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this work were to evaluate the of the mechanism for the 

nrclvule kinetic information on the involved and to determine the 

between arsenic in the aeration of continuous bioreactors. These 

nh"p('l"V"~ were addressed np,ctnlm"1i,no batch and continuous chemical ferric and 

bacterial ferrous-iron oxidation eXJ)efllme:nts 

determine the concentration and metabolic 

measurement were used to 

of the bacteria and the rate of mineral '''''''''''''Jl'.. 

Trends in the concentration of the iron and arsenic "u~;"""". and their rel.atlclnsJtllp to the bacterial 

togethl~r with the identification of L.eJow,sVlrwum fen'Vo.tid,cms as the dominant ferrous-iron OXIQlsmg 

.... V.UULU~.~ that the of mechanism. The response of 

to in the aeration and the results obtained at elevated arsenic concentrations indicated 

that arsenic resistance may be attributed to an energy efflux pump and a membrane which 

influences the rate at which arsenic enter the ml,cro-orgru[llSlrIlS. 

The chemical ferric rate of was found to increase with redox and could 

be described a Butler-Volmer based model. On the other the rate at which ferrous-iron was utilised 

the culture increased with a decrease in the redox and could be 

model modified to account for the effect of and An 

resulted in an increase in the maximum ferrous-iron utilisation rate whereas 

resulted in a increase In the constant. 

A model the kinetics of the chemical and bacterial proposes that the residence 

time and characteristics of the microbial determine the redox of the solution. The 

redox of the the characteristics of the mineral leached and the residence time in tum 

determine the mineral conversion. between the model and data ""'E;E,""" 

that the model has for of continuous bioi each reactors. 
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Summary 

Bioleaching is now an established technology for the l''''''lUl''~ of whole-ore copper and the pre-tre~au:nen 

retractorv arsenical gold ores and concentrates. For the case of refractory arsenical gold concentrates, it offers 

an economically feasible alternative to pressure oxidation and has environmental over roasting with 

to the quality of the liquid and gaseous effluent (Van 1993). The major disadvantage of 

bioleaching is the long residence time to achieve levels. Other potential 

complications include the solubilisation of substances in the mineral, or the use of reagents, that are toxic to the 

In spite of the increased commercial application of there are currently no mechanistic models that 

can be used to predict the performance of bioleach reactors. This can be attributed to the complex nature of 

microbial interactions and difficulties encountered when to measure the biomass concentration and 

growth rate, and the ferrous- and ferric-iron concentrations within 3-phase systems. In order for bioleaching to 

with other processes, it needs to be optimised with to the pararll1eters 

that affect the process. Thus, there is a growing need for k."1owledge of the stoichiometry of the bioleaching 

reactions and based kinetic models that can then be used to derive "''''',t''· ....... O'"I'''' e(JUaUOlrlS for use 

in the design, optimisation and control ofbioleaching operations. 

Until T. ferrooxidans was considered the micro-organism for the of sulfide ores 

and concentrates. For this reason most of the bioleaching research performed to date has been carried out using 

this However, recent research has shown that is at least as important, if not 

more 1999(a); Rawlings et at., 1999(b); Dew et at., 1997; Boon, 

1996; Hallmann et Norris et Helle and Onken, 1988). In 

addition, although most commercial bioleaching operations using mesophilic bacteria are continuous processes 

and at about 40°C and pH most bioleaching research to date has been carried out in 

batch at about 30°C and pH 1.8-2.0. 

Recent work on the bioleaching of pyrite has indicated that it occurs via a sub-process mechanism 

et al., to this the is chemically oxidised by the ferric-iron present in 

the bioleaching medium; the ferrous-iron produced by this reaction is subsequently oxidised to the ferric form by 

the bacteria. This maintains a redox in the thereby the continued of 

the mineral. The existence of a multiple sut)-o:rocess mechanism implies that the overall process can be reduced 

to a number of independent sequential and/or parallel sub-processes, that the kinetics of these sub-processes may 

be studied separately, and that the results can be used to the of bioi each reactors. 
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The objectives of this work were to determine the applicability of the multiple . 
k· .. s:- f th chemical ferric and ferrous-Iron 

bioleaching of arsenopyrite, and to metlc tnl0rma IOn on e . . .. 
oxidation sub-processes for use in a model based on this mecharIism. An additIOnal objective of the w~rk w~s to 

.. . th f' arId resistance, arId relatIOnship to attempt to some mSlght mto e 0 arsemc 

perturbations in the aeration arId agitation of bioleach reactors. 

The above objectives were "1"1,1 .. ",,,,,,,,1"1 by: 

i) pel:tolmlltng sre.aml-SI:are arId perturbation py" .. ri'Tnl'·nts using a 2-stage continuous 

ii) batch bioleaching experiments at elevated arsenite arId arsenate COII1C(mtl'attons, 

performing ferric using a dynamic redox method, 

iv) performing continuous ferrous-iron oxidation at temperatures ranging from 30 to 

40"C and pH values rarIging from 1.10 to 1.70., and 
v) attempting to use the determined chemical ferric arId. bacterial. ferrous-iron 

oxidation kinetics to predict the performarIce of a continuous bioleach reactor. 

",,,.,,,..,,_,,,0<,. .. operation of the bioleaching mini-pJarIt, the ferrous-iron arId arsenite concentrations were 

higher in the bioreactor than in the bioreactor. On the other harId, the arId arsenate 

concentrations in the secondary bioreactor were higher thart in the bioreactor. the perturbation 

the ferrous-iron arId arsenite concentrations in the bioreactors increased during the period in which the 

bioreactors were not aerated and decreased on resumption of aeration arId agitation. Similar trends in the 

concentrations of ferrous-iron and arsenite were observed the and exponential growth phases of the 

batch bioleaching experiments performed at elevated arsenite arId arsenate These 

tOQ:eth.~r with the identification of Leptospirillum jerrooxidans arId Thiobacillus caldus (Rawlings et ai., 1999) as. 

the dominarIt species present during the continuous bioleaching of this arsenopyrite/pyrite concentrate therefore 

""')~l'.""'" that the of arsenopyrite occurs via a mecharIism. 

The results obtained the and arsenic tolerarIce also indicated that 

the chemical oxidation of arsenopyrite arId arsenite, the precipitation of ferric arsenate, arId possibly the ferric 

lI;;;""UJlH~ of are reactions .. In the absence of bacterial activity, initial redox arId 

low arsenic concentrations (arsenite arId arsenate) resulted in the ferric leaching of arsenopyrite being the 

dominant reaction. However, high initial redox potentials, elevated arsenite or arsenate concentrations arId the 

absence of bacterial activity resulted in the oxidation of arsenite to or the precipitation of ferric arsenate 

being the dominarIt reaction. In contrast to the above, in the presence of rapid bacterial oxidation, the oxidation 

of both and arsenite and the precipitation of ferric arsenate was observed. The relative rates of the 

above reactions therefore depend on the concentrations of arsenopyrite, pyrite, arsenite and arsenate and the 

availability of ferric~iron in the bioJeaching The availability of ferric-iron is in tUrn determined the 

activity of the bacteria, and is indicated by the redox potential of the solution. 

Two di~:rurltirm tests were carned out while the l1UJ'U~IJUI.I" was operating at a residence time of 4 The frrst test 

comprised a 15-minute interruption in the aeration arId agitation of the secondary bioreactor arId the second test 

consisted of a 17 -hour in the agitation arId aeration of the bioreactor. The test 

" .... -+ ..... .,.,,1"1'1 using the bioreactor indicated that short in the aeration and agitation of 

continuous bioleach reactors do not affect the long term or short term activity of the bacteria. The oxygen 

utilisation rate of the bacterial culture in the primary bioreactor, decreased during the in which aeration arId 

agiltat.ion was arId increased once aeration arId agitation was restored. the culture did not 

achieve the same level of as exhibited before the interruption. This result therefore suggests that 
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extended periods without aeration and :""F1r:>tllnn have a long tenn (detrimental) effect on the 
bacteria. 

Page iii 

of the 

Although the arsenite concentration in the primary bioreactor slightly the period in which the 

bioreactor was not aerated, the maximum level reached was about 5 mmol As(III).e-1• In comparison, 

the arsenic tolerance investigation, exposure to an initial concentration of 20 mmol As(III).r l did not 

have a significant effect on the batch of the bacterial culture: Although exposure to an 

initial concentration of 40 mmol As(III).e-1 reduced both the initial and maximum oxygen rates of the 

bacterial culture, the bacterial culture exhibited the ability to recover. Furthennore, the elevated arsenite 

concentrations did not result in a significant increase in the 

In contrast to the above, no significant change in the arsenate concentration was observed during the perturbation 

test perfonned the primary bioreactor. The arsenate concentration, before, and after the 

test was in the of 100-150 mmoU-\ During the arsenate tolerance exposure to 

an initial concentration of 107 mmol As(V).e-1 increased the phase of the bacterial culture by 12 and 

reduced both the initial and maximum oxygen utilisation rates of the bacterial culture.· The addition of 

220 mmol As(V).rl to the bacterial culture resulted in a phase that lasted for more than 31 days. 

The above therefore that the slow recovery of the mini-plant to the interruption in the 

aeration and agitation of the primary bioreactor can be attributed to the inhibitory effect of the arsenic 

concentration and present routine In other words, the mechanism of 

arsenic resistance in L. ferrooxidans and T. caldus may be attributed to an energy efflux pump and a 

membrane system which influences the (relative) rates at which arsenite and arsenate are able to enter the micro-

The membrane which mayor may not be attributable to Pst (chromosomal) mllltations, 

enables the bacteria to survive in solutions in which the dissolved arsenate concentration is significantly' higher 

than the dissolved arsenite concentration. in the absence of an energy source, i.e. ferrous-iron or 

oxygen, or during periods of reduced bacterial activity, the bacteria are unable to protect themselves from the 

toxic effects of hence the inhibitory effect thereof may manifest at concentrations to which the culture 

According to the multiple mechanism, it is to detennine the kinetics of the chemical ferric 

leaching and bacterial ferrous-iron oxidation sub-processes separately and then use the independently derived 

kinetic to predict the perfonnance of continuous bioleaclr reactors for a range conditions. 

However, before this could be done it was necessary to establish the stoichiometry of the reaction which 

ars:eniop'ffll:e is ferric-iron. Because of difficulties encountered with to obtaining of 

pure arsenopyrite, this work was an arsenopyrite/pyrite flotation concentrate. 

Although the competitive nature of the reactions involving ferric-iron described above influenced the observed 

stoichiometry of the ferric leaching the results obtained were consistent with the stoichiometry 

postulated previously by Iglesias et al. (1993): 

FeAsS+ (1) 

The rate at which arSlenO'DVlrite was del~ra(1ed eXlpresse:d as the rate of ferrous-iron 

production, was detennined the Nernst the reaction stoichiometry shown in Equation I and the 

The concentrate used in the arsenite and arsenate tolerance investigations was the same as the concentrate used in the continuous 
bioleaching mini-plant, and the inoculii were obtained from the mini-plant bioreactor). 
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measured variation in the redox potential of the during the course of 
. ents the cern' c leaching rate with a decrease in the redox potential, through a expenm l' • • • 

and then decreased with a further decrease in the redox potential. It is suggested that thiS IS a transient 

phenomenon, and can be attributed to the rearrangement of the ions on the surface and in the electrical 

surrounding the mineral, i.e. it is not a result of of the mineral. 

In the in which the specific rate of production decreased with a decrease in the redox 

potential, the results could be accurately described using the based model by May et al. 

(1 

(2) 

concentrations of ferric iron and and a reduction in the solids concentration were found to impede 

the leach rate. The "rest potential", i.e. the redox at which the dissolution of arsenopyrite of the 

arsenopyrite was found to be under these conditions. However, no occluding sulphur layer could be 

detected on the surface of leached mineral nor did mineral that had been leached previously appear 

"unreactive" when placed in fresh leaching solution. The results therefore that the of the 

mineral decreases with an increase in the effective concentration of the ferric iron and proton lSpt;":;lI::lS. This is 

as highly unusual as most reaction mechanisms are favoured by an increase in the reactant 

concentration. although the results the likelihood of an electrochemical mechanism being 

it is necessary to modify the Butler-Volmer based model to account for the above in 

order to obtain a model capable of predicting the ferric It:i:I,l,;nJ111~ rate of arSlenCIDvnte across a broad range of 

nnf'''J'lTmo conditions. 

The ferrous-iron oxidising micro-organism in the mixed culture used in continuous bioleaching mini-plant· 

was isolated growing an inoculum from the mini-plant in continuous cultUre with ferrous sulfate as the feed. 

Restriction enzyme analysis of PCR amplified 16S rDNA extraccted from the micro-organisms isolated in this 

manner was able to detect the presence of L. This showed that L. and not 

T. ferrooxidans, is the dominant ferrous-iron oxidising species during the continuous bioleaching of this 

flotation concentrate. 

The ferrous-iron oxidation l\.U;,,",U'I.;;' of the pre:dol:niI1lanl:h L. UU.~jU,UTQ culture were studied in continuous-flow 

bioreactors. The bacterial culture was fed with a salts solution 12 

rarlglflg from 0.01 to 0.10 h- I
, from 30 to 40"C and pH values 

at dilution rates 

from pH 1.1 0 to 

1.70. The growth rate and the oxygen and ferrous-iron utilisation rates of the bacteria were monitored by 

means of analysis and redox potential measurement. The C1egre:e-(}t-l-eC1ucl:lOil balance was used to 

compare the theoretical and "v.~,. .. "W\" .. t .. values of fX, and -fF.+2, and the correlation found to be good. 

The biomass concentration in the biorcactors increased with increasing temperature; the greatest biomass 

concentrations were achieved at intermediate residence times of the and/or in the 

bioreactor. Although the biomass concentration in the bioreactors appeared to be independent of the the 

bacterial culture maintained at 40"C and 1.30 "washed out" at the dilution rate. However, the highest 

calculated maximum specific growth rate, !!iMX = 0.1238 hOt, was calculated from the data obtained at 40°C and 

pH 1.50. 

Statistical analysis suggested that the values of the maximum bacterial yields on ferrous-iron and oxygen and 

their maintenance coefficients were functions of both and the statistical 
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. did not take into account the poor correlation coefficients obtained during the regression 
analysis. For this reason, average values 6f the maximum bacterial and their respective maintenance 

coefficients were also determined that neither nor pH, has an effect. The values of 

, mFe2+ and mo2, calculated in this manner were similar to those ,.p,.,,,,,tpri previously for both 

L. len"OO.X:lOc'1nS and T. ferrooxidans. 

During the ferrous-iron oxidation the rate at which ferrous-iron was utilised by the bacteria 

"'''''''','',, .... with a decrease in the redox potential of the solution and could be described using the modified 

Michaelis-Menten type model by Boon (1996). The maximum bacterial specific and 

oxygen utilisation and, and their respective kinetic K f e2+ and 

mc:re2lslIllg te:m):,er2lture. The of the maximum bacterial specific and oxygen 

utilisation rates could be described the Arrhenius Equation whereas the relationship between temperature 

and the kinetic constants appeared to be linear. The kinetic constants also increased linearly with pH. 

Although both the maximum bacterial ferrous-iron and oxygen utilisation rates appeared to achieve 

maximum values at pH 1.50, no relationship between these and pH was evident. The effect of 

pH on the maximum bacterial specific ferrous-iron and oxygen utilisation rates was far less pronounced than the 

effect of temperature. in an to the modelling, it was assumed that had no effect 

on the either or qmax 02 • 

The above trends and """ ....... " .. ,J"" were '"" .......... ,"'rg't"'rI into the Michaelis-Menten based model proposed by Boon 

(1996). This resulted in a model capable of predicting the bacterial specific ferrous-iron utilisation rate as a 

function of the ferric/ferrous-iron ratio, for temperatures rangll1lg from 30 to 40°C and pH values ranging from 

1.l0to 1.70: 

L204x 10 7 e 
(3) =--------------------------------~--

1 + (7.530 X 10.7 T + 0.0043 

In addition it was assumed that the stoichiometry of the overall ferrous-iron oxidation equation was independent 

of the dilution rate, i.e. Y02X : = constant. This allowed the value of the factor for the oxygen 

based kinetic equation to be calculated from the stoichiometry of the overall ferrous-iron oxidation equation. In 

addition, the of reduction balance, written in terms of q;.",", , and Ilmax
, can be used to show that 

KFe,· Ko, ::::: hence: 

2.915 X 106 e 
qo, =--------------------------------~ 

1 + (7.530 x 10.1 T + 0.0043 pH -

(4) 

Lompan:son of the variation in the ferrous-iron and oxygen utilisation rates with in the 

ferric/ferrous-iron ratio predicted by the resulting models with the experimentally obtained data showed adequate 

agJreeme:nt. The results also indicated that the effect of temperature and on the ferrous-iron oxidation kinetics 

of the predominantly culture can be summarised as follows: 
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i) an increase in temperature results in an increase 

utilisation rates respectively, and " ' t 
an increase in the results in a proportional increase In the kmetic constant, K. ii) 

If, the bioleaching 0 f ml'nerals, the follow Monod kinetics, the 

fen'omi-mm can be related via the Pirt (Pirt, 1982) and 
maximum yield and maintenance on 

, b as a function of the ferric/ferrous-iron 
the bacterial specific utilisation rate can e 

, 'f th solution is only a function of then it can be shown that the ferric/ferrouS-Iron ratio 0 e U1\.w,,.',",UUll:\ 

the residence time and the characteristics bacterial species, Furthermore, if the rate at which the mineral is 
as a function of the ferric/ferrous-iron ratio, then the mineral 

bioreactor is a function of the residence time, the 

,,+ .... ,ci',£,c of the mineral. Although this may not be an 
during 

by ferric-iron can be 

intuitive result, it is expected from the as§:utrmtiion of Monod or Michaelis-Menten kinetics. 

The model developed therefore proposes that the residence time and of the microbial 

determine the redox potential of the bioleaching solution. The redox of the solution, the chllral~telnstlcs 

of the mineral being leached and the residence time in tum determine the of mineral leaching, 

i.e. the mineral conversion. A change in the residence time will result in a in the solution redox IJV,""U"". 

and hence in the overall rate of the mineraL In additi!ln, it may also influence the bacterial speciation. 

A comparison of the model prediction with the conversion measured during a 

showed good if it was assumed that the bacterial was L. ferrooxidans. However, 

although the agreement between the redox potential measured in the first of a continuous BIOX® mini-

plant a range of concentrates and the redox potential predicted by the model was 

good, the agreement between the predicted conversion and the experimental data was poor. This was anlticlnalted 

and can be attributed to the fact that the " relatively low" concentrations of arsenopyrite in the mineral resulted in 

a large proportion of it being occluded by pyrite andlor gangue. This results in some of the arsenopyrite being 

inaccessible to the solution and manifests as a reduced rate of relative to 

rate of leaching observed during studies performed pure arsenopyrite. 

The over-prediction of the model therefore "Ul;lI;t;"LI> that the rate of mineral It;il,I,;Hilll~ needs to based on the 

exposed surface area of the mineral leached, and needs to in the surface area 

with time. the model does not consider the fate of the sulphur of the this may be 

important in the bioleaching of base metal sulfides as sulphur products may result in passivation of the mineral 

surface. Although sulphur bacteria should assist in the solubilisation of this layer, sulfur 

oxidation may be rate limiting during the bioleaching of these minerals. Therefore, refinement of the model to 

include the kinetics of bacterial sulfur oxidation is also necessary. 

It is however apparent that the methodology employed can be extended to incorporate these effects. Therefore, 

the above hypothesis has to be extensively the results obtained to date that the model 

has potential for predicting the performance of continuous bioleach reactors, and hence finding use in 

engineering and industrial applications. 

t Although an increase in the temperature also resulted in a proportional increase in the kinetic constant, K, the effect of 
temperature was far less pronounced than the effect of pH, for the temperature and pH ranges used. 
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Chapter ne 

Introduction 

Bioleaching can be defined as the process in which the bacterial oxidation of minerals results in the release of 

valuable metals copper) the acid solution Brierley (l997(a». for the extraction of 

copper has been since the 16th (Wadsworth, 1987). it was not until 1947, when the 

bacterium Thiobacillus ferrooxidans was isolated from acidic mine that the process was understood to be 

bacterially catalysed and 1947). Although copper extraction was the first commercial application 

ofbioleaching, it was research initiated the 1950's and aimed at uranium from Witwatersrand gold 

ores et 1977) that led to the late into the use of 

bioleaching for the recovery from sulfide ores (Van Aswegen et 1991). 

In many cases, bioleaching offers environmental and technical advantages over pressure oxidation and 

roastirlg (Van 1993; Poulin and Lawrence, 1996). It is now an established technology for the leaching 

of whole-ore copper heaps and the of arsenical ores and and has 

significant potential for the extraction of nickel, cobalt and other base metals. It also has potential for the 
",,,,.,,,,r,,tu\n of acidic ferric sulfate for use as a medium in extractive hydrometallurgical processes. 

Although the spontaneous of wastes containing sulfide minerals contributes to acid mine it 

has the potential to be used in such a way as to benefit the environment. It has been considered for the 
desulfurisation of coal and in the decontamination of soils and heavy metals. 

In the case of refractory arsenical gold concentrates, bioJeaching mixed mesophilic cultures offers an 

feasible alternative to pressure oxidation (or may be used to increase the of pressure 

oxidation plants) and has environmental advantages over roasting with to the quality of gaseous and 

effluent Aswegen, 1993). Other ofbioleaching are the mild conditions employed compared 

to those used in pressure oxidation, viz. mild acidity and slightly elevated temperatures as opposed to high pressures, 

tenlpeJraUiEreS and and Van 1990). At present there are in South 

Brazil and Ghana which treat flotation concentrates (Dew et 1997), heap in the USA 

(Brierley, 1997(b». 
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The major disadvantage of bioleaching is the long residence time to " . . 

I 1 Th
' in large vessels which in tum results In difficultles With 

eve S. IS . I 
teI1llpe:rature control, and solids In addition times result In ong recovery 

periods subsequent to system upsets,· Further potential complications include: 

i) 

ii) 

the solubilisation substances (metals) in the mineral to concentrations toxic to the 

micro-organisms (Lindstrom and Sehlin, 1989; Norris and pol'kin et ai" 1975), 

the inhibitory of flotation (Lan et 1991) and other on the and 

the fact that adaptation, or resistance to one metal does not nec:es:san 

resistance to another. 

:imply adaptation or 

, I 
. I 

Furthermore, in of the commercial application of bioleaching, there are currently no mechanistic 

models that can be used to predict the performance of bioleach reactors. This can be prin;larily attributed to the 

fact that the modelling of bioleach reactors is complicated by the complex nature of microbial interactions and 
I 

by difficulties encountered when attempting to measure the biomass and growth rate, and the ferric 

and ferrous-iron concentrations. These analyses are further complicated by the presenqe of solids within the 

However, in order for bioleaching to compete su(:ce:ssllJII'\i with other processes such as 

pressure oxidation and it needs to be UiJUU.,1;,<;U with to the parameters that affect the blClle~lchm~ 

and the growth of the micro-organisms involved. there is a growing for knowledge of the 

stoichiometry of the bioleaching reactions and me:chll.nt:;tlc.alljl based kinetic models that can then be used to 
i 

derive performance equations for use in the design, optimisation and control 

1.1 Mechanism and Kinetics of Bioleaching 

Recent work on the bioleaching of has provided strong evidence that it occurs vila a multiple !mrl-nlro~, .. <:<: 

mechanism (Boon et al., 1995). According to this the is chemically by the ferric

iron present in the bioleaching medium according to; 

0-1) 

I 

The ferrous-iron UHJ'UU'';cu by this reaction is subsequently oxidised to the ferric form iby the bacteria according 
I 

to; 

+2 

The oxidation of ferrous-iron to ferric-iron ensures that a high redox potential is mai,ntained in the bioreactors, 

...... y ...... " "'J"''''.uu.~ the continued of the mineral. 

I 

Although the results presented by Boon et al. (1995) cannot be considered proof ,that the bioleaching of all 

sulfides occurs via an "indirect" the isolation and identification of Leptospirillum ferrooxidans and 

Thiobacillus caldus as the dominant in continuous bioleaching plants o~idising a range of sulfide 

concentrates (Rawlings et aI., 1999(a)), suggests that they do. This statement can be as follows: 

i 
• A related (advantageous) pllenomenon is the relative stability that arises from the time taken for upsets to be transmitted through 

the bioreactor cascade. i 
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Although L. ferrooxidans is able to oxidise 

elemental sulfur, the .... ,,"''''''''"j'"l;; 
it is unable to oxidise reduced sulfur compounds or 

the role of the microorganisms (T..Jerrooxidans 

V,,''''U'Vll of the ferrous-iron back to the ferric form, i.e. the bacteria did 
not oxidise the 

sulfur and reduced sulfur 
1996). On the other hand, T. caldus is able to oxidise elemental 

but cannot oxidise sulfidic sulfur, i.e, sulfides. Therefore, the 
identification of ferrO/7XI,rlaI1s and T. caldus in bioleach reactors a range of sulfide concentrates 
,",V,u..u.Ull'5 C.naICOIPYI'lte and <IT',,,pnr.nvntp el indicates the presence of ferrous-iron and 

The above together with the fact that the ferric-iron of chalcopyrite and arsenopyrite has been shown to 

result in the formation of and elemental sulfur and Iglesias et 

therefore that the of these minerals occurs via an "indirect", or multiple sutl-olrocess 

mechanism. 

mUltiple 

ars;enOp'yrilte and chalcopyrite occurs via an "indirect", or 

bio,lealcb:lng all sulfides occurs, an "indirect", or 

multiple sub-process mechanism. 

According to the "indirect", or mechanism the mineral is chemically leached by the 

iron in the bioleaching solution and the role of the bacteria is to oxidise the ferrous-iron and sulfur to femc-iron 

and sulfate, respectively. 

A multiple sub-process me~cb:amsm has a number of ."",nn,-t",., 

viz.: 

implications for the modelling of 

i) the overall process can be reduced to a number of independent sequential and/or parallcel sub

processes, 

ii) the kinetics of these res.oe(;uI,'esub-processes may be studied separately, and 

iii) the results used to of bioi each reactors for a variety of different minerals, 

pH, T, inhibitory ion concentration). 

Of course, in order to carry out the ferrous-iron and sulfur oxidation reactions, the micro-organisms require a 

source carbon dioxide and other nutrients. Therefore, in order to optimise the process it is necessary 

to consider the mass transfer and the inherent limitations of the systems employed. These factors 

are the scope of the work in this thesis. 

1.1.1 Effect of Species 

As stated previously, a pOltentlal ,",V'''P,'',",''''\J>U encountered during bioleaching is the solubilisation of substances 

in the mineral which may be toxic to the micro-organisms. in to other 

bacterial species, acidophilic chemolithoautotrophic bacteria are characterised by their high of resistance 

to the toxic effect of metal ions. This resistance can be attributed to the inherent resistance of the bacteria 

specific resistance mechanisms and chemical factors attributed to their growth conditions 

The inherent resistance of bacterial strains may vary depending on their rpcnp,-t""" strains 

more resistant to the toxic effects of specific metals may be isolated from regions associated with of 
these metals. In "nrlitir\n the resistance of these bacteria will be influenced by their physiological state. 
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resistance mechanisms include detoxification of the ionic by oxidation or reduction. This may be linked 

to, or independent the active excretion of the toxic species, e.g. plasmid encoded resistance. Chemical factors 

attributed to the conditions in which the micro-organisms grow, such as T and pH, also influence the 

oxidation state and chemical form of the metal this may alleviate the toxicity of the me~al with respect to the 

mu;ro··org;amsms (Norris and Kelly, 1978). 

Because of the high concentrations of arsenic encountered during the leaching of refractory arsenical lSUIJUUl;;lS, 

the toxicity of arsenic to bacteria and the mechanisms of bacterial resistance to arsenic especially important. 

Furthermore, as As(III), is to be more toxic than arsenate, As(V), the the 

speciation of such as ore mineralogy, redox potential and galvanic interactions, will also affect the 

process. 

The mechanism of resistance to arsc~mte, antimony and arsenate in T. caldus has been to be a result of 

reduced cellular accumulation of these ions and an energy dependent efflux of accumulated species 

1995). Resistance to these ions is induced by growth in the presence of non-toxic of 

anyone of these 1995). Although it has been claimed that [arsenic resistance in 

T. ferrooxidans is plasmid borne and Raimond, 1993), the arsenic resistance in 

acidophilic chemoautotrophs other than T. caldus has not been determined (Lindstrom al., 1992). However. 

the fact that arsenite is more toxic to the micro-organisms used in than that 

arsenate resistance may be attributed to chromosomal mutations. i.e. natural selection (LaYfson, 1993). 

1.1.2 Bacterial Ferrous-iron Oxidation Kinetics 

i 
A number of kinetic models for bacterial ferrous-iron oxidation have been proposed (Neritati et al., 1998; 

1996). These models can be broadly classified as either or based on' Monod or Michaelis· 

Menten kinetics. 1:mlpUnC~U models use tools such as the equation to model the ferrous-iron oxidation 

kinetics. Models based on the Monod equation assume that bacterial on ferrous-iron can be described 

means of the Monod equation. Michaelis-Menten based models assume that the rate lirititing reactions involve 

the formation of an and can therefore be described tradi~ional enzyme kinetics. 

A major limitation of the eqlllatlon is that it is not mechanistically i.e. it not contain terms 

that reflect the characteristics of the bacteria, e.g. growth or the bioreactor conditions, e.g. pH. This 

means that it is not possible to use the to predict the of the micro-organisms across 

a range of operating conditions. In spite of this limitation it has however proved u~eful. especially in the 

modelling of bioleaching. In contrast to the logistic equation, kinetic models based on Monod or Michaelis

Menten kinetics can be easily modified to include terms to account for in the under which the 

micro-organisms are grown, e.g. temperature, pH, or the presence of inhibitory substances. 

Most of the kinetic studies performed to date have been carried out using T. ferrooxidans, at temperatures in the 
I 

of 30"C and values in the of pH 2.0. Under these most researchers have found 

T.ferrooxidans to be competitively inhibited by ferric-iron (Harvey and Crundwell. 1997; Huberts 1994; 

Nikolov and 1992; Lizama and Suzuki, Liu et ai., 1988; Jones and 1983; Kelly and 

1978). Under certain conditions T.ferrooxidans has been found to be to iDhibition ferrous-iron 

(substrate) (Nemati and Webb, 1997; Nikolov and Karamev, 1992), cells (Nemati and Webb, 1997; Suzuki and 

Lizama, 1989; Lizama and Suzuki. 1989) and arsenite (Harvey and 1997l from the work 
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perfonned by Nemati and Webb (1997), however, the effect oftenloe:rature has not been studied and 
there is very little data on the effect of pH on the ferrous-iron oxidation kinetics. 

In and substrate (C02, 

"L§~U'''U''U curve with increasing ternc.fte:rrOUS-,lrllln 

The above resulted in Boon 

utilisation kinetics have been found to follow a 

which is consistent with potential 

sUj;:~e:stinlg that the ferrous-iron kinetics could be 

described in tenns of a maxinlum ferrous-iron utilisation rate and the ferric/ferrous-iron i.e. redox 

potentiaL The model proposed by Boon (l996) has been used to describe the ferrous-iron kinetics 

of both T. 1996) and ScherpeQzeel, 1996). although, most 

kinetic studies to date have been carried out at 30°C and 2.0/ and although it has been shown that 

T.ferrooxidans is unlikely to predominate in commercial bioleach reactors (Rawlings et Rawlings 

et al., 1999(b); Dew et al., 1997; Boon, 1996; Hallmann et al., 1993; Helle and Onken, 1988; 

Norris et al., (1996) suggests that the ferrous-iron oxidation 

kinetics of L. ferrooxidans and T. ferrooxidans may be described using the same kinetic models. 

1.1.3 

The kinetic models used to describe the ferric lea.cnlln~ kinetics of sulfide HUll,",' , .. "" can be classified as being 

either chemical or electrochemical in nature. Chemical models assume that the reaction rate at the surface is 

limiting, whereas electrochemical models assume that the difference between the rest potential of the mineral 

and the medium is the driving force and that the electron transfer from the surface to the surrounding 

medium is limiting. Both models can be modified to account for diffusion limitations. 

If sulfide minerals undergo dissolution by electrochemical means as suggested by (1975), then, as iron is 

the electron the ferric ,,, ........ ,,"}'; kinetics may on the ferric/ferrous-iron ratio redox potential) 

although many rather than the total or ferric-iron concentrations (May et 

researchers have identified the ferric/ferrous-iron ratio as being an the chemical 

ferric of sulfide minerals, apart from the model proposed by May et al. (1997), few workers have 

attlempte:d to use a model based on electrochemicaVcorrosion theory. In the rate at which both 

pyrite and arsenopyrite are leached by ferric-iron has been found to increase with an increase in the 

ferric/ferrous-iron ratio, or redox potential (Malatt, 1998; May et al., In addition, comparison between 

the rates of chemical ferric leaching achieved by May et al. (1997) and previously reported rates for the 

U'''''''Q''''U.'''!5 of pyrite suggest that it is to achieve high rates in sterile medium provided that the redox 

is kept sufficiently high. 

in of the fact that considerable work on the , ........ ''''''5 of ferric-iron has been 
perfonned, to date very little work on the ferric leaching kinetics of l'lT!'IE'nl)n\!'l"1 has been reported. For this 

reason, there is still considerable COlltrclVeJrsv with to the stolchlOl1netry of the ferric reaction. 

t In contrast to the conditions lit which most biolcllching research has been performed, most commercial bioleaching operations 
using mesophiles use mixed cultures, and operate lit temperatures in the region of40·C and pH vlIlues in the region of pH 1.2·1.8. 
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1.1.4 Modelling Bioleaching Operations 

As stated difficulties with regard to the measurement of the biomass concentr~tion and growth rate 

and the ferric- and ferrous-iron concentrations have resulted in the equation the rate 

which has found the most widespread application to date. Because the logistic equation is not mech!mi~;tlciall} 

based it does not require knowledge of the bacterial concentration, or their HQwever, the lack of a 

mechanistic basis means that it cannot be used to predict the of bioleaching operations for different 

micro-organism/mineral combinations or across a range of operating conditions. In spite this limitation, it has 

proved useful in modelling batch and continuous pilot and full-scale plant data' for several pyrite and 

arsenopyrite/pyrite flotation concentrates (Crundwell, 1994; Dew et al., 1993; Hansford and Miller, 1993; 

Hansford and Bailey, Hansford and 1992; Miller and Hansford, 1992(a); Miller and Hansford, 

1992(b); Pinches et 

Konishi and co-workers (Konishi et 1994; Konishi and Asai, 1993; Asai et al., 1992; Konishi et al., 

Konishi et al., 1990) developed a model based on the number which to the surface of 
• I 

the mineral. This model fitted data obtained the batch of pynte. 

In contrast to most workers, Nagpal et al. (1994) assumed that the dissolution of arsenopyrite occurred via an 

"indirect" i.e. mineral dej;raldatlon occurred as a result of chemical ferric leaching, and the 

role of the bacteria was to the ferric-iron and oxidise the sulfur moiety. • This model is 

consistent with the multiple mechanism ofbioleaching. Nagpal et al. (1994) determined 

the kinetic parameters of the chemical and bacterial sub-processes 

concentrate. As stated the existence of a sub-process mechanism for the Ul\J"~c:l''''UJU'!!. 

sulfide minerals implies that the kinetics of the chemical and bacterial sub-processes m~y be studied <:Pl'.,.,.,.t,,! 
and the results of the individual studies used to the performance of bioi each reactors. Furthermore, no 

attempt was made to use the kinetic data in order to compare the model prediction with data obtained by other 
I 

workers. 

1.2 Objectives of the Study 

The of the work presented were to attempt to test the applicability of Ithe multiple sub-process 

mechanism for the bioleaching of A further objective was to to ~ain some insight into the 

mechanism of arsenic toxicity, and and its relationship to perturbations in aeration and agitation of 

bioleach reactors. The above overall objective was therefore reduced to the '""""'''"" 

i) To determine the ferric leaching kinetics of 

the stoichiometry by other UfO .. ""' .. " 

determine the stoichiometry of the reaction. 

In view of disparity with to 

obllccllive of the work was to attempt to 

included the determination of the 

effect of various parameters (viz. [Fe]tob Ppulp, pH) on the leaching kinetics. 

To identifY the dominant ferrous-iron oxidising in the mixed culture used for the 

bioleaching of an arsenopyrite/pyrite concentrate obtained from the plant at the Fairview 

Gold Mine in Barberton, South and to determine the effect of t"",n", .. .,,,,,,.,, and pH on the 

ferrous-iron oxidation kinetics of this microi-Ol·galrlislm. 
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iii) To detennine the ITh:~tl('n'" in the aeration and agitation of the mixed 

culture from the Fairview Vh""""'1<. a of arsenopyrite/pyrite flotation 
concentrate from the Fairview Gold and arsenic tty",,, •• !v 

iv) To detennine whether the detennined chemical ferric-iron (mineral) leaching and 

bacterial ferrous-iron oxidation kinetics could be used to a model for the 

pelrtoltlnlmc:e of continuous bioleach reactors. 

Although,the rate at which the oxidation of ferrous-iron occurs has been to be the rate step 

during the bioleaching of sulfides et the slow kinetics of bioleaching using 

mesophiles that this is not the case for all sulfides. the fate of the sulfur during the 

leaching of arsenopyrite is beyond the scope of the work in this thesis. 

1.3 Thesis Layout 

The thesis is therefore divided into the 

i) Chapter Literature Review: a review of the literature relevant to the bioleaching of 

arsenopyrite, viz, the mechanism by which it has been alleged to occur, the micro-organisms 

involved and the effect of arsenic on these and the models used previously to 

describe the kinetics of bioleaching, bacterial ferrous-iron oxidation and the ferric leaching of 

sulfide minerals. 

ii) Chapter Three, The Ferric Leaching of Arsenopyrite: the results of an investigation into the 

stoichiometry and kinetics of the ferric of a redox method. 

iii) Chapter Four, The Effect of Temperature and pH on the Continuous Ferrous-iron 

iv) 

Oxidation Kinetics of a Predominantly Le,ptosptrtltum ferrooxidans Culture: presentation of 

the results of investigations into the continuous ferrous-iron oxidation kinetics of a predominantly 

L. forrooxidans culture isolated from a continuous """"".''''''''6 ""'"'-'J''''''' oxidising a sample of 
arsenopyrite/pyrite flotation concentrate, 

Chapter Five, The Effect of Batch Bioleaching of an 

Arsenopyrite/pyrite Concentrate: the results of an """"1<.'''''''''' into the effect of arsenite and 
arsenate on the batch bioleaching of an ars,em)p)fnt,e/pynte flotation concentrate in batch culture. 

and 

v) Chapter Six, Steady·state Operation and Aeration Perturbations of a Continuous 

Bioleaching Mini-plant Treating an Arsenopyrite/pyrite Flotation Concentrate: reports the 

results of steady-state and studies a continuous mini-

plant oxidising a of flotation concentrate. 

vi) Chapter Seven, Modelling Continuous Bioleach Reactors: and tests a model, based on 

the multiple that the mineral conversion in a continuous bioleach 

reactor. 

vii) Chapter Eight, Conclusions. 
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1.4 Nomenclature 

initial redox potential of the solution mV 

concentration of iron mmo! Fe.e- I 

T temperature °C 

Ppulp concentration of solids % 
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Chapter Two 

Literature Review 

As stated ,..,.",,,,,,,,,, the objectives of the work were to test the ..... '"" ....... ,''' of the lULlIUI1I1;; SlJo-orCICCliS 

mechanism for the bioleaching of arsenopyrite and to provide kinetic information on the chemical (mineral) 

ferric ''''''''''''''E> and the (bacterial) ferrous-iron oxidation Sultl-D,rO(:esses for use in a model based on this 

mechanism. An additional objective of the work was to attempt to gain some insight into the mechariism of 

arsenic and and its relationship to perturbations in the aeration and agitation of bioleach 

reactors. 

To date most of the work presented in the literature has treated bioleaching as occurring as a single step rather 

than a series of and/or sequential sub-processes, the existence of a multiple sub-process 

mechanism implies that the bacterial and chemical sub-processes may be studied separately and then combined 

to a model of the overall process. For this reason, the literature review pn:se:nted below is not intended as a 

review of in general, nor of the of • It has instead been 

limited to those which are directly related to the undertaken, and the models used to 

describe them. The material covered in the literature review has therefore been limited to the following topics, 

viz.: 

i) 

ii) 

iii) 

iv) 

a brief description of why sulfide ores and concentrates are ,.. .. 1-,..""t .... T'\1 the alternative pre-treatment 

methods and the factors which influence 1.I1111l;;l11,;11IUl!~, 

a description of the micro-organisms encountered during OlOleacnlog, 

a discussion of the mechanisms by which the 1.I1V'I1;;l:lII,;U:'H~ has been alleged to 

occur, 

a review of the toxicity of iron and arsenic, with the I;;lllpml!iliS on the mechanism by which arsenic 

inhibits the metabolic activity of micro-organisms, 

v) a review of the models used to describe bioleaching when treated as occurring in a single step, 

a discussion of the multiple sub-process mechanism for the ""''''''''''''''''''E> of sulfide minerals, 

Additional information on bioleaching in general and its current and potential applications may be obtained from Rossi (1990). 
Barrett et al. (l993(a» and Rawlings (1997(a». 
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vii) a review of the mechanism and kinetics which the electrochemical oxidat~on and ferric leaching 

of arsenopyrite, and the ferric leaching are to occur, and ! 
viii) a review of the models used to describe the oxidation of ferrous-iron the mlCfCl-o:rgams;ms 

encountered during the ioh~achm:g of sulfide minerals. 

The Recovery of Gold from Refractory Ores and' 

Concentrates 

If gold are less than 50 IJ,m in diameter, may be rendered by ericapsulation in minerals 

such as pyrite, arsenopyrite, pyrrhotite and chalcopyrite. This occurs when the gold and sulfides present in the 

uwu",.a.u"u,lS fluids at the same time. Encapsulation renders cyanidation! ineffective, even after 

milling of the ore and concentration of the valuable minerals flotation. This is the mineral forms an 

impervious barrier between most of the gold and the sodium cyanide. Therefore, des~ction of the crystalline 

structure of the sulfide mineral is necessary in order to make the 

This can be achieved in a number of ways, the most important of 

2.1.1 Roasting 

amenable to recovery via cyanidation. 

are roastingi pressure oxidation and 

The conventional tre(ltment of l'.UI"'-U'I;;"'l concentrates to them in the presence of 

atmospheric oxygen. Roasting is np,·t:n''1Tlf·t! at 600-800°C, and oxidises the sulfur, arsenic and iron in the 
I 

mineral to sulfur dioxide, arsenic trioxide, and ferric respectively; the containment of 

sulfur dioxide and arsenic trioxide contributes the cost of the process. In addition the gold may be , 
1;;-1;;11"", ... ", .. "",1;;" in dense fused structures resulting from the coexistence of the arsenopyrite oxidation products, 

troilite and iron arsenate (Zhukov and 1971). 

2.1.2 Pressure Oxidation 

Pressure makes use of oxygen, at pressures in the of 20 and in the 

region of 200°C, to oxidise the mineral and has been proven by full-scale plant operadon. Pressure oxidation of 

ar8Ienlup~fru:e oxidises the sulfur, arsenic and iron to sulfate, SO!-, arsenate, As{V), and ferric-iron, Fe+3
, 

I 

respectively. Like bioleaching, pressure oxidation does not suffer from the production of pollutants. 

However, the severe operating conditions demand a standard of plant choice of materials of 

construction. 

Although other chemical methods sulfide minerals, viz. using chlorine, nitric acid sulfuric acid, are possible, they 
suffer from plant complexity and/or non-competitive economics. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Literature Review Page 15 

Bioleaching 

Bacterial oxidation, or bioleaching, makes use of bacteria to catalyse the oxidation reactions using atrno~;phleri 

oxygen as the oxidising It may be carried out using heaps or or using aerated t)lOire~lct()rs. 

i.e. the slurry process. In-situ and heap and dump have the of being cheap and to 

This has resulted in these methods the most widespread bacterial leaching processes; although the 

process enables better control of the process, the relatively slow kinetics and the aeration and 

costs result in it only feasible for the extraction of value such as gold, from 

concentrates. improvements in the rate of oxidation per unit of reactor volume are 11." ... ",rt""t 

when considering the .... ",,,,,,,.]' of the slurry process; these can be achieved by optimising process conditioRs 

such as temperature, solids concentration, n",'fll'lp ferric-iron concentration and the bacterial 

and concentration. 

""" ... ",.. .... ',' .. i1,p the sulfur, arsenic and iron in the mineral are oxidised to arsenate 

and Aswegen, like pressure does not 

suffer from the production of atmospheric pollutants. Furthermore, at throughputs of less than 1200 t.day-\ 

bioleaching using aerated bioreactors has an eCC)ll(lmILC advantage over pressure oxidation ,~~._ ... '._ and Van 

1990). 

The first commercial to use biooxidation for the liberation of gold from refractory ores was commissioned 

in 1986 at Fairview Gold Mine in South Africa. At there are stirred tank processes in 

"1".la'.lUll in South Australia and Ghana et al., and bioheap in the USA 

1997). The stirred tank operations in or on.'L.lJA. 

processes; the major difference between these processes is the operating temperature and hence the bacterial 

employed. The process best at a temperature of 40"C and makes use of a mixed 

culture. The BIOX® culture was initially thought to consist of Leptospirillum /errooxidans, 

flll/hll'Clilus/errooxidans and Thiobacillus thiooxidans (Dew et al.,. 

that it consists and ca/dus 

process, the BACOX process uses a 

teltlpelratulres between 45 and 55"C (Miller, 1997). 

and BACOX processes are presented in Dew et al. 

However recent work has shown 

et al., 1999(a)). In contrast to the 

grows optimally at 
the BIOX® 

As stated above, heap operations are cheap and simple to For this reason, have found 

application in the recovery of copper and of from relatively low grade ores. However, in order to facilitate 

peI'colatu)O of the the are used in leaching than in slurry 

processes. This, in results in the overall metal recoveries of leaching operations lower than 

those obtained in processes (Brierley, In an attempt to overcome the lower recoveries obtained 

during conventional leaching operations, without inctmring .the expens7 associated with processes, 

Geobiotics Inc, has a process refractory gold concentrates are coated onto a material, 

with subsequent occurring in a stacked (Whitlock, 1997). Details on the recovery of gold from 

t 

gold ores and the Geobiotics Process are described in detail in Brierley 
and Whitlock 

Developed by Gencor SA Ltd., !"',,mn,p<h, 

Developed by BacTech (Australia) Limited, 
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Factors affecting bioleaching 

The rate and efficiency at which bioleaching Df()Ce'eds is affected by a number paJ~:mletl~rs, many of which are 

inter-related. Therefore, changes in one may lead to in several within the blo,realct(lr 

cascade. These interactions increase the complexity of the process and require that ~ holistic be 

followed when considering a change in the conditions of the process. 

Concentrate/ore COIIDP'OSiltiOn and particle size 

The relative ease with which a mineral may be de~ua(jed "''''~.'''u, • ., on its rest potential. The mineral rest pOltentiaI 

dep1en<:1s on the nature of the mineral and the of semi-conduction exhibited, viz. poor 

list depicting the ease with which a number of minerals are oxidised ;is shown in Table 2·1. 

nwev,,., U'~""""U"" the rest potential is affected by weaknesses in the crystal lattice, caused by and 

and on variables such as temperature, pH etc., Table 2-1, and similar tables, should only be 

considered In however, in such tables has a rest potential than ",.",p.,,,,nv,riip 

that where pyrite and arsenopyrite are in contact, interactions will res~1t in arslenoiPYlrite 

preferentially leached and Poling, 1987): This has been reported for both the chemical 

(Beattie and 1987) and bioleaching (Miller and et 1991) of 

arsenopyrite/pyrite ores and concentrates. In addition to interactions between the minerals 

will be affected a number of factors the relative surface areas of the anodiC and cathodic ""'""1,''''', 
I 

. the of contact between the minerals and the reaction conditions (pH, conductivity, [02], presence of 

other redox ;:'1J,",,,n:;;:,, (N.atal:ajam and Iwasaki, 

Table 2-1: Galvanic series of sulfide minerals 

Level of difficulty of bacterial 

oxidation 

most difficult 

Mineral 

Pyrrhotite 

Chalcocite 

Covellite 

Tetrahedrite 

Bornite 

Galena 

Arsenopy'rite 

Pyrite 

Enargite 

Marcasite 

Chalcopyrite 

Molybdenite 

Brierley (1993» 
I 

Formula 

FeSI_x 

CU2S 

CuS 

Sb)S3.2S 

FeAsS 

ZnS 

FeS2 

QU3(As, Sb )S4 

FeS 

CuFeS2 

ores contain V"''V'?110 As stated previously, in addition to arsenopyrite, refractory .... " ... AU.""" 
amounts of other minerals such as pyrrhotite, pyrite and cmUCCIPYlnte The relative al)tmdanc:e in which these 
minerals are will therefore have an effect on the process. Sb 

* However, it has been suggested that thiS effect will decrease with incl'leasillg temperature (Beattie Poling, 1987; Rimstidt et 01., 
1994), 
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and Zn may be present in the feed to the process; these may be toxic to the bacterial culture, even in low 
concentrations. 

During bioleaching, is acid consuming whereas both pyrite and arsenopyrite are acid producing. 

during normal operation of continuous bioleaching a of correction will be 

necessary. In addition, the dissolution of pyrrhotite leads to concentrations of ferrous-iron and 

elemental sulfur in solution to those encountered during the bioleaching of Under normal 

conditions, these species are oxidised to femc-iron and sulfate. if ferrous-iron is present in excess, the 

reduced redox of the solution may result in elevated levels of As(III), due to 

conditions being unfavourable for its conversion to arsenate (see Section This may in tum have an adverse 

effect on the bacteria. Furthermore, if arsenite is present in the waste it will as calcium 

arsenate, which is unsuitable for term waste as the Fe:As ratio of the waste liquor 

should be at least 3:1 in order to produce a stable ferric arsenate residue (Broadhurst, 1994), it is desirable that 

the feed contain some pyrite or pyrrhotite. 

