80 

94 1 0.98 0.97 0.94 96 1 0.92 0.78 

118 1 0.98 0.98 0.95 120 1 0.93 0.77 

144 1 0.99 0.99 0.96 144 1 0.94 0.75 

169 1 0.98 0.98 0.97 168 1 0.94 0.74 
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Relative redox experimental set 1 Time (h) Relative redox , ..... ' .1· experimental set 2 
Time 0% 6% 9% 12% 

se~ 2 
15% 18% 

experimental set 1 quartzite quartzite quartzite quartzite o % quartzite quartzite quartzite 

192 1 0.98 0.98 0.96 192 1 0.95 0.72 

216 1 0.98 0.98 0.97 216 1 0.95 0.71 

Table e.s: Normalised cell concentration data for solids 

Time Time (h) 
ex erimental set 1 uartzite tal set 2 

23 24 

48 1 0.93 0.93 0.91 72 0.79 0.40 

71 0.89 0.88 0.82 96 0.71 0.32 

94 0.88 0.87 0.78 120 1 0.79 0.33 

118 1 0.88 1.01 0.83 144 0.66 0.30 

144 1 0.92 1.09 0.89 168 0.79 0.28 

169 1 1.00 1.08 0.92 192 0.76 0.38 

192 0.93 0.89 0.78 

Table e.9: Normalised maximum cell concentration and apparent 

cell 
concentration at 72 h Error 

0 1.00 0.0320 0.0050 0.0002 

6 0.89 0.0284 0.0039 0.0001 

9 0.88 0.0281 0.0034 0.0001 

12 0.82 0.0263 0.0001 

15 0.79 0.0254 0.0000 

18 0.40 0.0128 -0.0001 
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Table C.IO: Nonnalised percentage iron solubilised data for solids 

Relative percentage iron ." .,.!, exr"rirn"nt"J Relative percentage iron soIu",iJi.",.!· 
setl experimental set 2 

Time 0% 6% 9% 12% Time 0% 15% 18% 
experimental set 1 quartzite quartzite quartzite quartzite If'Ynlf'rimlf'l1t<l1 set 2 quartzite quartzite quartzite 

23 1 1.00 1.00 1.00 24 1 1.00 1.00 

48 1 1.07 0.93 0.89 48 1 0.94 0.44 

71 1 0.95 0.92 0.81 72 1 0.75 0.41 

94 1 0.89 0.86 0.84 96 1 0.69 0.34 

118 1 0.90 0.88 0.80 120 1 0.73 0.29 

144 1 0.89 0.89 0.77 144 1 0.70 0.28 

169 1 0.86 0.89 0.77 168 1 0.74 H* 192 1 0.81 0.88 0.71 192 1 0.76 

216 1 0.85 0.86 0.74 216 1 0.70 0.2D 

Table C.l1: Nonnalised extent and rate of iron solubilisation data for solids 

\.,(WLL.GllC loading (%; Relative extent of iron Relative rate of iron 
w!v) solubilisation Error solubilisation Error 

0 1.00 0.0286 100 0.0286 

6 0.81 0.0231 0.82 0.0234 

9 0.88 0.0252 0.86 0.0246 

12 0.71 0.0204 0.71 0.0203 

15 0.76 0.0217 0.72 0.0206 

18 0.21 0.0060 0.29 0.0083 
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Table C.12: Normalised percentage copper solubilised data for solids 

Relative percentage copper ~~.y~~~~~, lPnt,,1 Relative percentage copper !!oluhiliserl . 
setl experimental set 2 

Time 0% 6% 9% 12% Time 0% 15 % 18% 
set 1 quartzite quartzite quartzite quartzite "1\.J tl set 2 quartzite quartzite quartzite 

23 1 1.00 1.00 1.00 24 1 1.00 1.00 

48 1 0.85 0.79 0.77 48 1 0.81 0.71 

71 1 0.86 0.93 0.82 72 1 0.68 0.55 

94 1 0.91 0.97 0.80 96 1 0.80 0.55 

118 1 0.92 0.89 0.87 120 1 0.71 0.47 

144 1 0.94 0.88 0.80 144 1 0.79 0.48 

169 1 0.85 0.99 0.83 168 1 0.76 0.50 

192 1 0.95 0.99 0.73 192 1 0.71 0.47 

216 1 0.87 0.98 0.72 216 1 0.76 0.47 

Table C.13: Normalised extent and rate solubilisation data for solids 

QIA'ULGll<O loading (%; Relative extent of Relative rate of 
w/v} solubilisation Error solubilisation Error 