In addition to the presence of some and/or nVI'Thntilrp in the the presence of carbonate in the mineral 

is desirable as it increases the carbon dioxide concentration in the bioleaching solution. However, if too much is 

present it may result in the pH increasing to values that do not favour tJl{)llea:cnJlIlg. 

The rate of bioleaching has been shown to depend on the surface area of the mineral (Hansford and Chapman, 

1992; Miller and 1992(a); Hansford and Drossou, 1988), hence a change in the feed size distribution 

to the process will affect the heat duty, and may require in the aeration rate. the solids 

concentration will have a similar effect to a reduction in the particle size. However, at high pulp densities, the 

rate and extent of may be affected oxygen transfer limitations caused by the of 

the slurry (Bailey and Hansford, 1993; Bailey and Hansford, 1994). 

Temperature, T 

The exothermic nature of bioleaching .. ",,,,,,hr," convective heat losses from the bioreactor surfaces and the 

detrimental effect of variations on the bacteria used in bioleaching make temperature control critical. 

Furthermore, as each has its own optimum if the inoculum is a mixed the " ....... at .... 

temperature will determine which the heat transfer at any 

particular stage will be affected .by the bacterial culture used, its activity and the ambient temperature and 

relative humidity. However, some of tolerance may also be obtained by the 

organisms. For example, the BIOX® process is generally operated at 40°C. However the primary and secondary 

bioreactors have been maintained at 45°C and 50°C, respectively, for extended periods without any significant 

decrease in the of the culture (Miller, 1991): 

In addition, variations in have an effect on the rest p01tentlal of the mineral and the and 
mass transfer rates of both oxygen and carbon dioxide. 

.. The increased tempel'llture tolerance in the secondary bioreactors was thought to be related to the fact that the proportion of 
T. IhiooxidClIlS increased while the proportion of attached L. ferrooxidans decreased down the bioreaclor cascade (Dew el at., 1997). 
However, work has indicated that the thought to be T. thiooxidans was actually T. caldus (Rawlings el al., 
\ 999(a». T. is a model'll Ie thennophile is capable of growth at lempel'lltures up 10 SS·C whereas T. thiooxidans is a 
mesophilic micro-organism. 
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pH 

h on which 
Each also has its own optimum pH (see Section ence . ' 
will predominate. the pH will have an effect on the and rate of jarosite and femc arsenate 

I t 1 1996) hence 'on the leaching rate. 
precipitation and on the rest potential of the minera ea." 
However, variations in the pH of the bioleaching may occur as a result of y""'" ... v .... ., in the mineralogical 

composition of the ore being treated and the activity of the population. 

Redox potential, Eh 

The force in bioleaching is determined by the difference in the rest potentials of the' minerals and 

the redox potential of the bioleaching solution. In the redox potential provides a good indication of the 
ratio, hence a quick and easy method for the early detectiori of a reduction in the 

bacterial activity, viz. an increase in the IcrrUUl:;-lfun COlrlCe:ntratic:m 

Toxic effect of metals 

In to other bacterial species, acidophilic chemo~ithoautotrophic bacteria characterised by their 

high degree of inherent resistance to the toxic effect of metal ions. The principles which govern the resistance of 

these bacteria to metal ions depends on their state and the oxidation state arid chemical form of the 

metal ion (Norris and Kelly, 1978). the resistance of wild-type bactbrial strains will vary 

depending on their respective habitat; strains more resistant to the toxic effects of may be isolated 

from associated with ,,,,,,,",,,j,,,1'. of minerals containing these metals. 

The high tolerance of chemolithoautotrophic bacteria to metals can be· attributed 'to 

.u .... "' ... u,>lU", e.g. plasmid and chemical factors attributed to their 

et 01., 1993(a», viz.: 

bacterial resistance 

conditions I ... ,!nr", 

i) the protonation, of the anionic sites on the cell walls, as a result of the l'ow pH of the medium, 

reduces the availability of binding sites for the metal '"""IV"", 
H) the presence of ions which facilitate the precipitation of the metal ions, br their conversion into 

Hi) 

cornpl,ex!~s which have a reduced and 

the presence of substances that compete with the toxic 

bacteria, e.g. K+ and 

for sitesi on the cell wall of the 

Furthermore, bacteria may acquire resistance through a process of natural selection. 

Because of the high concentrations of arsenic encountered during the of arsenopyrite, the toxicity of 

arsenic to bacteria and the mechanisms of bacterial resistance to arsenic are described in detail below (see 

Section 2.4). Furthermore, as arsenite is to be more toxic than arsenate, the : conditions the 

oxidation of arsenite to arsenate will also affect the process, e.g. ore mineralogy, pH, tedox potential, galvanic 

interactions etc. Section I 
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Bacterial species and concentration 

The bacterial and their respective concentrations in each of the bioreactors in the bioreactor cascade will 

be determined to a large by the conditions (T, substrate toxic 

concentration, in each of the bioreactors, and the inoculwn used. 

Dissolved oxygen, 1021, and carbon dioxide, [C021. concentrations 

and carbon dioxide are generally supplied to the process in the form of compressed air. In most 

instances oxygen supply is the step, even though the oxygen utilisation rate is only in the of 

30 % (Miller, 1997; Van 1993). Dissolved oxygen concentrations in the of 0.063 mmol 02.r1 

are generally maintained (Miller, 1997; Van Aswegen, 1993): It has been shown that, in the absence of carbon 

dioxide it will become mass transfer limiting before oxygen et 1991; Liu et 

1988). 'However, the presence of carbonate in the feed to the process serves to eliminate this 

limitation. In addition, carbonate may be used to control the pH in the primary bioreactor, further ensuring that 

the dissolved concentration does not become urrutllng. 

The solids concentration and the operating h>"'''''''T'l>flllrp. will also have an effect on the mass transfer rate and the 

solubility of both oxygen and carbon dioxide. 

The oxygen utilisation rate, -ro" is the most important in the assessment of bacterial culture activity .. 

During stable the dissolved oxygen concentration of the bioleaching should remain constant and 

can be related to the extent of sulfide oxidation. A decrease in the dissolved oxygen concentration indicates an 

increase in the demand because of an increase in the bacterial an increase in the 

dissolved oxygen concentration indicates a decrease in the demand because of a reduction in the 

bacterial activity. oxygen utilisation rates therefore indicate good performance while low oxygen 

utilisation rates indicate poor performance. 

Chloride concentration, [cq 

The bacterial strains used in the bioleaching of sulfide minerals are not tolerant to saline process water; 

this has been found to be a result of intolerance to chloride, cr, and not to sodium Na\ et a/., 

Lawson et al. (1995) found T.ferrooxidans to be affected detrimentally at [CI"] ;:::: 14 and Dew 

et al. (1997) reported that the BIOX® culture was inhibited at ;:::: 0·140 mmol.r'. In contrast to the above, 

Madgewick (1989) observed competitive inhibition of iron oxidation at [NaCI] > 151 mmol.r l and reported that 

a tolerance to chloride can be obtained, especially in the case of heap leaching VV"""UV'11l>. However, this 

phlenc.mlmOln may be a result of natural selection with 

species becoming tolerant to chloride. 

to the species rather than to a 

Chloride also contributes to the formation which may reduce the 

by coating the mineral surfaces and/or lead to a reduction in the efficiency of cyanidation 

of bioleaching 

1995). 

It has been that T.ferrooxidans will not grow at dissolved oxygen concentrations below 0.0063 mmol.C I
, and that 

dissolved oxygen concentrations in excess of 0.091-0.022 mmol.t1are required to ensure that oxygen is not the limiting substrate 
(Liu et al., 1988). 
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Nutrients 

Inorganic nutrient salts need to be added to the bioleaching these provide a s~urce ~f • 

potassium and phosphorous: and are generally added as (N14hS04, ~h~04 and K2S?4,:r~spectlvely. 
nutrient levels in the medium need to be monitored, as they may preCipitate m the form of Jar1stte. 

I 

The 

Trace elements as zinc and manganese are usually available in the required Clu~mtlt1es from the .... ,"''''v" .... ",., 

of the mineral itself. 

2.2 Bioleaching Micro-organisms 

Bioleaching is out acidophilic bacteria, i.e. bacteria that grow at values below pH 4.0. 

acidophilic bacteria have been reported to be capable of growth at pH values below pH 1.0 

1995). The use of acidophilic bacteria in bioleaching is important due to the low solutlility of many metals 

liberated the process at higher pH e.g. ferric-iron precipitates as ,Jarosite at values 

greater than pH 2.0. In addition to the above pH classification, the micro-organisms used ~n bioleaching may be 

.... , .. 1)"11";; .............. v, ..... 'ul'. to the temperature at which they grow optimally; the three classes Rroposed on this basis 

are: mesophiles, moderate thermophiles and extreme thermophiles. The most important and commonly 

encountered (autotrophic) bioleaching micro-organisms are listed in Table 2-2. 

At present most commercial bioleaching operations make use of mesophilic culture~ and are at 

temperatures in the region of 40°C. Although no commercial plants in . 

'''''''''''''V'''. the accelerated U'UIU~.I""i:l.1 and chemical r .. " ... tum rates ... v~.,,, .... ,,,, 

considerable research into the use of these micro-organisms. 

2.2.1 MesophUes 

The mesophilic bacteria most commonly isolated from inorganic mining environments are T. ferrooxidans, 

,en'UU.Mu,uns and T. thiooxidans. Until T. ferrooxidans was considered the primarily 

responsible for the bioleaching of sulfide ores and concentrates. For this reason most of'the research relating to 
I 

the kinetics and other factors has focussed on T. p~rrooxidans. 

recent research has shown that L. ferrooxidans is at least as important, if not more important than T. ferrooxidans 

et al., 1999(a); et 1999(b); Dew et 1997; Boon, 1996; Rawlings, 1995; Sand et al., 

1992; Hallmann et 1993; Norris et al., 1988; Helle and Onken, 1988). Furthermore, the results of recent 

research has indicated in many cases, the thought to have been T. thl,oo~;ta(lnS may have in fact 

been T. caldus (Rawlings et 1999(a». 

Helle and Onken (1988) found that the batch bioleaching rates observed of T. ferrooxidans 

and a Leptospirillum-like bacterium did not differ SlglrutlCal1ltly from those observed usirtg T. ferrooxidans alone. 

However, the presence of Leptospirillum-like bacteria in continuous bioleaching systems resulted in a leaching 

.. Arsenate is an analog of phosphate, hence phosphate plays an important role in bacterial resistance toiarsenate . 
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rate that was 3.9 times than the rate achieved in their absence. Sand et al. confinned that for 

indirect is as important as T. Norris et al. (1988) L.ferrooxidans 

to have a higher for ferrous-iron than and suggested that this characteristic was 

responsible for their different oxidation capacities. 

range and substrate utilised by the most important and commonly encountered 

bioleaching Hallberg (1995), unless otherwise stated) 

Optimal range 

20-4S0 C 

Moderate thE:rDllophiles 

4S-55"C 

Extreme thermophiles 

> 55"C 

Substrate utilised 

Reduced inn, .. O'l'l'nl .... sulfur compounds 

F errous-iron 

Sulfide minerals 

Reduced ... ~.,., ..... Y sulfur compounds 

Ferrous-iron 

Sulfide minerals 

Reduced sulfur compounds 

Ferrous-iron 

Sulfide minerals 

T. thiooxidans 

T. ferrooxidans 

L. len·oo:x.:laans 

T. ferrooxidans 

L. 

T. caldus 

,l'u,(fOj'Jal:illlilS thermosulfidooxidans 

S. thermos:ullij700;ridans 

S. thermosulfidooxidans 

Sulfolobus acidocaldarius 

brierleyi 

Sulfolobus metallicust 

S. acidocaldarius 

A. brierleyi 

S. ." 0 Tn III r',' 1<'" 

S. acidocaldarius 

A. brierleyi 

S. metallicus" 

T. ferrooxidans, T. thiooxidans and L. ferrooxidans are all obligately bacteria. 

T. and T. thiooxidans are rod shaped, ranging from 0.3 to 0.8 ~m in diameter and from 0.9 to 2 ~m 

in (Barrett et al., 1993(a», whereas L. ferrooxidans is shaped and 0.5 to 3 ~m in size (Van 

1996). if the concentration of ferric-iron in the bioleaching liquor is high 

ferrOl)xij7a1tS may take on a coccoid appearance as a result of ferric-iron being into the EPS 

et al., 1993(a». 

T. ferrooxidans is able to obtain energy by using either ferrous-iron or reduced sulfur as an electron 

donor. However, and T. thiooxidans are able to use ferrous-iron and reduced sulfur 

compounds as an electron This enables T. ferrooxidans to produce more energy per mole of 

t 
t 

oxidised than either L. ferrooxidans or T. thiooxidans. A difficulty in using the ability to oxidise both iron 

rt!1'1'olU:idn,,,,, and T. thiooxidans have the 
ferT'oox'ida,rls have been shown capable or doing so 

unplublil!hed data. 

required to fix atmospheric nitrogen, to date only 
el ai., 1997). 
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and sulfur to differentiate between T. ferrooxidans and T. thiooxidans is that many ler,rooxutans strains exhibit 

a when switching from sulfur to iron substrates and/or vice versa. 

For many years, T. and T. thiooxidans were to be obligate aerobes. However, both can 

reduce ferric-iron to ferrous-iron anaerobically reduced sulfur compounds are ~vailable to serve as an 

electron donor and Gustafson, 1976). In the case of this has he en shown to provide 

energy for growth (Pronk, 1992). I 

ranges across which T. ferrooxidans, T. thiooxidans and L. are able to 

grow, and their optimal conditions for growth are listed in Table 2-3. : 

Table 2-3: and ranges across which T. ferrooxidans, T. thiooxidans and l. ferrooxidans are able 

to grow, and their optimal values ferrooxidans, T. thiooxidans data was obtiined from Barrett et al. 

(1993(a»; L.ferrooxidans data was obtained from Van Scherpenzeel (1996» 

T. T. thiooxidans 

pH range 1.0-6.0 0.5-6.0 

pHop' 2.0-2.5 2.0-2.5 1.5-2.0 

Temperature range eq 2-40 2-40 15-45 

Top! eq 28-35 28-30 35 

T. ferrooxidans has a mean generation time, of between 5 and 12 hours whereas L./errooxidans has a mean 

time of between 10 and 15 hours. as has a for ferrous-iron, 

i.e. it is less sensitive to ferric-iron inhibition, it will continue to thrive at highe~ redox potentials than 

T. ferrooxidans (Norris et al., 1988; Sand et al., 1992). The above in T. ler,rooxidans 

dominating in batch culture while L. ferrooxidans dominates and contributed to' 

regardied as the primarily for the of 

sulfide ores and concentrates. 

In addition to the listed in Table a thermotolerant strain of L. ferrooxidans, with a proposed name of 

Leptospirillum thermoferrooxidans, has been described by Golovacheva et al. (1992)l It is to have 

temperature and optima of 45-50cC and pH 1.65-1.90, respectively (Golovacheva et al., its 

detailed characteristics and phylogenetic relationship to L. ferrooxidans have not yet been completely 
determined. 

Moderate ThermophUes 

Moderately thermophilic bacteria may be isolated from sulfide ore dumps, volcanic regions and thermal springs. 

It is possible that the use of moderate in bioleaching will co~stitute an economically 

viable between the and of extreme viz.: 

i) accelerated rates of biological and chemical reactions in with and 

ii) increased solubility and carbon dioxide in comparison with thenhophiles. 
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The mnti", .. ~tpi thermophilic bacteria most encountered within the context of bioleaching are 
T. caldus and S. thermosulfidoo.xidans. 

T. caldus may be readily isolated from bioleaching processes operating at temperatures between 30 and 40°C 

which has led to the suggestion that their role in commercial operations may have been under-

estimated to date et al., 1999(a); Rawlings, 1997(b»). The cells are short, rods. 

They are capable growth on reduced sulfur substrates such as thiosulfate, tetrathionate, 

sulfur and molecular hydrogen, and have been described as the equivalent of 

T. thiooxidans 1995). 

S. thermosulfidooxidans are commonly isolated from the region in which that play 

an important role in the leaching of metals in these environments. The cells are Gram-positive and although the 

morphology of the different subspecies may vary to a degree, they generally occur as straight rods 0.5-1 Ilm by 

1-6 J..I.m (Karavaiko et 1988). Although none of the subspecies has flagella, they do have pili (Karavaiko et 

al., 1988). 

All the sut)SPleCll~S of S. tnerm,OSlAtl/UlOOXlQ'ans are facultatively aerobic eubacteria. They are unable 

to assimilate sulfate into proteins, hence they cannot grow on pyrite or ferrous-iron unless a source of reduced 

sulfur is present and 1985). However, are capable of under heterotrophic conditions 

without their ability to catalyse mineral oxidation. The temperature and pH ranges across which T. caldus 

and the different of S. thermosulfidooxidans are able to grow are listed in Table together with the 

optimal conditions for each. 

Ta.ble 2-4: Temperature and ranges across which T. caldus and S. thermosulfidooxidans are able to grow, 

and their reported values (T. caldus data was obtained from Hallberg (1995); S. thermosulfidooxidans 

data was obtained from Karavaiko et al. ( 

pH range pH"p' Temperature Top' (0e) 

range (0e) 

T. caldus 1.0-3.5 ' 2.0-2.5 32-52 45 

S. thermosulfidooxidans 

type strain VKM B-1269 1.5-5.5 1.9-2.4 "'" 58 50 

asporogenes 1.2-4.2 2.5-2.7 Tmax "" 50-58 37-42 

subsp. thermotolerans 
. 

2.0-4.5 2.3-2.5 Tmax "" 58-60 50 

2.2.3 Extreme Thermophih~s 

As stated previously, bioleaching using extreme thennophiles has the potential of accelerated rates of biological 

and chemical reactions in comparison with those possible at lower A further of 

"p" ..... ,,;;; at elevated would be the reduction in the cooling duty. Miller (1991) calculated the 

,"V'JUl.'''' duty to be a minimum for a 150 BIOx.® at about 65°C. the optimum 

.. The pH 
growth is 

/herm%/eralls in Table 24 are for growth on sulfur. For growth on ferrous-iron, the pH range for 
< pH.,p. <1.8, 
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operating will depend on the local climatic conditions, the above example however 

potential advantage ofbioleaching using extreme th~:rmlopnlH~s. 

In addition to ad1/anltall~es, operating at elevated t"t'l1T'1"'''''" does have a number of disadvantages, viz.: 

i) the reduced solubility of both oxygen and carbon UIUAIU\;. 

ii) increased losses (or a requirement), and 

iii) the nature of highly acidic slurries at temperatures in 

the choice of appropriate materials of construction. 

a 

The only acidophilic extreme thermophiles described to date are archae. Archae an independent 

branch in the evolution of micro-organisms and have been isolated. from geothermal hot ~prings and coal 
f 

In addition, temperatures in the 50-80°C have been measured in heap leaching which 

su~~ests that extreme thermophiles may occur naturally in such environments. 

The only archae genera of importance in biohydrometallurgy are and Acidianus (Barrett 

et ai., 1993(a». Although they have a response to the test, they cannot be described as 

being Both Sulfolobus and Acidianus are coccoid shaped, with of 1 ""m, 

and immotile. Neither have flagella. However the Sulfoiobus species have !J1ll,-I1''':; s1trm:tw'es; 

that they are involved in the mechanism of attachment to surfaces. 

S. acidocaldarius and A. are facultative chemolithoautotrophs and grow under ~utotrOPhic, mixotrophic 

or heterotrophic conditions (Barrett et ai., 1993(a»), whereas S. metallicus, is chemolithoautotrophic 

(Huber and 1991). S. acidocaldarius can oxidise elemental sulfur under anaen;>bic conditions, utilising 

ferric-iron as the terminal electron (Brock and 1976). bdth S. acidocaldarius and. 

A. have been shown to be capable of using M06
+ as a terminal electron acceptdr (Brierley and Brierley, 

this has not been shown to be an energy process for S. acidocaldarius (Hallberg, For 

this reason S. acidocaldarius (Hallberg, 1995) and S. metallicus (Huber and Stetter, 19~1) are considered to be 
I 

strict aerobes. In contrast to the above, A. brierleyi is capable of anaerobic on sulfur; this f"nl>T(n>tir 

pathway produces HzS. The temperature and pH ranges across which S. acidocaldarius, S. metallicus and 

A. are able to grow, and their optimal conditions for growth are listed in Table 2-5. 
I 
I 

Table 2·5: Temperature and pH ranges across which 8. acidocaldarius, S. metallicus and A. brierley; are 

and their optimal values (8. acidocaldarius and A. brierleyi data was obtained from Barrett et al. 

(l993(a)); S. metallicus data was obtained from Huber and Stetter (l~91) . 

Property S. acidocaldarius A. hrierleyi S. metallicus 

pH range 1.0-5.9 1.0-5.9 1.0-4.5 

2.0-3.0 1.5-2.0 

Temperature range eC) 55-80 55-80 50-75 

T"p,COc) 70 70 65 
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2.3 The Bioleaching of Arsenopyrite 

Arsenopyrite, is the most commonly occurring arsenic containing sulfide minera1. It is 

with other metallic sulfides such as galena sphalerite (ZnS), (CuFeS2) and pyrite 

The bioleaching 

parallel 
... "'"'HJ ..... ' sulfides solubilises iron, arsenic and sulfur and is '''''''''"5'''' to take place in a number 

sequential stages, the overall reaction of which is (Barrett et 1993(a»: 

(2-1) 

It is that the first stage of the process results in the solubilisation of the iron and the arsenic in the 

H'''''_'''', as ferrous-iron, , and respectively et al.. Barrett et al., 

Shrestha, 1988; Pol'kin et al., 1975). However, there is still some controversy with regard to fate of the 

moiety. Barrett et al. (1993(b», Barrett and Hughes (1993) and Shrestha (1988) alleged that the sulfur is 

"V',",V'''''''U as sulfate, SO!-. whereas Fernandez et al. (1995), Morin et of. (1991) and Pol'kin et al. 

claimed that the sulfur is solubilised as elemental sulfur, So. The solubilisation ",,.,,pnr.nvntp to produce sulfate 

and elemental sulfur is shown in 2-2 and 

(2-2) 

4 FeAsS+ +4HAs0 2 + (2-3) 

The ferrous-iron is subsequently oxidised to the ferric form by the ferrous-iron-oxidising bacteria the 

UUJlt:iU';lllH!;; slurry to; 

2 (2-4) 

At 35°C, AG ~ -42.381 kJ.(moi FeAsSr l (Malatt, 1998) for the above reaction. 

In the case of elemental sulfur formation, the suspended elemental sulfur is allegedly oxidised to sulfate by 

sulfur bacteria in the solution (Pol'kin et 1975) to; 

Ut:I.Jt:1:lUUlJ::. on the conditions employed, the dissolution of arsenopyrite may be followed by the oxidation of 

arsenite, As(III), to arsenate, As(V), followed by the precipitation of ferric-iron and arsenate as ferric arsenate 

(Dew et al., 1997): 

.. 

2 + 

According to the bioleaching mechanism 
thiosulfate or polysulfides, to sulfate; 
specify which sulfur pathway is followed 
Section 2,6. 

) -+ 2 +3H (2-6) 

by Sand el al. (1999), the sulfur moiety of sulfide minerals is oxidised, via either 
may occur either chemically or bacterially. However, Sand et al. (1999) do not 
the bioleaching of arsenopyrite, This mechanism is discussed in greater detail in 
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Arsenite is to be the most toxic form arsenic 
; .... ,,,nrt,,nt reactl'on during the bioleaching of ores containing ,I How. ever, at 

arsenate is a very 
there is a lack of consensus in the literature with to the mechanism by which this reactlOn occurs. 

It has 

been that the is oxidised to arsenate either oxygen et al., 1985~: 

(2-7) 

or by ferric-iron (Shrestha, 1988): 

At 

+ + 2H' (2-8) 

"",-"un,,, shown in Equations 2-7 and 2-8, is -125.41 and 33.687 kJ.(mol H3As04rl, dG~ of the 

(Malatt, 1998). I 

Although the oxidation of arsenite to arsenate by oxygen {Equation is thermodynamically possible, it has 

bee~ shown to be extremely slow (Eary and 1990). Therefore, as the positiV,~ free energy value for 

the reaction shown in 2-8 indicates that it is not thermodynamically possible,' the arsenic in solution 

after the leaching of arsenopyrite would be expected to be in the of arsenite. The above was confirmed 

Morin et al. (1991), who found that the of arsenite to arsenate at a low rate the 

biollea,ching of a concentrate which consisted primarily of arsenopyrite. More than % of the arsenic in 

solution was as arsenite. 

H/'\'wl""VI"l' during the of ores and concentrates that contain both pyrite and Jsenopyrite, most of the 

arsenic in solution is found to exist as arsenate. This that the oxidation of arse'nite to arsenate is more. 

than the of (Barrett et 1993(a». the! mixed culture used by 

Barrett et al. (1993(b); 1989), nor T.ferrooxidans (Mandl et al., 1992; Wakao et ai., 1988; Braddock et al., 

1984), nor T. thiooxidans (Wakao et al., 1988) have been found capable of oxidising to arsenate. 

In of the above, the results obtained Barrett et al. (1 993(b » led these work~rs to conclude that the 

oxidation of arsenite to arsenate ferric-iron !"' ... uw .. ~ the presence of both active bacteria and a pyrite (Barrett 

et 1993(b); Barrett et al., 1989) or chalcopyrite et 1993(b» surface: ,Barrett et al. (1993(a» 

offered two for the above: 

i) the bacteria "condition" the surface of the mineral the oiidation or 

il) some of the ferrous-iron released at the surface does not enter the bulk solution, but is oxidised to 

ferric-iron by the bacteria attached to the surface. The ferric-iron formed in this way may be 

in the form of a sulfato-complex and if an arsenite ion entered the it would be oxidised to 

arsenate. The arsenate would then reach the bulk solution as a ligand to a 

A review oithe literature available on the oxidation of arsenite to arsenate led Welha~ (1994) to conclude that 

the oxidation reaction was only possible by a 2e step and not ale e.g. As(III) is fi\pidly oxidised to As(V) 

by iodine, bromate, cerium(IV) or manganate(IV) in the presence of iodate catalyst. However ferric-iron alone is 
I unable to oxidise arsenite to arsenate. 

In contrast to the above, Mandl et al. (1992) found that the bioleaching ofa chalcopyrite contaminated 
a constant arsenite concentration, with about 70 % of the arsenic present as arsenite. In other 
catalyse the oxidation of arsenite to arsenate. 

arscmollyrile resulted in 
chaicol)yrile was unable to 
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vu~, .. u,' .... by Barrett et al. (1989) and the conclusions drawn Welham (1994) suggest that sulfide 
minerals in the galvanic series than may the oxidation of arsenite by as 

conduits of charge. In other words, facilitate the transfer of electrons from one arsenite ion to two ferric

iron According to the proposed mechanism the ability of, and to which, a mineral is able to act as 

catalyst depends on its relative position in the galvanic series. In the case of minerals that leach more easily than 

arsenopyrite, the kinetic would be the of the mineral rather than the of the 

arsenite to arsenate reaction. In addition, the catalytic ability of a mineral may be affected by the stoichiometry 

of its ferric if- the stoichiometric coefficient of ferric-iron is one, leaching of the 

mineral may be significant. A schematic of the mechanism is shown in Figure 2.1. 

2.1: agr.anunatlc re~presentatu)n of the AU"·"U' .. AU"AU of arsenite oxidation. 

According to the above mechanism, the differences between the catalytic activity of chaicopyrite observed by 

Barrett et al. (l993(b» and Mandl et al. (1992) can be attributed to differences in the rest potential of the mineral 

used during the respective investigations. These differences could be attributed to the presence of different 

being present in the respective sarnpiles, to differences in the 

differences between the chalcopyrite itself.· 

conditions employe~, or to 

2.4 The Toxicity of Iron and Arsenic to Bioleaching 
Micro-organisms 

COJ1Centratu)ns of iron and arsenic in solution have been found to inhibit actiVIty " .. 'u" .... 

1989; 1988; Trevors et 1985; Braddock et at., 1984; Norris and Kelly, 1978; Pol'kin et al., 

2.4.1 The Inhibitory Effect of Iron 

Ferrous-iron, , concentrations in excess of 700 mmol.('l have been to inhibit carbon dioxide 

fixation in T. ferrooxidans. In addition, ferrous-iron has been reported to be more toxic to T. ferrooxidans than 

T. thiooxidans (Collinet and Morin, 1990). 

• Natarajlll'l (1988) reported pyrite to be nobler thlll'l chalcopyrite, whereas Brierley (1993) reported chalcopyrite to be nobler thlll'l 
pyrite. 
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On the other ferric-iron, , has been found to ferrous-iron oxidation 
competitively. the rate at which ferrous-iron is oxidised by T.ferro~xi~ans is dependent on the redox 

potential of the solution (Kelly and In addition, although femc-Iron has been found to ~ave ~ 
"d 1 c:"' ~,)Ilcentrati(ms at high concentrations It similar effect on T. thiooxidans and T. ferrooxi ans at ow lemc-trOn ... , 

has been found to be less toxic to T. thiooxidans than T. forrooxidans. Although it has been reported that the 

ferric-iron inhibition of T. ferrooxidans can be relieved by (Kelly 
and Jones, 1978), this may simply be of jarosite fOITllation. 

2.4.2 The Inhibitory Effect of Arsenic 

Arsenite, As(III), is to be the most toxic form of arsenic (Coddington, 1986). It inactivates enzymes with 

thiol groups at the active centre by binding to two different groups on the enzyme (Coddington, 1986). 

This results in carbohydrate depletion and diminished (OSH) (Aposhian and Aposhian, The 

latter protects cells radiation oxidative damage and certain toxic (Aposhian and 

rt.fJ'V"',UWlI, 1989). On the other hand, the toxicity of arsenate to is related to its similarity to 

phosphate: It enters the cell via the and may the phosphate in A TP to form 

an unstable ADP-arsenate (Coddington, 1986). 

Arsenite is in the bioleaching medium as either HAs02 (Barrett et al., 1989; Shrestha, 1988) or 

H3As03 (Pol'kin et aI., 1975) (arsenious acid). It has been reported to inhibit a wide of 

et aI., 1993(b); Barrett and Hughes, and Frankenberger, 1992;iLindstrom and Sehlin, 

1989; Barrett et al., 1989; Dabbs and Sole, 1988; Silver et ai., 1981), including T.ferrooxidans (Cassity and 

1995; Collinet and Morin, 1990; Pol'kin et 1975), T. thiooxidans and Morin, 1990), T. caldus' 

(Hallberg, and the mixed culture used in commercial BIOX ® op(~raltlOrls (Lawson, 1993) to a 

than arsenate.t arsenite has been reported to have a more pronounced effect on 

T. thiooxidans than on T. ferrooxidans, whereas arsenate has been reported to have a. similar effect on both 

T. thiooxidans and T. (Collinet and Morin, 1990). 

The addition of non~lethal concentrations of arsenite to thiobacilli has been to result in an increase in 

the lag time prior to bioleaching of the mineral {Cassity and Pesic, 1995; Collinet and Morin, 1990; Barrett et al., 

Pol'kin et The above has been attributed to the fact that the 

enzyme systems develop, or the selection of tolerant cells occurs, during the 'lag period (Tuovinen et 

1971). However, as the arsenite is usually oxidised to this period, it may simply be a 

result of the fact that arsenate is less toxic to the species present than arsenite. This phenomenon may also be 

related to the fact that the extent of arsenic toxicity is less pronounced if the substrate is a sulfide mineral 

ferrous-iron as substrate (Norris and Kelly, 1978; Tuovinen et al., 1971). 

The addition of 10 mmol.('1 arsenite to a culture of T. caldus, unconditioned to arsenite, had a bactericidal effect 

on the culture (Hallberg, 1995). bacteria that had been grown in the presence of sub-toxic 
concentrations of arsenite for a few were capable without f!Xl"1f!ru'!ncm,P a when 

in media inoculated into medium lO mmol.('1 arsenite (Hallberg, 

.. 
t 

+ 

Arsenate is an analog to phosphate (Huysmans and Frankenberger, 1992; CoddingtOn, 1986), e.g. fertilisers mobilise 
arsenate because of competition for adsorption sites (Hindmarsh and McCurdy, 1986). I 

The mixed culture used in the BIOX'" process was initially resistant to 13.3 mmol As.rl. However, this resistance has subsequently 
increased to 293.3 mmol As.rl 1993). 
The arsenate has been reported to occur as either HJAsO. (Barrett lilt al., 1989; Shrestha, 1988) 01- H2AsO .. (Pol'kin et al., 1975) 
(arsenic acid). 
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containing sub-toxic amounts of arsenite, arsenate or conferred similar resistance to all three of these 

ionic this suggests that the to these ions is due to the same locus (Hallberg, 1995). No 

detoxification of the ions was observed these the spent arsenical media was still toxic to 

uninduced T. caldus (Hallberg, 1995): Instead the resistance appeared to be due to a reduction in the bio

accumulation of the ions; induced strains took up 10-fold less arsenate than uninduced strains 

(Hallberg, 1995). strains also exhibited an energy dependent efflux of accumulated 

arsenate (Hallberg, 1995). An increase in the phosphate concentration in the nutrient media also resulted in a 

reduction in the bio-accumulation of arsenate. This suggests that the arsenate enters via the pnos~lhate 

this is the mechanism by which arsenate been shown to enter Escherichia coli (see Section 2.4.3). 

During an investigation the effect of arsenite and arsenate on a mixed culture of thiobacilli, not conditioned 

to high arsenic levels and on (pl'ulp""l %, arsenite concentrations in the of 

30 mmoU·' were found toxic to the micro-organisms; arsenite concentrations in the region of 90 mmoU-' were 

found in dead cultures (Barrett et 1989). t The results obtained by Barrett et al. (1989) led these workers to 

conclude that the toxicity to the bacteria encountered bioleaching 

are shown in 

is in the region of 

2.2. three times that of arsenate. The results obtained by Barrett et al. 

100 ~--------------------~ 

75 

50 

25 

o 
o 100 200 

Time (h) 
300 

Figure 2.2(a): Effect of arsenite on the 

400 

solubilisation of ferric-iron the bioleaching of 

(after Barrett et ai, (1989». 

[ 0 J 0 mmol , [ • ] 2 mmol As(III).r l
; 

[ Cl ] 19 mmol , [ .... ) 46 mmol As(III).e-'. 

100 

75 r 
f I 50 

25· 

o ~----~----~----r---~ 
o 100 200 

Time (h) 
300 400 

2:2(b): Effect of arsenate on the 

solubilisation of ferric-iron during the bioleaching of 

(after Barrett et al. (1989». 

[ 0 ] 0 mmol , [ • ] 23 mmol As{V).r l
; 

[ Cl ] 56 mmol , [ .... ] 112 mmol As(V).e- I
; 

[ L\ ] 220 mmol 

.. The conferred resistance was not attributable to the selection of resistant strains as growth in the absence of these toxic species 
resulted in the bacteria losing their resistance. 

t In contrast to the resulta reported by Barrett et al. (1989), Morin et al. reported arsenite concentrations of up to 145 mmol.r l 

in actively growing cultures accustomed to high arsenite concentrations et al., 1991). 
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2.4.3 The Mechanism of Arsenic Resistance in 

There are two main forms of resistance in 

chromosomal arsenate resistance (Cullen and 

Novick and Roth, 1968). 

Chromosomal arsenate resistance 

plasmid determined arsenic resistance and 

1989; Coddington, 1986; Silver ~nd Nakahara, 1983; 

Chromosomal arsenate resistance reduces the amount of arsenate the cell via phosphate 
(Cullen and 1989; Silver and Nakahara, Silver, (1978). E. coli has two 

active phosphate uptake (Silver et al., 1981; Willsky and Malamy, 1980; Sflver, 1978). The Pst 

system is specific to phosphate, while the Pit system will transp~rt either phosphate or 

arsenate (Coddington, Willsky and Malamy, 1980; Chromosomal arsenate resistance occurs 

with the Pst+Pit- mutation (Coddington, 1986; Silver and Nakahara, 1983; Silver et 1981; Willsky and 

Mal amy, 1980). At chromosomal arsenite resistance is poorly understdod (Cullen and Reimer, 

1989; Silver and Nakahara, 1983). 

2.4.3.2 Plasmid-encoded resistance 

Plasmid-encoded resistance protects bacteria by pumping arsenic from the cells vik an energy dependent 

membrane pump and 1992; Cullen and Coddington, Silver and

Nakahara, Mobley and Rosen, 1982; Silver and Keach, 1982). In addition to an regulatory gene, the 

ars operon in plasmid R773 of E. coli contains three viz. arsB and arsC and 

1988). These encode an ATP-binding protein (ArsA), an inner membrane protein (ArsB) and a smaller 
I 

nnliv""nt1l1". (ArsC), and 1988). ArsA appears in solution as ~ monomeric and 

is loosely associated with the cell membrane (Silver and Misra, 1988). ArsB is postulated to be both the anion-

... Vl ......... • ... " •• ;;:, unit and the membrane anchor for the ArsA Th, ... "i'n .. " ArsA and ArsB form a membrane-

bound complex, localised in the inner membrane (Rosen et al., 1990), and interact to; form an arsenite pump. 

ArsC reduces arsenate to arsenite and is stimulated by the reduced thiol (Ji and Silver, 

A diagrammatic representation of the phosphate (arsenate) transport system [ and the arsenate efflux 

of E. coli is shown in 2.3. 

Certain micro-organisms express only ArsA and ArsB. These organisms are therefbre only able to extrude 
i 

this that resistance to arsenate and arsenite is genetically (Rosen et 1990). 

The arsenic resistance (Ji 'and Silver, 1992) and 

Staphylococcus (Rosenstein et al., 1992) do not have the ar~A gene. However, it has 

been suggested that ArsB alone is sufficientfor anion (arsenite) conduction in these (Lawson, 1993). 

In an to increase the arsenic tolerance of a bioleaching culture which contained Acidiphilium, 

T. ferrooxidans and L. arsenic resistance were transferred into I!. strain of the acidophilic , 
heterotroph, Acidiphilium. Although these plasmids were expressed in subsequent 'subcultures, they had no 

effect on the of the culture (Bruhn and 1993). i 
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PO!~ 

CHROMOSOMAL GENES 

PLASMID GE:-lES 

2.3: gral1ll1rlatic ",'n",'"",ntll1tin,., of the phosphate i <I .. "",."<It .. transport and the arsenate efflux 

syst~m of E. coli. 0.25x 10-6 and 25x mmoU-1 are the values ofKm for and AsO!- as 

competitors for the Pit and Pst chromosomal transport The three boxes for the plasmid arsenic ATPase 

represent the ArsA, ArsB and ArsC polypeptides from Silver and Misra (1988) and Silver and 

Nakahara (1983», 

2.4.3.3 The oxidation of arsenite to arsenate 

The oxidation of arsenite to arsenate has also been to be a resistance mechanism towards arsenite 

(Lindstrom and 1989; Cullen and Reimer, 1989; Williams and 1984; Silver and Nakahara, 

Abdrashitova et al., This reaction has been reported to occur in many (Sehlin and 

Ltrldsltrorn. 1992; Lindstrom and Cullen and ":1989; Wakao et 1988; Osborne and 

Phillips and Taylor, 1976) but there is no evidence that the energy of oxidation is used for growth 

and 1989; Wakao et 1988; Pol'kin et al., 1975). T. (Mandl et Wakao 

et al., 1988; Braddock et 1984), T. thiooxidans (Wakao et al., 1988), and a mixed culture of thiobaciHi 

(Barrett et al., 1993(b); Barrett et aI., 1989) have been shown to be of arsenite to 

arsenate." 

S. acidocaldarius strain BC is able to oxidise arsenite to arsenate in the late exponential phase (Lindstrom and 

Sehlin, 1989). This reaction also occurred in a cell-free extract if the cells were grown in the presence of 

arsenite and occurred to a degree in the presence of cell debris. This led Lindstrom and Sehlin (1989) to 

conclude that the oxidation is enzymatic and that the enzymes responsible for the oxidation reaction are 

membrane bound and located near the outside of the membrane. 

An enzyme capable of oxidising arsenite to arsenate has also been isolated and purified from Alcaligenes 
'no"nlr~ (Rinderle et aI., 

.. In contrast to most researchers, Torma and Ool'man (1992) reported that T.ferrooxidans was capable of oxi(1isillg arsenite to 
arsenate. 
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2.4.3.4 The reduction of arsenate to arsenite 

i 
Under conditions have also been observed to reduce arsenate to arsenite (St;hlin and Lindstrom, 

Cullen and 1989; Wakao et al., 1988), or release from arsenite (Wakao et ai., 1988). 

Among methanogens the resistance mechanism via the reduction of arsenate to ~rsenite, followed by 

the methylation in the presence of coenzyme M (Huysmans and Frankenberger, 1992). 

2.4.3.5 The mechanism of arsenic resistance in bioleaching bacteria 

Resistance to antimony and arsenate may be induced by "' .. "'C".""'"'' of non lethal 

concentrations of anyone of these hence resistance to these ions is due to the same 

1995). The resistance to these ions is attributable to reduced cellular accumul~tion of these ions and 

an energy dependent efflux of the accumulated to the mechanism found in E. coli, It is not, 

however, a result of to the Pst + Pit - mutation (Hallberg, 1995). 

Although it has been claimed that arsenic resistance in T. is plasmid borne (Nicolau and Raimond, 

1993), the mechanism of arsenic resistance in acidophilic chemoautotrophs other than t caldus has not been 

determined. However, the fact that arsenite is more toxic to T. fer,rooxidans and T. thiooxidans than arsenate, 

and because increased tolerance to arsenic can be achieved by culture adaptation, it is [suggested that arsenic 

resistance in these may be attributed to Pit' mutations. 

2.5 Modelling Bioleaching Operations 

2.5.1 The Logistic Equation 

Although bacterial growth is most simply described by a first order model, this only applies to the exponential 

growth On the other the curve takes into account the growth, 

declining growth and stationary phases (La Motta, 1976): 

em"" e ~ x 
x -

1 + m 
(2-9) 

Although the logistic equation was originally intended to describe the growth of cells,: it has been successfully 

used to describe the rate and of oxidation of sulfide minerals. It has been ' that its applicability 

is based on the assumption that the oxidation rate is proportional to the bacterial concentration in the bioleaching 

medium (Crundwell, 1995(a». The form of the applicable to bacterial sulfide oxidation is 

(pinches et al., 1988): i 
I 

dX =k X[l- X 
dt M X 

M 

(2-10) 

The in the sigmoidal oxidation curve are """""'5V"" to the various of bacterial growth, viz.: 
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i) an initial with slow oxidation (bacterial 

a faster (linear) oxidation phase (exponential growth), and 

iii) a in the oxidation rate (stationary and cell death due to substrate exhaustion). 

Inf'>OT •• fu,n and re-:ammg;em,ent of Equation 2.10 yields (Pinches et 1988): 

x = --=-:...::.----

] 
(2-11 ) 

The values of XM, kM and can be determined linear , ... ,,·rt'",""'1fI a trial and error technique or 

minimising the sum of the errors between the predicted and experimental values of X. 

Initial modelling work suggested that the values for the rate kM, determined in batch culture were lower 

than those determined in continuous culture et Hansford and Chapman, Pinches et 

1988}. This was initially attributed to a larger inoculum being present in the case of continuous bioleaching. 

However, subsequent work showed that the rate of bioleaching is proportional to the surface area of the mineral 

lla,U"'A'UIU and 1992; Miller and Hansford, This led to the use of a population balance 

model which incorporated changes in the size distribution of the mineral into the equation (CrundweU, 

• Crundwell (1994) used the batch data of Hansford and (1992) and Miller and Hansford 

(1992(a» to calculate the kinetic parameters for the popUlation balance model and found that the parameters 

calculated in this manner also fitted the continuous data. In addition, the model by Crundwell (1994) 

included terms that accounted for the flow rates and out the bioreactor, and a bacterial cell balance. 

A limitation of the equation is that it is not mechanistically i.e. it does not contain terms 

which reflect the characteristics of the mineral being e.g. part~cle the characteristics of the bacteria, 

e.g. growth rate, or the bioreactor e.g. slurry t It is therefore not possible to use the logistiC 

equation to predict the performance of bioleaching operations for different micro-organism and mineral 

combinations or across a range of operating conditions. In spite of this limitation, it has however, proved useful 

in modelling batch and continuous laboratory, pilot and full-scale plant data for several pyrite and 

ars,enc!pYlnte flotation concentrates Hansford and Miller, 1993; Hansford and Bailey, 

Hansford and Chapman, 1992; Miller and Hansford, 1992(a); Miller and Hansford, 1992(b); Pinches et aI., 

the optimal reactor configuration and retention time for a particular ore, rate of bacterial 

of sulfide oxidation (Dew et 1993). 

2.5.2 Modelling Bioleaching According to the Direct Mechanism~ 

Konishi et al. (1990) that the adsorption of T. ferrooxidans onto pyrite was relative to the rate of 

dissolution of the mineral, and followed a isotherm. Although the maximum adsorption was affected 

by the particle size distribution, the adsorption was not affected (Konishi et al. (1990). In 

t 

+ 
+ 

The population model has proved to be successful in spite of the fact that it assumes a shrinking core model and the 
bioleaching of pyrite has shown to occur via a pore model (Hansford and Drossou, 
An associated advantage is tllat modelling tile rate this way no knowledge of the concentration. or 

As stated these parameters are difficult to measure 
the Indirect mechanism of bioleaching are described in 
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work by Konishi et al. (1992), an increase in the initial pyri~e concentration wis . t~ 
a decrease in the rate of dissolution.· This was attributed to a decrease m the number of vFcant active Sites. The 

above assumptions were incorporated into a model in which it was assumed that the micro-organisms . . to 

the mineral, and oxidise it directly et al., 1994; Konishi and 1993; Asai al., 1992; KOnishi el 

ai., 1992; Konishi et al., 1990). In the model proposed by and the rate of bacteria 

was assumed to be proportional to the product of the number of adsorbed cells and the fraction of the surface not 

occupied the bacteria. This model has been shown to fit data obtained during the batch bioleaching of pyrite 

(Konishi and 1993; Asai et 1992; Konishi et al., 1990) and zinc sulfide (Konis~i et al., 1994; Konishi 

et 1992) concentrates. 

2.5.3 Modelling Bio~eaching According to the Indirect Mechanism 

et al. (l994) studied the bioleaching of a concentrate in al continuous bioreactor. 

They assumed that the dissolution of the minerals occurred solely because of chemical and that 

the leaching rates depended on the redox potential of the and the rest potentia:l of the minerals. The 

model proposed by et ai. (1994) is based upon inhibited Monod kinetics and the that the 

specific growth rate is proportional to the :sm;;l,;u.11,; rate of ferrous-iron oxidation. Rearrangement of the 

model proposed by Nagpal et al. (1994) yields: 

The model proposed by Nagpal et al. (1994) showed that arsenic inhibition completely o~ershadowed ferric-iron' 

inhibition. Although the model did not of the dissolved iron it 

good predictions of the dissolved arsenic concentration and the trends in the dissolved iron and arsenic 

concentrations with in the dilution rate. It also gave of the tran~ient data from 

the removal of carbon dioxide supplementation and from pulsed additions of arsenic ~d ferrous sulfate. A 

limitation of the model developed Nagpal et al. (1994) is that the kinetic for the bacterial and 

chemical were determined during the bioleaching of an arsenopyrite/pyrite 

2.6 The Multiple Sub-process Mechanism of Bioleaching 

The mechanism by which thiobacilli leach or has been debated in the literature for 

many years. According to the direct mechanism the bacteria attach to the mineral surface and oxidise the 

sulfide of the mineral to simultaneously dissolving the metal component. The enzymes 

involved in sulfide oxidation were to be contained within the cell envelope,1 hence attachment was 

considered a prerequisite of the direct mechanism (Konishi et al., 1992; Lundgren and Tano, 1978). The iron in 

the mineral is solubilised as ferrous-iron and oxidised to ferric-iron by the bacteria 

with the sulfate ion, away from the surface and into the bulk solution. The UIUII:i1I;mrlg of 

pyrite via the direct mechanism is: 
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(2-13) 

According to the indirect mechanism, the mineral is chemically leached by the ferric-iron in the bioleaching 

solution. The and in some cases sulfur by the ferric reaction are oxidised by the 

bacteria to ferric-iron and These diffuse away from the mineral surfacelbacteria 

microenvironment, and into the bulk solution. Thus in the indirect mechanism the role of the bacteria is to 

the the continued of the sulfide mineral. For the bioleaching of 
pyrite the reactions involved are: 

Chemical: (2-14) 

Bacterial: 4 +2H 5) 

Overall: 4 

It is clear that the overall reaction for the indirect mechanism is the same as the reaction for the direct 

mechanism. It is also clear from the equations listed that the direct and indirect mechanisms are more 

appropriately described as being one- and two-step mechanisms, respectively. 

Although bioleaching according to the indirect mechanism does not require that the bacteria attach to the 

close of the mineral and bacteria ensures a favourable microenvironment for For 

this reason, investigations in which the bacteria and mineral were separated, and the poor rates observed 

considered to be "evidence" that occurs via a direct Other 

investigations in which the mineral rate was found to be directly proportional to both the sulflde and 

biomass concentrations were also considered "evidence" that occurs via a direct mechanism. 

this result is also consistent with the hypothesis that bioleaching occurs via an indirect mechanism. 

After a review of the literature Boon (1996) concluded that there was little agI'eernellt on whether or not 

bioleaching according to a direct mechanism was possib,Ie in principle, nor whether it was a rate determining 

process in the overall of sulfide minerals. Subsequent work by Boon et al. (1995) has however 

provided strong evidence that the bioleaching of pyrite occurs via a two-step, or indirect, mechanism. According 

to this mechanism, the role of the bacteria is to a high redox potential 

within the system. 

additions of at four hourly intervals to a batch bioreactor, Boon et al. were able to 

measure the bacterial specific oxygen utilisation rate, as a function of the ferric/ferrous-iron ratio, 

or redox potential. The oxygen utilisation rate was also related to the concentration via the 

pyrite spe:clt.lc oxygen utilisation The results of a are shown in Figure 2.4 where it 

can be seen that q02 decreases with 

ferric/ferrous-iron ratio. 

U1\ .. ,,,,,,,,,,,,,,,,, ferric/ferrous-iron ratio while increases with mc:re~ISlrlg 

In addition, samples were taken from the batch bioreactor, the pyrite removed by centrifugation, and the bacterial 

soe:clllC oxygen utilisation rate of the bacteria measured in an off-line or using ferrous-iron 

medium. This enabled the specific oxygen utilisation rate to be measured over a wider range of ferric/ferrous

iron ratios than in the pyrite batch bioreactor. However, in the the data for 

the pyrite- and bacteria as shown in 
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Figure 2.4: Variation in the [ 0 ] and [ • ] specific oxygen utilisation' with .... u~'uO"uO 
ferric/ferrous-iron ratio the bioleaching of pyrite by a Leptospirillum-like 

from Boon et al. 
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Figure 2.5: Variation in the bacterial oxygen utilisation rates of [ 0 ] ferrous-iro~ and [ • ] grown 

Leptospirillum-like bacteria with changing ferric/ferrous-iron ratio. Data was obtained from Boon et al. (1995). 

From Figure 2.5 it can be seen that the agreement between the values obtained during the staged-addition 
I 

eXI)erllme:nts and the pyrite free oxidation experiments in the is excellent. 

Similar results were obtained for a series of batch runs perfonned at initial bacterial conqentrations ranging from 

15 to 150 mg and iron concentrations ranging from 2 to 20 (Boon, 1996). The~e results led Boon et al. 

to conclude that in both cases ferrous-iron was the T\r!1m, .. v substrate and that the bioleaching of 

occurs ........ Vl ..... lUJ; to an indirect or two-step mechanism. 

Recent work by Schippers and Sand (1999) has shown that the biolea(:hirlg of metal 

two indirect mechanisms; the mechanism followed is detennined by the structure of the .mineral 

r ...... ' .. un .• ul ... to and Sand (1999), the (FeS2), molybdenite (MoSz) and tunllstenite 
I 

(WSz) are attacked by iron(III) this reaction M2+ (where M on the 

mineral being oxidised), ferrous-iron and thiosulfate. The thiosulfate is degraded in a cyclic process to sulfate, 

I 
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with elemental sulfur as a side product (Schippers and 1999). The oxidation of thiosulfate may occur 

""',''''''<''"' or as a result of bacterial oxidation. the fact that ferrous-iron species aione are 

capable of these minerals that the chemical oxidation of thiosulfate is the dominant reaction 

(Schippers and Sand, 

Galena (PbS), chalcopyrite hauerite (MnS2), and realgar 

are degraded by iron(III) ion and proton attack and Sand, 1999). The dissolution minerals is 

via a H2S*+.radical and polysulfides to elemental sulfur t;:)c:nrr'pers and Sand, The elemental sulfur is in 

turn oxidised to sulfate by sulfur oxidising bacterial species present in the bioleaching solution (Schippers and 

Sand, .. nuv ......... the polysulfide mechanism has not been proven for the U,,)" .... ~'''u,.u .... of arsenopyrite, the 

rerrO(lxutalllS and T. caldus in continuous-flow bioreactors flotation concentrates presence of both 

containing arsenclpynte 

mechanism. 

et 1999(a» that the bioleaching proceeds via this 

It is also !>",.,., .. ,,,nt from the above discussion that the term "multiple sut)-DlrOCess mechanism" rl .. c,,.. ... lh,." the 

process by which the bioleaching of sulfide minerals occurs better than the terms "direct mechanism", "indirect 

mechanism", mechanism" or "two mechanism". of 

and arsenopyrite bioleaching via the multiple sub-process mechanism are shown in Figure 2.6. 

Figure 2.6: Diagrammatic representation of the bioleaching of pyrite and via the multiple sub-

process mechanism. The bacteria shown are planktonic (i.e. unattached) for reasons of clarity. the 

mechanism is the same for both attached and unattached micro-organisms. 

The existence of a multiple sub-process mechanism for the UUJ'l\;;~'\"oll.Ul~ of sulfide minerals has a number of 

.mfl{u1'lInt implications for the Hl\J' ....... Ulli~ of the process, viz.: 

i) 

ii) 

iii) 

the overall process can be reduced to a number of malep~moem sequential andlor 

processes, 

the kinetics of each of these sub-processes can be studied independently, and 

the kinetic constants derived during the ""fJ" ... , .... studies can be used to both the steady-

state and dynamic per10rmance of bioI each systems for a variety of different minerals, bacteria and 

operating conditions. 

2.7 The Chemical Oxidation of Arsenopyrite 

As stated previously is the most common arsenic contalnmg sulfide mineral and is chiefly 

associated with other metallic sulfides such as galena (PbS), (ZnS), chalcopyrite and pyrite 

Its association with sphalerite and cmUCCIDvinte result in it being an unwanted mineral in the 
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extraction of base metal whereas its as£ioclatllon with generally results a 

constituent of gold bearing sulfides. 

The above has resulted in most of the research on the oxidation having been at developing 

a means of its hydrophobicity in order to either enhance or suppress its flotation I relative to 

the other minerals as most of the research performed to date has attempted to the 

chemical of the mineral surface under flotation conditions, it has been carPed out at ambient 

temperatures and alkaline pH values rather than the conditions encountered operations. 

difficulties encountered with regard to obtaining pure mineral samples have re.sulted in most of the 

work having been performed with samples of other sulfides. This has in tum 

led to with regard to the nature and stoichiometry of the that occur under 

oxidising conditions. 

2.7.1 Electrochemical Oxidation of Arsenopyrite 

Studies using voltametry have shown that the oxidation of arsenopyrite in both; alkaline and 

1987) and acidic media et al., is irreversible: The irreversible nature of the dissolution 

can be attributed to the formation of arsenate and sulfate. In addition the oxidation of II arsenopyrite has been 

reported to occur more readily in alkaline hydroxide) than acidic and 

hydrochloric acid) solutions and Chemyak, 1976). In contrast to the above the electrochemical 

oxidation of (FeS2), pyrrhotite galena (PbS) and (CuFeS2) and the 

oxidation of sphalerite (ZnS) (Jin et ai., 1984) have been shown to be reversible. t 

In alkaline media the rest potential of arsenopyrite decreases with an increase in the pij and 

1991; Kostina and 1976) and and herice an increase in either 
r 

the or temperature results in an increased rate of mineral dissolution. The effect of is similar in 

acidic solutions, however, the effect is less marked. Furthermore, in acidic solutions, 

more marked for pyrite than arsenopyrite. 

2.1.1.1 Electrochemical oxidation in alkaline media 

effect of t", ... , ... "'·r<>t11lr .. is 

I 
I 

Sanchez and Hiskey (1991) ........ "rt,.t1 that the e!el::trclchl~ml.cal OXlOatlOn of ars·enClpYimel in alkaline media occurs 

according to a [W()-Slten mechanism, the first of which produces ferric hydroxide, u .. ,'",,,,',,, and elemental sulfur: 

FeAsS+ 6H 2 0 ~ (2-17) 

The second step involves the oxidation of the arsenite and elemental sulfur during the first to 

arsenate and sulfate, 

(2-18) 

,. 
During in which the electrochemical oxidation of minerals is investigated cyclic voltametry the process is 
considered to reversible if the anodic and cathodic sweeps produce equal but opposite waves. 

t It has been suggested that the wave linked to the cathodic sweep observed during the of chalcopyrite is 
linked to reduction on rather than the fonnation of chalcopyrite from , (Vargas, 2000), thus the 
electrochemical oxidation may in fact be an irreversible process. 
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(2-19) 

The arsenate formed during the second was incorporated into the ferric hydroxide on the mineral 

surface whereas the sulfate was found to diffuse into the bulk solution (Beattie and Poling, 1987). 

The morphology of the ferric hydroxide deposit was found to be dependent on both the redox potential and the 

pH; its decreased with an increase in from pH 10 to pH and with an decrease in the redox 

potential and 1991). from 30 to 45°C had no effect on the of hydroxide 

formed. However, at temperatures in excess of 45°C, thick, porous films were formed and 

1987). 

diagram for the Fe-As-S at a dissolved concentration of 1 mmo1.rl, is shown In 

2.7 and 1987); the stoichiometries of reactions 2-17 to 2-19 are consistent with 

2-7. 

1000~~~------~------~--~ 

500 

o 

-soo 

2 4 6 8 10 12 14 
pH 

2.7: Eh-pH UU1;!Gl""" for the Fe-As-S at a dissolved species concentration of 1 mmo1.r l 

Beattie and Poling (1987». 

Buckley and Walker (1988) carried out a series of eXf)erilme:nts in which the species formed when 

fracture surfaces were produced under different conditions were determined by means of X-ray photoelectron 

XPS. These workers found that iron and arsenic oxides were produced in both air and air 

saturated alkaline solutions. The arsenic was observed to oxidise faster than the iron, and sulfur was not 

involved in the initial reaction. FUlrthlernlOI'e in alkaline solutions, the oxidised iron was retained at the mineral 

surface and most of the arsenic was present as arsenite. 

Immersion of these fracture surfaces in an air-saturated acid solution removed the iron and arsenic from the 

mineral and resulted in the mineral surface becoming increasingly enriched in sulfur. However, the 

sulfur was not as elemental sulfur as reported by Beattie and Poling (1987) but in the form of a metal 

deficient sulfide and Walker, The above led Buckley and Walker (1988) to that the 

initial oxidation of arsenopyrite occurs according to; 

FeAsS+ x+t 
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In Equation Y > x, b ::; 1.5 and both x and 

Equation 2-20 and the speciation predicted 
attributed to Equation 2-20 only being 

<1IJIJUI.,aU'l\" during the initial of the oxidation. 

2.7.1.2 Electrochemical oxidation in acidic media 

The oxidation of in acidic solutions has also been reported to occur in 2 et ai., 1997). 

The first at Eh < 550 produces realgar, • and dissolved ferrous-iron, . During the second 

at > 550 mY, these interfacial products are oxidised to produce arsenate, H3ASO}, and 

in solution. Although Lazaro et al. (1997) detected no elemental sulfur on the surface of the previous 

researchers have identified a non-passivating surface phase consisting of a-sulfur (Dunn it al., 1989). 

In addition to identifying the existence of a non-passivating .... v""", .. "E> Of a-sulfur, Dunn et al. 

(1989) that the electrochemical oxidation rate ",..",pnl'.nVI"ITP could be determinrd using: 

24x3600xl04 iM 
R :------------

f.AsS zFpA 
(2-21) 

..... """' ... ,.vu 2-21 suggests that 30 micron particles can be completely dissolved in 2 aJ led Dunn et al. (1989) 

to conclude that the dissolution rates possible during the electrochemical oxidation of arsenopyrite were 

comparable with those achieved and pressure Howe~er, based on different 

eX):ten:melrltaJ data, and Jones (1993) suggested that the electricity costt prevented1the process from 

economically unless the cost of the process could be reduced by a factor of 5. 

and Jones (1993) performed oxidation ' in an electrochemical cell uSitir arsenopyrite particles' 

suspended in acidic media. an inert anode yielded variable results and lower rates than mineral 

electrodes. However, if a potential difference of 1.5 V was maintained across the cell dissolution rates of 17-

58 x romo! FeAsS.s-1.cm·2 were obtained at 49 and 81°C, respectively. On averlge, 14 electrons were 
I 

transferred per mole of FeAsS oxidised. The process resulted in the formation of ferric- and 

arsenite and arsenate, and sulfate and elemental sulfur, with about 70 % of the sulfur preJent as elemental sulfur. 

The rate of arsenopyrite dissolution at 25 and 81°C increased to 50-70 X 10-9 mmol FeAsS.s-1.cm-2 if NaCI was 

added to mimic the effect encountered when plant water. As in the abSien,:e ofNaCl, the oxidation 

resulted in the formation of both sulfate and elemental sulfur, with about 60 % of the present as elemental 

sulfur. , 
I 
I 

Although the economic assessments presented by Linge and Jones (1993) and Buckiey and Walker (1988) 

dis3gJ-ee. the reaction schemes observed by these researchers are similar. Furthermore; both reaction schemes 

are consistent with the diagram for the Fe-As-S system (Figure 2-7) and the suggestion that the leaching 

of arsenopyrite occurs via the polysulfide mechanism by Sand and et al., 1999; 

and Sand, 1999)_ 

I 
As realgar has been found to be degraded via the poJysulfide mechanism, this result that the oxidation of arsenopyrite also 
occurs via the polysulfide mechanism proposed by Sand and co-workers (Sand e/ al., Sehinne,,,, ~nd Sand, 1999). 

t The calculations performed by Dunn e/ ai, (1989) were wed on the prevailing Perth domestic charge of 12 cents per kWh. 
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2.7.2 Ferric ..... ""' ........... .. Studies 

considerable work on the leaching of pyrite ferric-iron has been in the literature (May et 

McKibben and 1986; Mathews and A"V~".H". 1972; Garrels and Thompson, 1960), to date very 

work on the at concentrations and conditions similar to those 
used in bioleaching, has been reported. For this reason, some still exists in the literature with 
to the stoichiometry of the reaction. 

Reaction stoichiometry 

The oxidation cOlmUleJi:es.· and forming ferrous-iron, , arsenite, As(III), and 

SO;-, is thermodynamically possible ( at 35°C = -526.967 kJ.(mol FeAsSr l
) (Malatt, 1998). 

Although the available data is limited, it suggests that the dissolution is stoichiometric; one of the causes of 

non-stoichiometric dissolution is the of residues (Malatt, 1998). 

rPT\nrt .. rl that the ratio of lVU"-UVH. Fe2+, to produced the ferric 

and that the ferric of arsenopyrite occurs according to; 

FeAsS+IIFe3
+ +7H 2 0 ~ 12 + +11 

On the other hand, Iglesias et al. (1993) found that the ferric leaching of ",,.,,,,,,,,,,,..,,,Mt.. solubilised the arsenic and 

sulfur as arsenite, ASH, and elemental sulfur, So, res:ue,ctl1{elv: 

In contrast to the 

formed ferrous-iron, 

FeAsS+ 5 

(1994) r .. n,nrl~·rI that the oxidation of $Ir<::'f>nt1,nv,rltp 

, arsenate, As(III), 

FeAsS + 13 Fe 3
+ + 8 

FeAsS+7 

ferric-iron cOinollex,es 

(2-24) 

(2-25) 

From the above it seems as though the arsenic and sulfur moieties may be oxidised to oxidation states 

during the ferric leaching of arsenopyrite. Presumably, the final oxidation states of the arsenic and sulfur will 

on the conditions employed, viz. mineralogy etc., as these have been found 

to affect the oxidation states of the surface formed during the electrochemical oxidation of arsenopyrite. 

A more general which makes for the arsenic and sulfur moieties oxidised to varying 

oxidation states has been proposed by Welham and Linge (l994):t 

During the leaching of pyrite, ferric-iron has been reported to be the dominant oxidant, even in the of oxygen saturated 
solutions (Moses et al., 1987). As a first approximation, it can therefore be assumed that the same for the ferric leaching of 
arsenopyrite. 

t If kinetic considerations are taken into account, 2-26 is in agreement with the results obtained by Linge and Jones (1993), 
and the Eh-pH shown in Figure 2.7 and Poling. 1987). 
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FeAsS+(8x 4y)H
2

0 ~ w +(1 w)Fe3++x As0 3 +(l-x) As0 4 + (2-26) 
y SO + (1 - y) SO!~ + (12 - 2 x - 7 y) H + + (14 - w - 2 x - 6 y) e 

From Equation 2-26 it is clear that the fmal oxidation states of arsenic and sulfur I affect the observed 

consumption of electrons and hence the stoichiometry of the equation, If As(III) , 
Equation 2-26 reduces to the obtained by iIglesias et al. (1993) 

(Equation 2-23), On the other hand, if arsenate, As(V), and sulfate, !- , are fbrmed, 2-26 

reduces to the obtained by et ai, (1994) (Equation 2-24). 

The formation of elemeliltal sulfur during the bioleaching of refractory ores aPd concentrates has a 

number for the process: 

i) it less oxygen than complete oxidation of the mineral, which, in reduces the aeration 

requirement, i 
ii) 

iii) 

it reacts with cyanide to form thiocyanate which increases cyanide consumption, and 

it may result in the process becoming acid consuming instead of acid 

Ferric leaching kinetics 

kinetic models used to describe the ferric l\;;a\';Ul,ll~ kinetics of sulfide minerals can broadly classified as 

being either chemical or electrochemical in nature. Chemical models assume that the rea<i:tion rate at the surface 

is limiting, whereas electrochemical models assume that the difference between the rest potential of the mineral 

and the leaching medium is the force, i.e. that electron transfer from the surface to the surrounding' 

medium is limiting. . I 

As very little work on the ferric leaching of has been to date, and both pyrite and 

arsenopyrite have been reported to undergo dissolution by electrochemical means (ShufY, 1975), some of the 

models used to describe the ferric kinetics of pyrite are described below. It is not however intended to 

be a comprehensive review of the ferric leaching kinetics of pyrite. A more comprehensive review of this 

material may be obtained from May (1997), I 

The ferric leaching 

During the oxidation of pyrite ferric chloride, Wiersma and Rimstidt (1984) a high initial rate of 

leaching, This phenomenon was attributed to surface effectsrather than dissolution of bulk hence it 

was not considered the determination of the kinetics. These authors that the rate at which 

pyrite is leached by ferric-iron is first order with respect to the ferric-iron concentration and controlled a 

surface (chemical) reaction. 

In contrast to the above, Boogerd et al. (1991) found that the initial rate at which pyrit~ was leached by ferric 

chloride was a function of the temperature and the ferric-iron and pyrite concentrations. These workers also 

observed an saturation with to the ferric-iron and pyrite concentrations at each teiJlloeratlilfe: 
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=k 

Mathews and Robins postulated that the rate at which pyrite is by ferric-iron is dependent on the 

ratio of the ferric-iron to total iron concentration. Williamson and Rimstidt ( and McKibben and 

Barnes reported the rate to be proportional to the square root of the ferric-iron concentration. The half

order dependence of the rate on the ferric-iron concentration is consistent with the that an 

electrochemical mechanism exists (Pletcher, 1984). 

Tal (1986) and Garrels and Thompson (1960) postulated that the rate of was on the ratio of 

the ferric to ferrous-iron i.e. the solution redox potential. Tal (1986) postulated that the rate at 

which is oxidised ferric-iron could be described 

::: k [Fe] 
( 

3+ )Q.682 

[Fe2
+ ] 

(2-28) 

On the other hand, et al. (1986) reported the rate at which pyrite is oxidised ferric-iron to be 

proportional to both the ferric/ferrous-iron ratio and the ferric-iron concentration. In addition, et al. 

(1986) found that the rate became constant at high and iron concentrations: 

= (2-29) 

Williamson and Rimstidt (1994) also reanalysed the results PH;;""!!.'''''' by workers. Two different rate 

eXI)re!;SlOinS, depending on whether or not oxygen was 2-30 is for the ferric 

leaching of in the absence of oxygen whereas 2-31 is for the ferric leaching of pyrite in the 

presence 

However, both laws express the ferric leaching rate as a function of the ferriclferrous-iron 

consistent with the that the ferric leaching of occurs via an electrochemical 

electron transfer from the mineral surface to the surrounding medium is limiting. 

(2-31) 

which is also 

i.e. that the 

In contrast to previous workers, Boon (1996) to describe the rate at which is C1e~ua(leC1 by ferric-iron 

by means of a Monod-type equation. In this model the rate at which pyrite is leached by ferric-iron is considered 

to be a function of a maximum rate lea.chltng and the ferric/ferrous -iron ratio: 

.. [n the presence of oxygen, the reaction rate was found 10 be higher at high redox potentials. However, the dissolved oxygen 
concentration had no effect on the reaction rate. 
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(2-32) 

May (1997) previously published on the rate at which pyrite is chemicallylleached by ferric-iron 

in an attempt to detennine whether or not the rate equations in the literature could be expressed as a 

function of the ferric/ferrous-iron ratio or redox potential. Because most authors had attributed the initial 

leach rates to the existence of reactive sites on the mineral or to a rearrangement df the electrical double 

and not to dissolution of the mineral itself, this data was also ignored during the reanalysis perfonned by 

May (1997). Furthennore, because different had made different assumptions, May (1997) chose to 

use the raw data and not the published rates or rate laws. In addition to the daJa of previous research. 

May et al. (1997) perfonned dynamic redox in an attempt to relate the of chemical ferric 

leaching to the ratio or redox potential. The results of the reanalysis are shown in 2.8, 
I 

UJJ;::,t:Ull;;l with the results of the dynamic redox by May et al. (1997~. 

20~------------------------~ 

0 
15 0 

X 0 
0 

X I A 
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10 

.X • 

• , 
5 

X 

o 
o 10 1000 100000 

(Fe3+]I(Fel+] 

Figure 2.8: Comparison between the reported rates of chemical ferric leaching May (1997). 

[ 0 J May et al. (1997); [ • J et al. (1991); [ 0 ] Kawakami et al. (1988); [ .A] Tkl (1986); [.:1 J et 

al. (1986); [ III J McKibben and Barnes (1984); [+ J Wiersma and Rimstidt (1984); [ x] Mathews and Robins 

In the results shown in 2.8 indicate an increase in the rate }'lith an increase in the 

ferric/ferrous-iron ratio, or redox potential. Furthennore, although the rate laws published by a number of 

authors that a maximum rate is reached (Boon, 1996; et 1991; McKj~ben and 1986; 

Zheng et al., 1986), those of others can be considered to suggest no upper limit (May et 4/., 1997; Tal, 1991). 

""'UV!"'J;l.U it was possible to fit the models by Williamson and Rimstidt (l994~, et al. (1991) 

and Zheng et ai. (1986) to the data generated by May et al. (1997), the lack of a fundamental basis for these 

models resulted in a model on electrochemical (corrosion) used inJtead (May, 1997). The 

equation chosen is similar in fonn to the Butler-Volmer equation, and can be written as: I 
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It is interesting to note that, to the Butler-Volmer based model, the UC!Jcnuelu;e of the ferric lea(~hlrlg 
kinetics on the overpotential is linear at low (0-20 mV). most bioleaching plants 

at higher overpotentials, which results in non-linear kinetics. 

The ferric leaching of !n·~:pn"n"''''t' .. 

To date the most comprehensive studies on the chemical ferric leaching of arsenopyrite have been by 

and co-workers et al., 1996; Iglesias and Carranza, 1994; et al., 1993), and Malatt 

(1998). Iglesias and co-workers performed batch ferric leaching experiments in stirred tanks whereas Malatt 

performed batch experiments in shake flasks and stirred tanks and ferric leaching studies a 
rotating disk.' 

In the shake flask performed by Malatt the ferric leaching rate of arsenopyrite, measured as 

the rate at which arsenic was solubilised, was found to decrease with across the range 35 

to 50.oC. A decrease in the leaching rate with an in temperature was also observed during the ferric 

chloride leaching of arsenopyrite (Rimstidt et al., 1994). Rimstidt et al. (1994) reported the optimum 

temperature to be the temperature above this resulted in a reduced rate of mineral dissolution. t 

For experiments np'of .... ""n'If·11 in shake flasks, Malatt (1998) fmmd the rate of leaching 1l1\,;ICi11SC .... with 

pH and followed an of the form: 

(2-34) 

The values of"k'" and "a" were however dependent on the temperature at which the experiment was perfurmed. 

UU;UIIUIC, no simple relatulnsmp between npl'!ltll're and either or "a" was apparent. 

Malatt (1998) also found that the slurry performed in batch reactors could be 

both the viz. Equation 2-11, and a shrinking model: 

k' 
=--t 

Ro P 

described 

(2-35) 

In addition to the trends mentioned above, the rotating disk the rate of reaction was observed 

to increase with an increase in the redox 1998). The in the reaction rate with ch2mg~~s 

in the redox potential followed the form of the Tafel equation, and could be described using: 

k'E 
rFeAsS = e • 

The exponential ofthe leaching rate on the solution redox nnt'pntHl depicted in 

(2-36) 

2-36 is also 

evident in the Butler-Volmer based 2-33. both models are consistent with the 

hypothesis that the ferric IC4'.HUl~ ars:enop~vnlte occurs via an electrochemical mechanism. 

... A limitation ofthe work performed by Iglesias and co-workers, however, is that most of their work was performed using silver, Ag+, 
to catalyse the feme leaching reaction. 

t In contrast to the results reported by Malatt and Rimstidt et al. (1994). Iglesias and Carranza (1996) found that the silver 
catalysed feme leaching of arsenopyrite increased an increase in temperature. 
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Comparison between bioleaching and chemical ferric leaching rates 

As stated in Section the low rates measured of pyrite and 

relative to those measured during the bioleaching of these were considered "pr90f' that bioleaching 

occurred via a direct mechanism. For Barrett et al. (1990) reported that the rate at which arsenc'oVlrlte 

was leached by ferric-iron was in the region of six times lower than the rates achieved during bioleaching: 

However, a comparison between the rates of chemical ferric leaching achieved by M~y et al. (1997) and 

previously rates for the bioleaching of pyrite shown in 2.9, that it ~s possible to achieve 

high rates in sterile medium, provided the redox potential is kept sufficiently Furthermore, if one takes into 

consideration differences in experimental techniques and conditions; viz. pyrite mineralog~, particle Ppulp, 

mlcrc'-Olrgams;ms used etc., the between the chemical and rates shown in Figure 2.9 is 

remarkable. 

The results shown in Figure 2.9 therefore that the low rates reported previously fori the ferric leaching of 

pyrite can be attributed to the stoichiometry of the reaction. From Equation 2-14 it is apparent that each 
I 

mole of pyrite leached consumes 14 moles of ferric-iron and produces 15 moles of ferrous-iron. This results in a 

decrease in the redox potential of the medium, which in tum results in a rFduction in the 

a." ... ""F. rate. difficulty encountered during chemical (ferric) studies is the 

redox within the leaching liquor. 

0.100 --r-----------......., 
:: 

0.075 

0.050 

0.025 

0.000 ;---+---+-_-1-_-1-_-1 

500 550 600 650 700 750 
E (mV vs Ag/AgCI) 

between the rates of [-] hioleaching and [ • ] chemibal ferric leaching of . 

pre'QICll0n by the Butler-Volmer based model (after May et al. (1997». 
I 

A comparison between the ferric and bioleaching rates of arsenopyrite, based on the area of the mineral, 

is listed in Table 2-6. From Table 2-6 it is apparent that the surface area rates of chemical ferric leaching 

listed are at least an order of magnitude greater than those reported for bioleaching. the results listed 

in Table 2-6 should not be considered evidence that higher rates will be achieved in sterile do 

suggest that rates similar to those achieved in bioleaching are in i systems, provided that 
the redox is kept high. 

i 

This led these authors to conclude that'the use of processes which use bacterially generated solutions for the chemical leaching of 
arsenopyrite could not be as efficient as bioleaching. I 

.. 

I 
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Table 2-6: Comparison between reported rates ofbioleaching and chemical ferric leaching of arsenopyrite. 

Type of Leaching 

Chemical 

Bacterial 

0.20 to 10 (rotating disk) 

3.30 to 29 (slurry) 

1.92 

0.41 

2.96 

0.02 

0.06 

0.02 

Reference 

Malatt (1998) 

Malatt (1998) 

Rimstidt et al. (1994) 

Linge and Jones (1993) 

Barrett et al. (1990) 

Malatt (1998) 

Hansford and Chapman (1992) 

Miller and Hansford (1992(a» 

In addition to difficulties encountered when attempting to maintain a sufficiently high redox potential whilst 

performing ferric leaching experiments, changes in the surface area of the mineral particles may influence the 

leaching kinetics, even over relatively short periods of time, i.e. t < 5 h (Malatt, 1998). This may also result in 

differences between the rates of leachil?g measured during different investigations. 

2.8 Bacterial Ferrous-iron Oxidation Kinetics 

According to the multiple sub-process mechanism, during the bioleaching of sulfide minerals, the role of the 

micro~organisms is the oxidation of the ferrous-iron to the ferric form, and, in certain cases, the oxidation of the 

sulfur moiety to sulfate. It has been alleged that the ferrous-iron oxidation sub-process is the rate controlling 

step during the bioleaching of sulfides (Boon et al., 1998). However, the incomplete oxidation, and slow 

kinetics of copper extraction during the bioleaching of chalcopyrite, using mesophiles, has been attributed to 

diffusional resistance caused by the build-up of sulfur layers on the mineral surface (Schnell, 1997). This 

suggests that the biooxidation of the sulfur moiety is the. rate controlling sub-process during the bioleaching of 

chalcopyrite. Nonetheless, bacterial oxidation of ferrous-iron to the ferric form is an important sub-process 

during the bioleaching of sulfide minerals. 

To date a number of kinetic models for bacterial ferrous-iron oxidation have been proposed (Nemati et al., 1998; 

Boon, 1996). These models can be broadly classified as being either empirical, or based on Monod or 

Michaelis-Menten kinetics. Empirical models use tools such as the logistic equation to model the ferrous-iron 

oxidation kinetics (see Section 2.5.1). 

Models based on the Monod equation assume that bacterial growth on ferrous-iron can be described by means of 

the Monod equation.· The Monod equation for uninhibited growth on ferrous-iron is: 

• 

(2-37) 

The Monod equation was originally derived from Michaelis-Menten kinetics for the case in which the growth limiting substrate is 
incorporated as cellular material. This is not the case for the bacteria used in the bioleaching of sulfide minerals. Furthermore, 
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Different terms may be added to Equation 2-37 to account for changes in the conditions unJer which the micro

organisms are grown, e.g. temperature, pH, or the presence of inhibitory substances. 

Michaelis-Menten based models assume that the rate limiting reactions involve the formation of an enzyme

substrate complex. According to this model the enzyme, E, and substrate, S, combine to form an enzyme

substrate complex, ES, which in a subsequent step decomposes to form product, P, and free e,nzyrne: 

E+S ~ ES ~ E+P (2-38) 

The rate equation for uninhibited growth with ferrous-iron as the rate limiting substrate is: 

(2-39) 

As in the case of the Monod equation, different terms may be added to Equation 2-39 to account for the effect of 

changes in the reaction conditions, or to account for changes in the reaction scheme of Equation 2-38 resulting 

from inhibitory effects. 

Schnaitman et al. (1969) used Michaelis-Menten kinetics to describe the initial rate of b~cterial ferrous-iron 

oxidation by bacteria harvested after 48 hours of growth in batch culture. The rate of reactton was found to be 

directly proportional to the concentration of cells added and followed zero order kinetics. K~ remained constant 
. , 

over the pH range pH 2.4 to pH 3.6. However, the change in V max over the same pH range was significant. 

Schnaitman et al. (1969) also reported that neither sulfate, nor chloride inhibited iron oxidation and that the 

bacteria required sulfate for both growth and iron oxidation. The inability .of BO~, MoO;-, Cror NO;- to' 

promote ferrous-iron oxidation in the same way as sulfate and the ability of HPO~- and HAsO;- to partially 

replace sulfate led to the importance of sulfate being attributed to the divalent ion. It was suggested that sulfate 

might expose more enzymatic sites, thereby increasing V max without affecting Km. In addition to the above 

Schnaitman et al. (1969) found formate and molybdate to be good inhibitors of iron oxidation. 

Lacy and Lawson (1970) measured the ferrous-iron oxidation kinetics of T.ferrooxidans i~ batch culture. By 

neglecting maintenance and assuming that the substrate utilisation rate could be directly related to the growth 
I 

rate via a yield constant, Lacey and Lawson (1970) were able to derive a model based on the'Monod equation to 

describe the rate of ferrous-iron oxidation by the bacteria: 

I-lmax 
(2-40) qFe'+ == ( \ 

Y I K, j 
Fe'·X + [Fe 2+] 

The resulting equation was found to accurately describe the rate of ferrous-iron oxidation by the bacteria. In 

addition, the highest specific growth rate was measured at a temperature of 31°C and was o~served to decrease 

with increasing iron concentration. 

Macdonald and Clark (1970) performed both batch and continuous ferrous-iron oxidation experiments and used 

the Monod equation to determine the optimum growth conditions for T.ferrooxidans. Cultures grown in 

although the Monod model may be easily modified to account for an increase in yield with increitsing growth rate (i.e. 
maintenance), it is less readily adaptable to account for a decrease in yield with increasing growth rate (PiTt, 1975). 
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continuous bioreactors were found to be more active than those grown in batch vessels, i.e. K. was in 

batch culture whereas fJ.max was higher in continuous culture. This phenomenon was attributed to wall growth. 

The conditions for T.ferrooxidans were found to be 33°C and an initial pH in the range pH 2.5 

to pH 3.5. The rate was found to be of the carbon dioxide concentration at carbon 

dioxide concentrations greater than 0.01 %. carbon dioxide concentrations below 2 % resulted in a 

reduced on ferrous-iron. 

Guay et al. also performed ferrous-iron oxidation experiments in both batch and continuous culture. Like 

previous workers they neglected maintenance and did not consider ferric-iron inhibition. et al. (1977) 

reported that the maximum rate of ferrous-iron oxidation, V mw" increased with an increase in the concentration 

of ferrous-iron in the feed. This increase in was however by a decrease in the dilution rate at 

which washout occurred, i.e. the dilution rate at which washout occurred decreased with an increase in the 

concentration offerric-iron in the bioreactor. 

Kelly and Jones (1978) the ferrous-iron oxidation kinetics of T. in batch and 

continuous culture and using off-line respirometric measurements. They found the ferrous-iron oxidation 

kinetics to be to competitive inhibition by ferric-iron and non-competitive inhibition ions and 

increased proton concentrations, i.e. decreased pH. Ferric-iron was not however observed to influence carbon 

dioxide fIXation. However, at concentrations in excess of 500 nunoU-1
, were found to inhibit both 

ferrous-iron oxidation and carbon dioxide fixation. the high rates of ferrous-iron oxidation 

observed in the absence of carbon dioxide led to that and the oxidation of 

ferrous-iron can be uncoupled. 

Further work on the ferrous-iron oxidation kinetics of T. rer;rO(IXI(1al1S in continuous flow bioreactors indicated 

that both iron oxidation and growth were subject to product inhibition by ferric-iron, and under certain 

.... v" ... "'v",,,, substrate inhibition by ferrous-iron (Jones and Kelly, Most of the data obtained suggested that 

the ferrous-iron oxidation kinetics of T. ferrooxidans were to competitive product inhibition. However, 

anomalous results led to these authors that the ferric (product) inhibition could be either pre

dominantly competitive or non-competitive and that the mode observed depended on the previous steady-state 

conditions employed (Jones and 1983): 

Competitive: fJ. 
Ks I + 

[Fe 2 + ] Kp 

(2-41) 

Non-competitive: fJ. = 
K 

1 + + 

(2-42) 

[Fe 

Braddock et al. (1984) examined the iron-limited growth of an arsenic tolerant strain of T. ferrooxidans, in both 

batch and continuous culture, and reported no evidence of ferric-iron inhibition for ferrous-iron concentrations of 

9.0 to 23.3 nunol Fe2+.e- I
• The addition of 2.67 sodium arsenite had no effect on the "rp,,,n,,,_c;:r,up 

biomass concentration or 

could be described 

0.25 nunol 

kinetics observed in continuous culture. The kinetics of the culture 

a modified Monod in which a threshold concentration of ferrous-iron, 

, was included: 
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f.1 = ----'-=---
1 + -----''----

The threshold concentration of ferrous-iron represents a concentration of ferrous-iron 

insufficient energy available for cell growth. In addition, Braddock et al. 

concentration of ferrous-iron to be the same for both growth and iron oxidation; this led 

and iron oxidation are tightly coupled, which is in contrast to the results obtained by 

Literature Review 

and Jones 

Liu et al. investigated the effect of inert solids, ferrous-iron and dissolved oxygen concentrations on the 

ferrous-iron oxidation kinetics of T. ferrooxidans. In addition to that the 

were inhibited by ferric-iron, Liu et al. (1988) found that a Monod-based 

proposed by Braddock et al. (1984), could be used to describe the growth kinetics of 

conditions in which the dissolved oxygen concentration was llUl,nU115 

(2-44) 

1+----!---

The ferrous-iron oxidation rate measured in shake flask ""YT"""'Tn""nt" decreased when the volume of inert solids 

Mowe'veT in stirred tanks, 

led Liu et al. (1988) 

the inhibitory effects 

was increased from 0.5 to 1 % and was effectively zero at volumes in excess of 1 %. 

solids concentrations up to 15 % had little effect on the rate of ferrous-iron oxidation. 

to suggest that attrition resulting from the gyratory motion of the shaker was responsible 

observed in shake flasks. 

Nikolov and Karamev (1992) reported that ,en-oo;rtai7ns cells obtained re-:suspeIISl(ln from biofilms were 

able to oxidise ferrous-iron at rates of up to 39.39 romol . This was more 5 times the highest 

value, viz. 7.16 mmo! Fe2+.e-1.h-', in the literature. Niko!ov and Karamev (1992) ""o'O'P<,h"ti 

that the bacteria change their activity owing to alterations during ftxation in a biofilm. The observed change was 

found to be irreversible; the behaviour of the was unchanged 12 months after re-su~:pelnSllon. 

The ferrous-iron kinetics of the re-suspended cells could be accurately described using a Monod model modifted 

to account for both substrate and inhibition: 

f.1 

Harvey and CrundweU (1997) In'll'plrtH711,tpti the ferrous-iron oxidation kinetics of T. ferroo);idans in the presence 

and absence of a redox-controlled reactor. In the apparatus used by these workers, the 

ferric/ferrous-iron ratio was controlled by electrolysis and the current passed used as a continuous and 

instantaneous measurement of the rate of bacterial ferrous-iron oxidation. The experimental results obtained 

Harvey and Crundwell could be described by the Monod growth equation modified to account 

for product (ferric-iron) inhibition and inhibition by arsenite: 
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(2-46) 

Harvey and Crundwell (1997) showed that the model parameters determined using the redox-controlled reactor 

were the same as those obtained during conventional batch oxidation experiments; this confirmed that the 

applied current did not influence the experimental results obtained. 

Ingledew (1986) attempted to explain the mechanism by which ferrous-iron oxidation occurs at the level of 

individual reactions. He proposed a mechanism of electron transport from the ferric/ferrous-iron oxidation half 

reaction to the oxygen, hydrogen/water half reaction following ATP formation. Ingledew (1986) claimed that 

the rate of leaching by rusticyanin, as required by the direct mechanism, was too slow for it to be the primary 

oxidant. He therefore postulated that ferric-iron ions bound to the cell wall are the primary oxidant. According 

to Ingledew (1986) the ferrous-iron ions are oxidised to ferric-iron ions outside the cell wall. This creates a 

potential difference between the inside and outside of the cell; the electrons pass through theperiplasm and the 

cell membrane and are relieved of their high energy in the formation of ATP, before being used in the second 

half reaction to form water. Thus the ferric/ferrous-iron ratio controls the rate of oxidation and consequently the 

rate of electron production, the rate of A TP formation and finally the rate of cell growth. 

Huberts (1994) used the electron transport pathway proposed by Ingledew (1986) to develop an electrical circuit 

that accounted for the flow of electrons and protons through the cytoplasm. This included a six-step ATP 

formation process (energy storage) and a ten-step process for NADPH formation (C02 fixation). He also 

determined the free energy requirements of the system. Huberts (1994) used the above sub-processes and 

electrochemical theory to formulate rate equations for each of the steps which occur during the bacterial 

oxidation of ferrous-iron; each was taken in turn to be rate limiting. This enabled Huberts (1994) to model the 

kinetics using redox potential as a measure of the ferric- and ferrous-iron concentrations. The rate equations 

obtained in this manner were however rather complex. 

Huberts also used Michaelis-Menten kinetics to describe the ferrous-iron oxidation kinetics; the proposed rate 

equation incorporated the effects of both the ferric/ferrous-iron ratio and the dissolved oxygen concentration. 

This model can be written in the following form: 

(2-47) 

Suzuki and co-workers determined the ferrous-iron oxidation kinetics of T. ferrooxidans by monitoring the rate 

at which cells grown in batch culture, and then re-suspended in ferrous-iron media, utilised oxygen (Suzuki and 

Lizama, 1989; Lizama and Suzuki, 1989). Suzuki and Lizama (1989) found that although the rate at which 

ferrous-iron was oxidised increased with an increase in the ferrous-iron concentration of the media in which the 

cells were re-suspended, the specific rate of ferrous-iron oxidation by certain strains decreased with an increase 

in the concentration of cells. The above led Suzuki and Lizama (1989) to suggest that the ferrous-iron oxidising 

ability of a cell may be competitively inhibited by other cells, i.e. the ferrous-iron binding sites of the cells 

compete for the available ferrous-iron. The experimental results obtained for the strains found to be subject to 

this form of inhibition could be described using Michaelis-Menten kinetics modified to account for competitive 

inhibition by cells: 
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v = ---:::-----"'=:::---- (2-48) 

1+ 

Subsequent work by Lizama and Suzuki led these researchers to conclude that at which ferrous-

iron was oxidised by these strains was also inhibited by Furtherrhore, 

of one inhibitor was inhibited by the other, i.e. the apparent inhibition constant increased with an increase in the 

concentration of the other inhibitor, it did not exclude of the other. Where both inhibitors bind the 

ferrous-iron oxidising system simultaneously, a strlDnl~er lU.u,l./lI.Vlj1 effect is observed than by each separately, 

i.e. it results in synergistic inhibition by the inhibitors. The inhibition of ferrous-iron oxidation by 

ferric-iron and cells could be modelled using a model based on Michaelis-Menten kinetics: 

1+ 

(2-49) I 

I 
V=------------~--~--------------~ 

1 K, xK• K, 1 I 

Nemati and Webb (1997) used initial ferrous-iron oxidation rates and redox potential measurement to determine 

the kinetics of bacterial ferrous-iron oxidation T. Their approach wa~ based on Michaelis

Menten kinetics and the model included terms to include the effects of temperhture, ferrous-iron and 

bacterial concentration. It also included terms to account for inhibition by both sub~trate and cells. The 

resulting model was successfully used to simulate the full range data obtaihed: 

=--------------~----~------~--

In contrast to most research on the kinetics of bacterial ferrous-iron oxidation performed 

the model proposed by Nemati and Webb (1997) does not include parameters to account 

iron. Furthermore, the use high cell concentrations (as a result of cells 

batch culture) and the use of initial ferrous-iron oxidation concentrations 

chemos tat culture)' may have contributed to the ferrous-iron oxidation kinetics 

parameters. if the of iron occurs in the micro-environment, or 

surface and the bacteria and Vargas, 1999; Sand et al., 1999; Tributsch, 1999), 

is also uu""',,'y to influence the kinetics of the process. 

Boon y'"'oIU ..... "" the kinetics of bacterial ferrous-iron oxidation by 

I 
I 
I 
I 

between the mineral 

inhibition by cells 

batch and 

continuous culture and the kinetics of bacterial ferrous-iron oxidation by LeOU;/SOtrlltUln-IIKe 

continuous culture. The concentration and of the bacteria were determined by the 

rate at which carbon dioxide and oxygen were utilised. t A modified model, which 

incorporated terms for both feme-iron inhibition and a threshold ferrous-iron COI1CentI'anIDn, 
of the bacterial C'''''''''''''' oxygen utilisation rate: 

During the of sulfide minerals the ferrous-iron concentration is usually in the region of 5 Fe2+.t!. hence inhibition 
by ferrous-iron is 

t The manner in which ferrous-iron and oxygen and carbon dioxide utilisation rates, and the ratio, i.e. redox 
potential, are used to determine the bacterial ferrous-iron oxidation kinetics is covered in detail in Chapter Four. 

! 
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-ro, :::::--" :::::----~--=----......."..--- 1) 

I + --;:--"---:;---

Boon (1996) also showed that the ferrous-iron saturation term and the threshold ferrous-iron concentration could 

be hence Equation 2-51 could be to give: 

This model assumes that the ferrous-iron oxidation kinetics are ",,.,,,,,,,,rt,,,, ... ,, to the ferric/ferrous-iron 

ratio, i.e. the redox potential, which is consistent with the chc~mlOSm()tlc proposed (l 

Equation 2.52 can also be written in terms of the bacterial specific ferrous-iron oxidation rate: 

(2-53) 

...,'H ..... ''''''i> 2-52 and 2-53 have been found to a fit to data obtained 

v",,, .. ,,vuofferrous-iron by both T.ferrooxidans (Boon, 1996) and a Leptospirillum-like bacterium 

Van 1996). 

An important feature of Equations 2-52 and 2-53 is that the ferric/ferrous-iron ratio can be related to the solution 

redox .... ntp ... t"" via the N ernst 

= R TabS I [a Fe l
.] +--n--

zF 

lrtli!errnOl"e the reverse of the curves ".'""1"''''''' 

the 

a 

A 

obtained if the ferrous-iron oxidation models reviewed 

as a function of the c/tl~m)us-lr(m ratio, i.e. redox pol:en1.lal. 

Nomenclature 

constant 

activity rer:roUls-llron species 

activity of ferric-iron species 

elecrode surface area 

concentration of arsenite 

(2-54) 

2-52 and 2-53 are consistent with 

with substrate inhibition excluded, are 

dimensionless 

dimensionless 
cm-2 

mmol As(III).r l 

,. The manner in which the ferric/ferrous-iron ratio can be related to the solution redox potential via the Nemst Equation is covered in 
in Section 3.2.1.4. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page 54 

[As(V)] 

b 

B 

. Cx 

E 

E' 

k 

k' 

k" 
kl 

k2 
k3 

14 
K 

Ko 
KAs(V) 

kM 
KAs(lU} 

K; 

K' s 

m 
M 

n 

concentration of arsenate 

stolcbllornetnc coefficient 

kinetic constant in chemical (ferric) 

concentration of bacteria 

concentration 

population of active micro-organisms 

oxidation 

saturation of active mlcrcl-olrgams:ms 

redox !)VI,\OllUo" of the solution 

mineral rest DOltentlal 

redox potential of the solution at equilibrium 

activation energy 

redox potential of the solution 

Faraday constant 

concentration of ferrous-iron 

concentration of ferric-iron 

threshold concentration of ferrous-iron 

concentration 

current 

kinetic constant 

kinetic constant 

kinetic constant 

constant 

constant 

constant 

constant 

kinetic constant in bacterial ferrous-iron oxidation 

frequency factor 

Monod equation inhibition constant for arsenate 

rate constant in 

Monad equation llll.J1UJ'U,-,I1' constant for arsenite 

Michaelis-Menten inhibition constant for cells 

Michaelis-Menten UH,'UUI'" inhibition constant 

Michaelis-Menten substrate (ferrous-iron) saturation constant 

Michaelis-Menten equation saturation constant for oxygen 

Monod equation (ferric-iron) inhibition constant 

Monod equation substrate (ferrous-iron) saturation constant 

Monod equation saturation constant for oxygen 

Monod equation substrate (ferrous-iron) inhibition constant 

numerical parameter 
molar weight 
numerical paJ:arrlet(~r 

concentration of sodium chloride 

concentration 

threshold concentration of oxygen 

optimal pH for 

Literature Review 

mmol As(V),e-' 

dimensionless 

romol c.t l 

mmol CLr' 

mg.cm') 

mV 

mV 

mV 

mV 

romol ,("I 

romol ,rl 

romol ,r' 
romol 

A 

romol ,h'l 

g .h'l 

mV'1 

dimensionless 

dimensionless 

dimensionless' 

dimensionless 

i dimensionless 
mmol Fe2+,(mmol C)'I,h'l 

I romol As(V).e·1 

mmol 

romol 

romol 

romoU'! 

mmol 

romol 

romol 

dimensionless 

romol 

romol 

romo! 

pH units 
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R 

Topt 

V 

z 

p 

bacterial " ...... "if." ferrous-iron utilisation rate 

maximum bacterial specific ferrous-iron utilisation rate 

bacterial SPC:CltlC oxygen utilisation rate 

maximum bacterial spc:cific oxygen utilisation rate 

Universal gas constant 

initial particle radius 

arsenopyrite production rate 

production rate 

oxygen production rate 

arsenopyrite lea,chling rate 

time 

mean bacterial 

temperature 

absolute 

time 

maximum temperature for growth 

optimal for growth 

ferrous-iron utilisation rate 

maximum ferrous-iron utilisation rate 

coefficient 

stoichiometric coefficient 

fraction of sulfide oxidised 

fraction of sulfide oxidised at t ::;; 0 
maximum fraction of sulfide that can be oxidised 

stoichiometric coefficient 

bacterial yield on ferrous-iron 

number of electrons involved in the reaction 

fraction of mineral reacted at time, t 

zF 
R 

constant 

constant 

Gibbs free energy of formation 

constant 

bacterial growth rate 

maximum bacterial ".".".,1'" growth rate 

density 

solids concentration 

kinetic constant in chemical (ferric-iron) pyrite oxidation 

pyrite ferrous-iron rate 

pyrite SOC:CltlC oxidation rate 

maximum pyrite specific oxidation rate 

pyrite specific oxygen utilisation rate 

pyrite ferrous-iron production rate 

Page 55 

mmol .(mmo! 

mmol Fe2+.(mmol C)'I.h'l 

mmol 02.(mmol C),I.h·1 

mmol 

mmol 

mmol 

.h·1 

cm 

g 

mmol FeS2.rl.h,1 

mmol 

h 

h 

°C 
K 

°C 
°C 

mmol Fe2+.h'l 

mmol Fe2+.h,1 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

mmol C.(mmol 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

mmol .£1 

kJ.mor l 

mmol C.el 

% 

.{mmol FeS2yl.h,1 

.(mmol FeS2rl .h'l 

mmol FeS2,(mmol 

mmol 02.(mmol 

mmol 
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Chapter Three 

The Ferric Leaching of Arsenopyrite 

As stated in the literature review, the rate at which both pyrite and arsenopyrite are leached by ferric-iron has 

been found to increase with an increase in the ferric/ferrous-iron ratio, or redox potential (Malatt, 1998; May et 

al., 1997). This suggests that these minerals undergo dissolution by electrochemical means. However, although 

many researchers have identified the redox potential as being an important parameter during the ferric leaching 

of sulfide minerals, apart from the model proposed by May et al. (1997), few workers have attempted to 

formulate models based on electrochemical/corrosion theory to describe the kinetics. 