0 1.00 0.0062 1.00 0.0062 

6 0.95 0.0058 1.01 0.0057 

9 0.99 0.0061 1.01 0.0062 

12 0.73 0.0045 0.73 0.0045 

15 0.71 0.0043 0.69 0.0042 

18 0.47 0.0029 0.32 0.0019 
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Table C.14: Recovervdata 0 to 216 h: 

Redox Cell concentration TL • 
-0' copper solubilised (lifo; • 'O~ Iron 

~/w) Time (h) pH (mV; Agi AgCl) (cells mI·1) solubilised (%; w Iw) 

24 1.78 604 1.53E+08 6.11 7.86 

48 1.69 565 2. 54E+08 10.9 11.4 

72 1.71 584 2.43E+08 12.2 13.2 

96 - 596 2.88E+08 13.2 15.8 

120 1.72 604 2.25E+08 16.3 16.8 

144 1.71 610 2.94E+08 17.6 21.0 

168 1.70 613 2.22E+08 19.0 21.5 

192 1.70 616 - 21.0 21.6 

216 1.71 618 20.4 23.7 

Table C.1S: data 216 to 456 h: 

Redox .1 Cell concentration . iron 
~/w) 

'gP copper solubilised (%; 
Time (h) pH (m V; .Agi AgCl) (cells mI-l ) solubilis~d (%; w/w) 

216 1.71 618 - 20.4 23.7 

240 1.72 617 1.90E+08 21.3 26.9 

264 tffi 619 1.87E+08 22.4 27.2 

288 623 1.75E+08 24.4 27.2 

408 1.73 631 2.11E+08 25.8 33.4 

456 1.72 632 26.0 35.5 
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IMPELLER 

Raw data for from Section 4.7. 

Table C.16: data for LUAIJ<;;WC.L 

0% 9 % quartzite 

Time (h) 
-~ 

1.67 m 8-1 1.67 m 8-1 1.97 m S-I 2.13 m S-1 

0 1.63 1.61 1.61 1.63 

4B 1.B 1.85 1.77 1.81 

72 1.45 1.47 1.49 1.48 

96 1.46 1.58 1.61 1.6 

120 1.48 1.65 1.68 1.75 

144 1.44 1.62 1.65 1.76 

16B 1.44 1.63 1.68 1.79 

192 1.45 1.67 1.69 1.B 

Table C.17: Redox data for lmlJelller 

0% 9 % quartzite 
Time (h) 1.67 m 5-1 1.67 m 5-1 1.97 m S-1 2.13 m 8-1 

0 460 456 459 456 

48 548 541 551 532 

72 577 546 528 499 

96 603 565 529 487 

120 610 577 527 484 

144 615 588 535 481 

168 613 597 538 478 

192 610 601 540 470 

Table C.IS: Cell concentration data for lml,ell,er 

0% 9 % quartzite 
Time (h) 1.67 m S-1 1.67 m S-1 1.97 m S-l 2.13 m S-1 

0 7.60E+07 7.50E+07 7.50E+07 7.25E+07 

48 1. 84E+OB 1.75E+08 1.B5E+08 1.75E+OB 

72 2.35E+OB 1.72E+08 9.37E+07 9.25E+07 

96 3.56E+08 2.38E+08 1.20E+08 7.81E+07 

120 4.35E+08 2.98E+08 1.40E+OB 7.50E+07 

144 4.23E+08 2.88E+08 1.83E+08 7.50E+07 

16B 3.B5E+OB 2.75E+OB 1.75E+08 2.19E+07 

192 4.00E+08 1.84E+08 1.44E+08 2.03E+07 
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Table C.19: Percentage iron solubilised data for impeller speed experiments: (Figur e 

0% • 9 % quartzite 
Time (11) 1.67 m S·l 1.67 m S·l 1.97 m S·l 2.13 m S·l 

0 0.0 0.0 0.0 0.0 

48 11.8 11.5 8.6 10.7 

72 15.9 12.6 9.7 9.6 

96 18.4 15.9 13.5 12.5 

120 24.2 20.4 14.0 10.4 

144 30.6 25.5 14.1 9.4 

168 33.3 28.4 15.9 12.4 

192 35.7 28.4 16.6 12.0 

Table C.20: I-\",·,,~cr .. rate and extent of iron solubilised at a 9 % quartzite ...... ".....,~.;:;. Data for 1mf)el.lC~r 

Extent of iron solubilisation 

1.67 5.7E-14 24.0 

1.67 4.9E-14 14.0 

1.97 3.5E-14 8.04 

2.13 1.4E-14 1.80 

Table C.21: Pe!:cerlta~~e copper solubilised data for UUIYCll'CL 

o % quartzite; 9 % quartzite 
Time (11) 1.67 m S·l 1.67 m 5.1 1.97 m S·I 2.13 m S·1 