The work presented in this chapter was therefore aimed at'determining whether or not the ferric leaching rate of 

arsenopyrite could be described using a mechanistically based kinetic model, such as the Butler-Volmer based 

model proposed by May et al. (1997) for the leaching of pyrite. 

However, before this could be done it was necessary to establish the stoichiometry of the reaction by which 

arsenopyrite is degraded by ferric-iron. Although considerable work on the ferric leaching of pyrite has been 

performed, to date very little work on the ferric leaching of arsenopyrite has been reported. This has resulted in 

the literature having conflicting reports with regard to the stoichiometry by which arsenopyrite is leached by 

ferric-iron. Therefore, an initial investigation was performed in an attempt to determine the stoichiometry of this 

reaction. However, because of difficulties encountered with regard to obtaining samples of pure arsenopyrite, 

this work was performed using an arsenopyrite/pyrite flotation concentrate. 

A further objective of the work described in this chapter was to determine the effect of various parameters (viz. 

Einitial, [Fe ]101> Ppulp and pH) on the ferric leaching kinetics of arsenopyrite. 
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3.1 Ferric Leaching of an Arsenopyrite/pyrite 

Concentrate * 

3.1.1 Materials and Methods 

Experimental equipment 

Chapter Three 

I 

The pv"p1"1,,,,,-n were carried out in sealed, baffled, agitated 2 e, Quickfit culture ~essels. These vessels 

are 220mm in lids, 100 mm in diameter, 

were used in an attempt to reduce evaporative losses. Two of the three sal1ilplmg ports were sealed; the third was 

and have an internal diameter of 116 mm. Quickfit flat 

fitted with a reflux condenser through which cooling water was 

The was suspelloe:o .... "'""'""" .. '.,, r()tatmg at 600 by Heidolph RZR 50 

105/38W variable overhead motors. The were 70 mm in diameter and were located 40 mm 

from the base of the reactor. The impeller blades were 20 ~ wide and had a of 451'. 

Four stainless steel baffles located at 90" to one another ensured uniform suspension of the slurry. The baffles 

were 14 mm wide and extended from 7 mm above the reactor base to a of 15 mm above the slurry 

surface. The were held in place by means of two 10 mm wide, stainless steel bands to which 

they were welded, 12 mm from the top and base, respectively. 

The slurry tpn1npr::lt111rp in the reactors was controlled at 40"C by 

temperature of the water in the water bath was maintained at 40"C 

heater. 

the reactors I in a water bath. The 

a 2 kW Labotec Model 10 I water 

The redox of the in the reactors was monitored corlbnuOllsl') measurement 

an ASI ORI01431 Pt cOfllbmatlon, double JuncuclD 

UCT Redox Controller. 

3.1.1.2 Mineral 

The arsenopyrite/pyrite flotation concentrate used was obtained from Fairview Gold M~ne in Barberton, South 

Africa. The size was determined using a Malvern Laser Master-Sizer. This method utilises the fact 

that particles in water through the measuring cell diffract the laser beam at which 

correspond to the diameter of the The size analysis of the concentrate in Table 3-1 and 

indicates that 86.35 % of the material was finer than 75 micron and 70.07 % was finer 

" Breed, A.W., Harrison, S.T.L. and Hansford, G.S. 1997. A preliminary investigation of the ferric 
flotation concentrate. Minerals HI(9}: 1023·1030. 

of a p:yritelarllenopyrite 
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Table 3-1: Size analysis bfFairview flotation concentrate sample 

Size fraction "lm) Mass (%) 

+ 106 1.73 

- 106 + 75 5.16 

75 + 38 10.07 

- 38 + 25 6.21 

- 25 70.07 

The total iron and arsenic content of tbe concentrate was detennined ,Ui!:,,,,,.U15 a rep'resentath/e of 

known mass in hydrofluoric, nitric and ""1',,('1'11",-,(, (Bailey, The amount of iron and arsenic 

solubilised was tben detennined Flame Atomic 

was detennined using a Leco Se32 sulfur 

Spectroscopy (FAAS). The sulfur content oftbe 

The elemental analysis of tbe concentrate is listed in 

Table 

Table 3-2: Elemental analysis of Fairview flotation concentrate 

Element 

As 

S 

Fe 

Mass Percent (%) 

5.84 

21.71 

24.01 

The mineral an211VSIS oftbe concentrate was estimated from tbe elemental analysis; it is listed in Table 3-3. 

Table 3-3: Mineral analysis of Fairview flotation concentrate 

Mineral 

Pyrite 

3.1.1.3 Ferric/ferrous-iron ratio determination 

Mass Percent (%) 

12.68 

37.18 

The ferric/ferrous-iron ratio can be related to tbe solution redox I'VI.,",UI.l<U, the Nemst _ ..... _ .. _ ... 

Equation 3-1 can be rewritten as: 

+RTln 
zF 

(3-1) 

(3-2) 
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where: 

E' o 

Chapler Three 

RT [1 F
.") +-In --

zF YF •• , 

(3-3) 

Equation 3-2 can also be written for redox potential measurements in which the rpt;",.PlnUp electrode is not the 

standard hydrogen electrode 

• RT 1 E=Eo +- n 
zF 

The measured solution redox potential and a calibration curve for the redox probe can 

the ferric/ferrous-iron ratio. The ferric/ferrous-iron ratio and the total iron concentration 

calculate the concentrations of both ferrous- and ferric-iron: 

3.1.1.4 Redox probe calibration 

[Fe],ot 

1+ [Fe
3
+] 
] 

1+ [Fe
3+] 

] 

(3-4) 

be used to determine 

in turn be used to 

(3-5) 

(3-6) 

The total iron the counter-ions and the of the solution influence the <ll"tivii,i .. " 

of the dissolved ferric and ferrous-iron hence these affect the measured value of the redox 
I 

potential at a particular ferric/ferrous-iron ratio. It was therefore necessary to calibrate the redox probe at the 

conditions to be employed before using it to determine the dissolved ferrous- and ferrib-iron concentrations. 

as previous work has shown that arsenic concentrations below 13 mmoU-1 have little effect on the 

relationship between the redox potential and the ferric/ferrous-iron ratio (Breed and Hansford, '1"1'"'''''''''.''''''' 

data), its effect was not considered the redox calibration. I. 

I 
The redox probe was calibrated as follows. Ferrous- and ferric sulfate solutions of similar concentrations were 

made up, and the concentrations thereof determined by titration with potassium dichromate, K2Cr30 7 (Jeffrey et 

1989). A known volume of ferric sulfate was added to a vessel, the redox iprobe inserted and the 

solution The temperature in the reactor was maintained at the tem~erature by 

water from a Grant Y6 constant temperature bath through the reactor jacket. Once thermal equilibrium had been 
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achieved an aliquot of ferrous sulfate' was added and the redox potential of the solution recorded. t This 

was continued until the solution contained equal volumes of ferric- and ferrous sulfate. Thereafter the 

measured redox potential values were plotted In([Fe3+J/[Fe2+)), and the Nernst viz. RT/zF 

(slope) and (intercept), determined. 

The raw data and results of a typical redox calibration are shown in the f\PPCJ[lUlX to this '-'UI1IJL!:l 

3.1.1.5 Experimental procedure 

The experiments were by the reactors to be used with distilled water and placing them in the 

waterhath. The of the waterbath was adjusted to ensure that the in the reactors was 

and the left overnight to reach thermal The following the water lost due to evaporation was 

replaced and the rPflll1,.,'t1 quantity offerric sulfate was added to the reacloirs.' The initial ferric-iron concentrations 

in the batch reactors are listed in Table 3-4 below. 

Table 3-4: Initial ferric-iron concentration in the batch reactors 

Reactor 

2 

3 

5 

6 

7 

o 
90 

180 

450 

.540 

The reactors were left to condition for 2 a sample of the leach liquor was taken and the ClII'lnI1lfV of 

arsem)mrnte/n,vnte flotation concentrate required to ensure a solids concentration of 1 was added. The 

experiments were continued for a further 48 hours. During this time, the leaching rate was monitored 

observing the variation in the redox potential of the slurry. In addition, periodic samples of the leach liquor 

were taken, filtered 

by Flame Atomic 

an 8 micron filter and the concentrations of iron and arsenic determined 

The pH of the slurry was not controlled§, nor was water added to account for evaporative and sampling losses. 

.. 

t 

t 

§ 

The ferrous sulfate solution was placed in the constant temperature bath used to control the temperature of the solution in which 
the probe was calibrated. This ensured that the addition of the ferrous sulfate solution did not result in fluctuations in the 
temperature of the solution used to calibrate the redox probe. 
The response of the logging system was rapid and the were found to be stable over long periods of time, e.g. a stable 
reading was achieved 2 s after a 30 mV step change in the redox potential. 
Because of uncertainty conceming the degree of hydration of the ferric sulfate, its molecular mass was determined by dissolving a 
known mass in water and determining the iron content using FAAS. 
The initial pH in the reactors was between pH 1.10 and pH 1.80, depending on the amount of ferric sulfate added to the reactor. 
During the experiment in the absence of ferric sulfate, the initial pH was adjusted to pH 1.75. The pH was not 
controlled. However, not vary by more than 0.10 during the course of an experiment. 
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3.1.2 Results and Discussion 

The total iron concentration of the supernatant in the reactors with initial ferric-iron conc~ntrations of 0, 90, 180, 

450 and 540 mmol.e- I did not vary significantly during the course of the experiment. However, the total iron 

concentration of the supernatant in the reactor with an initial concentration of 360 IrJIDol Fe3+.e- 1
, decreased 

during the course of the experiment (data not shown). 

The variation in the measured redox potential of the supernatant during the course of th~ experiments is shown 

in Figure 3.1. From Figure 3.1, it is clear that the redox potential of the slurry in all the reactors decreased with 

time. 

700~--------------------------------------------------~ 

>' 525 ." , e , • I I '-' 

""'" U 
ell 350 
~ 
-( 

"" :;.-
'-' 175 ~ 

00 0 0 0 0 0 

0 

0 10 20 30 40 50 
Time (h) 

Figure 3.1: Variation in the redox potential of the slurry with time at different initial feme-iron concentrations. 

[ 0 ] 0 mmol Fe3+.C- I
; [ • ] 90 mmol Fe3+.C- 1

; [ 0 ] 180 mmol Fe3+.e- I; [A] 360 lmmol Fe3+.C- 1
; 

[ D. ] 450 mmol Fe3+.e- I
; [ .. ] 540 mmol Fe3+.e- I

• 

The decrease in the redox potential of the slurry in the reactor to which no ferric-tron was added can be 
I 

attributed to the dissolution of trace quantities of ferrous-iron present on the surfa4 of the mineral. This 

resulted in a significant change in the redox potential because of the very low overall iron concentration in this 

reactor, viz. [Fe],o,:S; 4 mmol.tl. 

However, the decrease in the redox potential of the slurry in the reactors to which ferric-iron was added indicates 

that ferric-iron was consumed and ferrous-iron generated, according to; 

(3-7) 

It is also evident from Figure 3.1 that the shape of the redox potential versus time curves were similar in all the 

reactors to which ferric-iron was added. This suggests that the rate at which arsenopyrite is solubilised may be a 
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function of the solution redox potential, and not of the absolute ferric-iron cOllcentratll[)n, which is consistent 

with the results of recent research using pyrite (May, 1997): 

Figure 3.2 shows the variation in the arsenic concentration of the the course of the 

experiment. It is apparent from Figure 3.2 that no arsenic was solubilised in the absence of added ferric-iron. 

However, '''~'''U,U ... '''H leaching of arsenic occurred in the reactors to which ferric-iron was added. 

4~----------------------~ 
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Figure 3.2: Variation in the arsenic concentration of the supernatant with time at different initial ferric-iron 

concentrations. [0] 0 mmol .tl; [ • ] 90 mmol Fe3+.f,l; [Cl] 180 mmol , [ ... ] 360 mmol .tl; 

[L}.] 450 mmol .f,l; [ .. ] 540 mmol 

The results shown in Figures 3.1 and 3.2 therefore suggest that the chemical leaching of arsenopyrite occurs 

to; 

FeAsS+ -1) ~ Sulphur + Arsenic species + x (3-8) 

It is also apparent from 3.2 that the final arsenic concentration of the supernatant decreased with an 

increase in the initial ferric-iron concentration. This trend was not anticipated; it suggests that the arsenopyrite 

i.e. the proportion l'Il'~[PTI,nn'vn'r'" in the feed that was solubilised, decreases with an increase in the 

leachate concentration.t The conversions calculated in this manner are listed in Table 3-5. 

The decrease in the final arsenic concentration of the with an increase in the initial ferric-iron 

concentration shown in and the results shown in Table 3-5 that concentrations of ferric

iron in the leaching medium result in either: 

t 

i) passivation of the mineral surface, or 

ii) co-precipitation of iron and arsenic. 

r>""V""" the chemical leaching of the pyrite portion of the concentrate cannot be disregarded, it has found that the 
bio·lea.chillg of arsenopyrite precedes the bioleaching (Miller and Hansford, I 992). For this reason, it was assumed that 
the data obtained could be assuming that the sample consisted only of arsenopyrite. 
The assumption that the of arsenic solubilised is equivalent to the conversion of arsenopyrite was based on the fact that 
it has been reported that arsenopyrite undergoes stoichiometric dissolution in ferric sulfate media (Malall, 1998). 
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Table 3-5: Arsenopyrite conversion based on the assumption that all the arsenic <;;UJ,aHl'<;;" in solution 

180 

360 

450 

540 

X FeAsS (%) 

38 

35 

26 

27 

In an attempt to determine the reason(s) for the apparent decrease in conversion with increase in the initial 

ferric-iron concentration, the variation in the measured arsenic concentration of the supernatant was plotted as a 

function of the calculated ferrous-iron concentration: This data is shown in Figure 3.~ together with similar 
I 

data obtained during the ferric leaching of pure arsenopyrite (Iglesias et al., 1993). qnear regression of the 

results shown in Figure 3.3 was carried out to determine the stoichiometric coefficie*t of Fe2+, viz. "x", in 

Equation 3-8. These results are shown in Table 3-6. 

---~ 
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4 

Figure 3.3: Variation in the ferrous-iron concentration of the supernatant as a function of the arsenic 

concentration at different initial ferric-iron concentrations. [0] 0 mmol Fe3+.e- l
; [ .1] 90 mmol Fe3+.e· l

; 

[ 0 ] 180 mmol Fe3+.e-1
; [ ... ] 360 mmol Fe3+.e· l

; [ 6] 450 mmol Fe3+.e- l
; [ .. ] 540 mmol Fe3+.e- l

; [ + ] Iglesias et 

al. (1993). 

i 

j 

It is apparent from Figure 3.3 and Table 3-6 that at concentrations of 90 and 180 tnplol Fe3+.e'·, the results 

obtained are in agreement with the stoichiometry previously reported for the ferric leach~ng of pure arsenopyrite 

(Iglesias et al., 1993): 

(3-9) 

However, at initial concentrations of 360, 450 and 540 mmol Fe3
+.£.1 the results of this investigation differ 

significantly from the stoichiometry indicated in Equation 3-9. I 

• The ferrous-iron concentration was calculated from the solution redox potential (see Section 3.1.1.3) . 
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Table 3-6: Results of the linear carried out to detennine the stoichiometric coefficient 

in 3-8 

.e·l
) Constant R2 Coefficient of Fe1

+ 

180 

360 

360 

450 

540 

7.0 0.81 

:s 1 4.1 0.90 

~ 1 36.5 0.70 

1.4 0.96 

5.0 0.89 

et al. (1993) 0.2 0.99 

variation in the stoichiometric coefficient calculated for Fe1+ 

6.4 

43.2 

2.5 

41.9 

32.7 

6.6 

that, in addition to The 

affected the 1"""UI'11~ of arsenopyrite, the ratio in the is also affected by one or more 

of the 'V11V"rl111<. 

i) 

ii) 

the oxidation of to arsenate, As(V), 1"pn'1l'_'T'nn (Mandl and Vyskovsky, 

Iglesias et al., 1993) ~rrnT't1lna to; 

the precipitation of ferric arsenate (Fernandez et al., 1995) a" •• \.H''''UJ'~ to; 

the ferric leaching 

to; 

+ 

MSltb~~WS and Robins, 1972; Garrels and Thompson, 

+14 

(3-10) 

1) 

(3-12) 

In other words the ferric of arsenopyrite, the oxidation of arsenite to arsenate by the 

precipitation of ferric arsenate and (possibly) the ferric leaching of pyrite compete for the available ferric-iron. 

Therefore, the rate at which each of these reactions occurs will on the concentrations of arsenopyrite, 

arsenate and ferric-iron in solution.' 

This phenomenon is responsible for the total iron concentration of the supernatant in the reactor, in which the 

initial ferric-iron concentration was 360 mmol.t l
, decreasing during the course of the experiment, and for the 

resulting curve of [As] vs. having two distinct i.e. it displays mixed kinetics. At 

[As] S 1 mmoU-1 the slope of the curve is similar to the slope obtained at initial ferric-iron concentrations of 

450 and 540 mmo!.e·1
• However, at [As] ~ 1 mmoU'! the is similar to the slope obtained at initial ferric

iron concentrations of90 and 180 mmol 

,. The hypothesis of competing reactions is consistent with the stoichiometry of Equation 2·26, and may have contributed to the 
controversy surrounding the stoichiometry ofthe reaction involving arsenopyrite and ferric-iron. 
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This "competing reactions" hypothesis also ""'J;:;,~"'Ol'" that the a",,,,Wlu.n'iVll that all the remained in solution 

may have resulted in an underestimation of the For this reason the arsenopyrite 

conversion was also calculated using the ferrous-iron determined from the final redox potential of 
! 

the solution and the assumption that the only reaction was the ferric leaching of arsenopyrite 

(according to the reaction stoichiometry shown in Equation 3-9). The values of the arsenopyrite conversion 

I calculated in this way are listed in Table 3-7. 

From Table 3-7, it is aPI)ar'ent that the above aOlOlWUpU\JU results in an overestimatioh of the 

whereas the results listed in Table
l
3-5 conversion. In spite of this limitation "~E,"''''''''' that 

arsencIPv'me conversion decreases with an increase in the initial ferric-iron concentration, those listed in 

Table 3-7 suggest that the conversion increases with an increase ul the initial ferric-iron 

concentration. 

Table 3-7: Ar:;enop'ynlte conversion calculated the final redox 

90 
180 

360 

450 

540 

51 

58 

78 

178 

163 

Averaging the conversions listed in Tables 3-5 and 3-7 also sUI~gests that the arsenopyrite conversion lIl\,;ICi1:SC:S 

with an increase in the initial ferric-iron concentration. Furthermore, aver:{lging of the conversions listed in 

Tables 3-5 and 3-7 suggests that a proportion of the mineral (45-100 %) Iwas solubilised 

the 48 hours over which the were performed. In contrast to this observation, previous research 

reported arsenic extractions of (only) about 25 % in 24 hours (Iglesias et al., 1993). 

3.2 THE LEACHING KINETICS OF 

ARSENOPYRITE* 

3.2.1 Materials Methods 

3.2.1.1 I:l;XDelrmielltt81 equipment 

The and the redox probe calibration were performed in a 100 me vessel. The reactor 

had a hid;:: 1 and a volume of 75 mf. The temperature in the reactor was maintained at 25°C by 

Ruitenberg, R., Hansford, G.S., Reuter, M.A. and Breed, A.W. 
Hydroml~talllJrgy 52(1): 37-53. 

1999 Th "' . I h' I k' . f . . e .erne cae mg mehes 0 arsenopynte. 
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circulating water from a Grant Y6 constant temperature bath through the reactor jacket. Mixing was achieved 

by rotating a flat glass impeller using a variable speed Heidolph RZR 50 105/38 W overhead motor. 

The redox potential of the leaching solution was measured using a Crison platinum wire-AglAgCI electrode 

filled with 3 mol LiCU· l (198 mV vs. SHE). The redox electrode was connected via an optically isolated 

amplifier and an analogue to digital converter (ADC) on a single board microcomputer to a personal computer 

(Randall et al., 1993). This allowed the redox potential of the leaching solution to be recorded continuously. A 

diagrammatic representation of the experimental equipment is shown in Figure 3.4. 

Isolation 
amplifier 

Data Acquisition 

Figure 3.4: Diagrammatic representation of the experimental equipment. 

3.2.1.2 Mineral used 

The arsenopyrite used was obtained from Wards' (USA). Handpicked arsenopyrite crystals were ground using a 

pestle and mortar until the entire sample passed through a 100 micron sieve. The ultra-fine material was 

removed by suspending the ground mineral in distilled water, allowing it to settle for a few minutes and then 

decanting the ultra-fines with the liquid. 

The size analysis of the material used during the experimental work was determined using a Malvern Laser 

Master-Sizer. This showed that 92.61 % of the ground ore was finer than 75 micron, and 63.27 % was finer than 

25 micron. The complete size analysis of the mineral is shown in Table 3-8. 

Table 3-8: Size analysis of ground Wards' arsenopyrite mineral 

Size fraction (f..Lm) Mass percent (%) 

+ 106 3.34 

- 106 + 75 4.08 

- 75 + 53 9.95 

- 53 + 38 7.89 

- 38 + 25 11.50 

- 25 63.27 
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"I.";;........ surface area of the as detennined using the Malvern Laser Master-Sizer, was 

. The BET surface area was found to be 1.9675 

A of the ground mineral was in hydrofluoric, nitric and acid (Bailey, 

1993) to detennine its elemental The elemental analysis of the mineral sample is listed in 

Table 3-9. The presence of the elements listed in Table 3-9 was confinned by of scanning electron 

''' .. ''<:r .... nv (SEM). In addition, SEM analysis indicated that the chief gangue mineral quartz. 

Table 3-9: Elemental 

Element 

As 

S 

Fe 

Pb 

Zn 

of Wards' arsenopyrite mineral 

Mass Percent (%) 

25.4 

19.7 

16.5 

1.0 

0.5 

i 
The mineral of the was estima.ted from the elemental lead and zinc were assumed 

to be as arsenopyrite, and • The mineral j d' tho . estimate m IS mrumer IS 

listed in Table 3-10. 

Table 3-10: Mineral 

Mineral 

Arsenopyrite 

Galena (PbS) 

Sphalerite 

3.2.1.3 Redox probe calibration 

of Wards' ars,enClDvnte mineral 

Mass Percent (0/0) 

48.03 

1.15 

0.75 

As stated previously the solution conditions influence the measured value of the redox potential at a 

ferric/ferrous-iron ratio. It was therefore necessary to calibrate the redox to ~sing it to detennine the 

dissolved ferrous- and ferric-iron the calibration method used is describe~ in Section 3.1.1.4. 
I 

The values of the Nemst _ ..... _ ..... _ .. ..,"' ......... ""t .... " and RT/zF, for the platinum wire-AglAgCI electrode 

filled with 3 mol LiCU·1 (198 mV vs. at 25°C and total iron conc~ntrations are 

Table 3-11 below. From Table 3·11 it is apl1ar,ent that, at 25°C and overall iron concentrktions , 

in 

from 143 

to 573 mmol Fe.e- I
, the total iron concentration did not have a significant effect on the values of either or 

RT/zF. 

The assumption that all the Fe was present in the form of arsenopyrite resulted in a lower estimate of the arsenopyrite conlent than 
the assumption that all the As was present in the form of arsenopyrite. 
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Table 3-11: Comparison between the measured and theoretical Nemst equation parameters 

[Fe]lol (mmol Fe.e-I
) 

143 

287 

573 

Theoretical value 

RT/zF (mY) 

25.78 

27.21 

28.38 

25.70 

430.9 

430.0 

431.9 

572.0 

3.2.1.4 Experimental procedure 

As in the ferric leaching experiments performed using Fairview concentrate, distilled water and analytical grade 

laboratory chemicals were used for all the experiments. A ferric sulfate solution of the required concentration 

was made up and added to the jacketed vessel. The redox probe, which had been calibrated as described in 

Section 3.1.1.4, was inserted into the solution and the solution agitated. Once thermal equilibrium was achieved 

a known quantity of ore was added, and the redox potential was monitored for the duration of the experiment, 

viz. between one and two hours. 

A number of parameters were varied during the course of the experimental program; these were the initial redox 

potential of the solution, Eini,ial, the total iron concentration, [Fe ]'0" the solids concentration, Ppulp, and the pH of 

the solution. However, a set of standard conditions was used in an attempt to reduce confounding of the results. 

The chosen standard ferric leaching conditions are shown in Table 3-12. 

The concentrations of arsenic and ferrous- and ferric-iron in the leach solutions and spent leach liquor were 

determined by Flame Atomic Adsorption Spectroscopy (F AAS), and titration with potassium dichromate, 

respectively. However, the arsenic and iron concentrations of the leach solution were not measured during the 

experiment. Furthermore, although no attempt was made to confirm the reaction stoichiometry, upon 

completion of each experiment, the spent leach liquor was titrated with cerium sulfate and the presence of 

arsenite confmned.· 

.. 

Table 3-12: Standard conditions for the ferric leaching of arsenopyrite 

Parameter Level 

volume (me) 75 

[Fe 1o, (mmol Fe.e"l» 287 

pH 1.1 

Ppulp (%) 
agitator speed (rev.min'I) 1500 

Temperature (0C) 25 

Eini'ial (vs. AglAgCl) (mV) 615 

The method usei! was developed at Gencor Process Research in Johannesburg, South Africa. It is described in detail in the 
Appendix to Chapter Five. 
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3.2.1.5 Rate determination 

The leaching rate was ael:ennWlea 

au., ... u.'" in the redox jJvl ..... W'1aA 

reaction stolcnlOnletlr:y of 

following: 

the Nemst equation, the reaction Equation 3-9 and the 

measured during the course of the The decision to use 

3-9 the rate calculation was on the 

i) the stoichiometry of Equation 3-9 is consistent with the for dissolution of (pure) 

arsenopyrite detennined during a previous investigation et al., 1993), and 

ii) the stoichiometry of Equation 3-9 has arsenite and elemental sulfur as its fmal products which is 

consistent with the ferric leaching mechanism proposed as a result of a revieiv of the literature 
. I 

Section 2.3). ! 

~:u:~:::: nCehlzalnugneosllein the ;::t~;:otential resulting from the ..... ,,"'11u·'15 of sulfides other i"" ",enopyrite were 

As stated previously the ferric/ferrous-iron ratio can be related to the solution redox potential using the Nemst 

equation. Di1tleI'enl:iatmg the Nemst equation written for redox pOltentlal measurements which the reference 

electrode is not the i.e. 3-4, yields: 

dE 

dt 

dE RT d 
-=--In 
dt zF dt 

If it is assumed that aTS!enClpYlrite undergoes stoichiometric dissolution in ferric sulfate 

dissolution can be defined as: 

d ([Fe 3+] + [Fe2+]) 

dt 

Combining J:.QluatlOn 3-14 with Equation 3-15 and the reaction stoichiometry given in Equation 

dE 
-= 
dt 

'M ... O''''O '"'!.Iu., ........ , 3-16 yields an expression for the rate leaching: 

zF dE --
RT dt 

then the rate of 

(3-16) 

(3-17) 
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Substituting Equations 3-5 and 3-6 into Equation 3-17 yields an expression for the rate of arsenopyrite leaching 

in terms of the variation in the redox of the solution, the total iron concentration and the ferric/ferrous-iron ratio: 

[F] zFdE 
e 101 R T dt 

(3-18) 

Before calculating the rate of arsenopyrite leaching using Equation 3-18 it was necessary to smooth the raw 

redox potential vs. time data in order to eliminate the scatter resulting from the differentiation of a noisy 

electronic signal. The general form of the smoothing equation found to give the best fit was: 

(3-19) 

The constants "a", "b" and "c" were found by minimising the sum of the squared errors between the measured 

redox potential and the redox potential predicted by Equation 3-19. Differentiating Equation 3-19, with respect 

to time, yields: 

dE _fi_" :::; a bt b- I 

dt 
(3-20) 

Therefore, substitution of Equation 3-20 into Equation 3-18 yields arl_ equation in which all the parameters can 

be determined. This means that it is possible to calculate the variation in the rate of arsenopyrite dissolution 

with time using the measured variation in the redox potential and the total iron concentration", viz.: 

3.2.2 Results and Discussion 

3.2.2.1 General behaviour 

zF b-l 
[Fe].O! -a bt 

RT 
(3-21 ) 

Figure 3.5 shows the variation in the redox potential of the solution observed during the course of a typical 

experiment. In all the experiments, raw data similar in shape to the data shown in Figure 3.5 was obtained. 
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Figure 3.5: of the [ 0 ] observed variation in the redox with tirhe and a [ --] curve fit 

679.61'°·56 + 486.6; R2 = 0.998) to the ex~,enmelt1tal data. 

From Figure 3.5 it is "p~''''',u that during the first few minutes of leaching there was a 

potential of the solution. This rapid change in the initial redox potential was observed during the 

experiments performed Fairview flotation concentrate (Figure 3.1), and can be "'''I,.,''''''''''' as follows. At 

high total iron concentrations and ferric/ferrous-iron ratios, even a small increase in the ferrous-iron 

concentration will result in a in the ferric/ferrous-iron ratio, and hence a in the redox 

potential. 

After smoothing the raw data, the equation was used to calculate the rate of T .. ..,rnn'''_"rn ... production as 

a function of the redox potential of the leaching solution. 

Ferric leaching rate 

The variation in the (calculated) rate of arslenclpYlnte leaching (expressed as the specific rate of ferrous-iron 

production) with changing solution redox potential for a typical experiment is shown in Figure 3.6. From 

Figure 3.6 it is apparent that the rate of ferrous-iron production initially increases with la decrease in the' redox 

potential of the solution. It appears to pass a maximum and then decreases rapidly with a further 

decrease in the redox potential of the solution. 

ae(~reIISlIl~ redox potential was also nn" .. ",,,pn the ferric An increase in the initial ferric n ... "w,,,jS 

leaching of pyrite (May et al., 1997). "':!I.~~';;;"U;;U that this is a transient phenomenon, and can be attributed to 

the rearrangement of the ions on the surface and in the electrical double layer surrounding the mineral, i.e. it is 

not a result of leaching of the mineraL The this postulate: 

i) the maximum rate shown in 3.6 was reached within 20 s of beginning the experiment 
I 

stated previously each eX~lenment took about 1 to 2 hours), . 

( .. continued) 
.. Although the increase in the total iron concentration 
Continued overleaf ... 

the course of the experiments was small, viz. ± 5 % of the initial iron 
I 
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ii) the electrophoretic mobility of arsenopyrite has been shown to be influenced by the ferric-iron 

concentration (MacDonald and Hansford, unpublished and 

iii) no surface products responsible for passivation of the mineral surface were observed. 

--- 8 
~ 
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00 
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Figure 3.6: Variation in the (calculated) "'I-''-.,",Ui'" I''',u,,' .... u~u rate as a function of the solution redox 

In spite of the initial increase in the ferrous-iron prC)Ollctlion rate with a decrease in the redox of the 

solution, it is apparent that for most of the the rate of leaching decreased with a decrease in the 

redox potential of the solution. This decrease in the leaching rate with a decrease in the redox potential is in 

agreement with the results presented in Section 3.1, and with previously reported trends for the ferric of 

other sulfide minerals (May et Verbaan and 1988; Jorge and Martins, 1986; Crundwell, 

1986). Furthermore, the dependence of the rate on the redox potential of the leaching solution in tum ,>U~~,!;"'''." 

that an electrochemical model be used to describe the '~W~"''''b kinetics. 

During this investigation a maximum ferric leaching rate of about 6,8 mmol Fe2+,(mmol was 

observed (see Figure represents a surface area of 0.58 g FeAsS.m'2.h'l based) and 

2.95 g FeAsS.m,2 which is comparable with the rates of ferric 'w_~~ ........ "p""'l'1lpn previously 

(see Table 

Error 

The contribution of ferrous-iron oxidation by dissolved oxygen to the ferric-iron co:nccmtra and hence the 

observed rate of ferric-iron U;''''''lUU,!;, was determined in an air-sparged CSTR. The feed to the reactor consisted 

of a salt solution "v ....... ':Ull'S. 

reactor were maintained at 

the solution ensured that the 

( .. continued) 

. The temperature, and residence time of the solution in the 

pH 1.75 and 100 h, respectively. Sparging COlnOJres:sea air at 100 me.min'l into 

was saturated with oxygen. 

concentration, it was taken into consideration during the calculation ofthe leaching rate. 
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The measured variation in the ferrous-iron concentration of the reactor outlet with elaBsed time is shown in 

Figure 3.7, together with the predicted variation in the ferrous-iron concentration of tHe reactor outlet if no 

reaction and ideal CSTR behaviour is assumed. I 

! 

200~------------------~ 

04---~----,----,----~ 

o 50 100 150 200 

F
' 3 7 V .. . th [] d d [ ]Timd~ (h

d
) .. . th I fi I . ·th . 

Igure .: anatlOn In e 0 measure an -- pre Icte vanatlOn In e out et efous-rron WI time. 
I 
I 

The data shown in Figure 3.7 was used to determine the approximate rate at which ferrous-iron is oxidised to 

ferric-iron by oxygen. It was found to be in the region of 6.33x 10'5 mmol Fe2+.l"'.s". In ?omparison, the rate of 

ferrous-iron production observed during the ferric leaching experiments ranged from a maximum of 

5.57xlO·2 mmol Fe2+.l'·!.s·! to a minimum of about 8.l0x10-4 mmol Fe2+.l"!.s'!, meas~ed at the end of the 

experiment. This suggested that the oxidation offerrous-iron by oxygen could be ignored during the analysis or' 

the experiments carried out to determine the ferric leaching kinetics of arsenopyrite. This result is consistent . . . 

with those of previous work: Therefore, no attempt was made to exclude oxygen from the solution during the 

ferric leaching experiments. 

Calculations indicated that complete dissolution of the galena and sphalerite content of the mineral would result 
, 

in the ferrous-iron concentration increasing by 1.25 mmol.l"! (i.e. Me2+ = 177.93 mmol.l'-I) whereas complete 

dissolution of the mineral would result in the ferrous-iron concentration increasing by 177.93 mmol.l"l. During 

the ferric leaching experiments, the maximum change in the ferrous-iron concentratioh, calculated from the 

change in the redox potential, was 23.82 mmol.l"!. In the event of complete dissoluiion of the galena and 

sphalerite content of this mineral, this change in the overall ferrous-iron concentration thJs indicates a change in 

the ferrous-iron concentration, as a result of arsenopyrite dissolution, of 22.37 mmol.l"l, which in turn 

corresponds to 12,77 % dissolution of the arsenopyrite and 8.03% dissolution of the (entir~) mineral sample. 

Less than 10 % dissolution of the (entire) mineral sample is unlikely to influence the tegrity of the mineral 

particles themselves. Thus, as it is unlikely that the liberation characteristics of the minerals differed to any 

great degree, it is also unlikely that complete dissolution of the galena and sphalerite content of the mineral 

• Singer and Stumm (1970) reported the ferric leaching of pyrite 10 be independent of the oxygen concentration; Barrett et al . 
(1993) used the data obtained by Singer and Stumm (1970) and calculated the half reaction time for ,the oxidation of ferrous-iron 
by oxygen to be about 24 000 days. . 
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would have occurred: The above therefore suggests that the dissolution could be assumed to occur via a 

shrinking core type mechanism, which in tum implies that the dissolution of the minerals occurred according to 

the proportion in which were present in the sample. Calculations based on this assumption indicated that 

the contribution of the dissolution of the galena and sphalerite content of the mineral to the change in the 

ferrous-iron concentration was in the of l%.t 

Therefore, as the reJJlrocluc:lI)1l1ty was found to be in the of 8 it was possible to dlSlre{!;ard 

the errors introduced as a result of 'F,LJ'V£J'UJ<. the contribution of the leaChing of the sphalerite and galena to the 

changes in the redox potential of the solution. Furthermore, acid ,,,,,,,,UJ'UJ<. tests peI101:m(~d in the absence of 

ferric-iron were found to have little effect on the redox potential, hence its effect was also ignored. 

In addition to the error analyses described above, a series of eXlperlmenlts were perfonned at impeller 

ranging from 1250 to 1800 rev.min· l
. Increasing the impeller from 1250 to 1800 rev.min· l yielded no 

trend in. the rate of leaching, which "''''I,IO~'''''' under the conditions employed, the rate of 

reaction was not mass transfer limited. This observation is consistent with the results of previous research 

perfonned at the same (Iglesias et al., 1996). 

3.2.2.2 Effect of ... .& ....... " redox potential, Elnltllli 

The influence of the initial redox potential of the solution on the rate leaching was at 

initial redox from 470-625 mV.* These results are shown in Figure 3.8. In 3.8 the 

experiments '" 613 and 625 mV and at 558 and 561 mV indicate the reprodiuClb1l1.ty 

of the the difference between Einitial 613 and '" 625 m V appears to be significa:nt 

in Figure 3.8, at an overall iron concentration of 287 mmoU'!, this difference in the redox potential indicates a 

concentration difference of only 0.09 mmol .t'. At an overall iron concentration of 287 , the 

difference between ::::: 558 and Eim•jal = 561 mV indicates a concentration difference of 0.21 mmol 

It is l'If'll!Ulrent from 3.8 that the initial increase in the leaCnlng rate apparent in 3.6 was not " .... ''' .. ''''nt 

at low initial redox potentials, viz. Eini.;a' < 550. the rate of leaching decreased with a decrease in the 

redox potential of the solution, across the entire range of redox potentials encountered. This result is consistent 

with the that the increase in the initial rate of ferrous-iron production with a decrease in the redox 

potential is the result of remangement of the ions within the electrical double-layer. At low redox nnlpnt". 

less time is .. prml1rpn to achieve equilibrium within the electrical double layer. ner·erclre. as the initial redox 

potential (It·":n"~"<t .. " so does the period for which the leaching rate increases with a decrease in the redox 

t 

The low proportion of sphalerite and galena present in the sample would result in most of these minerals being occluded by the 
and arsenopyrite fractions of the sample. 

r"""U"l~U flame Atomic Absorption (FAAS) analyses performed to determine the Pb and Zn content of the 
sup,ema:tanl did not provide conclusive results as a result of the low concentrations of Pb and Zn in the supernatant, they 

suggest that the above assumptions were in valid. 
As stated (see Section 3.2.1.4) a set of standard conditions were chosen in an attempt to reduce of the 
results. Thus, during the experiments performed at different initial redox potentials, the desired initial redox potential was attained 
by mixing ferric- and ferrous-iron solutions, both of which had an iron concentration of287 mmol.tl. This ensured that the initial 
redox potential and the total iron concentration were not varied simultaneously. The chosen standard ferric leaching conditions 
are shown in Table 3-12. 
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500 550 600 650 

E (AglAgCI) (mV) 

Figure 3.8: Variation in the specific ferrous-iron production rate with changing redox ~otential at different 

values of the initial solution redox potential. [-] Einili.1 = 470 mY; [-] EinitiL = 503 mY; 

[-] Einiti.1 = 558 mY; 561 mY; [-] Einitial = 613; 6251!lV, 

It is also apparent from Figure 3.8 that a higher initial redox potential resulted in the leaching of the mineral 

stopping at a higher redox potential. In an attempt to determine whether or not this phenomenon was a result of 

the formation of a passivating layer, the change in the amount of ferrous-iron in solution was calculated from the 

change in the redox potential during each experiment. The results of these calculitions are presented in 

Tabld-l3. I 

Table 3-13: Change in the ferrous-iron concentration of the supernatant during the experiments performed at 

different values of the initial solution redox potential 

Elnillal (mV) E n•a, (mV) b.Fe2+ (mmoI Fe2+.f·1) 

470 466 6.17 

503 479 19.56 

558 489 22.74 

561 488 23.82 

613 494 20.54 

625 494 20.63 

The results listed in Table 3-13 suggest that the experiments performed at initial redox potentials in excess of 

500 mV resulted in similar quantities of ferrous-iron being produced, irrespective of t~e value of Einiti,I' This 

observation, together with the fact that the rest potential of the mineral increased with an increase in Einil;.I, 

suggests that the extent of leaching is influenced by the formation of a passivating layer.' On the other hand, the 

results obtained at Eini,i.1 = 470 mV suggest that the rest potential of the mineral is in the region of 465 mY. 

Scanning electron microscopy (SEM) was used in an attempt to conftrm the existence 6f a passivating layer. 

Although previous workers have detected a sulfur layer on the mineral surface after b~th the acid, and ferric 

The "rest potential" is defined as the solution redox potential at which leaching of the mineral stops. 
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leaching o.f arseno.pyrite, it has no.t been found to hinder the dissolution reaction (Iglesias et al., 1993; Dunn et 

1989; Kostina and Chemyak, 1976; Lazaro et neither jaro.site nor elemental sulfur was 

visible on the surface o.f a mineral that had been leached for one hour. However, as the by 

which arsenopyrite is leached by ferric-iron the fo.rmation of elemental sulfur (Equation its 

"absence" suggests that the sulfur layer fo.rmed after an hour was to.o thin to. be observed by scanning electron 

microscopy (Vargas, 2000). 

In addition to the SEM investigation, mineral that had been leached for one hour was dried and leached 

fresh leaching solution. The results of the and the 

results ofan performed unleached are shown in 3.9. 
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Compamion between the variation in the Sp~:CltlC ferro.us-iron rate 

unleached and leached arsenclpy:nte as a function of the redox nnl'PMI". 

the ferric 

of the solution. 

Fro.m 3.9 it is that altho.ugh the trends in the leaching rates of the "leached" and "un leached" 

material were the rate at wbich "leached" mineral was degraded appeared to be reduced relative to the 

rate at which "unleached mineral" was leached at the same redox potentiaL However, a comparison between the 

,",U""'5'-" in the amount of ferrous-iron solubilised during the leaching of "leached" and "unleached" material 

indicated that a of the mineral that had been leached previously was solubilised. 

The above therefore that although the rate of leaching may be influenced by the formation of a product 

layer consisting of elemental this layer does not influence the extent to which leaching occurs. The latter 

may however also be a result of the time-scale used during the leaching experiments, i.e. both the extent and rate 

of leaching would be to decrease during long term ferric leaching experiments performed at constant 

(high) redox potenti,ais. 

3.2.2.3 Effect of u .... " .. ..,,L ferric-iron concentration, [Fe3
+],n,ltid 

The effect of the ferric-iron concentration on the kinetics was 

143, 286 and 573 . These results are shown in 

UV';;)",l';""'"'U at initial ferric-iron concentrations of 

3.10 and show that an increase in the initial 

ferric-iron concentration had the same effect as an increase in the initial redox potential, i.e. it resulted in the 
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ferric reaction stopping at a higher value of the solution redox potential. It also apparent from 

3.10 that the maximum leaching rate observed at an initial concentration of 

:>ll:)llHil"D."Hl)' lower than at higher overall iron concentrations. Although this effect was 

,nn,,., .. t..ti by other llD(lmjl~S. 

,-., 8 
~ , ,...., 
ell 

'" <0( 6 <l,/ 

"" e e e 4 
'-:' 

+ 
r1 

<l,/ 

"" -e 2 e e -;t. 
~ 0 ::J 

450 500 550 600 650 

E (vs (mV) 

.e·1 was 

"V'VU''''''AlJH", it was not 

Figure 3.10: Variation in the specific ferrous-iron production rate as a function of the SOlttion redox pOl[CnUal at 
I 

different initial ferric-iron concentrations. 143 mmol .e'\ ; [-] 286 mmol 

[-J 571 mmol 

Furthermore, Q,..,,,V"1".U there was no obvious trend in the variation in the .,-.. '''.H'j<, with 

ferric-iron the of calculated from the 

and shown in Table increased with an increase in the initial ferric-iron COllce,ntratlIDrt. 

initial 

concentration 

Table 3-14: in the ferrous-iron concentration of the during the experiments performed at 

different values of the initial ferric-iron concentration 

143 

286 

571 

Einitlai (m V) 

650 
646 

655 

3.2.2.4 Effect of solids concentration, Ppnlp 

Ellllal (mV) 

509 
495 
525 22.74 

Figure 3.11 shows the influence of the mineral concentration, at concentrations of 0.5, lo and 2.0 % on 
I 

the ferric leaching kinetics. The results shown in Figure 3.11 that the arsenopyrite concentration affects 

the redox potential at which the leaching of the mineral stops. it does not appear to have a slgnlIllCaJlt 

effect on either the maximum rate or the rate at which the ' .... .,,'.l1'1i.O rate vari~d i e the slope of the 

do not sui, gg' e'st' that the curve. Although the curves shown in Figure 3.11 display similar 

rate at a particular redox pOltentlal is independent of the solids cOllcelltr.:ltion, i.e. that the surface area based rate 

is constant do :>U~~)I;":>L that the leaching rate may be on the solids conversion. 
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ferrous-iron production rate with changing solution redox potential at 

concentrations. [-] 0.5 [-] 1.0 %; [-] 2.0 %: 

Calculations to determine the effect of the solids concentration on the degree of l,,""'U.lUl', su~u~este<1 

that the amount of solubilised was to the concentration. In other 

words, the amount of ferrous-iron solubilised divided by the pulp did not vary significantly with "11"'111'>';" 

in the solids concentration, which is consistent with the that the leaching rate maybe <1el)en<1eIlt on 

the solids conversion. The results of these calculations are shown in Table 3.15. 

Table 3-15: Effect of solids concentration on the in the ferrous-iron concentration of the " ..... ''''lJ" ..... :u .. 

Ppulp 

0.5 
LO 
2.0 

3.2.2.5 of 

(mV) 

660 
647 

640 

Ermll(mV) 

525 
509 
492 

6.73 

12.07 

22.11 

12.07 

11.06 

The effect of (sulfuric acid) on the ferric leaching of arsenopyrite was investigated at 1.1 0, 1.36 and 

pH 1.45. The results of these experiments are shown in and suggest that the mineral is more active 

i.e. lower concentrations of Although a similar trend has been reported 

(Malatt, 1998), this result appears to contradict the suggestion that the bioleaching of 

lIN,!"T'I{1,nV1MTP occurs via the polysulfide mechanism Sand et al. (1999). According to the polysulfide 

mechanism Sand et al. (1999), the mineral is leached by both protons and ferric iron, hence an 

increase in the concentration would be eXI)ected to increase the rate and of mineral dissolution. 

The performed at different solids concentrations were carried out using the same medium. Although the 
difference between the initial redox potentials appears 10 be significant, at an overall iron concentration of 287 mmol.t l

, this 
difference in the initial redox potential indicates a concentration difference of less than 0.07 mmol Fe2".t·l. 
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Figure 3.12: Variation in the specific ferrous-iron production rate with redox potential of the solution at 

different values of the solution pH. [-] pH 1.10; [;.",..] pH 1.36; [-] 1.45. 
I 

In addition, the proportion of mineral solubilised, as measured by the change in the dissolved ferrous-iron 

concentration, increased with an increase in the pH. The results of these calculations are shown in Table 3.16. 

Table 3-16: Effect of pH on the degree of arsenopyrite solubilisatioh 
I 

pH 

1.10 

1.36 

1.45 

EI.itlaJ (m V) 

650 

647 

617 

3.2.2.6 Ferric leaching kinetics 

En•ol (mV) 

509 

497 

493 

12.08 

17.93 

21.22 

If it is assumed that the increase in the initial leaching rate with a decrease in the LdOX potential can be 

attributed to rearrangement of the ions comprising the electrical double layer, and not the leaching of the 

mineral, then the results obtained indicate that the rate of mineral leaching decreases with 'a decrease in the redox 

potential of the solution. This trend is consistent with previous research and suggests ~at the ferric leaching 

mechanism is electrochemical in nature. 

It has been suggested that an electrochemically driven reaction should exhibit a half-order dependence on the 

ferric-iron concentration (Pletcher, 1984). However, this dependence has not been reported for the ferric 
I 

leaching of arsenopyrite. Furthennore, May et al. (1997) found the ferric leachin~ rate of pyrite to be 

independent of the total iron concentration, for iron concentrations ranging from 50 to 509 mmol Fe.l· I
, 

Although the ferric leaching rate of arsenopyrite did not exhibit a half order dependence on the ferric-iron 
i 

concentration, it was not found to be independent of the total iron concentration either. Furthennore, it was not 

possible to fit the electrochemically-b~sed model proposed by Verbaan and Crundwell (1986), nor the Monod-
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model proposed Boon (1996). However, it was IJV~">lUI" to model the kinetics using the Butler-Volmer 

based model suggested et al. (1997): 

The values of Uo, a, ~ and E' were determined by the sum of the SQluU'€:a errors between the values 

calculated using 3-6 and the values predicted 3-22: 

zF abt b- 1 

RT 
-----"'"-:"-----:~ - U o 

+ 

A comparison between the "",~,,,,u,,, rate of ferrous-iron production predicted using the Butler-Volmer based 

model and a typical set of 3.13. From Figure 3.13 it is in 

the in which the <!n.· ... 't'f' rate of ferrous-iron rate, decreased with a decrease 

in the redox potential, the between the model and the pv,,,priTn.o>nt<lj results is good. 

8~----------------------~, 

;!; 

~ 

~ 2 
IS -~ 
::> 0-1----+-------+-----+----1 

450 500 550 600 650 
E (vs (mV) 

Figure 3.13: Comparison between the [-'-] measured variation in the specific ferrous-iron rate and 

the variation in the specific ferrous-iron production rate [-] predicted by the Butler-Volmer based model 

(uo 603.72, a = ~ 0.01847, E' 510.39). 

It is clear from 3.13 that the Butler-Volmer based model does not a "maximum" or "limiting" 

feme leaching rate, irrespective of the redox potential of the leaching solution t. However, even the proponents 

of the Butler-Volmer model, viz. May et al. (1997), encountered a "maximum" rate during the feme 

.. The value 7.335>< 105 is a conversion factor: mol FeAsS.tl.s·1 to mmol Fe2+.(mmol 
t The model proposed by Tal (1991), for the ferric leaching of pyrite, also suggests that no "liTr'liti,",," ferric leaching rate exists. 
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'''''''''''''5 of pyrite. Although a leaching rate is because of mass transfer limitations, 

to be conclusively identified. to date, mostlof the ferric 

which suggest that a maximum leach rate exists (Bloon, et 

the reasons therefore have 

,,,, .. ,,,u,,,,,, models have included 

al., 1991; McKibben and Barnes, Zheng et ai., 1986). 