0 0.0 0.0 0.0 0.0 

48 16.5 15.9 14.7 16.1 

72 22.9 20.3 18.4 18.1 

96 29.6 26.4 23.5 20.8 

120 31.5 27.1 25.6 21.2 

144 35.7 30.5 26.2 19.5 

168 36.5 34.2 25.2 21.5 

192 36.7 33.2 27.6 21.2 

Table C.22: "v .. ,.~ap rate and extent solubilised at a 9 % qU2Lrrzl,te Data for 

1.67 7.2E-14 28.8 

1.67 6.8E-14 24.7 

1.97 7.8E-14 18.4 

2.13 4.5E-14 7.7 
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Table C.23: rate of iron solubilised and apparent rate at a 0 % qua.rtztte 

rate 

1.97 8.2E-11 0.0184 

2.13 8.3E-ll 0.0120 

C.l.7 ANALYSIS OF 

Raw data from Section 4.9. 

Table C.24: Measured and modelled death rate constant for solids 

6 0.0010 

9 0.0016 0.0020 

12 0.0028 0.0031 

15 0.0043 0.0046 

18 0.0066 0.0063 

5 

C.2.1 ON 

Table C.25: in normalised Weibull pal:amlete:rs a, b and Xo descntllng the cell size distribution as a 

function of solids 

.-.. Parameter 
"". 

(%, w/v) a b Xo 
0 1.00 1.00 1.00 

6 0.95 0.81 0.95 

9 0.98 0.84 0.95 

12 0.85 0.83 0.93 

15 0.35 0.96 -

18 0.35 0.96 0.90 
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Table C.26: ",~';;;, . .u.". OUR as a function of time for reactors .. v .. ,"""" ....... /S 0 to 18 % and 

Specific OUR (!Jl02 cell-! min-I); experimental set 2 
Time (11) 0% quartzite 15 % quartzite 18 % quartzite 

24 2.6E-09 2.6E-09 2.7E-09 

48 1.7E-09 8.SE-tO 1.0E-09 

96 l.SE-09 8.0E-tO 7.0E-l0 

168 1.2E-09 7.1E-10 6.8E-l0 
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Table D.I: Power per unit volume cot'resporldttlg to lll1lJClll,a and solids loac:l1nl~S utilised in 

Section 4.7 

Solids loading P IV (\Xl m·3) 

(%, w/w) 1.67 m S·1 1.97 m S·l 2.13 m s'! 

0 605 1097 1386 
3 686 1097 1489 
9 686 1287 1592 
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Table E.t: t-Test COlno:amL2 nonnalised redox ootentlal for 0 and 6 % C1n"rt,,,tp and 0 and 9 % 

\1U::~t:lJllt:U in 

t-Test: Paired Two Sample t-Test: Paired Two~ 
for Means for Means 

~ concentration Quartzite concentration 

0% 6% 0% 9% 

1 0.980851 Mean 1 0.977344 

Variance 0 7.D1E-05 Variance 0 O~ 
Observations 9 9 Observations 9 

rty .. '~;7"rl Mean ~~J;~ Mean 
Difference 0 0 

df 8 df 8 

t Stat 6.859713 t 5.994642 

P(f<=t) one-tail 6.49E-05 P(f<=t) one-tail 

t Critical one-tail 1.859548 t Critical one-tail 1.859548 

P(f<=t) two-tail 0.00013 P(f<=t) two-tail 0.000325 

t Critical two-tail 2.306006 t Critical two-tail 2.306006 

Table E.2: t-Test nonnalised redox forO and 12% and 0 and 15 % 

in 

t-Test: Paired Two t-Test: Paired Two 
for Means for Means 

0% 12% 15% 

Mean 1 0.955642 Mean 0.940789 

0 0.000612 0.00069 

9 9 9 
Mean 

0 

8 df 

5.379142 

0.000331 7.16E-05 

1.859548 1.859548 

0.000143 

t Critical two-tail t Critical two-tail 2.306006 
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Table E.3: t-Test cOlrnparul2: normalised redox potential for 0 and 18 % quartzite p!(~serlted in 

0% 

1 

0 

Observations 9 9 

H othesized Mean Difference 0 

7.386452 

3.86E-05 

1.859548 

7.72E-05 

t Critical two-tail 2.306006 

Table E.4: t-Test I.;UIllP,UllJl)1; normalised cell concentration for 0 and 6 % qu:art~ite and 0 and 9 % 

l .. m::~CllLCU in 4.17). 

t-Test: Paired Two Sample t-Test: Paired Two Sample for 
for Means Means 

Quartzite concentration 

0% 6% 

Mean 1 O. 