Chapter Summary 

The results performed using a sample of arsenopyrite/pyrite flotation concentrate from the Fairview Gold Mine 
. I 

in South Africa showed that no leaching oc(~urred in the absence of terrie-iron. 

considerable of arsenic occurred in the presence of ferric-iron. The of leaching increased with 

an increase in the initial ferric-iron However, the rate of appew;ed to be dependent on 
I 

the redox po'tential of the and not on the absolute ferric-iron concentration. 1n addition, the results 

obtained the arsenopyrite/pyrite flotation concentrate suggested that the leaching of arsenopyrite, the 

oxidation of arsenite to arsenate, the leaching of pyrite and the precipitation of ferric arsenate compete for the 

available ferric-iron. 

Although the competitive nature of these reactions prevented reliable determination of 

of both were estimated to be than previously relJlOr1:ea. 

reactions influenced the observed stolC.lllOIlrletJry of the ferric , .... "'.,uu'5 " ........ v,... the results obtained were 

consistent with the stoichiometry Iglesias et al. (1993): 

FeAsS+ 

I 

(3-24) 

The ferric leaching rate of pure arsenopyrite was also found to decrease with a decrease in the redox potential of 

the leaching solution and, in the region in which the specific rate of ferrous-iron production decreased with a 

decrease in the redox potential, the results could be described using the Butl~r-Volmer based model 

suggested by et al. (1997): 

(3-25) 

However, a limitation of the model appears to be dependence on the "rest potential" of the mineral, i.e. the 

redox potential of the solution at which the mineral dissolution stops. The "rest was found to increase 

with an increase in either the ferric-iron or the concentration, or when the 

reduced. As no occluding sulfur layer could be detected on the surface of leached 

obtained suggest that the reactivity of the mineral is determined by the ferric-iron 

based on the surface area. An increase in the area based) cOIlcentriatIC)D 

or protons resulted in a decrease in the of the mineral. This is regarded as unusual as most 

reaction mechanisms are favoured an increase in the reactant concentration. In of the above limitations, 

the ability of the model to predict the leaching rate of both pyrite and arsenopyrite, acr6ss a range of operating 

conditions, that the Butler-Volmer model has potential for predicting the rate by! which sulfide minerals 

are degraded by ferric-iron. i 
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In order to achieve this it is however necessary to determine the mechanism by which the ferric leaching of 

and other sulfide minerals occurs so that the influence of such as etc., can be 

ncc)melra'ied into the model. This may yield a mechanistically based model capable of pre:OH~urlg the ferric 

""""'11"115 rate of sulfide minerals over a range of operating conditions. 

3.4 Nomenclature 

a 

b 

c 

d 

e 

E 

E' 

F 

h 

constant 

activity of ferrous-iron species 

activity offerric-iron species 

arsenic concentration 

constant 

constant 

reactor diameter 

error 

redox IJv,',",uu,a, of the solution (Pt-AgI AgCl) 

+ R T In(Y Fe" ) for SHE 
zF Y Fe" 

value of 

value of EO + R T In (Y Fe" ) for AgI AgCI electrode 
zF Y Fe" 

redox of the solution at the end of the experiment 

(Pt-AglAgCI) 

redox potential of the solution calculated from the smoothing 

equation (Pt-AglAgCI) 

redox potential of the solution (Pt. SHE) 

redox potential of the solution at the beginning of the eXI)erlmcent 

(Pt-AgI AgCl) 

.. ",r",,,,,,v constant 

concentration of ferrous-iron 

concentration of ferric-iron 

concentration of ferrous-iron calculated from the redox IJV''''''uua., 

initial concentration of ferric-iron 

concentration of arsenopyrite 

concentration of iron 

reactor 

arsenlnD'ml:e ... 'r"I1",..!',,,,, rate 

Universal gas constant 

correlation coefficient 

time 

dimensionless 

dimensionless 

dimensionless 

mmol 

dimensionless 

dimensionless 

mmol 

mmol 

mmol 

mmol 

m 

varies 

mV 
mV 
mV 

mV 

mV 

mV 

mV 
mV 

mV 

mmol 

mmoIFe.l·! 

m 

mmol .h·1 

kJ.K·l.mol'l 

dimensionless 

s 
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T 

x 

z 

ex: 

absolute ten:1Pe:rature 

stoichiometric coefficient 

arsenopyrite conversion 

number of electrons involved in reaction 

sum of the "'l~'<U "u errors 

fraction of mineral reacted at time, t 

zF 
RT 

in the concentration of ferrous-iron calculated from the 

redox potential 

activity coefficient 

coefficient of ferric-iron 

solids concentration 

kinetic constant in chemical (ferric-iron) ars,cnOIPYlnte oxidation 

arsenopyrite "1',-."",,, ferrous-iron production rate 

K 

dimensionless 

% 

dimensionless 

vanes 

dimensionless 

dimensionless 

mmol Fe2+.e-1 

dimensionless 

I dimensionless 

.1 . % (m.v· l
) 

mmol Fe2+.(mmol .h·1 

mmol 
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3.6 Appendix 

As stated in Section 3.1.1.4, the total iron the counter-ions and 

solution influence the activities of the dissolved ferric and ferrous-iron hence these 

of the 

<lIJlU"."", affect the 

measured value of the redox at a ferric/ferrous-iron ratio. It was Itherefore necessary to 

calibrate the redox at the conditions to be employed before using it to determine the, dissolved ferrous- and 

ferric-iron concentrations. 

3.6.1 Calibration Method 

i) Ferrous- and' ferric sulfate solutions of similar concentrations were made up, and the concentrations 

thereof determined by titration with dichromate, K2Crp7 et ai., 1989). 

ii) A known volume of ferric sulfate was added to a jacketed the redox ~robe inserted and the 

solution The temperature in the reactor was maintained at the required t .. n'n .... ~n 
circulating water from a Grant Y6 constant temperature bath through the reactor jacket. 

iii) Once thermal equilibrium had been achieved an aliquot of ferrous sulfate wa~ added and the redox 

potential of the solution recorded. This was continued until the solution contained 

volumes of ferric- and ferrous sulfate. 

iv) The measured potential values were plotted against In([Fe3+J![Fe2+]), andlthe Nemst paramleter'S, 

viz, RT/zF (slope) and E~ (intercept), determined, 

3.6.2 Raw Data 

The raw data listed in Table 3A was obtained during the calibration of a Metrohrn 

, at 1.70 and a total iron concentration of about 12 

11.54 g.l·1 

::::: 12.00 g.l·I, 

:::::400 ml 

Table 3A: Raw data obtained the calibration ofa Metrohrn Pt-AglAgCl 

pH 1.70 and a total iron concentration ofabout 12 g.l-I. 

Volume volume 

(ml) (ml) (gil) (gil) 

'-rl,><I' .... '"',A redox electrode, 

(mV) 

0.02 400.02 11.5394 0.0006 19233.33 663.30 
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0.02 400.04 11.5388 0.0012 9616.67 662.00 

0.02 400.06 11.5383 0.0018 6411.11 661.80 

0.02 400.08 11.5377 0.0024 4808.33 661.20 

0.02 400.10 11.5371 0.0030 3846.67 659.00 

0.02 400.12 11.5365 0.0036 3205.56 658.30 

0.02 400.14 11.5360 0.0042 2747.62 657.00 

0.02 400.16 11.5354 0.0048 2404.17 656.20 

0.02 400.18 11.5348 0.0054 2137.04 655.00 

0.05 400.23 11.5334 0.0069 1672.46 652.80 

0.05 400.28 11.5319 0.0084 1373.81 650.40 

0.05 400.33 11.5305 0.0099 1165.66 649.00 

0.05 400.38 11.5290 0,0114 1012.28 647.50 

0.05 400.43 11.5276 0.0129 894.57 645.60 

0.05 400.48 11.5262 0.0144 801.39 644.30 

0.05 400.53 11.5247 0.0159 725.79 643.00 

0.05 400.58 11.5233 0.0174 663.22 641.50 

0.05 400.63 11.5219 0.0189 610.58 640.00 

0.05 400.68 11.5204 0.0204 565.69 639.10 

0.05 400.73 11.5190 0.0219 526.94 638.00 

0.05 400.78 11.5175 0.0234 493.16 637.00 

0.10 400.88 11.5147 0.0263 437.12 635.90 

0.10 400.98 11.5118 0.0293 392.52 633.80 

0.10 401.08 11.5089 0.0323 356.17 631.70 

0.10 401.18 11.5061 0.0353 325.99 630.0Q 

0.10 401.28 11.5032 0.0383 . 300.52 628.50 

0.10 401.38 11.5003 0.0413 278.74 627.70 

0.10 401.48 11.4975 0.0442 259.91 626.00 

0.50 401.98 11.4832 0.0591 194.28 620.70 

0.50 402.48 11.4689 0.0739 155.11 615.00 

0.50 402.98 11.4547 0.0887 129.08 612.00 

0.50 403.48 
.-I 

11.4405 0.1035 110.54 607.50 

0.50 403.98 11.4263 0.1182 96.65 605.00 

0.50 404.48 11.4122 0.1329 85.86 602.60 

0.50 404.98 11.3981 0.1476 77.24 600.00 

0.50 405.48 11.3840 0.1622 70.19 598.00 

0.50 405.98 11.3700 0.1768 64.33 595.90 

0.50 406.48 11.3560 0.1913 59.36 593.80 

0.50 406.98 11.3421 0.2058 55.11 591.20 

0.50 407.48 11.3282 0.2203 51.43 589.10. 

0.50 407.98 11.3143 0.2347 48.20 588.00 

0.50 408.48 11.3004 0.2491 45.36 586.40 

0.50 408.98 11.2866 0.2635 42.84 585.40 

0.50 409.48 11.2728 0.2778 40.58 583.00 

1.00 410.48 11.2454 0.3064 36.70 581.00 

1.00 411.48 11.2180 0.3348 33.51 578.90 

1.00 412.48 11.1908 0.3631 30.82 577.00 
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1.00 413.48 11.1638 0.3912 28.54 574.00 

1.00 414.48 11.1368 0.4192 26.57 572.00 

1.00 415.48 11.1100 0.4471 24.85 571.00 

1.00 416.48 11.0834 0.4748 23.34 570.60 

2.50 418.98 11.0172 0.5436 20.27 566.40 

2.50 421.48 10.9519 0.6116 17.91 562.70 

2.50 423.98 10.8873 0.6787 16.04 560.10 

2.50 426.48 10.8235 0.7451 14.53 555.90 

5.00 431.48 10.6981 0.8755 12.22 551.70 

5.00 436.48 10.5755 1.0029 10.54 546.90 

5.00 441.48 10.4557 1.1275 9.27 543.30 

5.00 446.48 10.3386 1.2492 8.28 538.50 

5.00 451.48 10.2242 1.3683 7.47 535.00 

5.00 456.48 10.1122 1.4848 6.81 532.20 

5.00 461.48 10.0026 1.5987 6.26 529.80 

10.00 471.48 9.7904 1.8193 5.38 525.00 

10.00 481.48 9.5871 2.0307 4.72 I 520.60 

10.00 491.48 9.3920 2.2336 4.20 518.00 

10.00 501.48 9.2048 3.79 514.30 

10.00 511.48 9.0248 2.6155 3.45 512.70 

10.00 521.48 8.8517 2.7954 3.17 510.50 

20.00 541.48 8.5248 3.1354 2.72 505.40 

20.00 561.48 8.2211 3.4512 2.38 501.10 

20.00 581.48 7.9384 3.7452 2.12 496.40 

20.00 601.48 7.6744 4.0197 1.91 492.70 

20.00 621.48 7.4274 4.2765 1.74 487.00 

50.00 671.48 6.8744 4.8516 1.42 477.60 

50.00 721.48 6.3980 5.3470 1.20 474.00 

50.00 771.48 5.9833 5.7782 1.04 471.70 

3.6.3 Determination of N ernst Equation Parameters 

The variation in the measured redox potential, with changes in the natural logarithm ot the ferric/ferrous-iron 

ratio observed the calibration of a Metrohm Pt-AglAgCl redox at 40°C, pH 1.75 and a total 

iron concentration of about 12 g.t,l is shown in 

the data. 

3A, together with a fit of the Nerrlst equation curve fit to 

I 
The values of the Nemst equation parameters determined from Figure 3A were: 

RT/zF 29.604 mY, and 

E~ (y-intercept) 474.29 mV 
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Figure 3A: Variation in the measured redox potential with changes in the ferric/ferrous-iron ratio observed 

during the calibration of a Metrohm Pt-Agi AgCI redox electrode, at 40°C, pH 1. 75 and a total iron concentration 

of about 12 g.e- l and [ -] Nemst equation curve fit to the experimental data. 

3.6.4 Sample Calculation 

The measured redox potential of the solution, a calibration curve for the redox probe, i.e. the values.of the 

Nemst equation parameters RT/zF and E~, and the total iron concentration of the solution can be used to 

determine the ferrous- and ferric-iron concentration of the solution as shown below. 

The Nemst equation, written for redox potential measurements in which the reference electrode is not the 

standard hydrogen electrode (SHE) (Equation 3-4) may be rearranged to give: 

(3A-26) 

Substituting the value of the Nemst equation parameters determined from Figure 3A, viz. RTIzF = 29.604 m V, 

E~ == 474.29 mY, and the redox potential measured at a residence time of 71 hours during a ferrous iron 

oxidation experiment performed at 40°C and pH 1.70, viz. E = 670 mY, into Equation 3A-26 yields: 

[Fe
3

+] =743.175 
[Fe2+ ] 

Substituting the calculated value of the ferric/ferrous-iron ratio, viz. [Fe 3+]/[Fe2+] = 743.175, and the total iron 

concentration measured at a residence time of 71 hours during a ferrous iron oxidation experiment performed at 
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40°C and pH 1.70, viz. 

concentrations: 

== 10.19 

0.0137 

10.1763 g.t1 

Chapter Three 

into Equations 3-5 and 3-6 the and ferric-iron 
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Melanie 

The 

simplest questions 

are the 1110St profound. 

were you born? Where is 

W are you going? 

? 

W hat are you doing? . 

Thijltle about 

tl1ese once in awhile, and 

watch your answers 

change. 
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Chapter Four 

The Effect of Temperature* and on the 

Continuous Ferrous-iron Oxidation 

Kinetics of a Predominantly Leptospirillum 

ferrooxidans Culture 

As stated in the literature review, the bacteria most commonly isolated from environments are 

Thiobacillus Leptospirillum ferrooxidans and Thiobacillus thiooxidans. Until recently, 

ferro£/xtltar.ls was considered to be the micro-organism for the bioleaching of sulfide 

ores and concentrates. For this reason, most research to date has been carried out using 

T. research has however shown that is at least as important, if not more 

important, than (Rawlings et al., 1999(a); et al., Dew et al., 1997; Boon, 

1996; HaUmann et al., 1993; Sand et al., 1992; Norris et Helle and Onken, 1988) and 

'.uvUJ<;'" to have been T. thiooxidans may in fact have been Thiobacillus caldus 

1999(a». 

In addition to T.ferrooxidans, most bioleaching research n .. ,-tn'Tn~·n to date has been carried out in batch 

culture, at and pH values in the region of 30"C and these conditions are 

similar to those that have been reported to be the optimum However, most 

Breed, A.W., Dempers, C,J.N., Searby, G.E., Gardner, M.N., Rawlings, D.E. and Hansford, G.8. 1999. The effect of temperature 
on the continuous ferrous-iron oxidation kinetics of a predominantly Leplospirillum jerrooxidons culture. Biotecbnology and 
Bioengineering 65(1): 44-53. 

t Breed, A.W. and Hansford, G.8. 1999. Effect of pH on ferrous-iron oxidation kinetics of Leplospiril/um jerrooxidons in 
continuous culture. The Biochemical Engineering Joumall(3): 193-201. 
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commercial bioleaching operations using mesophilic bacteria are continuous nrn,{"p<",,,,C! and operate at about 

40"C and pH 1.2-1.8. 

nPrt .... TTn"',; by Nemati and Webb (1997), the effect of temperaJre on the kinetics of 

ferrous-iron oxidation has not been studied extensively. Furthermore, th~re is little 

information available on the effect of pH on the ferrous-iron oxidation kinetics of ei~er T. ferrooxidans or 

In however, the and substrate Fe2+) utilisation ~inetics of the ferrous-

iron encountered in bioleaching have been to follorv a reverse SI~:m()la:iU 

'""""~'''''.'''' ferric/ferrous-iron ratio. This trend is consistent with chemiosinotic theory 

(Ingledew, 1986) and that the kinetics of these micro-organisms is a function of the redox potential of 

the solution. The dependence of the kinetics on the ferriclferrous-iron ratio (redox potential) in turn suggests 

that they may be described using kinetic models such as the Michaelis-Menten based 

(1996). 

proposed Boon 

The work presented below was performed in an to determine the effect of temJrature and pH on the 

ferrous-iron oxidation kinetics of the ferrous-iron oxidising species encountered in a Jixed bacterial culture 

from a continuous bioleaching mini-plant oxidising an arsenopyrite/pyrite flotation conbentrate, at conditions 

ranging from 30 to 40"C and 1.10 to 1.70. 

4.1 Theoretical Aspects 

Several researchers have the stoichiometric formula of bacteria 1983), J.U"'''''''''!'. 

(Jones and Kelly, 1983), to be approximately CHl.80o.sNO,l- If the carbon and nitrogen 

CO2 and NH; the formation of biomass occurs according to; 

(4-1) 

The steady-state carbon dioxide utilisation rate can be used to estimate the bacterial COflcelntrlitlcm and growth 

rate (Boon, 1996):* 

If it is assumed that the bacteria follow Monod kinetics: 

D 
(4·3) ::::: 

Energy for bacterial and maintenance is obtained from the oxidation of ferrous-iron 
I 

to; 

• Braddock et ai. (1984) reported that the average carbon content of T. je"ooxidans cells decreased during the course of 1\ batch 
experiment and with an increase in the dilution rate in continuous culture, i.e. the size of-the micro-organisms is nol 
constant but is 1\ function of the conditions under are grown. These results therefore sug~est that the carbon dioxide 
utilisation rate or protein (N) concentration are better measures of the bacterial growth rate than the number of cells. 
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(4-4) 

Perfonning a mass balance on each of the elements, an overall charge balance and solving the resulting 

equations in tenns ofr02 and f c02 , yields a degree of reduction balance, viz.: 

(4-5) 

Substitution and simplification yields the overall stoichiometry for the biooxidation of ferrous-iron (Boon, 

1996), viz.: 

CO +O.2NH+ +[1-4.2YFel
+x ]o +_1_Fe 2+ +[_1_-o.2]H+ 

2 4 4Y 2 Y Y 
fc2+X Fe2+X Fe2+X 

(4-6) 

In Equation 4-6 the bacterial yield on ferrous-iron, Y Fe2+X' is defined as the amount of biomass, as moles carbon, 

produced per mole of ferrous-iron oxidised, Le.: 

(4-7) 

The bacterial yield on oxygen, Y 02X , is similarly defined: 

(4-8) 

The relationship between the amount of substrate consumed by the biomass for bacterial growth and 

maintenance is described by means of the Pirt Equation (Pirt, 1982), viz.: 

(4-9) 

If it is assumed that the bacteria follow Monod growth kinetics, dividing Equation 4-9 by the bacterial 

production rate, rx, and combining the result with Equation 4-7 gives: 

(4-10) 

Equation 4-10 can also be written in tenns of the bacterial yield on oxygen: 

1 1 
--=--+ 
YOIX Y~ D 

(4-11) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

102 Chapter Four 

Therefore, from steady-state continuous culture plotting the values of or lID can be 

used to determine the values of y~x and mFe2+ or and~. The validity of the 

manner can be checked the degree of reduction balance, Equation 4-5: 

1-4.2Y~ 
fe X 

(4-12) :::::--=-..:.:---

4 
(4-13) 

The bacterial specific ferrous-iron utilisation rate, ClF.2+, is defined as the rate of ferrous-i~on oxidation per mole 

of biomass (i.e. per mole of carbon), i.e.: I 

(4-14) 

Therefore, division of Equation 4-9 by the bacteria! concentration and substitution "'''''''''''1''5 Monod growth 

kinetics (Equation and combining the result with 4-14 yields: 

Equation 4-15 can also be written in terms of the bacterial spe:cltlc oxygen utilisation rate qo . . i ' 
+m 02 

Y~ 

D 
(4-16) 

Therefore, 1'1UUl1"~ the values of 'iF.2+ or measured chemostat operation, D can also be used to 

determine the values of Y;:;'x and or V;'';;' and mo2• 

Boon (1996) suggested that the ferrous-iron oxidation kinetics could be described using i "'Ull,",llU~.U form of the 
, 

Michaelis-Menlen model in which the bacterial spe:culc ferrous-iron utilisation rate, ClF.2+, is proportional to the 

ferric/ferrous-iron ratio: 

= ----'-"-......,...- (4-17) 

The values of the maximum bacterial specific ferrous-iron utilisation rate, , and· the kinetic constant in 

bacterial ferrous-iron oxidation, KF.2+, in Equation 4-17 can be determined by means a Lineweaver-Burke 

i.e. inverting Equation and yields: 
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from steady-state chemostat 

determine the values of q;.';: and 

1 KFe2+ 
=--+--

max max 
qFe2+ qFe2+ 

plotting the values of 

Furthermore, because the 

18) 

[Fe3+]/[Fe2+] can be used to 

v .... "-lI'Vll. oxygen and carbon dioxide 

utilisation rates are related via the of reduction balance, viz. W", .... t ..... n can be used 

to calculate the value of q~ . the equations described above can be defined and written in terms , 
of the bacterial oxygen utilisation rate: 

(4-19) 

The oxygen based kinetic constants, viz. and can then be determined means of a Lineweaver-Burke 

1 1 --::::--+ 
q::;"" q~ 

If the Pirt Equation applies, '-'Y"AaLl'VIH. 4·15 and 4·16 may also be written in terms of and q~: , 

The values of q;.";', , y~~x and mF.2+, or 

determine the maximum bacterial spe~ClI1C 

4·21 into 4-18 and 

D + m 2+ F. 

== + 

and ~, determined as described above, may be used to 

rate, Ilm"". substitution of 4-15 and 

------- + --;-_.!:"'-_--,'----::-"-
+m 2+ ym~ 

F. F. 

substitution of Equations 4-16 and 4-22 into Equation 4-20 and yields: 

D+ 
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plotting lI(D+ mFe2+ ) or the values of 
! 

Chapler Four 

or Y;'~ and mo2, determined as described above, may be used to determine the maxirhum bacterial "IJ,"'""U,"" 

rate, j.l"""'. 

In addition to the methods described above, the maximum bacterial specific growth rate, ~m .. , can be determined 

an equation to 4-17 and 4-19, written in terms of the bacterial ~pecific growth rate, Il, 

viz.: 

As in the case of Equations 4-17 and 1n"'PTTlna Equation 4-25 and 0>""1""'7'''"'6 

I Kl' [Fe '+] --+-----

chemostat nn£'rl'ltlnn 

IJIVUllll", the values of lID 

Il Il m.. Il tnaX [FeZ.] 

the bacterial growth rate is determined the residence leo i.e. 
can be used to determine the values of Ilm""and 

I 

(4-25) 

(4-26) 

Il = D, hence 

The effect of temperature can be into the kinetic model Boon t 1996) (Equation 4-17) 

by replacing the maximum bacterial ferrous-iron utilisation rate with a temperatJre dependent function. 

The form of this function can be established by evaluating the maximum ferrous-iron 

utilisation rate at a number of different temperatures and plotting the values of temperature. 

Nemati and Webb (.1997) ",r,.,,,,n"PN that the effect of temperature on the T".,. .. ,.Ul,"'.l1rnn oxidation kinetics of 

T.ferrooxidans could be described the Arrhenius equation, viz.: 

Linearisation 

(4-28) 

Therefore, if plotting In ) vs. Irr produces a straight line, the values of the energy, and the 

frequency factor, can be determined from the slope and Yinlcrcepl" These values can in turn be'substituted into 

Equation 4-17 to yield a model that the specific rate of bacterial ferrous-iron utilisation as a function of 

the ferric/ferrous-iron ratio, across a range of temperatures, i.e.: I 

It is important to recc)gnise that the values qQa and 1.1 are related via the degree of reduction balance, Equation 4-5; the 

degree of reduction balance, written in terms of q~ • q;," and 1.1- ,can be used to show that KF.2+ ~ = KIl. 
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I-irl1"",t'II'''' 4-29 can also be written in terms of the bacterial ""''''1'''''1'' rate of oxygen 

q02 :::: -----::-- (4-30) 

1+ 

The value of "B" in .... f1II"'tIlWI 4-30 could be calculated from the value of "An in Equation 4-29. Altematively. 

the values of both B and in 4-30 could be determined from the slope and Yinle",epl of a plot of 

In vs. Iff. It is however obvious that the activation energy, will be the same Im~splect:lve of whether it 

is determined using the rerrOIl'l:.llron or oxygen based data and ""1.''''''''''11''." Furthermore. it is clear that in both 

cases, the ferric/ferrous-iron ratio can be related to the solution redox ... VI .... 'l"" .. via the Nemst I-<",,,,,,',{\" 

4.2 Materials and Methods 

4.2.1 Continuous-flow Bioreactors 

The ,."1,,.rl,m,.,nt,, described below were carried out in 2 e J ..... "'"',,, ... Z61104CT04 r1.IJIJUMJU autoclavable 

bioreactors made of borosilicate The him·,.",,,,tnl"<! had a hid ~ 1.32 and a volume of 1 I.. The head 

were constructed of 316 stainless steel and contained a number of for baffles, probes and other 

auxiliaries. Three 10 mm 220 mm and constructed of 316 stainless steel were located at 120 

de!ue(~s to one another. A diagrammatic ret:lrel,enta ora single bioreactor is shown in Figure 4.1. 

The bioreactors were maintained at the by circulating water from Grant Y6 constant 

baths through the bioreactor The of the solution in the bioreactors was not controlled 

directly. it was maintained at the desired pH by adjusting the of the feed to the reactor 

sulphuric acid. The actual pH of the feed solution depended .on both the target within the bioreactor and the 

dilution rate. 

The nutrient medium was fed to the bioreactors by Masterflex® Model 7521-57 L/STM Variable-Speed 

Drives fitted with 7013-20 Standard Pump Heads and LlSTM 13 Norprene® Food Tubing. A chemostat 

tube made of 316 stainless steel was used to maintain a constant volume within the reactor. The liquid was 

removed from the bioreactor by means of a LlSTM 7014-20 Standard Pump Head and L/STM 14 Norprene® Food 

Tubing fitted on a Model 7521-57 LlSTM Drive. 

.. Although the stoichiometry of Equation 4·6 is not constant, and although the ratio is not constant, the errors 
introduced by are small relative to the other errors involved. The stoichiometry of Equation 4·6 will vary 
with changes in on ferrous-iron, i.e. with in the dilution rate. 
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• O2 analysis Off-gas 

Data Acquisition 
Drying 

Overflow ,;E-----.;l( 

Air 

4.1: Diagrammatic representation ofa single bioreactor.' 
I 

Mixing and gas was achieved a pitched (45") six-blade 316 stainless steel turbine impeller located 

2 cm from the base of the reactor. It was rotated at 600 via a flexible linked to an Applikon® 

PIOO motor and an Applikon® 1012 stand alone speed controller. 

Inlet gas was supplied by a Peak Scientific OAG2000DA Oilless Air Generator. The flow rate to the bioreactors 

was controlled at the rate Brooks Model 5850S Mass Flow Controllers and a Brooks Model 0154 

if',.,rn""i\f·'~'''',,,,, Control and Read Out Unit. Air was introduced via an air-inlet located under the impeller.-

The holes in the air-inlet pipe were located at the bottom to minimise blockages. The off-gas was dried using a, 

reflux condenser through which an ethylene/glycol mixture (75 %/25 %) from a Grant LTD6G low temperature 

bath was circulated. The low bath maintained the coolant at 6°C. Before entering the gas analysers, 

the through a cloth filter and a Hartmann & Braun CGEK Gas Conditioner fitted 

LOlrlOenSale Outlet. 

The carbon dioxide and oxygen concentrations in the bioreactor off-gas were detJrmined by means of a 

Hartmann & Braun Uras 4 NDIR (non-dispersive infrared) Industrial Photometer and a Magnos 6 G Oxygen 

Analyser, respectively. The carbon dioxide and oxygen concentrations of the from each bioreactor and 

the inlet air were by A sampling period was used for each OIOire~lct()r 

The hardware and software used were built, written, within the 

Department of Chemical Engineering at the University of Cape Town. 

, i 
The ferrous-iron oxidation kinetics were investigated at dilution rates from 0.01 to 0.10 , i.e. T ::::: 100 

to 10 h. The bioreactor was at each dilution for at least three residence times before steady-

state was assumed. Furthermore, was assumed once the oxygen and carbon dioxide 

concentrations in the off-gas, and the redox potential in the bioleaching liquor, were constant. Each steady-state 

was maintained for at least one residence time. 

Wall 

and all 

was minimised by w •• w, ••••• ' ... down the reactor once a day and scrubbing the walls of the bioreactors 

surfaces with a bottle brush and metal scourer. 

I 
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4.2.2 Bacterial Culture 

The bacterial c'ulture used was obtained from a vat-type two-stage (2x20 t') continuous bioleaching mini-plant' 

treating an arsenopyrite/pyrite concentrate from Fairview Gold Mine in Barberton, South Africa. Although it 

was originally reported to consist primarily of T. thiooxidans and L.ferrooxidans (Rawlings, 1995), more recent 

work has shown that it consist~ primarily of T. caldus and L. ferrooxidans (Rawlings et aI., 1999(a)). 

The ferrous-iron oxidising species was isolated from the mixed culture by placing 1 t' of slurry from the 

continuous bioleaching mini-plant into a 1 t' continuous-flow bioreactor operating at a residence time of 100 h.t 

Aeration and agitation of the bioreactor was stopped for a short period each day and the solids allowed to settle. 

The supernatant was decanted from the settled solids and returned to the bioreactor; the solids were discarded. 

Thus, the use of a nutrient medium that did not contain sulfur and the removal of solids that may have contained 

sulfur resulted in a gradual washout of the sulfur oxidising species. This procedure was repeated five times (i.e. 

for 5 residence times) before the supernatant was used the as the inoculum for the continuous ferrous-iron 

oxidation experiments.: 

4.2.3 Preparation of Chromosomal DNA from Bioreactor Biomass§ 

The biomass was harvested by centrifugation. The recovered biomass was washed using acidified water, at 

pH 1.80, and resuspended in 560 III TE (10 mmoU- t Tris, 1 mmoU- t EDTA)-150 mmoU'! NaCI pH 7.6 buffer. 

After heating the cells to 70°C for 15 minutes, 15 Ilt' of a 20 g.t'.1 solution of Proteinase K and 30 III of 10 % 

SDS were added to the sample. Thereafter it was incubated at 42°C for 30 minutes to ensure complete lysis of 

the recovered cells and the DNA precipitated using 10 % (V.V'I) 3 moU'1 Kac, at pH 5.2, and two volumes of 

ethanol. The precipitated DNA was washed with 70 % ethanol, air-dried and resuspended in pH 7.6 TE buffer 

before amplification using the polymerase chain reaction (PCR). 

The polymerase chain reaction (PCR) was carried out in 100 III total volume using universal primers, designed 

from conserved regions ofbacterial16S rDNA genes (bold), as shown below (Rawlings, 1995). 

primerfDD2 

primer rPP2 

5' CC GGATCCGTCGACAGATTTGATCITGGCTCAG 3' 34-mer 

5' CC AAGCTTCTAGACGGIT ACCTTGGTTACGACTT 3' .33-mer 

The recovered 16S rDNA was amplified in a Biometra® Personal Cycler using 1 III genomic DNA, 

0.25 IlmoU-! of each primer, 2.5 mmoU'1 MgCI2, 0.25 mmoU'! dNTPs. and I unit Redhot polymerase 

(Boeringher-Mannheim). After initial denaturation for 60 s at 94°C, 25 cycles of amplification were carried out 

as follows: 30 s at 94°C, 30 s at S2°C, 90 s at n°e. A final elongation step of 120 s at noc followed by a 

• 
t 
t 

§ 

The bioleaching mini-plant is described in detail in Chapter Six . 

The nutrient solution fed to the bioreactor contained approximately 12 g.t l ferrous-iron, but no sulfur (see Table 4-1). 
Although the inoculum volume used was the same for each experiment, ensuring that the number of bacteria inoculated remained 
constant was not necessary owing to the fact that the steady-state bacterial concentration was determined by means of off-gas 
analysis (see Section 4.1). • 
The preparation of the chromosomal DNA and the identification of the bacterial species in the bioreactors were done by Mr. M.N. 
Gardner, of the Department of Microbiology at the University of Cape Town. 
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for 60 s at 25"C ended the reaction. Restriction enzyme laen~lt1c:atl(m of species as 

described by (1995) was utilised to determine the dominant in the bioreactors. 

"""1'"""''' mineral or ferrous-iron substrate, oxygen and carbon ""V,/I.1",,,_ 

... ~.~,.,_ .. , potassium and phosphorous and trace metals such 

v ... ,""'........ and phosphorous are usually supplied as ammonium, 

respectively. In the case of mineral bioleaching, the required trace elements are usually in the mineral in 

sufficient quantity. ifferrous-iron is the substrate trace elements need to be supplied. 

The composition of the nutrient solution used in this investigation is listed in Table 

between pH 0.95 and 1.30 concentrated sulfuric acid. 

Table 4-1: Inorganic nutrient medium composition 

trace metal solution t 

No attempt was made to maintain sterility. 

Concentration 

1.83 g.e'l 

1.11 g.e'l 

0.53 g.e'l 

59.74 g.e- I 

10 me.e- l 

4.2.5 FerriclFerrous-Iron Ratio Determination 

. It was to 

The redox potential in the bioreactors was measured Metrohm redox electrodes (pi-AglAgCI) and logged 

by computer. The total iron concentration in solution was determined by both Fla~e Atomic Adsorption 

Spectroscopy (FAAS) and titration with potassium dichromate et al., 198h This enabled the 

ferric/ferrous-iron ratio and the ferrous and ferric-iron concentrations to be determined uJing a calibration curve 

for the electrode and the Nemst Section 3.1.1.3). The ferrous-iron concentration was also 

titration with cerium(IV) sulfate (see '"'I"I.I"'''''''''/\' to """"""',",, Five). 

Although L.ferrooxidans, T.ferrooxidans and T. thiooxldans have the genes required 10 fix atmospheric nitrogen, 10 date only 
L. ferrooxidalls and T. ferrooxidans have been shown capable of doing et al., 1997). 

t Ethylenediamine tetra-acetic acid 50.0 g.tl, ZnSO •. 7H20 22.0 CaCl2 5.54 MnCh.4H20 5.06 FeS04.7H20 

4.99 ,(NH')6Mo702 • .4H20 1.10 g.('I, CuSO • .5H10 1.57 g.(,I, CoCh.6H20 1.61 adjusted to JH 6 0 
,ruI S .. ",. 1957). I . 
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4.3 Results and Discussion 

During the carried out to detennine the effect of temperature on the ferrous-iron oxidation kmetlc:s, 

the in each of the bioreactors was maintained at 1.70. bioreactors were maintained at 30 and 
: 

35°C, respectively, and bioreactors were maintained at 40°C. However, in the figures shown below 

the results obtained at 40°C have been combined. 

the npTlm~'T1tQ carried out to detennine the effect of pH on the ferrous-iron oxidation kinetics, the 

bioreactors were all J .... Ul"'"11,, ... at a and pH 1.10, 1.30 and 1.50, respectively. 

4.3.1 Identification of Bacterial Species* 

The enzyme DSllIQUllg platiems of PCR ..... , ..... ,."' .... 16S rONA from the chromosomal DNA of pure 

cultures of T. len"oo;1Cici,;lnS A TCC L. DSM 2705 and the biomass harvested from the 

bioreactor maintained at 35°C and one of the bioreactors maintained at 40°C, while both were operating at a 

residence time of 70 hours, are shown in 4.2. 

StuI 

2 3 4 5 

4.2: Restriction enzyme 

6 7 

EeoRV 

8 9 10 11 14 15 16 

of PCR amplified 16S rDN A from pure cultures of {en'oo)(:icia.ns and 

len"OO;1Cla,,,ms and the J.I;;11"""''''-''V11 VAl .... ".,,!'; bacterial species obtained from the bioleaching mini-plant. Lanes 

1,6, 1 land 16 are size markers obtained by digestion of phage i.. with Pst!. 

Three restriction enzymes were used: StuI 2 to EeoRV (lanes 7 to 10) and KpnI 12 to From 

4.2 it is clear that the sizes of the bands obtained from the biomass in the two bioreactors are identical, 

irrespective of which restriction enzyme was used. In addition, they are also identical to those obtained for 

.. As stated previously this was nerfinrm,M by Mr. M.N. Gardner, of the Department of Microbiology at the Uni'versiitv of Cape 
Town. 
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L.ferrooxidans DSM 2705 (lanes 3, 8 and 13) and different from Tferrooxidans ATCC 33020 (lanes 2, 7 and 

12), irrespective of which restriction enzyme was used. 

Similar banding patterns were obtained after restriction enzyme digestion of the PCR products amplified from 

the biomass in the other bioreactors (data not shown). This indicated that L. ferrooxidans was the only bacterial 

species detected in the four bioreactors. 

Restriction enzyme analysis of PCR amplified genomic DNA from the bioreactors and of pure cultures of T 

ferrooxidans and L. ferrooxidans was repeated at each steady-state, and the same result obtained. As bacterial 

species present in low concentrations may not have been detected using the above method, the results cannot be 

considered evidence that the culture in the bioreactors consisted solely of L.ferrooxidans. In spite of this 

limitation, however, the results do indicate that L. ferrooxidans was present in numbers far exceeding any other 

bacterial species. It was therefore possible to assume that any variations in the measured parameters, viz. 

ferrous-iron, carbon dioxide and oxygen utilisation rates, could be directly attributed to changes in the 

concentration and metabolic activity of L.ferrooxidans. 

A scanning electron micrograph (SEM) of the ferrous-iron oxidising bacteria obtained from one of the 

bioreactors maintained at 40°C, while operating at a residence time of 25 hours, is shown in Figure 4.3. The 

coccoid shape of many of the bacteria apparent in Figure 4.3 can be attributed to the high levels of ferric-iron in 

the bioreactors (Barrett et al., 1993). 

Figure 4.3: Scanning electron micrograph of the ferrous-iron oxidising bacterial species obtained from one of 

the bioreactors maintained at 40°C. 

4.3.2 Validation of Raw Data 

Prior to performing any kinetic analysis, the validity of the data obtained was checked by comparing trends in 

the redox potential and the rates of ferrous-iron, oxygen and carbon dioxide utilisation with changing dilution 

rate, with the expected trends. This was done as follows: 
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The variation in the substrate (ferrous-iron) concentration with changes in the dilution rate was calculated from 

the measured variation in the redox potential with in the dilution rate. This allowed the validity of the 

redox potential data to be checked by comparing the variation in the calculated ferrous-iron concentration with 

changes in the dilution rate with the variation in the substrate concentration with '"''''''''Fo'-'' in the dilution rate 

observed during investigations performed in continuous-flow bioreactors. 

The validity of the calculated rates of ferrous-iron, oxygen and carbon dioxide utilisation with changing dilution 

rate were checked the between the measured values of these and the 

relationship pre:Qlc:tea of reduction "'''''''''''''''', H"""",,.. • ., 4-5 .. 

4.3.2.1 Substrate concentration versus dilution rate 

The variation in the measured redox potential, E, and ferrous-iron corlCelrttra [Fe2+], in the bioreactors as a 

function of the dilution at temperatures from 30 to 40°C and values from 1.10 to 

pH L 70, are shown in and (b), resJ)ectlvel 

From Figure 4.4(a), it is clear that the redox potential decreased with increasing dilution rate. This reflected an 

increase in the ferrous-iron COllcentr,atum apparent in with increasing dilution rate. This trend is 

for substrate concentration versus dilution rate in a continuous-flow bioreactor (van Scl~erpellze:el et 

1998; Boon, 1996; ';>\.AJ'''J;!;''''. 1986). 

f;IiI 

800 .,.------------, 10.0...,..---------_-....... 

7.5 
o 

725· 
r ~. ~ .+! ... 
~EJ lUI ilia II II ill. 

650 ell III II 5.0 

III III 
0 II A + A N 

575 0 
CI.l 

~ 2.5 II II 

0 III \11. 
500 . . . , 0.0 

.. 
0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12 

D (h-1 ) D (h-1
) 

4.4(a): Variation in the measured redox Figure 4.4(b): Variation in the ferrous-iron 

potential with changes in the dilution rate. concentration with changes in the dilution rate. 

[ 0 ] pH 1.70; [ • ] [ t:l ] 40"C, pH 1.70; [ .... ] 40"C, 1.1 0; [ !J. ] 40°C, pH 1.30; 

[ III ] 40°C, pH 1.50. 
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4.3.2.2 Ferrous-iron, oxygen and carbon dioxide utilisation rates verst dilution rate 

The variation in the measured ""',..,'""c'_,,'r," -fFe2+, oxygen, and carbon dioxide, -rcd
2
, utilisation rates with 

changes in the dilution rate, 

pH 1.70 are shown in 

at temperatures ranging from 30 to 40"C and values from pH 1.10 to 

4.5(a), (b) and respectively. 

. 24T---------------------~ 6~----------+_--------_, 

.-... 
~ 
~ 

+ 
7. .. 

'"' I 

18 

12 

6 -l- ... 
0 

0.00 

I 

0.03 

,. 
0.06 

D 

• .. 

• . 
0.09 0.12 

5 .. 
"'" ;,. 
0 

3 'l-

§2 
• 

0 

0.00 

J.. 

.... ~ 
Ii ... 
.Ii. '\ 

t ~I t , 
II 

.-" .1 

I 
0.03 0.06 0.09 0.12 

D (~-l) 
1 

Figure 4.5(a): Variation in the ferrous-iron 

utilisation rate with changes in the dilution rate. 

Figure 4.5(b): Variation in the oxygen utilisation 

rate with ...... ""u5'." in dilution rate. 

0.16 -r----------------------, 

0.12 

0.08 

8 0.04 
'r 

0.00 0.03 0.09 0.12 

Figure 4.5(c): Variation in the carbon dioxide utilisation rate with changes in the dilution rate. 

[ 0 PO"C, 1.70; [ III ] 1.70; [ CJ] 40"C, pH 1.70; [A] 40"C, 1.10; dA] 40°C, 1.30; 

[ III ] 40"C, 1.50. 

From 4.5(a) to (c) it is clear that a linear exists between the measured ferrous-iron, oxygen 

and carbon dioxide utilisation rates and the dilution rate. This therefore suggests that a relationship exists 

between the respective utilisation rates. However, as the rates shown are not based on th~ biomass concentration 

it is not to determine whether either temperature or has an effect on the babterial specific ferrous-

iron, oxygen and carbon dioxide utilisation rates. I . 
I 
I 
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4.3.2.3 Degree of reduction balance 

The measured ferrous-iron, oxygen and carbon dioxide utilisation rates shown in Figures 4.5(a) to (c) are related 

via the degree of reduction balance, Equation 4-5. A comparison of the predicted and measured relationship 

between these parameters is shown in Figure 4.6 where it can be seen that the agreement is good. 

Therefore, although the results shown in Figures 4.4 to 4.6 do not give any indication with regard to the effect of 

either temperature or pH on the ferrous-iron oxidation kinetics of L.ferrooxidans, they do demonstrate the trends 

anticipated, which in tum suggests that the measured values of -rFe2+, -r02 and -re02 were valid. 

24 

-~ 
18 

~ III 
is ... .& 
Ei e .& 
'-" 12 "C .... 

0 
~ 

N 
..; 

.... 6 
~ 

"'T 

0 

0 6 12 18 24 
-rFel+ (mmol Fel+.rl.h-I) 

Figure 4.6: Comparison between the predicted and experimental relationship between the ferrous-iron, oxygen 

and carbon dioxide utilisation rates. [0] 30"C, pH 1.70; [ • ] 35"C, pH 1.70; [ D ] 40"C, pH 1.70; [ ... ] 40"C, 

pH 1.10; [A] 40"C, pH l.30; [ III ] 40"C, pH 1.50. 

4.3.3 Concentration of Biomass 

The biomass concentration, cx, in the bioreactors was calculated from the carbon dioxide utilisation rate using 

Equation 4-3. Figure 4.7 shows the variation in the biomass concentration in the bioreactors, at temperatures 

ranging from 30 to 40"C and pH values ranging from pH 1.10 to pH 1.70, with changes in the dilution rate. 

From Figure 4.7 it is apparent that the highest biomass concentrations were achieved at intermediate residence 

times, irrespective of the temperature and pH maintained within the bioreactor. The reduced biomass 

concentration at low dilution rates can be attributed to an increased maintenance requirement at long residence 

I times and is consistent with both Equation 4-10, and the results of previous research (Van Scherpenzeel et al., 

1998; Boon, 1996). 

However, the reduced biomass concentration at high dilution rates may have been a result of progressive 

washout caused by a reduction in ferric-iron inhibition (Jones and Kelly, 1983), or due to a decrease in the yield 

with increasing growth rate. The former is unlikely as there was little variation in the ferric-iron concentration 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page 114 Chapter Four 

between dilution rates of 0.06 and 0.09 h- I
;" whereas the latter implies that the Pirt equation may not be 

2.0..,..-----------...... 

• f 1.5 -r ,t \ A ~ ... 
.::-- A ... :..., ... 1. u • I. A i IJ 

1.0 IJ ,~o 0 

>< u 
~ IJ 0.5 . 

0.0 • 

0.00 0.03 0.06 0.09 0.12 
D (b-l

) 

4.7: Variation in the biomass concentration with changes in the dilution rate. [0] pH 1.70; 

[ I) ] 35"C, [ 0 ] 40"C, 1 [ A ] 40"C, [ t:. ] 40°C, [ III ] 40"C, pH 1.50. 
i 

It is also apparent that Cx increased with in,..' .... ~",i",O' t~''I'f'IT' .... '.tl11·p at all dilution and that the bioreactors , 

maintained at 40°C were less subject to washout. Furthermore, although the bacterial ~ culture maintained at 

40"C and pH 1.30 "washed out" at the highest dilution rate, at values below the biomass 

concentration did not appear to be affected by 

4.3.4 Pirt Equation Parameters 

The values of the maximum bacterial yield on ferrous· iron, , and the maintenance coefficient on ferrous-

mFe2+, were determined at pH 1.70 and 30, 35 and 40"C, by linear ,. .. o".".~,~i""n 

4-15. Although it was P"'~"U""'''' to use the values of Y;::''::x and mFe2+, and Equations 

Equations 4-10 and 

and 4-13 to calculate 

the values of the maximum bacterial on oxygen, , and the maintenance COC~IIliC:lelt1t on oxygen, 

they were determined by linear ,. .. " ...... ""i"In using 4-11 and 4-16, 

The average values of the maximum maintenance 

coefficients are listed in Table 4-2, with the average correlation The 

significance level at which the null hypothesis is a"""', is also listed. The pull hypothesis is that 

temperature does not affect the values of the maximum biomass yield on either ferrous-irbn or oxygen, nor their 

respective maintenance coefficients. However, the low values of am .. listed in Table ""'~;j<,"'" that Y;;'x' 

• 
t 
~ 

At D '" 0.06 h-I, '" 214 mmol Fe'+.t l whereas [Fe>+] '" 204 romol fe3+.t1at D '" 0.09 II" . 
The Pin equation assumes that the yield increases with an increase in the dilution rate. 
The values" listed in Table 4·2 are the of the values obtained using Equations and 4-15, in the case of the 

parameters and Equations 4·11 4-16 in the ~ase of the oxygen based parameters, at each set of experimental 
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Y;'~, mFe2+ and mo2 are all influenced by temperature, i.e. Y;:;x' Y~, mFe2+ and l11o:z all increase with 

increasing temperature across the range from 30 to 40°C. 

Table 4-2: Average values of the maximum biomass yields on ferrous-iron and oxygen and their respective 

maintenance coefficients at pH 1.70 and temperatures ranging from 30 to 40°C 

t-test 
Temperature 

Ho: iT == i T=4oo c 

30°C 35°C 40°C am .. 

ym .. 
Fe1-+X 0.0047 0.0060 0.0068 0.20 

mFe,· 0.3587 0.7221 1.0578 0.20 
R2 0.6546 0.8031 0.8185 

ym .. 
o,X 0.0185 0.0246 0.0251 0.10 

mo. 0.0132 0.1719 0.2053 0.20 

R2 0.5329 0.7897 0.7806 

The procedure detailed above was also carried out using the data obtained at 40°C and pH 1.10, 1.30, 1.50 and 

1.70. The resulting average values of Y~~x' Y;'~, mFe2+, mol and Rl are listed in Table 4-3, together with the 

greatest significance level at which the null hypothesis is accepted. In this case the null hypothesis is that pH 

does not affect the maximum biomass yields on either ferrous-iron or oxygen, nor their respective maintenance 

coefficients. As in the case of Table 4-2 however, the low values of am"" listed in Table 4-3 suggest that Y~~x ' 

Y;'~ , mFe2+ and mo
2 

are also influenced by pH. From Table 4-3 it 'appears as though both Y~~x and Y;'~ 

achieve maximum values between pH 1.30 and pH 1.50 while mF.2+ and mo
2 

achieve minimum values within the 

same pH range. 

Table 4-3: Average values of the maximum biomass yield on ferrous-iron and oxygen and their respective 

maintenance coefficients at 40°C and pH values ranging from pH 1.10 to pH 1.70 

pH I-test Ho: iPH ::: ipHl.70 

pH 1.10 pH 1.30 pH 1.50 pH 1.70 am .. 

y:.~~x 0.0073 0.0076 0.0074 0.0068 0.20 

mF.,· 0.8943 0.7440 0.6629 1.0578 0.20 
R2 0.9244 0.9758 0.8044 0.8185 

ymax 
o,X 0.0277 0.0280 0.0272 0.0251 0.20 

mo, 0.1377 0.1578 0.1247 0.2053 0.20 

R2 0.9516 0.7838 0.8624 0.7806 

Although the statistical analysis of the regression data suggested that the maximum yields on ferrous-iron and 

oxygen and their respective maintenance coefficients were all affected by both temperature and pH, the 

techniques used did not take into account the poor correlation coefficients obtained during the regression 

analysis. For this reason, average values of the maximum yields on ferrous-iron and oxygen and their respective 
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maintenance coefficients were detennined based on the assumption that neither tenlpe:tatw 

effect on the values of these param1eter·s. 

nor has an 

The data used to calculate the average values of the ferrous-iron based parameters, based on this assumption, are 

shown in Figures 4.8 and 4.9 and the data used to calculate the average values of the oxygen based parameters 

based on the assumption that nor pH, has an effect on the values of these parameters, are 

shown in 4.10 and 4.11. 

400~------------------~ 

300 

200 

100 

y= 1.186x+ 134.450 

Rl =0.634 

1:1 

• II 

o+-----+-----+-----~--~ 

o 30 60 
lID (b) 

90 120 

Figure 4.8: Data used to detennine the maximum 

20~---------,----------~ 
y= 133.590x + 

=0.939 

o+-----~--~-----+----~ 
0.00 0.03 

I 
0.06 

D (I.-I) 

I 

0.09 0.12 

4.9: Data used to det¢nnine the maximum 
i 

biomass yield on ferrous-iron and the maintenance biomass on ferrous·irmi and the maintenance 

coefficient on ferrous-iron using Equation 4-10. coefficient on ferrous-iron using Equation 4-15. 

[ 0 ] 30"C, pH 1.70; [ • ] pH 1.70; [ 0 ] 40°C, pH 1.70; [ .6.] 40°C~ pH 1.10; [Ll] 40°C, pH 1.30; 

[ .. ] 40°C, pH 1.50. 

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

75 

50 

25 

y = 0.226x + 36.155 

=0.526 1:1 

O+---~~--_+----~--~ 

o 30 60 
lID (h) 

90 120 

4.10: Data used to detem1ine the maximum 

biomass yield on oxygen and the maintenance 

coefficient on oxygen Equation 4-11. 

[ 0 ] 30°C, pH [ • ] pH 1.70; [ 0 ] 40°C, 

4..,-----------~------~~ 

3 

2 

y = 35.589x + 0.249 

R2 =0.963 

o I 
I 

0.00 0.03 0.d6 0.09 0.12 
D (g-1) 

I 

I 
4.11: Data used to detennine the maximum 

biomass on oxygen 

coefficient on oxygen 

[.6. J 40°C, pH 1.10; [ 

the maintenance 

tqllaU()fl 4-16. 

[ II1II ] 40°C, pH 1.50. 
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Comparison of the regression coefficients obtained in Figures 4.8 and 4.10 with those obtained in Figures 4.9 

and 4-11 suggested that the "fits" obtained using Equations 4-15 and 4-16 were considerably better than those 

obtained using Equations 4-10 and 4-11. This can be attributed to the emphasis that Equations 4-10 and 4-11 

place on the experimental data obtained at long residence times. In general, operating small-scale continuous 

bioreactors at long residence times produces the poorest (most variable) data because of difficulties involved in 

maintaining steady-state operation. In spite of this limitation however, the values of the maximum yields on 

ferrous-iron and oxygen and their respective maintenance coefficients determined by linear regression of the 

data in Figures 4.8 and 4.9, and Figures 4.10 and 4.11, were similar. 

For this reason, the average values of the maximum yields on ferrous-iron and oxygen and their respective 

maintenance coefficients, determined assuming neither temperature, nor pH has an effect on them, are listed in 

Tables 4-4 and 4-5: The values reported previously for T.ferrooxidans (Boon, 1996) and a Leptospirillum-like 

bacterium (Van Scherpenzeel et al., 1998) are also listed in these tables. From Tables 4-4 and 4-5, it is clear that 

the values of the maximum yields on ferrous-iron and oxygen and their respective maintenance coefficients 

determined during this investigation are similar to those reported previously for both T. ferrooxidans and a 

L.ferrooxidans-like bacterium. 

Table 4-4: Average values of the maximum biomass yield and maintenance coefficient on ferrous-iron 

calculated assuming neither are functions of temperature or pH, together with previously reported values 

ymax mF.,· 
Bacterial Culture Temperature, pH 

Fel+X 

(mmol C.(mmol Fez+)"I) (mmol Fe2+.(mmol C)-I.h-I ) 

Predominantly L. ferrooxidans 30-40°C, pH 1.1 0-1. 70 0.0075 1.1956 

Leptospirillum-like. (Van 
30°C, pH 1.5-1.6 0.0105 0.3355 

Scherpenzeel et al., 1998) 

T. ferrooxidans (Boon, 1996) 30°C, pH 1.8-1.9 0.0121 ± 0.0007t 0.40 ± 0.2: 

In addition to the values listed in Table 4-4, values of the maximum biomass yield on ferrous-iron ranging from 

0.Q1 to 0.1667 mmol C.(mmol Fez+)'l have been reported for T.ferrooxidans (Uu et al., 1988; Braddock et al., 

1984). Braddock et al. (1984) also calculated the theoretical yield on ferrous-iron at 22.soC and pH 1.80; it was 

found to be 0.0442 mmol C.(mmol Fez+)"'. 

Table 4-5: Average values of the maximum biomass yield and maintenance coefficient on oxygen calculated 

assuming neither are functions of temperature or pH, together with previously reported values 

ymax mOl 
Bacterial Culture Temperature, pH 

O,X 

(mmel C.(mmol O2),1) (mmol C.(mmol Ozrl .• h-I) 

Predominantly L. ferrooxidans 30-40°C, pH 1.1 0-1. 70 0.0279 0.2376 

Leptospirillum-like (Van 
30°C, pH 1.5-1.6 0.046 0.0425 

Scherpenzeel et al., 1998) 

T. ferrooxidans (Boon, 1996) 30°C, pH 1.8-1.9 0.051 ± 0.003 0.1 ± 0.05 

• The "average values"listed in Tables 4-4 and 4·5 were calculated in the same way as the parameters listed in Tables 4-2 and 4-3. 
t Calculated using Equation 4-12. 
i Calculated using Equation 4-13. 
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I 
In addition to the values listed in Table 4-5, Liu et al. (1988) reported a maximum biomass yield on oxygen of 

0.0493 mmo! C.(mmol O2)"1 for Tferrooxidans. However, as no values were reported for the maintenance 

coefficients on ferrous-iron and oxygen, the values of the maximum biomass yields determined during these 

investigations were not included in the respective tables. 

, 

In general, however, it appears as though the maximum yield on ferrous-iron is lower th+ the maximum yield 

on oxygen, whereas the maintenance coefficient on ferrous-iron is greater than the maintenance coefficient on 

oxygen. These observations are clearly consistent with the predictions of Equations 4-12 ahd 4-13. 

In addition, the relationship between the values of the ferrous-iron and oxygen bas~ parameten; listed in 

Tables 4-4 and 4-5 were compared with the relationship predicted by the degree-of-reduction balance, viz. 

Equations 4-12 and 4-13. These comparisons are shown in Figure 4.12, from which it is apparent that the 

correlation is good. 
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Figure 4.12: Comparison of the predicted and experimental relationships between the [ 0 ] maximum yield and 

[ • ] maintenance coefficients for the data listed in Tables 4-4 and 4-51 

I 
I 

4.3.5 Maximum Bacterial Specific Utilisation Rates 

4.3.5.1 Ferrous-iron based parameters 
i 
I 

The values of the maximum bacterial specific ferrous-iron utilisation rate, q m";,,. , and tile kinetic constant in 

bacterial ferrous-iron oxidation, KFe2+, at each set of experimental conditions w;:e initially ~etermined by means 

of Lineweaver-Burke plots. However, this method yielded poor correlation coefficientl, R!vrg::::; 0.789, and 

values of q;:;'. , which were significantly lower than the maximum values observed during ~e experiments. For 

this reason, the values of q;.";". and KFe2+ were determined by minimising the sum of the! square of the errors, 

Ee2
, between the values of ~e2+ determined experimentally and the values predicted by Equation 4-17, i. e. by 

minimismg the value of Eel in: 
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(4-31) 

The values of and KF.2+ determined in this manner are listed in Table tO~tetller with the values 

determined previously for a bacterium (Van et al., 1998) and T.ferrooxidans 

(Boon, 1996). From Table it is apparent that the value of the maximum bacterial ferrous-iron 

utilisation rate of the predominantly L. forrooxidans increased with 

although the results suggest that q;:::. achieved a maximum value at pH 1.50, no relationship between 

and pH is It is also apparent from the results listed in Table 4-6 that the value of the kinetic 

increased with an increase in either temperature or pH. 

Table 4-6: Values of the maximum bacterial ferrous-iron utilisation rate and the kinetic constant in 

bacterial ferrous-iron oxidation, at from 30 to 40°C and pH values from 1.10 

to pH 1.70 

Bacterial Culture 
Temperature 

(mmol Fe2+.(mmol .h-1) 

30 1.70 8.65 0.0018 

Predominantly L. ferrooxidans 35 1.70 11.01 0.0023 

40 1.70 13.62 0.0034 

40 1.10 15.26 0.0010 

Predominantly L. ferrooxidans 40 1.30 15.57 0.0022 

40 1.50 19.02 0.0037 

Leptospirillum-like (Van 

Scherpenzeel et al., 1998) 
30 1.5-1.6 0.0004t 

T. ferrooxidans 1996) 30 1.8-1.9 0.05: 

Comparison of the results obtained for the predominantly L.ferrooxidans, the Leptospirillum-like and the 

T.ferrooxidans species at 30°C, there is little difference in the ferrous-iron of 

these cultures. However, the results listed in Table 4-6 indicate that the conditions for the 

predominantly L.ferrooxidans culture and pH 1.50) are different from those reported previously for 

L.ferrooxidans (35°C and pH 1.50-2.0) and T.ferrooxidans (28-35°C and pH 2-2.5). This suggests that the 

maximum bacterial specific ferrous-iron utilisation rate of may be than that of 

T.ferrooxidans, ifboth are cultivated under conditions. 

It is also apparent from the results listed in Table 4-6 that the values of KF.,2+ listed for the predominantly 

fen-oo.'Ki(/,(lns culture and the Leptospirillum-like bacterium are 'U~UUI''''''''"U)' smaller than the value .... "'"rt •• rI 

for T. ferrooxidans. This difference has been observed during previous investigations and has been attributed to 

.. 
t 

Calculated 
The values 

the degree-of-reduction balance, viz. Equation 4-5. 
were calculated from oxygen utilisation rate data and reported as K/K;. 
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L.ferrooxidans having a greater affmity for ferrous-iron than (Boon, 199p; Norris et 1988). 

The differences between the two may be attributed to differences between different sub-
I 

spe:Cles; the culture originated from the Fairview Gol€! Mine in Barberton, 

wh",e .. the Leptosp;,Wum-like bacterium from Gant.berg in Namaqualand_ I 

A comparison between the experimentally determined values of 'W.2+ and the prediction of L\.I'Uat,'Vu 

the values of 

the agreement is 

and KFe2+ listed in Table is shown in 
, 

4.13. From 4h3, it can be seen that 

20~-----------r==~ 
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Figure 4.13: Compari~ion between the ",,,.,,,,,.,im,·nt,.1 and predicted variation in the bacteri~1 SP<::ClIlC ferrous-iron 

utilisation rate with Ch~LIlgLIlg 

It is also from the results shown in 4.13 that there are a number of data points at ferric/ferrous

iron ratios in the region of 800 to 4000, i.e. at redox potential values in the of 660 to 680 m V. It has been 

suggested that these represent the threshold ferrous-iron concentration, i.e. the ferrous-iron concentration below 

which no further ferrous-iron utilisation occurs (Braddock et ai., 1984). 
i 

However, the agreement between the model and the experimentally determined valJes of 'W.2+ shown in 
I 

Figure 4.13 sUlsgeists that the ferrous-iron oxidation kinetics are a function of the ferric:;/ferrous-iron ratio, or 

This in turn that these points represent a threshold redox potenti1al, which is consistent 
I 

redox D01ten1tial 

with the chemiosmotic 

214 , this threshold redox 

by Ingledew (1986). At a total iron concentration of 
I 

corresponds to ferrous-iron concentrations i~ the region of 0.054-
I 

0.268 mmol . This ferrous-iron concentration is greater than the 0.005 mmol ~e2+ rep,orte:d for a 
, I 

Leptospirillum-Iike bacteria isolated from the Gamsberg deposit in South Africa Scherpenzeel, but 

less than the 0.5 mmol Fe2+.l-1 for threshold ferrous-

iron concentrations were also determined at a total iron concentration of about 214 In other the 

Leptospirillum species are less subject to inhibition by higher ferric/ferrous-iron ratios (i.e. redox than 

ferrO£Ixilta1l1S; this results in the .Lejr:JIQSplrm species having lower values of KF~+ than, T. ferrooxidans. 

In addition to the above observations, the results shown in Figure 4.13 that the threshold redox pOi'cntla! 

is influenced by the pH of the medium; a decrease in the pH of the solution results in an increase in the threshold 
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redox potentiaL This can possibly be attributed to the speciation of the iron sulfate ,",VJUIlJi<;;l\.,;;:' affected by 

the of the (Barrett et al., 1993). 

1'011''(10''''" based parameters 

iUs IlV~';:"U.'<;; to calculate the values of the maximum bacterial --_._ ... ,- oxygen utilisation rate, q~~ , 

and the kinetic constant, ~2' from the values of q~.,,:. and KFe2+, using the of reduction balance, the 

oxygen-based parameters were initially determined by means of Lineweaver-Burke plots instead. as 

in the case of the ferrous-iron based parameters, this method yielded poor correlation 

and values of q~~ which were significantly lower than the observed maximum values. For this reason, the 

values of and ~2 were also determined by minimising the sum of the square of the errors between the 

results and the values of q02 predicted by Equation 4-19. 

The values of determined in this manner are in Table with the values 

fenroo.xidans (Boon, 1996; Norris et L. et 

and a Lel)tos:pirillum-like :SCberpf:DZf:el et 1998). 

Table 4-7: Values of the maximum bacterial specific oxygen utilisation rate and the kinetic constant in bacterial 

ferrous-iron oxidation, at temperatures ranging from 30 to 40°C and pH values ranging from 1.10 to 1.70 

Temperature qm .. 
Bacterial Culture pH 

0, 

(OC) (mmol 0l·(mmol C»I 

30 1.70 2.19 0.0023 

L. jerrooxidans 35 1.70 2.85 0.0026 

40 1.70 3.67 0.0038 

40 1.10 3.77 0.0009 

L. jerrooxidans 40 1.30 3.83 0.0019 

40 1.50 4.23 0.0026 

30 1.5-1.6 1.7 0.0004" 

32 1.7 1.2 00400· 

30 1.8-1.9 2.2 0.05" 

32 1.7 0.43 0.006" 

From Table 4-7 it is 8DlJar'em that the values of q~ and ~2 follow the same trends as q;.":. and with 

to both and This was anticipated as the ferrous-iron and oxygen based parameters are 

Reponed as K/K;. 
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related via the of reduction 4-5. of reduction balance results 

in the between the parameters of the various similar to the ferrous-iron 

based relationships. It is suggested that the low value of the maximum bacterial specific oxygen utilisation rate 

reported for L.ferrooxidans (Norris et al., 1988) may have been because of the conditio~s used. It is however 

mtl~rei>tmlg to note that in spite of the low value of q~ reported for L.ferrooxidans, the ~alue reported was still 

than the value reported for (Norris et al., 1988). 
I . 

A between the eXI)ermu~ntal results and the prediction of usmg the values of 

and listed in Table 4-7 is shown in 4.14. From 4.14 it is "1-"""",",'" tha~, as in the case of the 

ferrous-iron based parameters, the between the model and the daJ is good. 

4.8 ,...-------;:::==:::::::;'i 
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-::: 

3.6 -a 
-; 
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1.2 

o 

"'pH 1.10 

t\pH 1.30 

IIIpH 1.50 

CpH 1.70 

10 1000 100000 
[Fe3+1)[Fe2+) 

4.14: Comparison between the eXI)erirncmtal and predicted variation in the bacterial "1-' ... '" .... " oxygen 

utilisation rate with ferric/ferrous-iron ratio. ! 
i 

4.3.6 Maximum Specific Growth Rate 

Values of the maximum specific growth rate, 1l1lUlll
, at temperatures ranging from 30 tJ 40°C and pH values 

I 
from pH 1.10 to pH 1.70, were calculated using Equations 4-21 and 4-22. The values of the maximum 

yield on ferrous-iron and oxygen and their maintenance were ob*ined from Tables 4·2 

and whereas the values of the maximum bacterial utilisation rates were ob~ined from Tables 4-6 

and 

The average values of Il"'"" calculated the ferrous-iron and oxygen-based parameters, i.e. using 

4-21 and 4-22, respectively, and the dilution rate at which washout was observed to occur, are 

listed in Table 4-8. The values of Il IlllU reported previously for (Boon, 1996) and a 

Leptospirillum-like bacterium (Van et al., 1998) are also listed. 

Although the bacterial culture maintained at 40°C and p!11.30 "washed out" at the dilution the 

calculated maximum rate, IlllW!. was obtained at 40°C and pH 1.50. In of this 

incon!.istenc;y in the it is :Inlrl:lrent from Table 4-8 that the values are in reasonable agreement with 
i 
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the dilution rate at which washout was observed to occur. It is also apparent from the results listed in Table 4-8 

at similar conditions of temperature and pH, the maximum specific growth rate of T. ferrooxidans is 

than that of the Although this observation is consistent with results 

Norris et 1988), the difference in the maximum rates of the and 

ren'oo.tIQ.cms does not appear to be as as previously reported. As stated previously. this may be a result 

of most work using ten'oo;tidi7ns performed to date having been carried out at sub-optimal growth conditions. 

Table 4-8: Values of the (calculated) average maximum specific growth rate and the dilution rate at which 

Bacterial Culture 

.t'reclomllnantl}l L. 

Predominantly L. ferrooxidans 

L~nOOPlrH1Um-IIKe(Van 

:Scllerpf:DZe:el et al., 1998) 

T. It:ffUUAtUU,m! (Boon, 1996)* 

washout was observed to occur' 

Temperature, °C pH 

30 1.70 

35 1.70 

40 1.70 

40 1.10 

40 1.30 

40 1.50 

30 1.5-1.6 

30 1.8-1.9 

~mu 

(h- I ) (h· l ) 

0.0397 0.059 0.040 

0.0638 0.059< 0.040 

0.0862 

0.1027 <0.10 

0.1077 0.10<Dw 

0.1238 0.09< <0.10 

0.069 0.077 

0.14 0.096 

The values of ~m"" could also have been calculated by linear regression using "'''''''''T'''" 4-23 and/or or 

and the nUl"'''''''',''!:> the sum of the squared errors between the experimentally determined values of ~, i.e. 

values predicted by 4-25. 

Kinetic Modelling 

"" ......... L of temperature 

The variation in the maximum bacterial"!,,,,,,,,,,,, ferrous-iron and oxygen utilisation rates, and , with 

,",UG'Uo'." in tenlperatJure across the range from 30 to 40°C, is shown in Figure 4.15(a). The variation in the 

kinetic constants, and ~, with changes in temperature, across the range from 30 to 40°C, is shown in 

4.15(b). From Figure 4.15(a) it is apparent that the relationship between the maximum bacterial specific 

utilisation rates and ten:1pe:rature can be described using the Arrhenius equation, whereas the results shown in 

"''''!;!:>'''''' that a linear eJtists between the values of the kinetic constants and 

.. In addition to the values listed in Table 4-8, values of the maximum specific growth rate ranging from 0.089 to 0.143 h·1 and 0.07 
to 1.78 h-' have been reported for T./e"ooxidans, for growth in batch and continuous culture, respectively (Liu et 01., 1988; 
Braddock et 01.,1984; Jones and Kelly, 1983; Kelly and Jones, 1978; MacDonald and Clarke, 1970; Lacey and Lawson, 1970)_ 
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The values of the activation energy calculated the maximum bacterial specific J. ... 1VU'''-jJ.vu and oxygen 

utilisation rate data shown in Figure 4.15(a) were 35.62 and 40.56 , respectively. 

bottom of the range 33-96 kJ.mol" reported previously for bacterial ferrous-iron OXIdatIOn 

lower than the value of 68.4 kJ.mol"1 reported for T.Jerrooxidans (Nemati and Webb, 

between the values determined this ~~"'b-"'~" and the value ,.",."nrt,·tI 

be attributed to differences between the bacterial species, or to the fact that Nemati and 

rate data. 

(1997) used initial 

The ferrous-iron and oxygen-based values of the frequency 

1.326xl07 mmol .(mmol C).I.h'l and mmoI02.(mmo! 

A and B, were calculated to be 

, respectively. 

.5 

4.0..,.-----------, 
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y -4314.6x + 16.4 
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4.15(6): Effect on the Figure 4.15(a): Effect of temperature on the 

maximum bacterial specific [ 0 ] ferrous-iron and 

[ • ] oxygen utilisation rates. 

[ 0 ] ferrous-iron and [ • ] based kinetic 

constants in bacterial J."lJ'VU~-lliVU oxidation . 
. . 
I 

The relationships between the kinetic constants, 

in Figure 4.15(b) were found to be: 

and and temperature determined from the data shown 

= 1.585xl0-4 T 0.0463 

:: L613x T 0.0468 (4-33) 

As stated previously, substituting the ferrous-iron based 

Equation 4-29 should yield a model which predicts qp.2+, at pH 

40°C, as a function of the ferric/ferrous-iron ratio: 

L326 x 107 e 

of A, and the eXt;rel,SI(Jln for KF.2+, into 

across the range of from 30 to 
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Using Equation 4-34 resulted in the sum of the squared errors, Le2
, being 1.30 % greater than if the values of 

q ;.";'. and KF.2+ listed in Table 4-6 were used. 

Similarly, substituting the oxygen based values of Ea, B, and the expression for 1<0
2 

into Equation 4-30 should 

yield a model that predicts q02' at pH 1.70, across the same temperature range: 

40.% 

2.522 x 10 7 e -Rr 
qo, == [F 3+] 

1 + (1.613xlO·4 T - 0.0468)_e
[Fe 2

+ ] 

(4-35) 

Using Equation 4-35 resulted in the sum of the squared errors, Le2
, being 2.62 % greater than if the values of 

q~~ and 1<0
2 

listed in Table 4-6 were used. 

The above results therefore suggest that the effect of temperature on the maximum specific ferrous-iron and 

oxygen utilisation rates, q;::. and q~~, can be described using the Arrhenius Equation, whereas the kinetic 

constants, KFe2+ and 1<0
2

, increase linearly with increasing temperature. 

4.3.7.2 Effect of pH 

The relationship between the solution pH and the maximum bacterial specific ferrous-iron and oxygen utilisation 

rates, q;::. and q~, is shown in Figure 4.16(a). The relationship':between the solution pH and the kinetic 

constants in bacterial ferrous-iron oxidation, KFe2+ and 1<0
2

, is shown in Figure 4.16(b). 
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Figure 4.16(a): Effect of pH on the maximum 

bacterial specific [ 0 ] ferrous-iron and [ • ] oxygen 

utilisation rates. 

0.000 +--........ ---f---i--"""i 
1.2 1.4 

pH 
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Figure 4.16(b): Effect of pH on the [ 0 ] ferrous

iron and [ • ] oxygen based kinetic constants in 

bacterial ferrous-iron oxidation. 
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...... u'"' ....... the results shown in "U~;l'>";:" that the maximum bacterial specific ferrous-iron utilisation 

rate achieved a maximum value at no simple relationship between and the solution pH is evident. 

The results also suggest that the maximum bacterial specific oxygen UU,S,UJi\JU rate is not jnfluenced by changes 

in the across the range from 1.10 to 1.70. 

It is however apparent from the results shown in Figure 4.16(b) that an increase in the . across the range from 

1.10 to pH 1.70 resulted in a increase in the kinetic and Kb2• 

i 
. i 

For the reasons listed above, the variation in the ferrous-iron and oxygen utilisati0q rates with changing 

ferric/ferrous-iron ratio were modelled assuming that the kinetics constants, arid 1<0
2

, were directly 
I 

to the pH. The functions were derived by the sum of the squared errors, , 

between the values of'lF.2+ and q02 determined experimentally, and the values b~ the resulting models: 

(4-36) 

(4-37) 

a constant value of for all values, i.e. assuming q~ to be md.epcmd.ent of pH, and assuming a 

relationship between pH and resulted in :tel being 15.79 % than if the values of and 

listed in Table 4-6 were used. Assuming a linear relationship between pH and 

listed in Table 4-6 resulted in :tel being 15.60 % greater than if the values of 

Table 4-6 were used. These results therefore ;:'U~;l'>t;M that the errors ,., .... " ......... ~ .... 

ass;unlptllOn of a linear relationship between Thus, the assumption 

and using the values of 

and KFel+ listed in 

attributed to the 

is independent of pH 

appears to contribute to a simpler model, without in a significant increase in the error . 
. 

The variation in 'IF.2+, at 40"C, and 

therefore be described using: 

values ranging from pH 1.10 to 1.70, with "'lll:J:Ug~;:s in [Fel+]/[Fel +] can 

15.53 
(4-38) 

(0.0048 

A similar procedure performed a constant value of q~~ for all values and assuming a linear 

''''''''''''''''LUI-' between pH and K,:.;z+, resulted in 

in Table 4-7 were used. Assuming a linear 

in Table 4-7 resulted in :Ee2 being 0.46 % 

being 8.27 % greater than if the values bf q~~ and Ko1listed 

between pH and and values of q~ listed 

than if the values of q~ and in Table 4-7 were 
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used. These results therefore that the variation in the bacterial specific oxygen utilisation rate, at 40"C 

and from pH LIO to with in the ferric/ferrous-iron ratio can be 

described 

3.85 
q02 :::::-----------

(0.0043pH -

The above results therefore .,u~;!';"','" that, at 40"C and values ranging from pH 1.10 to 1 

can be considered to be independent of pH whereas 

across the same range of pH values. 

and Koa appear to increase linearly with lU\,l,-Q'''Uj,J<. 

4.3.7.3 Overall Jlll...l ..... ,., ... Model 

The apparent lack of interaction between the effect of temperature and pH on the ferrous-iron oxidation kinetics 

of the predominantly suggests that the effect of temperature and 

produce a model which the variation in 'IF.2+ with changes in 

temperatures and pH values used in the However, mspec;tIoin 

may be combined to 

across the range of 

4-34 and 4-35 and 

Equations 4-38 and 4-39 also indicates a few inconsistencies in the results pn~sente:d thus far: 

i) 

ii) 

iii) 

the values of the activation energy, should be the same: 

the values of the factors, A and B, should be related via the stOlcblOIllletJrv 'of the 

reaction, viz. and 

the kinetic and Ko
2

, are related via the of reduction OaJlance. Equation 

hence should exhibit the same dependence on both temperature and 

In other to describe the variation in the bacterial ferrous-iron and oxygen 

utilisation 'lFe2+, and at and pH values from 30 to 40°C and pH LIO to pH 1.70, 

with changes in the ferric/ferrous-iron ration, [Fe3+]I[Fe2+], using: 

Ae 
qfe2' ::::: ----------,-- (440) 

1 +(apH+ b +c 

As stated previously. although the stoichiometry of Equation 4-6 and the ratio are not constant, the errors introduced 

by these changes are small relative to the other errors involved. 

t The degree of reduction balance, written in terms of , q:;:' and J.lm .. , can be used to show that KF,2+ = ~ = 
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a, band e, in ..... ':\ ..... uvu'" 4-40 and 4-41, were determined simultaneously minimising the 

sum of the "\.I",a,,,;u errors between the and experimentally determined values of'lFe2+ and q02' This 

35.33 

1.204 x 10 7 e -R:T 
qFeh ::::: ---------------"""':"-

1+ 10" T + 0.0043 pH -

qo, =~---------------------~-
1+ 

(4.42) 

(4.43) 

A between the variation in the ferrous-iron utilisation rate with in the ferric/ferrous-

iron ratio predicted using Equation and the experimentally determined values is in Figure 4.17(a). 

A between the variation in the oxygen utilisation rate with inl the ferric/ferrous-iron 

ratio predicted using Equation 4-43, and the experimentally determined values is shown in; Figure 4. 1 7(b), From 

4.1 7(a) and (b) it is apparent that the agreement between the data and the predicted values 

20~--------------------~ 

15 
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5 

o+-----~------~ 

o 10 1000 100000 
lFe3+J/IFe2+J 

4.17(a): Comparison between the variation 

in the ferrous-iron utilisation rate with 

cnai!lg<~s in the ferric/ferrous-iron ratio 

Equation 4-42, and the experimentally 

determined values. 
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o 

Figure 4.17(b): '""''''''',,!-'WA 

in the ferric/ferrous-iron 

Equation 4-43, and the eXIJerlm~entall)i 

100000 

1.70; [ .6.] 40"C, pH 1.10; [ d] 40"C, pH 1.30; 

[ III ] 40"'C, pH 1.50. 

The values of the maximum specific ferrous-iron and oxygen utilisation rates and their respective kinetic 

constants predicted by Equations 4-42 and 4·43 are shown in Table 4-9. 
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Table 4-9: Values of the maximum ferrous-iron and oxygen utilisation rates and their respective kinetic 

constants by Equations 442 and 443 

Temperature.oC pH qm .. 
Fe l • K 

30 1.70 9.77 2.37 0.0035 

35 1.70 12.27 2.97 0.0035 

40 1.70 15.29 3.70 0.0035 

40 1.10 15.29 3.70 0.0010 

40 1.30 15.29 3.70 0.0018 

40 1.50 15.29 3.70 0.0027 

From the results shown in Figures and (b), and the results tabulated in Table 4-9 it is that, 

across the ranges used in this the effect of and pH on the ferrous-iron oxidation 

kinetics of the predominantly L.ferrooxidans culture can be summarised as follows: 

i) an increase in tPTrInP""fn 

utilisation rates, and 

results in an increase in the maximum specific ferrous-iron and oxygen 

,respectively, and 

ii) an increase in the pH results in an increase in the kinetic constant, K. 

4 .. 4 Chapter Summary 

The ferrous-iron oxidation kinetics of a predominantly culture were studied in continuous-flow 

bioreactors at dilution rates from 0.01 to 0.10 h- I
, temperatures ranging from 30 to 40°C and pH values 

ranging from pH 1.10 to pH 1.70. The growth and oxygen and ferrous-iron utilisation rates of the bacteria were 

monitored by means of and redox potential measurement. Analysis of the rates of ferrous-iron, 

oxygen and carbon dioxide utilisation showed that they could be accurately related via a degree of reduction 

balance. 

The biomass concentration in the bioreactors increased with increasing the greatest biomass 

concentrations were achieved at intermediate residence times irrespective of the and/or in the 

bioreactor. Although the biomass concentration in the bioreactors appeared to be of the the 

bacterial culture maintained at 40"C and pH 1.30 "washed out" at the highest dilution rate. However, the 

calculated maximum specific growth rate, 11m
"" == 0.1238 h- I

, was calculated from the data obtained at 40"C and 

1.50. 

Statistical analysis ~110'O .. ~,t.·tI that the values of the maximum bacterial yields on ferrous-iron and oxygen and 

their respective maintenance coefficients are functions of both temperature and However, because the 

statistical techniques did not take into account the poor correlation coefficients obtained the 

,.""rrpc,,,;,, .. , analysis, ''''''r""p values of the yield and maintenance parameters were also determined assummg that 

neither temperature, nor has an effect. The values of calculated in this manner 

were similar to those rpnnrfE·tI previously for both L. ferrooxidans and T. ferrooxidans. 
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The maximum bacterial specific ferrous-iron and oxygen utilisation rates and their resnel:tnle kinetic constants 

increased with temperature. The temperature dependence of the maximum ferrous-

iron and oxygen utilisation rates could be described using the Arrhenius Equation the relationship 

between temperature and the kinetic constants appeared to be linear. The kinetic also increased 

linearly with increasing pH. Although both the maximum bacterial and oxygen utilisation 

rates appeared to achieve maximum values at no simple between 

was evident Therefore. in an attempt to ~~"'I:'''~J the modelling, it was assumed that 

either or 

The above trends and assumptions were incorporated into the Michaelis-Menten based 

(1996). This resulted in models capable of the bacterial "I" ........ .. 

rates as a function of the ferric/ferrous-iron 

ranging from 1.10 to pH 1.70. 

utilisation rates with in the 

eXjJerlmlentall:y obtained data showed good "/1;'"'''''''''''' 

and pH 

proposed by Boon 

values 

and oxygen 

model with the 

in the effect of temperature and pH on the ferrous-iron oxidation kinetics of the pre~dom~:t1arltly 

culture as indicated in Figure 4.18. 

20 4.8 20 5 

-,-, --:..:: :..:: 
,-, 15 3.6 ~ 15 4 U U 
'0 '0 e e e e 
'"':" 10 2.4 '"':" 10 2 + + ... 

Cl.> ... 
Cl.> 

"" "" '0 i,; pH e e e 5 1.2 e 5 '-' ... '-' . Q ., ... ':. e' N Q 

'" .. 
e' ... e' e' 

0 0.0 0 0 I 

0 10 1000 100000 0 
I 

10 1000 100000 
[Fe3+J/[Fe1+] [Fe3+)/(FJz+) 

Figure 4.18: of temperature and pH on the bacterial specific ferrous-iron and oxJgen utilisation rates. 

4.5 

a 

A 

b 

B 

c 

Nomenclature 

constant 

ferrous-iron based frequency factor in bacterial ferrous-iron 

oxidation 

constant 

oxygen based frequency factor in ferrous-iron oxidation 

constant 

concentration of bacteria 

i 

I 
I 

I 
I 
I . 

mmol Fe2+.(mmol C).I.h,1 
I 

! 

i dimensionless 

rymol 02.(mmol 

I 

I 
i 

mmoIC.e-' 
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d 

D 

E 

E. 
[Fe2+] 

[Fe3+] 

h 

K 

diameter 

dilution rate 

dilution rate at which washout occurs 

error 

redox potential of the solution 

activation energy 

concentration of ferrous-iron 

concentration offemc-iron 

height 

kinetic constant in bacterial ferrous-iron oxidation 

KFe2+ ferrous-iron based kinetic constant in bacterial ferrous-iron 

oxidation 

q~ 

T 

Michaelis-Menten prCIClulct inhibition constant 

oxygen based kinetic constant in bacterial ferrous-iron oxidation 

Monod substrate constant 

growth based constant in bacterial ferrous-iron oxidation 

maintenance coefficient on 

maintenance coefficient on oxygen 

bacterial ferrous-iron utilisation rate 

measured bacterial utilisation rate 

bacterial oxygen utilisation rate 

measured bacterial spe:C1!:lc oxygen utilisation rate 

maximum bacterial ferrous-iron utilisation rate 

maximum bacterial spe~cltlc oxygen utilisation rate 

ferrous-iron production rate 

carbon dioxide nt"l',n","'fllln rate 

oxygen .w"ml,"'f,nn rate 

"A".U'"'''' prOClUc:t10n rate 

Universal gas constant 

correlation COleUlcumt 

average value of the correlation coefficient 

absolute tl"l1,nl"t"JlItlllf'f' 

mean value of the ,.,."''''t.~,. at a particular pH 

mean value of the parameter at a pH 1.70 

mean value of the nl'lt"l'l .... '<"t,·,. at a particular temperature 

mean value of the at a temperature of 40°C 

bacterial yield on ferrous-iron 

maximum bacterial on ferrous-iron 

bacterial yield on oxygen 

maximum bacterial on oxygen 
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varies 

mV 

kJ.mol-1 

romol Fe2+.e·1 

mmol Fe3+.t l 

rom 

dimensionless 

dimensionless 

romo! Fe3+.t1 

dimensionless 

romol Fe2+.e'l 

dimensionless 
romol Fe2+.(romol C)'I.h-1 

romol 02,{romol C),l,h- I 

romol Fe2+.{romol C)'I.h'l 

romol Fe2+.{romol C)-I.h'l 

romol 02.{romol C)'I.h'l 

romol 02.(romol C).I.h·1 

mmol Fe2+.{romol C)'I.h'! 

romol 

romol 

romol 

romol 

romol 

C).I 

dimensionless 

K 

varies 

varies 

varies 

romol 

romol C.(romol Fe2+).1 

romol 02·(romol C).I 

romol C).I 
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sum of the squared errors 

level at which the null hypothesis is 

accepted 

bacterial spe:C111C growth rate 

maximum bacterial specific rate 

Chapter Four 

varies 

dimensionless 

h·1 

h·1 

References 

Barrett, J., M.N., Karavaiko, G.I. and Spencer, P.A. 1993. Metal extraction by bacterial oxidation of 

minerals. Ellis New York. 

M. 1996. Theoretical and methods in the modelling of bio-oxidation kinetics of sulfide 

.,,", .... "'n' of Technology, Delft. 

Braddock, E.J. 1984. Growth of Thiobacillus ferrooxidans isolated from 

arsenic mine and Environmental Microbiology 48(1): 48-55. 

Lawson, E.N. and Broadhurst, J.L. 1997. The BIOX® process for biooxidation of gold-bearing 

ores or concentrates, pp. 45-80. In: D.E. Rawlings (ed.), Biomining: theory, microbes and industrial 

processes. Springer-Verlag and Landes Bioscience, Berlin. 

Hallmann, Friedrich, A., A., C. and Sand, W. 1993. 

Physicological characteristics of Thiobacillus and Leptospirillum and 

ph~r'Sl(:ocl1erntCal factors influence microbial metal leaching. Geomicrobiology Journal 10: 193-205. 

U. and U. 1988. Continuous bacterial leaching flotation concentrate by mixed 

pp.61-75. In: P.R Norris and D.P. Kelly (eds.), Biohydrometallurgy. Science and Technology 

Surrey. 

Ul.!;,l";;U";;W, W.J. 1986. Ferrous iron oxidation 

Symposium Series 16: 23-33. 

Thiobacillus ferrooxidans. Biotechnology and Bl()engm:eellng 

Jeffrey, G.H., J., Mendham, J. and RC. 1989. Textbook of quantitative chemical 

analysis. edition, Longman Scientific & Technical, New York. 

Jones, C.A. and D.P. 1983. Growth of Thiobacillus ferrooxidans on ferrous iron in chemostat culture: 

influence of orCIQUICt and substrate inhibition. Journal of Technology and Biotechnology 

338(4): 241-261. 

D.P. and C.A. 1978. Factors metabolism and ferrous iron oxidation in suspensions and 

batch cultures of Thiobacillus ferrooxidans: to ferric iron leach solution generation, pp. 19-

44. In: L.E. Murr, A.E. Torma and IA. Brierley (eds.), Metallurgical Applications of Bacterial 

'-"";;il'-.... '!'; and Related Microbiological Phenomena. Academic New York. 

D.T. and F. 1970. Kinetics of the liquid-phase oxidation of acid ferrous sulphate by the 

bacterium Thiobacillus ferrooxidans. Biotechnology and 12: 

Liu, M.S., RM.R. and D.W. 1988. The effects of ferrous iron, dissolved oxygen, and inert 

solids concentration on the of Thiobacillus ferrooxidans. The Canadian Journal of Chemical 

Engineering 66(June): 445-451. 

nU"'-JJVU'UU, D.G. and RH. 1970. The oxidation of aqueous ferrous sulphate by Thiobacillus 

ferrooxidans. The Canadian Journal of Chemical 48(December): 669·676. 

Nemati, M. and Webb, C. 1997. A kinetic model for biological oxidation of ferrous iron by Thiobacillus 

len'OO)ctdGms. BlotectmoJ.ogy and 478-486. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The Effect of Temperature and pH on the Ferrous-iron Oxidation Kinetics ... Page 133 

Norris, P.R., Barr, D.W. and Hinson, D. 1988. Iron and mineral oxidation by acidophilic bacteria: affinities for 

iron and attachment to pyrite, pp. 43-59. In: P.R. Norris and D.P. Kelly (eds.), Biohydrometallurgy. 

Science and Technology Letters, Kew, Surrey. 

Pirt, SJ. 1982. Maintenance energy: a general model for energy limited and energy sufficient growth. Arch. 

Microbiol. 133: 300-302. 

Rawlings, D.E. 1995. Restriction enzyme analysis of 16S rDNA genes for the rapid identification of 

Thiobacillus ferrooxidans, Thiobacillus thiooxidans and Leptospirillum ferrooxidans strains in leaching 

environments, pp. 9-17. In: T. Vargas, C.A. Jerez., J.V. Wiertz and H. Toledo (eds.), 

Biohydrometallurgical Processing 1. University of Chile, Santiago. 

Rawlings, D.E., Coram, N.J., Gardner, M.N. and Deane, M.N. 1999(a). Thiobacillus caldus and Leptospirillu.m 

ferrooxidans are widely distributed in continuous flow biooxidation tanks used to treat a variety of 

metal containing ores and concentrates, pp. 777-786. In: R. Amils, A. Ballester (eds.), 

Biohydrometallurgy' and the environment toward the mining of the 21 st century A. Elsevier, 

Amsterdam. 

Rawlings, D.E., Tributsch, H. and Hansford, G.S. 1999(b). Reasons why Thiobacillusferrooxidans is not the 

dominant iron-oxidising bacterium in many commercial processes for the biooxidation of pyrite and 

related ores. Microbiology 145(1): 5-13. 

Roels, J.A. 1983. Energetics and Kinetics in Biotechnology. Elsevier Biomedical Press, Amsterdam. 

Sand, W., Rohde, K., Sobotke, B. and Zenneck, C. 1992. Evaluation of Leptospirillum ferrooxidans for 

leaching. Applied and Environmental Microbiology 58(1): 85-92. 

Schlegel, H.G. 1986. General Microbiology. 6'h edition, Cambridge University Press. 

Van Scherpenzeel, D.A., Boon, M., Hansford, G.S. and Heijnen, J.1. 1998 .. Kinetics of ferrous iron oxidation 

by Leptospirillum bacteria in continuous cultures. Biotechnology Progress 14: 425-433. 

Van Scherpenzeel, D.A. 1996. The kinetics of ferrous-iron oxidation by Leptospirillum-like bacteria in absence 

and in presence of pyrite and pyrite/arsenopyrite mixtures in continuous and batch cultures. M.Sc. 

Dissertation, University of Cape Town, Cape Town. 

Vishniac, W. and Santer, M. 1957. The thiobacilli. Bacterial Revs. 21: 195-213. 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n
For Kevin 

You are 

never given a wish 

without also being given the 

power to ma/Re it hue. 

You may 

have to work for it, 

however. 

ILL USIONS - Richard Bach 
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Chapter Five 

The Effect of As(III) and As(V) on the 

Batch Bioleaching of an Arsenopyrite/pyrite 

Concentrate * 

The bioleaching of solubilises the arsenic in the mineral as As(I1I). on the 

conditions employed, its dissolution may be followed by the oxidation of arsenite to arsenate, followed 

the precipitation of ferric arsenate et aI., 1997). Arsenite is to be more toxic than arsenate, 

hence the conditions its oxidation will also affect the overall process. Although there is currently a 

lack of consensus in the literature with regard to the mechanism whereby this occurs, the results of previous 

research suggest that ferric-iron is the oxidising agent and that the reaction requires both a high redox potential 

and a mineral capable as a conduit of charge. 

The micro-organisms used in bioleaching are characterised their resistance to metal ions. In of this 

inherent resistance however, the toxicity of arsenic to life, and the fact that arsenopyrite is often associated with 

sulfide minerals containing valuable metals, means that the toxic nature of-. and mechanisms of resistance to~, 

are of considerable importance. 

Arsenite is alleged to be the most toxic form of arsenic. It inactivates enzymes with thiol groups at their 

active centre by to two different groups on the enzyme (Coddington, 1986). In contrast to arsenite, 

arsenate is the least toxic form of arsenic. The of ~senate is related to its to 

phosphate (phosphate and arsenate are analogs); arsenate the phosphate in ATP to form an unstable 

ADP-arsenate complex (Coddington, 1986). 
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There are two main forms of arsenic resistance in plasmid determined arsenic resistance and 

chromosomal arsenate resistance (Cullen and Reimer, 1989; Coddington, 1986; Silver and Nakahara, 1983; 

Novick and Roth, 1968). Chromosomal arsenate resistance reduces the amount of arsenate the cell via 

the phosphate transport system and Reimer, 1989; Silver and 1983; Silver, 

1978) whereas resistance the by pumping from the cells via an 

energy membrane pump 

Silver and H"''''''''''''''', 

and 

1983; Mobley and 

1992; Cullen and 1989; 

1982; Silver and 1982). Other 

proposed mechanisms of arsenic resistance include the oxidation of arsenite to arsenate and Sehlin, 

1989; Cullen and Reimer, 1989; Williams and Silver, 1984; Silver and Nakahara, 1983; et al., 

1982) and the reduction ofarsenate to arsenite followed by excretion of the arsenite ion (Sehlin and Lindstrom, 

1992; Cullen and Reimer, 1989; Wakao et 

Resistance to antimony and arsenate may be induced Thiobacillus caldus in the presence of 

non lethal concentrations of anyone of these (Hallberg, 1995). This resistance is i.e. it is not a 

result of natural but is a result of reduced cellular accumulation of these ions, to an energy 

dependent of the species taken up 1995). However, it has been claimed that arsenic 

resistance in Thiobacillus ferrooxidans is plasmid borne (Nicolau and 1993), the mechanism of 

arsenic resistance in acidophilic chemoautotrophs other than T. caldus not been determined. However, the 

fact that arsenite is more toxic to the used in than arsenate that arsenate 

resistance may be to chromosomal i.e. natural selection (Lawson, 1993). 

As stated earlier, the initial objective of the work presented in this thesis was to determine the relationship 

between perturbations in the aeration and of bioleaching reactors and arsenic toxicity. Although the 

emphasis of the thesis was changed, because of the high of arsenic encountered the . 

bioleaching of arsen()mrrit,e. some work on the effect of arsenic was dec~mc:d'Jllecess,ary The work presented in 

this chapter was the relative effect of and arsenate on the activity of a 

mixed culture from a continuous OlClle2lcnmg UUJ.U-Lua •. ". in batch culture. 

5.1 Materials and Methods 

Experimental Equipment 

The experiments were carried out in baffled, agitated, aerated bioreactors. The bioreactors were 25 cm 

18.5 cm in diameter and had a working volume of 5.6 f.. The baffles were 2 em wide and extended from 2 cm 

above the bioreactor base to 2 cm above the surface. The slurry was by 6-bladed, pitched blade 

UUjJ"'lJl"'''' rotating at 610 . The impellers were 9.5 cm in diameter and located 2 em from the base of the 

bioreactor. 

Compressed air, at a pressure of 200 kPa, was used to aerate the slurry. The sparger outlet was located below 

the This aided the of the gaseous 

Breed, A.W., Glatz, A.. Hansford. G.S. and Harrison, S.T.L. 1996. The effect of As(III) and As(V) on the batch bioleaching of a 
pyrite-arsenopyrite concentrate. Minerals Engineering 9(12): 1235-1252. 
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The tenlpe:rature in the bioreactors was maintained at the bioreactors in a water bath. 

5.1.2 Bacterial Culture 

The bacterial culture was obtained from the continuous bioleaching mini-plant described in detail in 

Chapter Six. As stated previously it has been r"' ........ rt'>(1 to consist primarily of T. caldus and Leptospirillum 

et 1999). 

5.1.3 Mineral Used 

The flotation concentrate used was the same as the flotation concentrate used in the bioleaching mini-plant and 

the initial ferric leaching work (see Section 3.1). It originated from the Fairview Gold Mine in Barberton, South 

Africa. The elemental and mineral of.the flotation concentrate are listed in Tables 3-1,3-2 and 

3-3, re!':T,ectivelv. 

5.1.4 Nutrient Medium 

The nutrient solution used was similar in to the nutrient solution used the investigation into 

the effect of temperature and pH on the ferrous-iron oxidation kinetics of the predominantly L. ferrooxidans 

culture. as the substrate used in the work was flotation concentrate, the ferrous-iron source, viz. 

and the trace element solution were not added to the nutrient medium. The composition of the 

inorganic nutrient is listed in Table 5-1. 

Table 5-1: ~'~"O~""- nutrient medium cornp()sltlon 

Compound 

(NH4)2S04 

(NH4}2HP04 

K2S04 

Experimental Procedure 

Concentration 

1.83 

1.11 

0.53 

The were begun by the required quantity of either arsenite or arsenate in the nutrient 

solution. The arsenite. and arsenate were added as arsenic trioxide (As20)) and sodium arsenate 

respectively. Once the arsenic had been the concentrate was added to the 
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IIUHH1UU, the pH adjusted and the slurry left overnight to attain thennal The pH was adjusted before 

the addition of the inoculii; the inoculii were obtained from the continuous bioleaching mini-plant and resulted 

in an initial cell concentration of about 10& cells.e·' in each of the bioreactors. 

The was adjusted daily; it was maintained at between 1.6 and 1.8 by addition of either 98 % H2S04 or 

10 mol NaOH.e-I
• 

Water was added before sampling to account for losses due to eVI1Poiration 

The arsenite and arsenate concentrations used in this 

The concentrations chosen were based on: 

i) the arsenite and arsenate concentrations used during 

are listed in Tables and 5-3, respectively. 

the solubility of arsenic trioxide (As20]) and sodium arsenate in water, and 

iii) the steady-state arsenite concentrations measured in the continuous bioleaching mini-plant from 

which the culture was obtained. 

Table 5-2: Initial arsenite concentration in the batch hin,.".""tnr.:: 

[As(ID) ]Inlllil 

Reactor g.e-1 mmol As{ID). 

Control I 0.0 0 
Control 2 0.0 0 

Low 1.5 

3.0 40 

Table 5-3: Initial arsenate concentration in the batch 

[As(V) I Initial 

Reactor g.f,1 mmol As(V). f·1 

Control 1 0.0 0 

Control 2 0.0 0 
Low As(V) 8.0 107 

As(V) 16.5 220 

5.1.6 Analyses 

The total iron and arsenic concentrations were detennined Flame Atomic Absorption; "n.~~l1rn~<:,~nT\V 

The ferrous-iron and arsenite concentrations in solution were detennined by titration: with 

allowed the ferric-iron and arsenate concentrations to be detennined by difference. 