Variance 0 0.002068 Variance 

Observations 9 9 Observations 
h .. rl Mean H Mean 

~r:" .. lYl:-
0 Difference 

df 8 df 

t Stat 4.64389 t Stat 

P(f<=t) one-tail 0.000829 P(T<=t) one-tail 

t Critical one-tail 1.859548 t Critical one-tail 

P(T<=t) two-tail o~ P(T<=t) two-tail 

t Critical two-tail 2.306006 t Critical two-tail 

Table E.5: t-Test cOlrnparitl~ normalised cell concentration for 0 and 12 % 

t-Test: Paired Two 
for Means 

Mean 

Variance 

Observations 
Mean 

t Critical two-tail 

0% 

1 

0 

9 

0 

5.363262 

0.000338 

1.859548 

0.000675 

2.306006 

12% 

0.852867 Mean 

0.006773 

9 
Mean 

t Critical two-tail 
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Quartzite concentration 

0% 9% 

1 0.975534 

0 0.007218 

9 9 

0 

8 

0.863923 

0.206391 

1.859548 

0.412782 

and 0 and 15 % 

1 0.7703 

0 0.011344 

8 8 
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Table E.6: t-Test cornpluUllg normalised cell concentration for 0 and 18 % 

Mean 

Variance 

Observations 8 

othesized Mean Difference o 
7 

6.888749 

0.000117 

Table E.7: t-Test normalised iron solubilised for 0 and 6 % and 0 and 

t-Test: Paired Two 
for Means Means 

6% 9% 

1 0.912747 Mean 

0 

9 9 9 
Mean 

0 0 

8 df 8 

3.173267 6.850304 

Table E.8: t-Test cornplUUl~ normalised n"';'C"'flt~C'''' iron solubilised for 0 and 12 % 'lUlU .... ,."" and 0 

and 15 % quartzite 

for 
Means 

n",,,ff7'tp concentration 

0% 12% 0% 

1 0.813152 Mean 1 
o 0.007671 Variance o 
9 Observations 9 

yp()tbes:ll~ed Mean 
o o 

6.400178 5.92505941 

0.000105 0.000175843 

1.85954832 
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Table E.9: t-Test ... ul'UfJ .... uu~normalised pelrcent~lgeiron solubilised for 0 and 18 % prlesentc:d in 

Table E.l0: t-Test "'Vl'UI:"a.u.~ normalised pe:rcent~ige copper solubilised for 0 and 6 % -. _________ and 0 

t-Test: Paired Two 
for Means 

Mean 

Variance 

Observations 
tiypolne:SlZ«:a Mean 
Difference 

t Critical one-tail 

two-tail 

and9% in 

t-Test: Paired Two 
Means 

t Critical two-tail 

1.859548 

0.014364 

2.306006 

TableE.1t: t-Test co:mJ:.anlngnormalised percentage copper solubilised for 0 and 12 % '-j .... OLU, .... and 0 

t-Test: Paired Two 
for Means 

Mean 

Variance 

Observations 
tiypolne:SlZc:a Mean 

and 15 % om~rt7'itl" 

for 
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Table E.12: t-Test LUl.UH<UUU' normalised pel:cerlta~:e copper solubilised for e and 18 % 

concentration 
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Table F.l: Cell size data as a function of time for 0 and 18 % n""rl"'.~,, lc,awng~ ope:rat(~d at an 

of 1.97 m S·l. 

Sample Time (h) Q loading 

0% 18% 

X 0 f.Iltl) 

1 0 0.900 0.915 

2 0.906 0.921 

3 0.894 0.921 

1 24 0.904 0.920 

2 0.910 0.926 

3 0.910 0.914 

1 72 0.973 0.892 

2 0.967 0.887 

3 0.967 0.898 

1 144 1.008 0.850 

2 1.001 0.844 

3 1.015 0.856 

1 168 0.978 0.835 

2 0.984 0.840 

3 0.972 0.829 

Table F.2: ANOVA for cell size data presented in Table F.1 \~l~lI.nll;aIlL at the 99.99 % 

ANOVA 

S ouree of Variation SS df MS F P-value F ent 
Sample 0.002976 4 0.000744 25.43808 1.34E-07 4.43069 

Columns 0.036116 1 0.036116 1234.981 1.88E-19 8.095958 
Interaction 0.041794 4 0.010448 357.2795 2.72E-18 4.43069 

Within 0.000585 20 2.92E-05 

Total 0.081471 29 
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