This method was developed at Gencor Process Research in Johannesburg, South Africa. It is described in detail in the Appendix 
to this Chapter. 
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The oxygen utilisation rate, was determined by monitclrirlg the rate at which oxygen was consumed by the 

bacteria in an air-saturated bioleaching slurry. A Yellow Instrument Model 5739 Oxygen 

Probe and a Hitech Micro Systems Dissolved OxygenlUtilisation Rate Meter were used. 

The redox p01tentlal was obtained 

electr()Cle and a Hitech 

direct millivolt measurement using an ASI ORI01431 Pt-AglAgCIORP 

UCT Redox Controller. 

Results and Discussion 

the investigations into the effect of arsenite and arsenate on the bacterial culture from the continuous 

bioileaiching mini-plant, the values of the measured parametelrs in the bioreactors to which no arsenic was added 

were similar. For this reason, the average values of the respective pat'an:lieters are shown in the 

The Effect Arsenite, As(IU) 

5.1 indicates the variation in the oxygen utilisation -r02, of the bacterial cultures the course of 

the arsenite tolerance The low oxygen utilisation rates the first 6 of the 

""l';UU.,I"W,,, bacterial occurred in any of the bioreactors during this 

16 

12 

Figure 5.1: Variation in the oxygen utilisation rate of the bacterial cultures at different initial arsenite 

concentrations with time. [0] 0 mmol As(III).rl; [ • ] 20 mmol As(III).f· l; [ D ] 40 mmol As(III).f- l
. 

In the case of the bacterial cultures to which 0 and 20 mmol was added, the initial phase was 

followed by a increase in the oxygen utilisation rate. These cultures both achieved a maximum oxygen 

utilisation rate, - ,of about 11.3 mmol .h-I
. However, the bacterial culture to which 
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20 mmol As(III).t'" was added to follow normal exponential the oxygen utilisation rate of this 

culture appeared to that of the of the culture to which no arsenite was added by about 2 days, 

In contrast to the above, the oxygen utilisation rate of the culture exp,ose:o to an initial concentration of 

40 mmol As(UI).rl not increase as rapidly as the oxygen utilisation rates of the cultures in the other 

bioreactors. In addition, the oxygen utilisation rate of the culture in this bioreactor only a maximum 

oxygen utilisation rate of about 7.4 mmol 02.t',1 , i.e. about 62% of the maximum oxygen utilisation rate 

achieved the bacterial cultures to which 0 and 20 mmol As(III).t1 was added. 

The cumulative amount of oxygen consumed by the during the experiment, expressed as a 

percentage of the total amount of oxygen consumed by the bacteria grown in the absence of arsenite is shown in 

Figure 5.2. It was calculated 

100 

75 

50 

25 

o 
o 

Tl0
2

• i ::::: --::----

7 14 
Time (days) 

(5-1) 

21 28 

Figure 5.2: Variation in the amount of oxygen consumed by the bacterial cultures relative to the total amount 

consumed by the culture to which no arsenic was with time. [0] 0 mmol As(III).t"I; 

[ • ] 20 mmol As(III).t'; [ 0 ] 40 mmol 

The results shown in Figure 5.2 confirm that the of the culture exposed to an initial concentration of 

20 mmol lagged that of the culture to which no arsenite was added by about 2 In addition, the 

overall oxygen consumption of the culture to an initial concentration of 20 mmo.! As(III).t"1 was in the 

of95 % of that of the culture to which no arsenite was added. 

Figure 5.2 also shows that the overall oxygen consumption of the culture exposed to an concentration of 

40 mmol As(III).t' was only about 72 % of that of the culture to which no arsenite was added. 

The rate at which oxygen is utilised by the bacteria is a function of both their concentratiJ and ""'\"'V,f'V' 
. I 

I , 
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As demonstrated in £''-._-''.,

equation of the form: 

the bacterial specific oxygen utilisation can be described 

Page J41 

an 

(5-3) 

It was therefore not to ascertain whether the elevated arsenite concentration inhibits bacterial oxidation 

(i.e. it affects bacterial activity via 

therefore affects cx). 

) or whether it is toxic to the bacteria it restricts growth and 

The variation in the concentration, [Fe2+] , in each of the bioreactors during the course of the 

experiments is shown in 5.3. From Figure 5.3 it is apparent that the ferrous-iron concentration of the 

slurry in all the bioreactors followed the same trend; it increased during the lag decreased once aerobic 

activity COlrutlenCe(l, and then remained low for the remainder of the eXl,erlmc~nt 

60~---------------------------------------~ 

o 7 14 
Time (days) 

21 28 

5.3: Variation in the ferrous-iron concentration of the slurry in the bioreactors the course of the 

arsenite tolerance [ 0 ] 0 mmol As(III).f-1; [ • ] 20 mmol , [ [J ] 40 mmol As(III).f-1• 

The initial increase in the ferrous-iron concentration during the period prior to the commencement of aerobic 

can be attributed to one or more of the following I-''''.u'"'u' .... ua. 

i) 

ii) 

iii) 

iv) 

the dissolution of surface ferrous-iron as a result of the low i. e. as a result of acid 

leaching of the mineral, 

the reduction oHerric-iron the microl-oz'ga:nisms, 

the ferric of the mineral (FeAsS and/or and 

the oxidation of arsenite to arsenate by ferric-iron. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Page 142 Chapter Five 

The decrease in the ferrous-iron concentration subiseCluelilt to the comrilencement of aerobic (bacterial) 

and the low concentration in the bioreactors for the remainder of the 

eXI)enme:nt, can be attributed to bacterial ferrous-iron presumably by L.Jerrooxidans: 

4 (5-4) 

The above therefore suggests that the ferrous-iron produced during the lag phase serves as the initial energy 

source for the bacteria. 

The variation in the arsenite concentration, [As(III)], of the slurry in the bioreactors during the course of the 

eX(lenment is shown in 5.4. From Figure 5.4 it is that the arsenite concentration of the slurry in 

the bioreactors to which 0 and 20 mmol As(III).tl was added increased during the bacterial lag phase, whereas 

the arsenite concentration in the bioreactor to which 40 mmol As(III).l-1 was added, decreased during the same 

However, the arsenite concentration in all the bioreactors decreased 

of the bacteria increased, and remained low for the remainder of the experiment. 

40~--------------------~ 

o 7 14 
Time (days) 

21 28 

once the metabolic activity 

5.4: Variation in the arsenite concentration of the in the bioreactors during the course of the 

experiment. [0] 0 mmol As(I1I).t1
; [ .. ] 20 mmol As(III).t 1; [ 0 ] 40 mmol As(III).l·l. 

The I1Ull.4.U,o;;;U • .ll) increase in the ferrous-iron (see 5.3) and arsenite concentrations of the slurry in the 

bioreactors to which 0 and 20 mmol As(III).l·1 was nh.,,.,.,,,pn during the bacterial lag phase, suggests that 

these species were produced by the chemical (ferric) leachllng of the arsenopyrite: 

FeAsS+5 + As (III) + 

However, the increase in the ferrous-iron concentration of the in the bioreactor to ,which 

40 mmol As(III).l'l was added was associated with a decrease in the arsenite concentration. This in tum 

suggests that the dominant reaction Or;C'1I1'1'1T10 

to arsenate: 

this was the chemical ferric oxidation of the arsenite 

2 FeJ
+ + As (III) -+ 2 Fe 2

+ + As (V) 
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Comp,an:son of the relative in the ferrous-iron and arsenite concentrations observed during the bacterial 

with the stoichiometries 5-5 and 5-6 are in with the above sUfl:ge:.tions. 

The decrease in the arsenite concentration, which accompanied the .. ",.".""''' in aerobic can be attributed 

to the oxidation 6f the arsenite to arsenate ferric-iron. The of ferric-iron can in tum be 

attributed to increased rate of bioleaching, i.e. the increased rate of both chemical ferric leaching of the 

mineral and bacterial ferrous-iron oxidation. This increased availability of ferric-iron is also responsible for the 

low arsenite concentration observed in the bioreactors for the remainder of the experiment. 

Figure 5.5 shows the variation in the arsenate concentration, [As(V)], in the bioleaching for the duration 

of the From Figure it is evident that the variation in the arsenate concentration in all the 

bioreactors (lISlnla'VE(l the same trends. It not vary significantly until the onset of bacterial 

stage the arsenate concentration increased to a maximum value of about 120 mmol 

remained at this level for the of the eXI)erJllIl~:nt· 

:-
:.,.., 

~ .. 
-< 
C; 
E 
E 
'-' 

~ .. 
~ 
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o 7 14 
Time (days) 

21 28 

at this 

, and 

Figure 5.5: Variation in the arsenate concentration of the in the bioreactors the arsenite tolerance 

[ 0 ] 0 mmol As(III).l·l; [ • ] 20 mmol As(III).tl; [ [J ] 40 mmol As(III).tl. 

Comparison of Figure 5.5 with Figures 5.1 and 5.4 indicates that the increase in the arsenate concentration 

coincided with the increase in the oxygen utilisation and a decrease in the arsenite concentration. The 

increase in the arsenate concentration can therefore be attributed to the oxidation of arsenite the 

bioleaching of the to arsenate. As stated under nonnal conditions the rate at which arsenite is 

oxidised to arsenate is in the of 10 times the rate at which arsenopyrite is oxidised. This results in a low 

arsenite concentration in solution during periods of rapid bacterial growth (metabolic 

.. from figure 5.3, it is apparent that the increase in the ferrous-iron concentration was similar in all the bioreactors. In addition, the 
change in the arsenite concentration in the bioreactors to which 0 and 20 mmol As(IIJ).t-' was added, was similar, and greater than 
the change in the arsenite concentration in the bioreactor to which 40 mmol As(IIl).l"' was added. for the same increase in the 
ferrous-iron concentration, the mtio between the increase. and decrease. in the arsenite concentration predicted by Equations 5-5 
and 5-6, respectively. is 3: I. The maio determined from Figures 5.3 and 5.4 was in the region of2: I. 

t from the results shown in figure 55. it seems as though the arsenate concentration in all the bioreactors achieved a local 
maximum on the 3td of the However, because the concentrations in the bioreactors increased and decreased by 
the saroe amount over a this phenomenon is most likely the result of errors in the sample analysis. 

t The fluctuations in the arsenate concentrations in the bioreactors after day 15 can be attributed to analytical errors and the 
precipitation and dissolution of ferric arsenate caused by routine pH adjustments. 
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It is also aPllar'ent that the results shown in 5.1 to 5.5 are consistent with the hypothesis that the ferric 

leac:llUlg of arslmolPynlte the ferric oxidation of arsenite to arsenate and the precipitation of ferric arsenate are 

cmnDietlI11e: reactions. In other words, the rate and extent to which each of these reactions occurs on 

both the absolute and relative concentrations of arsenopyrite, arsenite and arsenate in solution and the 

availability of ferric-iron. The availability of ferric-iron is related to both the ferric-iron concentration and the 

redox potential of the solution. It is therefore determined by the activity of the bacteria. 

At low ferric-iron concentrations redox poltenltial:s) 

of added arsenite, the chemical leaching of ars,enoipYlllte 

activity) and in the absence 

is the dominant I "",...,U'UU. at 

low concentrations (low redox potentials) and high arsenite concentrations, the relative abundance of 

arsenite substrate in solution causes the oxidation of arsenite (Equation to dominate. at high 

ferric-iron concentrations redox potentials) during of rapid bacterial there is 

sufficient ferric-iron available for oxidation of both the suspended and the dissolved arsenite, and 

for the precipitation of ferric arsenate. This results in the low arsenite and but relatively arsenate 

concentrations observed during the latter stages of the experiments. 

5.2.2 The Effect of Arsenate, As(V) 

The variation in the oxygen utilisation rates, 

arsenate tolerance p.YT\p.n:ml'!ntll: is shown in 

16 

12 
... 
~ .. 
0 

8 C; 
e e 
'-" ... 

0 4 "" I 

o 
o 

of the cultures in the bioreactors 

5.6. 

8 16 
Time (days) 

24 32 

the course of the 

Figure 5.6: " ...... "" .. in the oxygen utilisation rate of the bacterial cultures at different initial arsenate 

concentrations with time. [0 J 0 mmol ,[ • J 107 mmol As(V).e-1
; [0] mmol 

From Figure 5.6 it is apparent that the culture to which no arsenate was added experienced~ a phase of 3 

this phase was followed by normal metabolic activity. In comparison, the bacterial culture to which no 

arsenite was added a lag of 8 days. This difference can be attributed to differences in the 

A requirement for the ferric leaching of arsenopyrite would of course be that the redox potential is greater than the rest potential of 
the mineral. 
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activities of the inoculii used in the experiments: Comparison of Figures 5.1 and 5.6 also mdllcBltes 

that the culture' in the to which no arsenate was added achieved a higher maximum oxygen utilisation 

rate, - , than the culture in the bioreactor to which no arsenite was added. If it is assumed that the maximum 

bacterial oxygen utilisation rates, q~, of the inoculii were similar, then, according to Equations 5-2 

and the difference in the maximum oxygen utilisation rates can be attributed to differences in the sizes of 

the bacterial the bioreactors. 

hXIClosure to an initial concentration of 107 mmol As(V).e-' resulted in an increase in the phase from 3 to 15 ' 

~ulbse:Qulent metabolic of this culture was also significantly reduced in ""'Tlll.inl'''''' with that of the' 

culture in the bioreactor to which no arsenate was added. The bacterial culture in the bioreactor to which no 

arsenate was added achieved a maximum oxygen utilisation rate of 14 mmol 02.e-' whereas the culture 

eXIPOl;e<1 to an concentration of 107 mmol achieved a maximum oxygen utilisation rate of about 

7.4 mmol the oxygen utilisation rate of the bacterial in the to which 

107 mmol was added was still mc:rea:smg when the experiment was stolPped. 

In contrast to the it is apIJlarent from Figure 5.6 that the bacterial culture eXIJlose:<1 to an 

arsenate concentration of 220 mmol showed no measurable aerobic !>f"TlVI1f'V for the duration of the 

The cumulative amount of oxygen consumed by the bacterial cultures at various of the experiment 

relative to the total amount of oxygen consumed by the culture in the bioreactor to which no arsenate was 

is shown in 5.7. 

100 

75 

50 

25 

o 
o 8 16 24 32 . 

Time (days) 

5.7: Variation in the cumulative amount of oxygen consumed by the bacterial cultures with time. 

[0] 0 mmol , [ \I) ] 107 mmol As(V).e· l
; [ IJ ] 220 mmol AS(V).tl. 

The results shown in 5.7 confum that the metabolic of the culture 

concentration of 107 mmol As(V).£·1 lagged the culture to which no arsenate was added 

eX1PO!ie<1 to an initial 

12 It is also 

" The inoculii used in the arsenite tolerance investigation were taken from the mirli-llllant while it was ope:ratillg in batch mode 
whereas the inoculii used in the arsenate tolerance investigation were taken when the was continuously, at a 
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apparent from Figure 5.7 that the overall oxygen consumption of the bacterial culture exposed to an initial 

concentration of 107 mmol As(V).£'l was only about 29 % of that of the culture to which no arsenate was added. 

As stated above, the oxygen utilisation rate of the bacterial culture exposed to an initial concentration of 

107 mmol As(V).e-1 was increasing when the experiment was stopped, hence the overall oxygen consumption of 

this culture would have increased further had the experiment been continued. In spite of this however, the 

results obtained suggest that elevated arsenate concentrations influence either the bacterial activity, i.e. it affects 

q~ , or their viability, i.e. it restricts growth and therefore affects cx. 

The variations in the ferrous-iron concentrations, [Fe2+], measured in the bioreactors during the arsenate 

tolerance experiments are shown in Figure 5.8. Comparison of Figures 5.8 and 5.3 indicates that the variation in 

the ferrous-iron concentration in the bioreactors to which no arsenic was added followed the same trends. The 

trends observed in Figure 5.8 can therefore be explained in the same way as those in Figure 5.3. However, 

although these. bioreactors displayed the same trends in the ferrous-iron concentration, the maximum ferrous

iron concentration achieved in the bioreactor to which no arsenate was added was considerably lower than that 

of the bioreactor to which no arsenite was added. This difference can again be attributed to differences in the 

activities of the respective inoculii. The more active inoculii used in the arsenate tolerance investigation resulted 

in a shorter lag phase, i.e. a shorter chemical leaching phase, which in turn resulted in a lower maximum ferrous

iron concentration. In spite of this difference, however, in both cases the rates of ferrou~-iron production were 

similar. 

60~------------------~ 

-- 45 
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Figure 5.8: Variation in the ferrous-iron concentration with time for the duration of the experiment. 

[0] 0 mmol As(V).f"; [ II ] 107 mmol As(V).£,l; [0] 220 mmol AS(V).f'I. 

It is however clear from Figure 5.8 that the ferrous-iron concentration in the bioreactors to which 107 and 

220 mmol As(V).£,1 was added followed different trends, with respect to both the bioreactor to which no 

arsenate was added, and one another. 

The ferrous-iron concentration of the slurry in the bioreactor in which the bacterial cUlhlre was exposed to an 

initial concentration of 107 mmol As(V).t1 did not vary significantly during the first 20 days of the experiment, 

which suggests that no ferric leaching of the mineral occurred during this period. The onset of bacterial activity 

plant residence time of 15 days. This resulted in the inoculii used in the arsenate tolerance investigation being more active than 
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was however followed by a slight increase, and subsequent decrease, in the ferrous-iron concentration, similar to 

that observed in the arsenite tolerance experiments and the bioreactor to which no arsenate was added. 

However, the rate, and degree, to which the ferrous-iron concentration increased and decreased was reduced in 

comparison to the bioreactor to which no arsenate was added. These differences can be attributed to the 

inhibitory effect of the added arsenate on the bacteria. 

In contrast to the above, no change in the ferrous-iron concentration, other than because of experimental error, 

was observed in the bioreactor to which 220 mmol As(V).e·! was added. 

The variations in the arsenite concentrations, [As(III)], in the bioreactors observed during the arsenate tolerance 

experiments are shown in Figure 5.9. From Figure 5.9, it is apparent that the arsenite concentrations in the 

bioreactors to which 0 and 107 mmol As(V).e·1 was added followed the same trends as the bioreactor to which 

no arsenite was added. The onset of bacterial activity was accompanied by an increase and subsequent decrease 

in the arsenite . concentration, after which the concentration remained low for the remainder of the experiment. 

The increase in the arsenite concentration can be attributed to the increased rate of arsenopyrite leaching 

associated with the increase in aerobic activity. The decrease in the arsenite concentration after the onset of 

metabolic activity can be attributed to the oxidation of arsenite to arsenate resulting from the increased 

availability of fernc-iron. 

In spite of displaying similar trends with regard to the arsenite concentration, the rate of production and 

consumption of arsenite in the bioreactor to which 107 mmol As(V).e' l was added was reduced in comparison 

with the bioreactors to which no arsenic was added. These differences can be explained in terms of the 

availability offernc-iron, which in tum can be attributed to one or both of the following: 

i) the inhibitory effect of arsenate with regard to the bacterial oxidation offerrous-iron, and/or 

ii) the precipitation of the ferric-iron added with the inoculii and the added arsenate as insoluble 

ferric arsenate. 

_ ....... 
:..., 

30 ".:... ----« 
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Figure 5.9: Variation in the arsenite concentration with time for the duration of the experiment. 

[0] 0 mmol As(V).e·1
; [ • ] 107 mmol As(V).e· l; [0] 220 mmol As(V).e·1. 

the inoculii used in the arsenite tolerance investigation. 
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It is also evident from Figure 5.9 that no variation in the arsenite was observed in the bioreactor to 

which 220 mmol As(V).e-1 was added. This can also be attributed to the reduced availability of ferric-iron. 

Figure 5.10 shows the variation in the arsenate COllcc:ntratH:m. [As(V)], observed in the bioreactors during the 

arsenate tolerance experiments. As expected, the variation in the arsenate concentration in the bioreactor to 

which no arsenate was added was similar to the variation in the arsenate concentration in the bioreactor to which 

no arsenite was added (see The observed trends can therefore be in the same way. 

It is also apparent from 5.10 that the arsenate concentration in the bioreactors to 

220 mmol As(V).e-1 was added, decreased and at a similar the first 

107 and 

of the 

period, nor 

was caused by 

No changes in the ferrous-iron or arsenite COllcentrat14:ms were observed 

was any aerobic activity measured.' This suggests that the reduction in the arsenate COflcelltra 

the precipitation of ferric arsenate, according to (Fernandez et ai., 1995); 

(5.7) 

The arsenate concentration in the bioreactor to which 220 mmol As(V).f-1 was added, continued to decrease for 

the remainder of the experiment. However, the arsenate concentration in the. bioreactor to which 

107 mmol As(V}.e-1 was added appeared to stabilise at a concentration of about 50-70 Inmol As(V).f· l
, before 

increasing to about 140 mmol AS(V).tl, once aerobic bacterial activity commenced. As !;;AI.J'''U'';'''' previously, 

the increase in the arsenate concentration can be attributed to the oxidation of arsenite produced as a result of the 

increased rate of mineral leaching associated with the increased level of bacterial activity. 

.. 
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5.10: Variation in the arsenate concentration in the bioreactors with time for the duration of the 

(0] 0 mmol As(V).e-1; [ • ] 107 mmol As(V).rl; (IJ] 220 mmol As(V).e- '. [ , 
I 

time observed during the experiments performed at elevated arsenate concentrations may have been influenced 
UlllUSI!mal bamer from the co-precipitation of adapted bacteria, the fact that similar amounts of precipitate were 

formed (based on the fact that the arsenate concentration in the bioreactors to which 107 and 220 mmol As(V).t' was added 
decreased linearly and at a similar rate during this period) but different lag times observed, suggests that this phenomenon was not 
the sole reason for the observed lag phases. 
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The above and those observed in Figures 5.6 to 5.9, are thus also consistent with the that the 

ferric ',",",,",Hl"'E'> of arsenopyrite, the ferric oxidation of arsenite to arsenate and the of ferric arsenate 

are competing reactions. 

Comparison of the Effects of Arsenite and Arsenate 

5.11 illustrates the relative effect of different levels of arsenite and arsenate on the cumulative amount of 

oxygen consumed by the bacterial cultures at varying stages of the arsenite and arsenate tolerance investigations. 

In both sets of experiments, the lag phases were eliminated,to facilitate comparison of the results. 

It is apparent from Figure 5.11 that elevated arsenite concentrations did not result in a significant increase in the 

lag Furthermore, although exposure to an initial concentration of 20 mmol As(III).t-1 retarded the initial 

rate of bacterial metabolism, the bacteria appeared to recover from the effect of the added arsenite. This effect 

was more pronounced when 40 mmol was this culture did not achieve the same maximum 

oxygen utilisation rate as the cultures explose:d to initial concentrations of 0 and 20 mmol As(III).t· l
, and showed 

a lower cumulative oxygen usage. 

Exposure to an initial concentration of 107 mmol As(V).t·! resulted in a significant lag phase and retarded the 

initial rate of bacterial metabolism. Furthermore, the culture did not appear to recover from the effect of the 

added arsenate over the 31.day period for which the was performed. Exposure to an initial 

concentration of 220 mmol As(V).t-! had an even more severe effect on the bacterial culture; this culture showed 

no measurable aerobic activity for the duration of the .. ",',.. .. r; ..... '''nt 
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Figure 5.11: Variation in the cumulative amount of oxygen consumed by the bacterial cultures with time at 

different initial arsenite and arsenate concentrations. [0] 0 mmol As(III).t'l; [ • ] 20 mmol 

[ r:J ] 40 mmol As(III).t·1
; [ ... ] 0 mmol , [IJ.] 107 mmol As(V).l-!; [ II ] 220 mmol As(V).t·1 

• 

in the maximum 

. 
nrt'·v","C! workers have reported that elevated arsenate levels result in a reduction 

Capll1C11,y \AJUU""Uvu, and Sehlin, 1989) whereas elevated arsenite concentrations result 
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in an extended phase (Cassity and Collinet and Morin, 1990; Barrett et al., Lindstrom and 

Sehlin. 1989; Pol'kin et 1975). 

It is to note that the levels of arsenite used this investigation were in the 10 

those observed routine operation of a continuous Dloilea,cDllIlg mini-plant the same flotation 

concentrate.' In of this, where an effect was the bacterial culture exhibited the ability 

to recover. In contrast to the above, the initial arsenate concentrations of the bioreactors to which arsenate was 

added were similar to those observed during routine operation of the mini-plant, yet the of the added 

arsenate was severe. The above therefore suggests that both the nature of- and the resistance mechanisms to

arsenite and arsenate are different. 

Although concentrations of up to 145 mmol As{III).tl have been reported in actively cultures 

accustomed to arsenite concentrations (Morin et 1991). most researchers have found arsenite to be 

inhibitory at concentrations similar to those used in this mveStllgal:lOn et ai., 1989; Pol' kin et 

Irtl1l~rrnm~ ailW'J"l'!,l1 some researchers have " .. /::.5".'." .... that arsenite is in the region of two to three times more 

toxic than arsenate et al., 1989; this exposure to 

107 mmol had a far more pronounced effect than 40 mmol . It should however be noted that 

most researchers have toxicity in media with which is the 

most used source of energy for bacteria. This may well have influenced the results 

obtained them. the inhibitory effect of arsenic is more pronounced if ferrous-iron is the substrate; 

cf sulfide mineral,' it is likely that the inhibitory effect would be least apparent if the medium contained both 

suspended mineral particles and added ferrous-iron. 

The results research therefore suggest that the mechanism of arsenate resistance in the mixed (m,esophlllc) 

culture may be attributed to (chromosomal) Pst+Pit- i.e. natural selection, and an energy del)enldelnt 

efflux pump. The Pst + Pit· mutations result in a reduced of which enables the bacteria to 

survive in bic~lealcbling solutions in which the arsenate concentration is significantly higher than the arsenite 

concentration. the excretion of arsenate that enters the via the pb,osJ:lhate 

system, during periods of reduced bacterial activity, e.g. prior to exponential 

growth, the effect of arsenate may manifest at arsenate concentrations to which the culture has 

previously been ada,pted. 

As stated the mixed culture used in this work has been to consist (predominantly) of 

L.ferrooxidans and T. caldus. The proposed resistance mechanism described is therefore in partial 

with the results of previous work. Hallberg (1995) reported the resistance mechanism to arsenite and arsenate in 

T. caldus to be the result of a reduced cellular accumulation of these ions and an energy dependent efflux of the 

accumulated ions. 

However, (1995) also ""~;!>"''''''U that the resistance to arsenate and is i.e. 
it is not due to chromosomal but is induced by in the presence of non l~thal concentrations of 

any of these ions. this suggestion is in disagreement with the mechanism of arsenate resistance 

"'YI', ... """,ti for the mixed it is not in with the results obtained during the current 

(or previous) It is possible that the ability to survive in solutions 

in which the arsenate concentrations are significantly higher than the arsenite concentrations may be attributed to 

• These results are in Chapter Six . 
t It is also possible this phenomenon extends to the inhibitory effect of other elements. 
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these ions the micro-organisms via different pathways. pathways would be expected to have 

different affinities for arsenite and arsenate; the solution concentration at which each of these ions 

become would also be different 

5.3 Chapter Summary 

Batch blOllea,cn:mg experiments were carned out over periods of about one month. Varying quantities of arsenite· 

or arsenate were added to slurries of 20 % arsenopyrite/pyrite flotation concentrate in an inorganic 

nutrient The slurry was inoculated with a culture from a continuous bioleaching mini-plant treating the 

same concentrate; subsequent research has shown that the inoculii consisted primarily of and 

T. caldus. The effect of the added arsenic was determined by the variation in the concentrations and 

speciation of iron and arsenic in and the oxygen utilisation rate of the bacterial cultures in the 

bioreactors to which arsenic had been with the results obtained in the absence of added arsenic. 

In the absence of bacterial activity and at "low" concentrations of arsenate, andlor arsenite, the ferric leaching of 

ars1eno1pYlrite resulted in the solubilisation of iron and arsenic as ferrous· iron and arsenite, respectively. 

However, at concentrations the oxidation of to arsenate predominated, and at "high" 

arsenate CotlCentnati(lns, the preClpnal:lon of ferric arsenate pn:oomlnaleo. These results are consistent with the 

that the oxidation of and arsenite, by and the of ferric arsenate, 

are reactions. Their rates are therefore influenced by the concentrations of " .. ",I>"(1I.","nfp 

arsenite and arsenate in the bioleaching and the availability of ferric-iron. The availability is 

indicated by the redox potential of the solution {a high redox potential represents a high availability of ferric-

iron and vice and is in tum determined by the activity of the ba~eria. 

t;xlPosure to an initial concentration of 20 romol As(IH).l'l did not have a significant effect on the performance 

of the bacterial culture. However, exposure to an initial concentration of 40 romol reduced both the 

initial and maximum oxygen utilisation rates of the bacterial culture. In neither case was the lag phase affected 

to a significant degree. 

In contrast to the above, exposure to an initial concentration of 107 romol AS(V).tl increased the, lag of 

the bacterial culture 12 and reduced both the initial and maximum oxygen utilisation rates of the 

bacterial culture. The addition of 220 romol to the bacterial culture resulted in a lag phase that lasted 

for more than 31 days. 

The arsenite levels used this investigation were in the of 10 times those observed 

...... " ... ,,',,'" of the mini-plant from which the inoculii were obtained (whilst the same cOilcentrate), 

where an inhibitory effect was observed, the bacterial culture exhibited the ability to recover. In contrast to the 

the arsenate concentrations used were similar to those observed in the mini-plant, yet the effect on the 

bacteria in batch culture was severe. 

The results obtained, tOJl!lethc:r with those of "''''~;j::,''''''' that arsenate toxicity, and the 

relative toxicity of arsenite and arsenate to the culture used in this "''''''1';''''''''" is affected by the of the 
micro-organisms and the availability of ferrous-iron In other the mechanism of bacterial 

arsenate resistance may be attributed to an energy dependent efflux pump and a membrane which 
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influences the (relative) rates at which arsenite and arsenate are able to enter the micf(~-organisms. The latter 

resistance mechanism mayor may not be attributable to Pst + Pit - (chromosomal) mutatiohs. 

5.4 Nomenclature 

[As (III)] arsenite concentration 

[As(III)ln;,;a' initial arsenite concentration 

[As (V)] arsenate concentration 

[AS(V)]in;,;al initial arsenate concentration 

Cx concentration of bacteria 

[Ce4+] concentration of cerium(IV) 

EO standard redox potential 

[Fe2+] concentration of ferrous-iron 

[F e3+] concentration of ferric-iron 

K kinetic constant in bacterial ferrous-iron oxidation 

q02 bacterial specific oxygen utilisation rate 

q~~ maximum bacterial specific oxygen utilisation rate 

r02 oxygen production rate 

r02. control oxygen production rate of the culture in the • control' 

r02. i oxygen production rate of the culture in bioreactor 'i' 

r;,'" maximum rate of oxygen production 

time 

V As(1Il) "theoretical" arsenite titration volume 

V(As(III) + Fe2+) "combined" ferrous-iron and arsenite titration volume 

V F.2+ ferrous-iron titration volume 

V sol solution aliquot volume 

V, titration volume 

1102. i cumulative proportion of oxygen consumed by the bacterial 

culture in bioreactor 'i' relative to the total amount consumed by 

the culture in the 'control' 

5.5 References 

mmol As(III).t'·' 
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5.6 Appendix 

The standard method for the determination of the ferrous-, ferric- and total iron concentrations in bioleaching 

slurries involves the titration of the filtrate with potassium dichromate solution of known concentration, using 

diphenylamine redox indicator to detect the end-point in the presence of more than 1 g.tl 

the arsenite interferes with the determination of both the ferrous- and total iron concentrations 

The relative error in the determination of ferrous-iron, at ferrous-iron concentrations ranging 

, was found to increase from < 2 % to between 145 and 240 % in the presence of 5.27 g.t l 

arsenite (Broadhurst, 1993). The degree during the determination of the total iron concentration was 

significantly because of the ratio 1993). At a total iron 

concentration of 25 the error from < 2 % to between 9 and 14 % in the presence of 5 .27 arsenite 

(Broadhurst, The above phf:nolmell0n was "'" ..... , .... ""'''' to the oxidation of arsenite by dichromate: 

(A-I) 

The above led to the development of a titrimetric method for the determination of the ferrous-iron and arsenite 

concentrations in blOllealchmg slurries sulfate. 
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Cerium(IV) sulfate is a powerful oxidising agent. It is capable of oxidising ferrous-iron, Fe2+, to ferric-iron, 

Fe3+, and arsenite, As(III), to arsenate, As(V), in acidic solutions: 

(A-2) 

2 Ce 4+ + As(III) --+ 2 Ce 3+ + As(V) (A-3) 

However, under normal conditions, the oxidation of arsenite to arsenate is extremely slow. This allows the 

ferrous-iron concentration to be determined by titration with cerium(IV) sulfate, at normal atmospheric 

conditions, without encountering interference from the oxidation of arsenite to arsenate. After the determination 

of the ferrous-iron concentration, titration with cerium(IV) sulfate solution in the presence of a catalyst, viz. 

osmium tetroxide, enables the arsenite concentration to be determined: 

(A-4) 

In both instances, the titration end-point is detected using ferroin indicator, viz. 1,1 O-phenanthroline-ferrous 

complex solution. 

If the total iron and arsenic concentrations in solution are determined by Flame Atomic Adsorption Spectroscopy 

(F AAS), the ferric-iron and arsenate concentrations can be calculated by difference. 

The standard titrimetric methods for the determination of the ferrous-iron and arsenite concentrations in 

bioleaching liquors, using cerium(IV) sulfate as suggested by Broadhurst (1993), are described in detail below. 

5.6.1 Standard Titrimetric Methods for the Determination of FeH and 

As(lIl) in Bioleaching Liquors using Cerium(lV) Sulfate 

5.6.1.1 Reagents 

As(lU) standard solution (0.05 mol .f-I
) 

i) Dry about 5 g of AR grade arsenic trioxide, AS20 3, in an oven at 105 to 110DC for 1 to 2 hours. 

Allow the dry AS20 3 to cool to room temperature in a desiccator. 

ii) Accurately weigh out 2.470 g of the cool AS20 3 into a 100 mf beaker. 

iii) Using distilled water, quantitatively transfer the 2.470 g of AS20 3 into a 500 mf beaker. 

iv) Add 400 mf of distilled water and agitate on a magnetic stirrer/heater. 

v) Adjust the pH of the solution to pH 1.6 using 1 mol H2S04.f-]. 

vi) Heat to about 60°C and agitate until the salt has dissolved completely. Allow to cool to room 

temperature. 

vii) Using distilled water, quantitatively transfer the solution into a 500 mf volumetric flask. Fill the 

flask to the 500 mf mark using distilled water and mix the solution thoroughly. 
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The concentration, in mol , is calculated accordmg to; 

x4 

Cerium(lV) sulfate solution (0.05 mol 

Standardised cerium(JV) sulfate solution is commercially available. However, 'solutions may also be prepared 

by dissolving cerium(IV) sulfate in dilute sulfuric acid (Jeffrey et al., 1989). 

Spekker acid solution 

i) Agitate 1.2 e of distilled water in a 5 e beaker. 

Slowly, and add 600 me of concentrated sulfuric acid (viz. 98 % H2S04), 

iii) 

iv) 

Add 600 me of concentrated acid 85 % HP04). 

Allow the spe:k.k!:r acid solution to cool before "'""ct"'1'T',n" it to a 

Osmium tetroxide solution (- 0.01 moIOs04.e-l
) 

bottle. 

i) Using distilled water quantitatively transfer 1 g of osmium tetroxide" OS04' from the 

ampoule into a 500 me beaker. 

ii) Add 250 me distilled water and 20 me of a 1 mol H2S04.e-1 solution and agitate until the OS04 

crystals have dissolved. 

iii) Make up to 400 me with distilled water and store in a glass bottle with a glass stopper. 

Ferroin indicator solution 

Ferroin indicator complex solution, with an value of 1.06 V in 

I mol H2S04.e-I
, is cOlnn:lerl~iallb available. 

5.6.1.2 Procedures 

Titrations must be carried out on clear aliquots of the solutions. Slurries must be allowed: to either settle, or must 

be filtered, before titration. The latter is the preferred option. Titrations are out a 5 me 
aliquot. For accuracy at concentrations ofless than 1 g.e- I

, a 10 me aliquot may 
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Standardisation of cerium(lV) sulfate solution 

Although commercially available cerium(IV) sulfate solutions have been standardised using sodium oxalate, the 

concentrations of the have been found to vary hence they should therefore be 

standardised 

i) Pipette 5 mt of the 0.05 mol As(III).t·1 standard solution into a 100 mt conical flask. 

ii) Add 10 mt acid solution and 3 drops osmium tetroxide solution. 

iii) 

iv) 

Add 1·2 ferroin indicator solution. 

Titrate with 0.05 moU'·l cerium(iv) sulfate solution until the 

orange/red to blue is observed. 

The cerium(IV) "'V"","U"'Q"""IU, in mol Ce4+.e-1, is "'Q'"'''''Q'~;''' to; 

Determination of ferrous-iron concentration, IFel +) 

i) the required solution aliquot into a 100 mt conical 

permanent colour 

ii) Add 10 mt' spekker acid solution and 1·2 ferroin indicator solution. 

from 

iii) Titrate with the standardised cerium(iv) sulfate solution until the first permanent colour change 

from orange/red to blue is observed. 

The ferrous· iron COlrlce:ntratillln. in mol Fe2
+ , is calculated ",,,, ...... ,..r1.,,, to; 

[Fe 2+ 
x 55.847 

Determination of arsenite concentration, IAs(III)] 

i) Pipette the required solution aliquot into a 100 mt conical flask. 

ii) Add 10 mt spekker acid solution, 3 

indicator solution. 

of osmium tetroxide solution and 1·2 

(A-7) 

ferro in 

Titrate with the standardised ",,",'Will 

from orange/red to blue is observed. 

sulfate solution until the first pt:rmll~nt:lru colour change 

The arsenite cOlrlce:ntratillln, in mol , is calculated ",f"(· ..... r.r1tna to; 

(A-8) 
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For Cheye 

You are led 

through your lifetiww 

by the inner leanLing creature, 

the playful spiritual being 

that is you~' real self. 

CD 011' t turn away 

frovn possible futures 

before you' ~'e certain you dOH' t have 

anything to leanl frovVl thevH. 

You're always free 

to change your wlind and 

choose a different future, or 

a d i ffeven t 

past. 

ILLUSIONS - Richard Bach 
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Chapter Six 

Steady-state Operation and Aeration 

Perturbations of a Continuous Bioleaching 

Mini-plant Treating an Arsenopyrite/pyrite 

Flotation Concentrate * 

continuous disruptions in the aeration and of the bioreactors may occur 

as a result of either power or equipment failures. These perturbations will result in a reduction in the level of 

bacterial activity for the duration of the perturbation. this period, the continued of the 

mineral may result in an increase in the rate of arsenite production, relative to its conversion to arsenate. This 

may in tum result in the concentration of arsenite reaching levels that are inhibitory to the micro-organisms . 

...... "All\Jl,.., the toxic effect of the arsenite may persist once aeration and agitation are .. ",,,1t,,,,,'fI this may result 

in significant losses in production. It is therefore apparent that knowledge of what changes occur during and 

after fI''''rn .... t1f''~" in the aeration and "!';,,u;nlVU of the bioreactors may allow measures to be taken during, andior 

after the disruptions, to ensure recovery of the biollea,ch:ing 

The work presented in this was therefore aimed at the relationship between perturbations in 

the aeration and agitation of the mixed culture from the Fairview BIOX® plant, while a sample of 

arsenopyrite/pyrite flotation concentrate from the Fairview Gold Mine, and arsenic toxicity. A further aim of the 

work was to determine whether the performance of the was consistent with the hypothesis that the 
".n,Tn!"'",,,,, mechanism. blOllea,chmg of arsenopyrite occurs via a multiple 

Breed, A.W., Hamson, and Hansford, O.S. 1997. The bioleaching of a pyriite-eifSeI1op'l'rite flotation concenlJate in a 
continuous bioleaching ll1l~ll-pJlant. Steady-state operation and and agitation, pp. M.8.3.l-
M.S.3.10. In: Biotechnology of Age, Proceedings orIBS-BIOMINE 
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6.1 Materials and Methods 

6.1.1 Continuous Bioleaching Mini-plant 

The continuous bioleaching mini-plant consisted of two batl1ed, aerated bioreactors operating in series 

under controlled conditions of temperature, pH, dissolved oxygen and solids concentration and nutrient supply. 

The bioreactors were fed from a batl1ed, to which the nutrient and (dry) 

concentrate were added. A general view of the mini-plant is shown in Figure 6.1. 

~ . 
6~~"iJ~'. ' 

Figure 6.1: General view of the continuous bioleaching mini-plant. 

6.1.1.1 Bioreactors 

The bioreactors were constructed from PVC tubing with an internal diameter of 300 mm. They were 500 mm 

and had a volume of about 20 i. The was agitated by pitched blade impellers, 

140 mm in diameter and located 110 mm from the base of the bioreactor. The impellers were rotated at 

570 rev.min'! by 0.37 kW Flender Himmel motors. The agitator shafts and impellers were constructed 

stainless steel owing to the corrosive nature of the bioleaching slurry. 

double pumps were used to circulate the from the base to the top 

of the bioreactors. This prevented settling in the conical base of the bioreactors and ensured a uniform 
concentration within the bioreactors. 
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6.1.1.2 control 

Because the heat duty is affected by the of the culture and the conditions 

and relative the temperature in each of the bioreactors was controlled separately. The tpn1np'r~ 

control system consisted of Electrolink LM 3S temperature sensors, a Hitech Micro ,",,,,.,rpn,., Temlne'ratlTre 

Controller and !1.pf'l~"~lrp heating and 

each bioreactor. These tubes were located at a 

into the bioreactors to a depth of 100 mm. 

• The temperature sensors were located in a hollow tube in 

of 230 mm from the base of the bioreactors, and extended 

The circuit consisted of a stainless steel heating tank (in which water was maintained at about 60°C), a 

centrifugal pump, stainless steel U-tubes mounted inside the bioreactors and ASCO® 8210 solenoid valves. The 

stainless steel U-tubes were 8 mm in diameter and had a su[,me:rge:a 

continually pumped from the heating tank through a ring-main I,.V1:IUgIW 

of 46 mm. The hot water was 

and back to the tank. The 

slurry in the bioreactors was heated by opc:nll1lg the required solenoid valve and allowing the hot water to pass 

through the stainless steel U-tubes before to the heating tank. 

The circuit consisted of a water source (at stainless 

steel U-tubes (identical to those used in the heating circuit) and 8210 solenoid valves. The slurry in the 

bioreactors was cooled by the solenoid valve and the (tap) water to pass through the 

(cooling) stainless steel U-tubes, before discharged to the municipal drainage system. 

6.1.1 pH control system 

nonnal operation, the flotation concentrate used in this 

Im.'esltlg~LtlO>n is acid the bacterial the concentrate is acid consuming. In 

.. " •• n'1V11, variations in the pH of the may occur as a result of variations in the of the bacterial 

For the above reasons, automated acid and base circuits were commissioned to maintain the pH in 

each of the bioreactors within the desired pH range. 

The in the bioreactors was monitored and controlled by means of Foxboro® 871PH and ORP sensors and 

Foxboro® 873PH pHJORP Electrochemical Analysers in which the saturated KCI solution had been replaced 

with 1 mol LiCU- ' , 

The acid addition circuit consisted of a PVC a 40216 metering pump and 

BUrkert 121 solenoid valves. The sulfuric acid solution % H2S04) was pumped from the 

PVC tank through a ring-main configuration, and back to the tank. The pH of the in the bioreactors was 

reduced by opening the solenoid valve and allowing the sulfuric acid solution to flow into the 

bioreactor. 

The base circuit consisted of a PVC tank, a EV 3000 4 peristaltic pump and BUrkert type 121 '''.I1\."V,'" 

valves. The sodium hydroxide solution (10 mol was also pumped through a ring-main configuration. 

The of the in the bioreactors was increased the necessary solenoid valve, thereby 

the NaOH solution to flow into the bioreactor. 

Hitech Micro Systems equipll1lent are designed and manufactured in the Department of Chemical Emrineeriru' at the University of 
CapeTown, 
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6.1.1.4 Aeration system 
i 
I 

The aeration system consisted of a compressed air source, a pressure regulator, rdtameters and removable 

stainless steel rod spargers. The air feed rate to the bioreactors was controlled using the pressure regulator and 

rotameters. It was sparged into the centre of each bioreactor, at a height of 40 mm from the bioreactor base (i.e. 

below the impeller blades), through a 1 mm discharge angled towards the base of the bioreactor. 

Dissolved oxygen measurements, using a YSI Model 5739 dissolved oxygen probe and. a Hitech. Micro Systems 
I 

Dissolved Oxygen I Utilisation Rate Meter, were carried out periodically to ensure that th~ bacterial culture was not 

oxygen limited. [ 

6.1.1.5 Feed controlsystem 

The feed control system consisted of a conditioning vessel with an external recycle stream, and separate (dry) 

concentrate and nutrient feed systems. This allowed the overall plant (hydraulic) resid~nce time, 'overall. and the 

solids concentration, Ppulp, to be individually controlled. 

The conditioning vessel was constructed from PVC tubing with an internal diameter of 240 mm. It was 330 mm 

high and had a working volume of about 10 e. The slurry was agitated by a 4-bladed pitched blade impeller, 

110 mm in diameter and located 80 mm from the base of the vessel. The impeller was rotated at 570 rev.min'l 

by a 0.37 kW Flender Himmel motor. The agitator shaft and impeller were constructed from stainless steel. 
I 
I 

I 
A MFG EV 3000 4 peristaltic pump withdrew slurry from the base of the conditioning vessel and delivered it-

into a launder located below the dry concentrate feeder. The launder in turn discharged the slurry into the top of 

the conditioning vessel. The purpose of the recycle stream was threefold: 

i) it prevented settling in the (conical) base of the conditioning vessel, 

ii) it washed the fresh (dry concentrate) feed into the conditioning vessel, and: 

iii) it ensured a uniform slurry composition within the conditioning vessel. I 

The dry solids were introduced into the recycle stream by means of a screw feeder located in a conical hopper; 

both were constructed from stainless steel. The screw feeder was rotated at 38 rev.min- l by a 0.18 kW Flender 

Himmel motor and was operated on a semi-continuous basis by means of a digital on/off timer. 

Nutrients at the required concentration were supplied to the conditioning vessel at a constant rate by means of 

ProMinent® gamma! 4 0216 diaphragm metering pump. The nutrient solution feed rate depended on the 

prevailing mini-plant retention time and included a fixed amount of water to account for eJaporative losses. 

Manual monitoring of the solid and liquid feed rates was carried out periodically and the rates adjusted as 

required. 
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6.1.2 Mini-plant Monitoring 

The mini-plant was monitored by measuring the variation in the concentrations 

of the iron and arsenic the oxygen utilisation rate of the bacterial culture and the and redox pOlrenual 

of the slurry in each of the bioreactors. 

The ferrous-iron and arsenite concentrations in solution were determined by ~ith cerium(IV) as 

detailed in the Appendix to The total iron and arsenic concentrations in solution were determined 

by Flame Atomic Adsorption (F AAS). This enabled the ferric-iron and arsenate concentrations to 

be by difference. 

The oxygen utilisation rate of the culture in the bioreactors was measured in a sealed 1 t vessel, a 

Yellow Instrument Model 5739 dissolved oxygen probe and a Hitech Micro Dissolved 

/ Utilisation Rate Meter. A slurry sample was saturated with oxygen and the oxygen lltilisation rate of the bacterial 

culture was determined by the rate at which the dissolved oxygen ,."",,.,pntr::ltu\n decreased. 

and redox I1UI,<;;11I'1"1 of the bioleaching were obtained by direct measurement using the Foxboro 

6.1.3 Bact'erial Culture 

The mixed culture used in the originated from the Gold Mine in Ha1rhertnn 

South Africa. As stated although it was originally repo~ed to consist primarily of Leptospirillum 
fen"oo;ridi.lns and Thiobacillus thiooxidans it has been found to consist 

of L./errooxidans and Thiobacillus caldus (Rawlings et ai., 1999). 

6.1.4 Nutrient Medium 

The composition of the nutrient solution used in the continuous was the same as that used 

during the investigation into the effect of arsenic on the batch of an arsenopyrite/pyrite flotation 

concentrate (see The composition of the nutrient solution is listed in Table 5-1. 

6.1.5 Mineral Used 

The mineral used in the continuous bioleaching mini-plant originated from the Fairview Gold Mine in Barberton, 

South Africa. The same flotation concentrate was also used in the initial ferric leaching work Section 3.1), 

and during the arsenic tolerance investigation (see Chapter Five). 
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Particle size analysis of a representative sub-sample of the concentrate indicated that it was within the size range 

recommended for the BIOX® process, i.e. 85 % passing 75 micron. The complete size, elemental and mineral 

analyses of the flotation concentrate are listed in Tables 3-1, 3-2 and 3-3, respectively. 

6.1.6 Operating Conditions 

The operating conditions used in the continuous bioleaching mini-plant are listed in Table 6-1. 

Table 6-1: Bioleaching mini-plant operating conditions 

Parameter Level 

T: Primary 40.0°C $; T $; 40.5 

Secondary 40.5°C $; T $; 41.0 

pH: Primary 1.65°C $; pH $; 1.75 

Secondary 1.65°C $; pH $; 1.75 

[02]: Primary ± 6 mgII 

Secondary ± 6 mgI i 

Ppuip (feed) ± 20 % solids 

tovernll (hydraulic) 8, 7, 6, 5,4.5 and 4 days 

6.2 Results and Discussion 

The mini-plant was operated at overall residence times of 4, 8 and 15 days for 5 tank residence times and at 

overall residence times of 4Y2, 5, 6 and 7 days for one plant residence time. During these periods the variation in 

the controlled variables, viz. T, [02], pH, tavernl!. Ppulp, and the resulting variations in the redox potential, E, 

oxygen utilisation rate, -ro" and the ferrous-, [Fe2+], and ferric-iron, [Fe3+], and arsenite [As(III)] and arsenate 

[As(V)] concentrations in the primary and secondary bioreactors were monitored. This allowed the degree of 

control attained within the bioreactors to be assessed and enabled the effect of the overall residence time on the 

activity of the bacterial culture and the concentrations of the iron and arsenic species to be determined. 

Perturbations in the agitation and aeration of the culture in the bioleaching mini-plant were carried out in an 

attempt to simulate power and/or equipment failures. Two disruption tests were performed; both were carried 

out while the mini-plant was operating at an overall residence time of 4 days. The first test consisted of a 15-

minute interruption in the agitation and aeration of the secondary bioreactor and the second test consisted of a 

17-hour interruption in the agitation and aeration of the primary bioreactor. One litre slurry samples were taken 

from the bioreactor at regular intervals during the disruption tests, and the oxygen utilisation rate of the bacterial 

culture determined. About 50 mf of the sample was retained for iron and arsenic analyses. This allowed the 

effect of the perturbation on both the activity of the bacterial cultures and the concentrations of the iron and 

arsenic species to be determined. The remainder of the sample was returned to the bioreactor. 
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6.2.1 Steady-state Results 

6.2.1.1 Steady-state mini-plant performance 

The performance of the continuous bioleaching AU"""-'''''''''' at a residence time of 8 days, with regard to the 

variation in the controlled variables, viz. temperature, dissolved oxygen concentration, pH, redox potential, 

residence time and feed pulp is illustrated in 6.2 to 6.4. 
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Figure 6.2: Variation in the [ 0] temperature and [ • ] of the in the primary and secondary bioreactors 

at an overall time 
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Figure 6.3: Variation in the [ 0 ] dissolved oxygen concentration and [ • ] redox of the in the 

and bioreactors at an overall residence time of 8 days. 

From Figures 6.2 and it is apparent that the range within which the controlled variables, e.g. T, and 

varied was narrow. From 6.4 it is that although there was some fluctuation in the values of 

msolids and Qliquilll the average values of these parameters was reasonably constant. This resulted in the average 
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values of and 'tovcm l1 fairly close to the 

6.4. 
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Figure 6.4(8): Variation in the [ 0 ] concentrate 

and [ • ] nutrient medium flow rates into the 

conditioning vessel at a residence time of 8 

Chapter Six 

values, viz. 20 % and 8 days for the data shown in 
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6.4(b): Variation in the [ 0 ] residence time 

and [ • ] feed pulp (based on the dry 

concentrate and nutrient feed ' of the Ul\JIl"~''''".Ull!i 
mUrtl-lllaJtlt at a residen~e time of 8 days. 

The variations in the ferrous- and ferric-iron and arsenite and arsenate concentrations measured in the 

conditioning vessel (feed), primary and secondary bioreactors, are shown in 6.5 and 6.6. 
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Figure 6.5: Variation in the ferrous- and ferric-iron concentrations measured in thJ [ 0 ] feed and the 

[ • ] primary and [ Cl] secondary bioreactors of the bioleaching mini-plant at a resi~ence time of 8 days. 

From 6.5 and 6.6 it is evident in spite of operation and contrpl of the the 

values of the ferrous- and ferric-iron and arsenite and arsenate concentrations meas*ed in the primary and 

secondary bioreactors varied considerably from day to day. These variations are typical of continuous processes 

1Mvnlv',na micro-organisms and were therefore anticipated. 
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Figure 6.6: Variation in the arsenite and arsenate concentration measured in the [ 0 ] feed and the [ • ] primary 

and [ 0 ] bioreactors of the at a residence time of 8 

Similar de1ue<~s of variation in the controlled va,,,.,,,,,.,,, in the redox oxygen utilisation rate and the 

iron and arsenic concentration and spe~cl~ltlon were observed at the other residence times used not shown). 

6.2.1.2 Steady-state oxygen utilisation rate, -ro
2 

The steady-state oxygen utilisation rate, measured in the conditi.oning vessel 

secondary bioreactors, at overall residence times of 4 and 15 days, is indicated in Table 6-2. 

Table 6-2: 

4 

15 

utilisation rate measured in the conditioning vessel (feed) and the 

bioreactors 

LO,DOII[l<()D1IDg vessel 

o 
o 

( I .h-l) oro, mmo 

Primary bioreactor 

57 
11 

and the and 

and secondary 

bioreactor 

12 

5 

As the results shown in Table 6-2 confirm that the vessel did not contain aerobic 

bacteria. The results listed in Table 6-2 also indicate that the bacterial culture in the bioreactor was 

more active than the culture in the secondary bioreactor. This ph,eD()m1encm can be attributed to substrate 

depletion. At the residence times used in this investigation most of the oxidisable are was leached in the 

primary bioreactor: This resulted in a "low" substrate concentration in the to the secondary bioreactor, 

which in tum resulted in the culture in the secondary bioreactor 

relative to the culture in the primary bioreactor. 

under substrate IUUI"li'!> conditions 

investigation using the same concentrate and an overall residence time of 4 days, SS % of the pyritic sulfur was 
the first stage and the overall sulfide conversion was in the region of 82 % (Miller and Hansford, 1992). 
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In addition, at "long" residence times, viz. 15 days, the cultures in the bioreactors were substrate limited relative 

to the cultures in the same bioreactor at "short" residence times, viz. 4 days. This resulted in the activities of the 

cultures in both bioreactors, increasing with decreasing residence time. 

6.2.1.3 Steady-st~te ferrous-, Fe2+, and ferric-iron, Fe3+, and arsenite, As(III), and 

arsenate, As(V), concentrations 

The average (steady-state) ferrous-, Fez
+, and ferric-iron, Fe)+, and arsenite, As(III), and arsenate, As(V), 

concentrations in the conditioning vessel and the primary and secondary bioreactors; at the residence times 

employed, are listed in Table 6-3 and indicated in Figures 6.7 and 6.8, respectively. The: error bars in Figures 6.7 

and 6.8 indicate the mean concentration ± the standard error of the concentrations measured at the respective 

residence time. 

Table 6-3: Steady-state ferrous-iron, ferric-iron, arsenite and arsenate concentrations in the conditioning vessel 

(feed) and the primary and secondary bioreactors at the residence times employed 

1: [Fell [Fe31 [As(UI)] [As(V)] 

Bioreactor (days) (mmol.('l) (mmol.('l) (mmol.(,l) (mmol.(,i) 

4 0.63 10.04 0.41 1.48 

6 0.48 1.05 0.19 1.86 
Conditioning 

7 0.39 0.09 0.04 2.36 
Vessel 

8 0.55 2.69 -0.03 2.19 

15 1.66 -0.91 0.20 2.78 

4 2.14 337 3.58 107 

6 2.95 369 3.58 121 
Primary 

7 2.90 418 3.44 111 
Bioreactor 

8 6.26 456 4.51 121 

15 3.01 296 4.32 62 

4 1.92 396 0.71 130 

Secondary 
6 1.55 369 0.46 153 , 
7 1.32 435 0.97 153 

Bioreactor 
8 3.56 547 1.15 150 

15 1.97 392 2.22 69 

If it is assumed that no precipitation occurs, then at a feed pulp density, Ppulp, of 20 %, complete dissolution of 

the flotation concentrate (FeAsS = 12.68 %, FeSz = 37.18 %) within one residence. time should result in 

[As]! "" 156 mmoU-1 and [Fe], "" 776 mmol.r1 (in the secondary bioreactor). 

If it is assumed that no precipitation occurred during the steady-state investigation, or if equimolar precipitation 

of ferric-iron and arsenate is assumed, then it is apparent that the results listed in Table 6-3 are consistent with 

the suggestion that the dissolution of arsenopyrite precedes that of pyrite (Miller and Hansford, 1992). If no 

precipitation is assumed, then the results listed in Table 6-3 suggest that the conversions of arsenopyrite and 

pyrite, at an overall residence time of 4 days, were in the region of 84 % and 39 %, respectively. 
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6.8: Variation in concentrations of arsenite and arsenate in the [ 0 ] conditioning vessel and the 

[ • ] primary and [ 0 ] secondary bioreactors with overall residence time. 

A statistical analysis (Kruskal-Wallis test) of the results listed in Table 6-3 and shown in Figures 6.7 and 6.8 was 

... ",.-1'r\1.,...,~·ti in an attempt to detennine whether or not the concentrations of the iron and arsenic were 

oe]Jen.oeJu on the prevailing residence time: The results of the statistical analysis are shown in Table 6-4. The 

hYlPOlne:SlS, Ho, is that all the groups have the same mean and the alternative hypothesis, is that some, or 

all, of the means differ.t From Table 6-4 it is apparent that the results of the statistical that 

the , Fe3
+ and As(V) concentrations in all the vessels and the concentration in the conditioning vessel 

and sec;ondm':Y bioreactor were influenced by changes in the overall resmence time. 

was perfonned with the assistance of Prof. T. Dunne of the Department of Statistical Sciences at the 

t to in Table 6-4 are the sets of data obtained for each ionic species at each of the residence times employed 
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Table 6-4: Results of the Kruskal-Wallis test 

N Test Statistic p-value Result 

59 29.05 p <0.0005 

53 36.10 p <0.0005 reject Ho 

Vessel 59 21.40 p <0.0005 reject Ho 

53 35.57 p <0.0005 

60 35.17 P <0.0005 

5S 37.19 p:; 0.133~ cannot reject Ho 
Bioreador 60 7.04 P < 0.0005 reject flo 

5S 32.85 p<0.0005 reject Ho 

54 34.32 p< 0.0005 reject Ho 

60 31.16 p< 0.0005 flo 
Bioreactor· 60 27.82 p< 0.0005 reject flo 

As(V) 54 2.S8 p< 0.0005 flo 

Although the results listed in Table 6-4 that the • FeJ
+ and As(V) concentrations in all the 

and the As(III) COIllcerltralllon vessel and secondary bioreactor were influenced by changes in 

the overall residence between these parameters and the residence time were evident. • 

From the results listed in Table 6-3 and shown in Figures 6.7 and 6.8 it is however apparent that the ferric-iron 

and arsenate concentrations in the were significantly higher than the ferrous-iron and arsenite 

concentrations. It is also evident from Table and Figures 6.7 and 6.8 that the f~rrous-iron and arsenite 

concentrations were in the bioreactor than in the bioreactor .. On the other hand, the. 

ferric-iron and arsenate concentrations were in the secondary bioreaC!or than inthe primary bioreactor. 

These observations are consistent with the that the of occurs via the 

multiple sub-process mechanism. According to this mechanism the arsenopyrite is chemically leached by ferric

iron (Iglesias et al., 1993): 

The ferrous-iron produced 

FeAsS+ 5 + +6 I 

I 

this reaction is -----~L--.... -J oxidised to ferric-iron by L./etooxidans: 

4 + 

I 
! 

(6-1) 

(6-2) 

The elemental sulfur Dr(lI(lU4~ea \CDiemllca,lJ ferric leac:Jmlg of the IIr;;:,EnCITIVntl'! is oxidised to sulfate by 

T. caldus (Pol'kin et 

2S+ + (6-3) 

! 
Depending on the conditions in the blClrellct()rs. 

may be oxidised to arsenate by ferric-iron l:snresltna. 
the dissoluiion of the arsenopyrite 

.. An increase in the residence time was expected to result in an increase in the ferric-iron and arsenate eoncentrations. Although the 
ferric-iron and arsenate concentrations in the bioreactors may have been influenced by the of ferric arsenate, the lack of 
trends in the concentrations of the iron and arsenic species suggests that the variations statistical analysis have 
been erroneous. For this reason, no attempt was made to interpret the variations in the of these species with 
in the overall residence time. 
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(6-4) 

As in Section the above reaction the presence of a suitable catalytic surface and may in 
tum be followed precipitation arsenate et 1997; Fernandez et al., 1995): 

(SO 4) -1> 2 FeAsO 4 + 3 

It is also apl)ar,ent from the results obtained that the long residence times used during the 

investigation, relative to washout (see Four), resulted in most of the mineral being oxidised in the 

prUlllalY bioreactor. This resulted in the ferric-iron and arsenate concentrations in both bioreactors 

significantly the respective ferrous-iron and arsenite concentrations. Furthermore, although most of 

the oxidation in the further oxidation of the concentrate in the secondary bioreactor 

resulted in the ferric-iron and arsenate concentrations in the secondary bioreactor being greater than in the 

primary bioreactor. : 
. I 

In addition to the above, it is also , .. ",,,r,,,nt from the results listed in Table 6-3 and shown in 6.7 and 6.8 , 
that the concentrations of the iron and arsenic species in the conditioning vessel (feed) were low at all residence 

times. This is consistent with the oxygen utilisation rate data shown in Table 6-2 and was eXI)ected 

as the vessel contained neither bacteria, nor acid, nor added ferric-iron. 

6.2.2 Secondary Bioreactor Disruption Test 

As stated previously, the disruption test using the secondary bioreactot was carried out while the mini-plant was 

at an overall residence time of 4 At t = 0, aeration and agitation of the in the sec:ooaaIy 

blc,rellct()r was stopped and the overflow from the primary bioreactor diverted. In addition, the control was 

disabled to ensure that the was not obtained in the presence of settled ore. After 

15 minutes, i.e. at t = 0.25 hours, aeration and agitation was resumed. control was enabled 15 minutes after 

aglltatlon had been restored, i.e. at t == 0.50 and continuous was resumed 90 minutes i.e. at 

t= 2 hours. 

The variation in the oxygen utilisation rate, oro"~ measured the disruption test carried out the 

sec:onow-v bioreactor is shown in 6.9 below. The error bars in Figure 6.9 indicate the mean oxygen 

utilisation rate ± standard deviation of the values shown in Figure 6.9. 

From it appears as the I5-minute interruption in the aeration and agitation of the slurry in the 

sec:ondal'Y bioreactor may have resulted in a slight decrease in the activity of the culture. The 

oxygen utilisation rate before the was 12.1 mmol , after 15 minutes without aeration and 

agitation it was 11.8 mmol .hol. The activity of the culture continued to decrease once aeration and 

l:1~l,I4L,IUH had been restored; 15 minutes after aeration and had been restored the oxygen utilisation rate 

had decreased to 19.9 mmol .hol. However, the "recovery" of the bioleaching culture in the secondary 

bioreactor was rapid; 45 minutes after the aeration and been restored the oxygen utilisation rate had 

increased to 12.2 minol O2.£"1 
I 
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Figure 6.9: Variation in the oxygen utilisation rate during the disruption test carried opt using the secondary 

bioreactor. 

The measured variation in the ferrous- and ferric-iron concentrations. observed during the disruption test are 

presented in Figure 6.l0(a). The measured variations in the arsenite and arsenate concentrations are shown in 

Figure 6.1O(b). The error bars in Figures 6.10(a) and (b) indicate the measured concentration ± standard error: 
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Figure 6.10(3): Variation in the concentrations of 

[ 0 ] ferrous- and [ • J ferric-iron during the 

disruption test carried out using the secondary 

bioreactor. 
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Figure 6.10(b): Variation in the concentrations of 

[ D ] arsenite and [ ... ] arsenate during the disruption 

test carried out using the secondary bioreactor. 

From Figure 6.l0(a), it is apparent that the ferrous-iron concentration increased during the period in which 

aeration and agitation were stopped. This increase in the ferrous-iron concentration may have been caused by 
one or more of the following: 

.. The values of the standard error detennined during the steady-state investigation were used during the analysis of the perturbation 
results. 
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i) experimental error, 

ii) the ferric of arsenopyrite according to l:.I.I'\U\L,IIJU 

iii) 

iv) 
the oxidation of arsenite to arsenate by ferric-iron ",,,,,VIi,,,,,,,,,, to Equation 6-4, and/or 

the reduction offerric-iron by bacteria. 

However, it is also aplJar,em from Figure 6.10(a) that no significant variation in the ferrous-iron concentration 

was observed upon of aeration and agitation. It is therefore suggested that the variations in the 

"",.,,, .. ,,,.nt in Figure 6.10(a) can be attributed to experimental error. 

It is also apparent from 6.1 O( a) and (b) that the ferric-iron and arsenate concentrations in the lil;;\,lJllU41 

bioreactor increased about 135 and 35 mmol.C I
, the in which aeration and 

agitation of the culture in the secondary bioreactor was in the ferric-iron and arsenate 

concentrations were too to be a result of the ferric of the flotation concentrate, nor were they 

consistent with the of ferric arsenate formation (Equation 6-5): The above therefore 

suggest that the variations in the ferric-iron and arsenate concentrations apparent in Figures 6.1O{a) and (b) were 

due to error. This suggestion is supported by the fact that the concentrations of ferric-iron and 

upon resumption of aeration and agitation, but remained at this "elevated level". 

The variations in 

the relative rates of 

by ferric-iron. Ho 

6.1 O(b) could be explained in terms of variations of 

Pf()dlliction by the and its subsequent oxidation to arsenate, 

er, the observations with to the variations in the ferrous- and ferric-iron and 

described above suggest that the variations in the arsenite were most likely 

eXl,erlmlentaJ error. 

The above tlleret,ore " ... ~,]t:;""" that the variation in the oxygen utilisation rate shown in 6.9 may 

been a result of eXl)erlml~ntal errors. In spite of this limitation, the refSults obtained do IiU)~/l!,t:1i1 

interruption in the and agitation had no effect on the long or short term and viability 

of the bacterial culture. In addition, it is likely that a similar result would have been achieved had the disruption 

test been carried the culture in the bioreactor. 

6.2.3 Bioreactor Disruption 

bioreactor was also carried out while the was 

residence time of 4 days. At t 0, aeration and agitation of, and the feed to, the bacterial 

bioreactor was stopped and the control disabled. Aeration and of the slurry in 
1'\'l'orp'll't"T was resumed seventeen hours later, i.e. at t == 17 hours. 

"pj'"ru," and agitation had been i.e. at t == I 7 v.. hours. Continuous operation, at an 

overall residence 

t == 23 ~ hours. 

of 4 days, was begun 6Y2 hours after aeration and agitation had been i.e. at 

hours after aeration and had been restored, i.e. at t = 43~ hours, the overall 

increased to 6 56% hours after aeration and had been i.e. at 

iJIV'Ul1;Ul'" were encountered with the solids feeder and continuous operation of the mini-plant was 

no 

At t 2 days, PPUlp = 20 % (m/v). FeS2 37.18 %. FeAsS 12.68 %, complete dissolution oflhe arsenopyrite witbin one residence 
time results in fA> '" 3.25 mmol.(l.h'\ fr, "" 16.125 mmol.(I.l1' I , i.e. the rate of precipitate dissolution to account for the 
observed cbanges in the ferric-iron and arsenate concentrations would have been in the region of 33-43 times rate of concentrate 
(bioleaching) dissolution. 
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As stated previously, one litre were taken from the bioreactor at intervals 

test and the oxygen utilisation rate, thereof determined. The values of the oxygen utilisation rate measured 

the course of the test performed using the bioreactor are shown in 6.11.' 

60~------------------~ 

45 

30 

~ 15 
I 

0 

0 to 20 30 40 50 60 
Time (b) 

6.11: Variation in the oxygen utilisation rate the rh" ... , ... t1n,Y"I test carried out the 

bioreactor. 

From Figure 6.11, it is apparent that the oxygen utilisation rate of the bacterial culture did not decrease during 

the flIst 8 hours of the experiment. This was attributed to the intermittent of a portion of the bacterial 

culture and led to the intervals between oxygen utilisation rate determinations being increased. The oxygen 

utilisation rate was measured at IS-minute intervals during the flIst 3 ~ hours of the disruption test, and at 30- , 
minute intervals for the following hour. This was followed by of 1 Vz and 2 hours between 

measurements. Increasing the intervals between successive oxygen utilisation rate to 3 and 

5 respectively, resulted in a trend in the activity of the becoming 16 hours 

after aeration and had been the oxygen utilisation had decreased to 9.0 mmol 

i.e. to about 20 % ofits steady-state value of 46.1 mmo! 02.rl.h'l} 

and agitation of the culture in the primary bioreactor was resumed an hour later, i.e. at t;;;;;; 17 hours. 

the feed to the primary bioreactor remained diverted. Fifteen minutes after the resumption of aeration 

and the oxygen utilisation rate bacterial culture in the bioreactor had increased from 14.5 

to 34.3 mmol 02.r' .h·' . However the bacterial culture did not maintain this level of activity; 15 minutes later the 

oxygen utilisation rate had decreased to 17.5 mmol 02.e- I .h·' . The of the culture to decrease 

for the 4Yl hours; 5 hours after aeration and agitation had been restored, i,e. at t = 22 hours, the oxygen 

utilisation rate had decreased to 12.1 mmol .. h- I
. 

It was thought that this gradual in the oxygen utilisation rate was caused by arsenic toxicity anellor . 

nutrient and substrate depletion. For this reason feeding of the mini-plant, at an overall residence time of 4 days, 

was begun 6~ hours after aeration and had been restored, i.e. at t 23Vz hours. This resulted in a 

.. 
t 

increase in the oxygen utilisation from 12.3 to 14.7 mmol over the following 8Yz hours. 

The erratic nature of the oxygen utilisation rate values determined during the period in which the slulTy was not aerated and agitated can 
be attributed to the lack of mixing. 

some of the culture was expected to result in a longer period before a decrease in the activity of the culture was 
% of the culture was aerated this effect was expected to be small. However. the results obtained suggest that it 

to sustain the bacterial culture during power or equipment failures by intermittent aeration of small amounts of the 
bioreactors. 
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This relatively slo~ increase in the oxygen utilisation rate was attributed to washout Therefore, 26Yi hours after 

aeration and agitati9n had been restored, i.e. at t == 43Yi hours, the overall residence time was increased to 6 days. 

This resulted in an ipcrease in the oxygen utilisation rate, from 14.7 to 19.5 mmol 02II.h,l, during the following 

8 hours. At this st~ge, problems were encountered with the solids feeder and continuous operation of the mini

plant was no 10ngerjipoSsible. For this reason, complete recovery of the mini-plant was not observed. 

The variation i: th measured ferrous-, [Fe2j, and ferric-iron, [Fe3+], concentrations during the disruption test 

performed using th~ primary bioreactor are shown in Figure 6.l2(a). The variation ·in the measured arsenite, 

[As(III)], and arsenlte, [As(V)], concentrations during the disruption test are shown in Figure 6.12(b).· 
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Figure 6.12(a): Vanation in the concentrations of 
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I 

disruption test darried out using the primary 

bioreactor. 

-"'"' :...: ----'-' '" -< 
Q 
e e 
'-' --.... .... 
'-' .'" 
~ 

20..,.---------...,.. 200 

,. 
I 

15 
I 

150 

~~ I T ~ 1 
' , 

10 -Hll 1 100 

5 50 

o 0 

o 10 20 30 40 50 60 
Time (h) 

--~ 
,...:.. 
C. 
'" -< 

Q 
e 
e 
'-' 

~ 
'" ~ 

Figure 6.12(b): Variation in the concentrations of 

[ 0 ] arsenite and [ A ] arsenate during the disruption 

test carried out using the primary bioreactor. 

From Figure 6.l2(a) it is apparent that the ferrous-iron concentration in the primary bioreactor increased during 

the 17 hours in whidh the slurry in the bioreactor was not aerated. It is also apparent from Figure 6.12(b) that the 

increase in the ferr~us-iron concentration was not accompanied by an increase in the arsenite concentration. 

This suggests that the increase in the ferrous-iron concentration was a result of anaerobic ferric-iron respiration 

(Pronk et al., 1992)1 rather than the ferric leaching of arsenopyrite. However, the rapid increase in the arsenite 

concentration once. aeration and agitation was restored suggests that the arsenite produced by the chemical 

leaching of the arsenopyrite, according to Equation 6-1, was masked by the absence of agitation, i.e. the samples 

used for the determination of the iron and arsenic concentration and speciation were not representative of the slurry 

in the bioreactor. • 

Comparison of FiJres 6.11 and 6.12(a) and (b) shows that the increase in the oxygen utilisation rate (once 

aeration and agitati6n of the slurry was restored) was accompanied by a rapid decrease in the ferrous-iron and 
I 

arsenite concentratibns. This can be attributed to bacterial ferrous-iron oxidation by L.ferrooxidans, according to 

Equation 6-2, and tite oxidation of arsenite to arsenate by ferric-iron, according to Equation 6-4. The above 

observations are thJs also consistent with the suggestion that the ferric leaching of arsenopyrite and the oxidation 
I 

of arsenite by ferric~iron are competing reactions. During periods of reduced bacterial activity, the leaching of 

arsenopyrite predorhinates whereas during periods of rapid bacterial oxidation, the increased availability of 
I 
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ferric-iron results in both the leaching of arsenopyrite and the oxidation of arsenite: However, because the 

arsenate and ferric-iron concentrations in the primary bioreactor were approximately 30 and 160 times the 

ferrous-iron and arsenite concentrations, respectively, corresponding changes in their concentrations were not 

observed. 

It is apparent from the results shown in Figures 6.l2(a) and (b) that the ferric-iron and arsenate concentrations in 

the primary bioreactor varied significantly during the disruption test. t However, these variations in the ferric

iron and arsenate concentrations were too rapid to be the result of either the ferric leaching of the flotation 

concentrate or the dissolution of the ferric arsenate precipitate. Furthennore, the changes in the ferric-iron and 

arsenate concentrations were not consistent with the stoichiometry of ferric arsenate fonnation (dissolution) 

(Equation 6-5). The above therefore suggests that, as in the perturbation test performed using the secondary 

bioreactor, the observed variations in the ferric-iron and arsenate concentrations were due to experimental error. 

From Figures 6.l2(a) and (b), it is also apparent that both the ferrous-iron and arsenite concentrations increased 

once continuous operation, at an overall residence time of 4 days, was begun. This can be attributed to the 

increased availability of substrate and the "low" metabolic activity of the bacteria relative to the activity 

observed at the same residence time during the steady-state investigation. Although increasing the residence 

time to 6 days resulted in an increase in the oxygen utilisation rate, it had no apparent effect on the trends in the 

ferrous-iron and arsenite concentrations; both increased with an increase in the residence time. These trends in 

the oxygen utilisation rate, and the ferrous-iron and arsenite concentrations indicate that, although the bacterial 

culture was beginning to recover from the perturbation, its activity was still significantly reduced relative to its 

activity before the perturbation.t However, neither the oxygen utilisation rate of the bacterial culture, nor the 

ferrous-iron and arsenite concentrations reached levels comparable with those observed before the interruption. 

This suggests that long perturbations in the aeration and agitation of the bacterial culture have a long-tenn effect 

on the activity of the bacteria, viz. L.ferrooxidans and T. caldus. 

In addition, comparison of the results obtained during the perturbation test with those presented in Chapter Five 

suggest that the slow recovery of the culture in the mini-plant may be a result of the bacteria being unable to 

protect themselves from the arsenate (and possibly the arsenite) concentrations present during routine mini-plant 

operation, rather than as a result of elevated concentrations caused by the perturbation itself, i.e. from the 

chemical leaching of arsenopyrite during the period of reduced bacterial activity. § This may in tum be attributed 

to the arsenic tolerance mechanism being energy dependent. Therefore, during periods in which they have no 

energy source, the bacteria are unable to protect themselves from the toxic effects of the arsenic. This may apply 

to a lack of either oxygen or ferrous-iron, or both. 

As stated previously, 56% hours after aeration and agitation had been restored, i.e. at t == 73% hours, problems 

were encountered with the solids feeder and continuous operation of the mini-plant was no longer possible. For 

this reason, complete recovery of the continuous bioleaching mini-plant was not observed. However, the 

bioreactor was operated in batch mode for a further 52 hours. During this time the ferrous-iron and arsenite 

concentrations decreased. The decrease in the ferrous-iron concentration can be attributed to substrate depiet,ion 

whereas the decrease in the arsenite concentration can be attributed to an increase in its rate of oxidation, to 

• 

t 
t 

§ 

As stated previously. under normal conditions the rate at which As(III) is oxidised to As(V) is in the region of 10 times the rate at which 
As(III) is produced by the bioleaching of arsenopyrite. 
A similar phenomenon was observed during the disruption test performed using the secondary bioreactor (see Figure 6.10). 
During the initial stages of recovery, the ferrous-iron concentration would be expected to be higher than during steady-state 
operation at the same residence time. However, the increased oxygen utilisation rate observed during the latter stages of recovery 
would be expected to be accompanied by a decrease in the ferrous-iron concentration. Furthermore, the resulting increased 
availability offerrlc-iron would be expected to result in a reduction in the arsenite concentration. 
During the period in which the aeration and agitation of the culture in tbe primary bioreactor was stopped, the arsenite concentration 
achieved a maximum concentration of about 5 mmol.('. In comparison, an initial arsenite concentration of 20 mmoLt' had little 
effect on the batch bioleaching performance of the bacterial culture from the continuous bioleaching mini-plant. 
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arsenate, relative its rate of production. The latter can in turn be attributed to the increased availability of 

ferric-iron. 

6.3 

onnance of a (mixed) meSOJ:lnUlC culture oxidising a sample of arsenopyrite/pyrite flotation 

concentrate Fairview Gold Mine in South Africa, was at residence times 

ranging from 4 to days. Statistical analysis concentrations of the iron and arsenic species 

:su~~gl::!HI:U that the and the ferric- and ferrous-iron concentrations in all the and the arsenite 

concentration in the conditioning vessel and secondary bioreactor, were in the overall 

residence time. However, no trends in the concentrations of these species with in the residence time 

were apparent; hen\:!e no attempt was made to interpret the variations in their concentration with changes in the 

residence time, I 

It was however ap~arent that the ferrous-iron and arsenite concentrations were higher in the primary 

bioreactor than in the secondary whereas the steady-state ferric-iron and arsenate concentrations were 

higher in the secon~ary bioreactor than in the bioreactor. These trends in the concentrations of the iron 

and arsenic speciesl are consistent with the that the bioleaching of occurs via a multiple 

sub-process mecIiahism. According to this the mineral is chemically leached by ferric-iron; this 

solubilises the iron, arsenic and sulfur as arsenite and elemental The ,u~,,,u'''''. 

sulfur and ferrous-iron are subsequently oxidised to arsenate, sulfate and presumably by ferric-iron, 

len"OO,XI(j,ans ancl T. caldus, the primary role of the bacteria is the oxidation of the ferrous-

iron to the ferric f\lnn; this maintains a redox potential within "::the bioreactor which in turn ensurt;s the 

continued leaChing[:Of the mineral. 

In to the a ove, the results of the investigation ,indicated that, at the residence times used in 
I 

this bstrate depletion was responsible for the bacterial culture in the primary bioreactor 

mo culture in the bioreactor, and in the oxygen utilisation rate of the cultures in both 

bioreactors increasipg with a decrease in the residence time. 

Two disruption tests were carried out in an attempt to detennine the effect of power or equipment failures on the 

pelttolt'mlinc:e of the continuous mini-plant. The first test of a IS-minute in the 

agitation and aeration of the bioreactor and the second test consisted of a 17-hour in the 

agll:at1(10 and aeratiQn of the bioreactor. The response of the to the perturbations was assessed 

monitoring the oxygen utilisation rate of the bacterial culture and the concentrations of the iron and arsenic "'1.1";""""'. 
viz. [Fe2+], [Fe3j, [As(Ill)] anq [As(V)]. 

Although it was pJsible to interpret the variations in the oxygen utilisation rate and the concentrations of the iron 

and arsenic specieJ observed the perturbation test the secondary bioreactor in tenns of 

the sub-processes ~vOlved, the results obtained suggested that were probably the result of experimental 

errors. In spite of~is limitation the results obtained that short interruptions in the aeration and ,,1;" ..... "" 

do not have a sign~ficant effect on the activity of the Da(:te%la, nor on the concentrations of the iron and arsenic 
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I 
During the perturbation test performed using the primary bioreactor, the oxygen utilisation rate of the bacterial 

culture decreased during the period in which aeration and agitation was stopped. This! decrease in the oxygen 

utilisation rate was accompanied by an increase in the ferric-iron and arsenic concentrati.ons. The resumption of 

aeration and agitation resulted in an increase in the oxygen utilisation rate of the bacteri~l culture and a decrease 

in the ferric-iron and arsenic concentrations. 

The trends in the oxygen utilisation rate and the ferrous-iron and arsenite concentrations observed during the 

perturbation experiments are thus consistent with the hypothesis that the bioleaching of arsenopyrite occurs via a 

multiple sub-process mechanism. They are also consistent with the hypothesis that the oxidation of arsenopyrite 

and arsenite, by ferric-iron, and the precipitation of ferric arsenate are competing reactions and that their 

respective rates depend on the absolute and relative concentrations of arsenopyrite, arsenite and arsenate in 

solution, and on the concentration and availability offerric-iron. The concentration and availability offerric-iron 

is in turn determined by the activity of the bacteria. During periods of reduced bacterial activity, the chemical 

leaching of arsenopyrite is the dominant reaction. However, during periods of rapid metabolic activity, the 

increased availability offerric-iron in solution results in the oxidation of both arsenopyrite and arsenite. 

Although the oxygen utilisation rate of the bacterial culture in the primary bioreactor increased upon resumption 

of aeration and agitation, it did not achieve the level of bacterial activity exhibited before the interruption. This 

suggests that a 17 hour perturbation in the aeration and agitation of the bacterial culture has a long term effect on 

the activity of the bacteria, viz. L.fe"ooxidans and/or T. caldus. 

Furthermore, comparison of the perturbation results with the results presented in Chapter Five suggests that the 

slow recovery of the mini-plant could be attributed to the bacteria being unable to protect themselves from the 

toxic effects of the arsenic concentration and speciation present during routine mini-plant operation. This can be 

attributed to the arsenic tolerance mechanism being energy dependent. 

In addition to the above it is important to note that the oxygen utilisation rate of the bacterial culture in the 

primary bioreactor did not decrease significantly during the period in which small quantities of the culture was 

intermittently aerated. This suggests that it may be possible to sustain the bacterial culture during power and 

equipment failures by making use of "undersized" standby compressors. 

6.4 Nomenclature 

[As(III)] concentration of arsenite mmol As(III).e-1 

[As(V)] concentration of arsenate mmol As(V).e-1 

lAs], concentration of arsenic mmol As.e-1 

[Fe2+] concentration of ferrous-iron mmol Fe2+.e-1 

[Fe3+] concentration of ferric-iron mmol Fe3+.e-1 

[Fe]t concentration of iron mmol Fe.e- ' 
E redox potential of the solution mV 

msolids solids feed rate kg.day·l 

[02] concentration of oxygen mmoI02.e-1 

p significance level at which null hypothesis is accepted dimensionless 

Qliquid liquid feed rate f.day·1 
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ro, 

t 

T 

oxygen production rate 

time 

solids concentration 

overall residence time 

nunol 

% (m.v·1) 

day 
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Every person, 

all the events of your life 

are there because you have 

drawl1 them there. 

W hat you choose 

to do with thewl is 

up to you. 

ILL USI ONS - Richard Bach . 
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Chapter Seven 

Modelling Continuous Bioleach Reactors* 

Although the bioleaching of sulfide minerals has found widespread application for the recovery of copper, and 

the of ores and there are no mechanistic models that can be 

used to the of continuous bioleach reactors. This . .can be attributed to the nature of 

microbial interactions and difficulties encountered when attemlpting to measure the biomass concentration and 

growth rate, and the ferric and ferrous-iron concentrations in a system. 

The above difficulties have resulted in the logistic equation being the rate expression that has found the most 

widespread application to date. Because the equation is not it does not require 

t.r,,"'u!lpr .. ~p of the bacterial or their the lack of a mechanistic basis means that 

it cannot be used to predict the of for different 

combinations or across a range of operating conditions. In spite of this limitation, it has however proved useful 

in the modelling of batch and continuous laboratory, pilot and full-scale plant data for several pyrite and 

flotation concentrates 1994; Dew et ai., 1 and Miller, 1993; 

Hansford and Bailey, 1992; Hansford and Chapman, 1992; Miller and Hansford, 1992(a); Miller and Hansford, 

1992(b); Pinches et ai., 1988). 

The results of recent work on the """,HU:'l'> of pyrite (Boon et ai., the identification of LejDtospi'ri/Jrum 

ferrooxidans and Thiobacillus caldus as the dominant species in continuous bioleaching plants (Rawlings et al., 

1999(a» and the results in the Chapters that the bioleaching of sulfide mineral 

occurs via a multiple mechanism. to this the sulfide mineral is cm:mlcallY 

oxidised by the ferric-iron present in the bioleaching medium. The ferrous-iron produced by this reaction is 

" Breed, A.W. and Hansford, G.S. 1999. Studies on the mechanism and kinetics ofbioleaching. Minerals Engineering 12(4): 383· 
392. 
Breed, A.W. and Hansford, G.S. 1999. Modelling, continuous bioleach reactors. and Bioengineering '5(1): 44· 
53. 
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1"I'''''I"1",,,,ntlv oxidised to the ferric fonn by the this serves to maintain a hi redox potential in the 

bioreactors, thereby ensuring the continued l""'\,UllJ'!; of the mineral. 

As stated previously, the existence of a multiple sub-process mechanism 

I:H)roclessl~s may be detennined and then combined to 1.J1V"'U~," 

.. ", .. Tn,.".,,,,,,,,. of a continuous bioleach reactor. This is the approach followed below. 

the kinetics of the 

model that predicts the 

Steady-state Bacterial Ferrous-iron OxidatioJ 

A schematic representation of steady-state mineral hioleaching in a continuous hioreacl is shown in Figure 7.1. 

v 

7.1: Schematic repres1ent:atic.n !':yellnv··!':Y!lye mineral bioleac:hllllg in a corllln.UOllS bioreactor. 

steady-state mineral bioleaching in a continuous bioreactor with vo!umle. a bacterial mass balance· 

(7-1) 

If the in the volume from the focmal:ion of biomass and the "v .... UJ'lU''''' .. ~/u of the mineral is 

assumed negligible: 

If the feed to the bioreactor is sterile: 

C X•in = 0 (7-3) 

"U'J1>LILULUl~ _-. ____ .. _ .... _7-2 and 7-3 into Equation 7-1 yields: 

If it is assumed that the bacteria follow Monod growth kinetics: 
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Substituting Equation 7-5 into Equation 7-4, re-arranging and simplifying gives: 

Q rx 1 
~==-==-==D==-

V Cx 't 
(7-6) 

In other words, the bacterial specific growth rate is inversely proportional to the hydraulic residence time. 

It is assumed that both the maximum yield and maintenance coefficient on ferrous-iron, viz. Y~x and mFc2+, 

are energetic parameters which are constant for a particular bacterial species/substrate combination, they can be 

related via the empirical Pirt equation (Pirt, 1982): 

Dividing Equation 7-7 by the concentration of biomass, ex, yields: 

r bact 
Fe l + 

Y max + m Fe,· 

Fe"X c X 

(7-7) 

(7-8) 

The bacterial specific ferrous-iron oxidation rate, ~e2+, is defined as the rate of ferrous-iron utilisation per mole 

of biomass: 

(7-9) 

Substitution of Equation 7-9 into Equation 7-8 and simplifying using Equation 7-6 yields: 

(7-10) 

The results of previous research (Van ScherpenzeeJ, 1996; Boon, 1996) and the results presented in Chapter 

Four have demonstrated that the bacterial specific ferrous-iron utilisation rate, ~.2+, can be expressed as a 

function of the ferric/ferrous-iron ratio, [Fe3+]I[Fe2+], using a simplified form of the equation suggested by 

Braddock et al. (1984): 

(7-11 ) 

Substituting Equation 7-11 into Equation 7-10 yields: 

(7-12) 
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Equation 7-12 can be rearranged to give: 

(7-13) 

Equation 7-13 shows that the ternc/terrouiS-llronratio (redox potentIal) is only a function 

i) the residence time, and 

ii) a group of constants, the values of which are determined by the characteristics of the bacterial 

(kinetic used. 

In other 

either the 

the ferric/ferrous-iron or redox poltenltlal of the bioleaching i>VlI""".l1 is not a function of 

concentration, or the total or ferrous-iron COlllCfmtJratlloDlS: 

(7-14) 

r1<U1<IIo •• , .. the above is not an intuitive 

type kinetics. 

it is eXl)ected from the assumption of Monod or Michaelis-Menten 

Figure 7.2 shows the variation in the predicted ferric/ferrous-iron ratio and redox potential for T.ferrooxidans, a 

Leptospirillum-like bacterium and a predominantly culture· steady-state bioreactor 

op'eratlOlll, at for residence times ranging from 0 to 20 

100000.,..--------.......,.. 876 

783 
1000 

690 

10 
597 

o +---+---+---+---+ 504 
o 5 10 15 20 . 

t (h) 

7.2: Variation in the feme/ferrous-iron ratio and redox ...... " .. £1 ... ., 

for T.ferrooxidans, a Leptospirillum-Iike bacterium and a , 
at JO·C. nata were calculated 572 m V. RTlzF = 26.13 (detennmr by calibration). 

It is important to note that values of the residence time lower dian the residence time at which wa!;hout occurs result in negative 
values of the ferric/ferrous-iron ratio. Therefore, Equations 7-13 is only valid for t:> t_. Furthermore, although Equation 7-
13 indicates that the mineral conversion is not influenced by the pyrite concentration in the feed, high solids cOllcentrations have 
been shown to result in transfer limitations (Bailey and Hansford, 1993). Equation 7-13 is therefore (also) only valid at 
solids concentrations at mass transfer is not ' 
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In Figure 7.2, the values of the kinetic parameters for T.ferrooxidans, the Leptospirillum-like bacterium and the 

predominantly L.ferrooxidans culture were obtained from Boon (1996), Van Scherpenzeel et a/. (1998) and the 

results presented in Chapter Four, respectively. 

From Figure 7.2 it is clear that at residence times greater than about 1 day, the solution redox potential will be 

higher if the bacteria present are Leptospirillum-like as opposed to T. ferrooxidans. Therefore, at residences of 

more than 1 day, L.ferrooxidans will be the dominant micro-organism. This result is consistent with the results 

presented in Chapter Four, and those of previous research (Rawlings et a/., 1999{a); Rawlings et a/., 1999{b); 

Dew et a/., 1997; Rawlings, 1995; Boon, 1996; Hallmann et a/., 1993; Helle and Onken, 1988; Norris et a/., 

1988). 

7.2 Steady-state Bioleaching of Pyrite 

During the steady-state leaching of pyrite in a continuous bioreactor performing a pyrite mass balance yields: 

(7-15) 

If the change in the volumetric flow rate resulting from the formation of biomass and the dissolution of solids is 

neglected, Equation 7-15 can be simplified to give: 

(7-16) 

The reaction stoichiometry for the chemical (ferric) leaching of pyrite is: 

(7-17) 

Therefore, for every mole of pyrite oxidised, 15 moles of ferrous-iron are produced: 

(7-18) 

Hence: 

(7-19) 

Substituting Equation 7-19 into Equation 7-16 yields: 

(7-20) 

By definition: 
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Boon suggested that the rate at which 

of the form: 

Substitution of Equation 7-22 into Equation 7-21 

Su1bstiituting Equation 7-23 into Equation 7-20 

[FeS21 in 

-"'1--'---- 7-24 may be simplified to yield: 

in 

Kelarnmgmg Equation 7-25 

= 

is 

ou, 

pm'll"'>" by 

[ 
.2..umax 1"' 1 15 ,." 

out + [Fe2+] 
I+B-

[Fe l +] 

.2..um8X 
""----"'''-'''- == 1 + 15 f." 

[Fe2+J 
l+B-

[Fe3+] 

The conversion, or fraction of pyrite leached, X, is defined as: 

Chapter Seven 

could be described an "'\4""'''''''' 

(7-24) 

(7-25) 

(7-26) 

(7-27) 

nel'eY()re, substitution of 7-27 into Equation 7-26 and rearranging yields following expression for 

the conversion 
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, ""'" -u 
X= 15 ,,2' 

1 B 
[Fe 2+] , ""'" 

+ --+-u 
[Fe 3+ ] 15 F," 
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(7-28)" 

From Equation 7-28 it is clear that the fraction of mineral leached, i.e. the mineral conversion, is only a function 

of the ferric/ferrous-iron ratio or redox potential, the residence time and the characteristics of the pyrite itself. In 

other words, the conversion is not a function of the mineral concentration. As stated 'above, although this may 

not be an intuitive result, it is expected from the assumption of Monod or Michaelis-Menten type kinetics: 

x = g ([Fe:+]) 'i' f( [FeS 2 ] in) 
[Fe +] 

(7-29) 

According to Equation 7-13, the characteristics of the bacterial species and the prevailing residence time 

determine the ferric/ferrous-iron ratio. Therefore, substitution of Equation 7-13 into Equation 7-28 yields an 

expression in which the pyrite is only a function of: 

i) the characteristics of the mineral, 

ii) the characteristics of the bacterial species, and 

iii) the prevailing residence time. 

In other words: 

.-::LulTlaX 
15 ,," X :::: --:;------=-=--------;:-----

't +_um
"" 

15 F," 

(7-30) 

Figure 7.3 shows the predicted variation in the pyrite conversion, using T.ferrooxidans, a Leptospirillum-like 

bacterium and a predominantly L.ferrooxidans culture in a continuous-flow bioreactor, at a temperature of 30°C 

and residence times ranging from 0 to 20 days. As in the case of Figure 7.2, the values of the kinetic parameters 

for T.ferrooxidans, the Leptospirillum-like bacterium and the predominantly L.ferrooxidans culture were 

obtained from Boon (1996), Van Scherpenzeel et al. (1998) and the results .presented in Chapter Four, 

respectively. The kinetic parameters for pyrite were estimated from the results obtained by Boon (1996), viz. 

u;.":. = 0.0960 mmol Fe2+.(mmol FeS2r1.h·1 and B::::: 2439. These predictions are compared with the results of 

Hansford and Chapman (1992) for the continuous bioleaching of a similar sized euhedral pyrite by an 

unidentified microbial species. 

From Figure 7.3 it is apparent that the data of Hansford and Chapman (1992) follows the trend predicted by the 

model if the kinetic parameters for the Leptospirillum-like bacterium or the predominantly L. ferrooxidans 

.. As in the case of Equation 7-13, Equation 7-28 is only valid for t> t"",,- and in the absence of mass transfer limitations . 
Furthermore, it is only valid at redox potentials that are greater than the rest potential of the mineral. 
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culture are assumed. Furthermore, the values of the experimental values and those pre~icted using the kinetic 

paramete:rs for the Leptospirillum-bacterium and the L. ferrooxidans culture are similar.' 

100~--------------------~ 

75 

-t 50 
>< 

25 

o 5 10 15 20 
1: (days) 

1.3: Comparison between the variation in the pyrite conversion with changing residence 

for T. ferrooxidans, a a [-] predominantly 

culture and the [ 0 ] "'V?,,,,,?,,.,,,,,,,t,,1 results obtained by Hansford and Chap~an (1992). 

At this it is important to note that the kinetic v_"""u"'."','" of the bacteria were det~ined at residence times 

of between 10 and 100 hours, while the kinetic of the pyrite were deterlnined in batch culture. 

used to determine the kinetic pkarneters were the same .l:'Ulrtnl~rnlor,e, neither the bacterial "'II""""""'. nor the 

as those used by Hansford and Ch,apnnan In of this it appears as model is' 

able to predict the performance of a continuous bioleach reactor. 

7.3 Steady-state Bioleaching of Arsenopyrite 

P"",ri'n'r"Wl,iTln an arSlenCtDVlrIte mass balance across a bioleaching reactor operating at l1v •• !:t<>rp and simplifying 

in - [FeAsS] out =:-1: (7-31) 

The results of previous research V15J"":"'~" 1993) and the Three have 

demonstrated that the chemical lea(:nmlg of arsenopyrite occurs ...... ""U .. 1F. 

(7-32) 

I .. Although the microbial used by Hansford and Chapman (1992) was not identified, the res~lts described in Chapler Four, 
and those of previous research 
Hallmann et al., 1993; Helle and 
L. jerrooxida1/S. 

et al., 1999(a); Rawlings'e/ al., 1999(b); Dew el al., 1997: Boon, 1996; Rawlings, 1995; 
1988; Noms el al., 1988) suggest that the micro-organism would have been 

I 

I 
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According to Equation 

prIJIUUC;UIJIIl is: 

the relationship between the rate of mineral leaching and the rate of ferrous-iron 

rpcAsS 
6 

(7-33) 

As in the case of pyrite lca!Clllng, the mineral spe:ClIlC ferrous-iron production rate is defmed according to; 

[FeAsS] oul (7-34) 

Substituting t'.Oual:1OflS 7.33 into .... 'l ...... 'v" 7-31, and combining the result with 7-34 yields: 

in 

[FeAsS] out 

out = --'-"------
6 

Equation 7-35 may be rearranged to yield: 

[FeAsS] 001 6 
(7-36) 

The fraction of mineral leached, X, is defined according to J..:.'1"' .... vu 7-27. Therefore, combining Equation 7-27, 

written in terms of the arsenopyrite concentration, with Equation 7-36 and simplifYing 

the conversion of arsenopyrite: 

an expression for 

(7-37) 

The results presented in Three indicated that the Butler-Volmer based model by et al. 

(1997), written in terms of the mineral rate of ferrous-iron best described the rate at which 

arsenopyrite is ferric-iron over the range of conditions used: 

Substitution of Equation 7-38 into Equation 7-37 an p:Yl~rp:!~l:i(\n for the conversion of """">?""",,,,"nY .. in 

terms of the redox of the solution: 

(7-39) 

From Equation 7-39 it is clear that, as in the case of pyrite leaching, the arsenopyrite conversion is a function of 

the redox potential {ferric/ferrous-iron the residence time and the characteristics of the mineral not 

of the mineral concentration. As in the case of 7-13 and Equation 7-39 is only valid for 

1: > 'twashoUI, E > and in the absence of mass transfer limitations. lrtl:llerrnor'e, it is valid for values of IX 

and [3 such that IX ¢ [3. 
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As shown the ferric/ferrous-iron ratio is a function of the characteristics of the bacterial and 

the residence time. Therefore, substitution of Equation 7-13 into Equation 7-39 yields an expression in which 

the arsenopyrite conversion is only a function of the characteristics of the bacterial species, the prevailing 

residence time and the of the mineral: 

(l.o)P Eo'" E' 

X 
e 

(7-40) 

(I -E' 

6 + tooe -tooe 

7.4 shows the variation in the solution redox pOltentlal predicted by Equation 7~13 for T. ferrooxidans, a 

LeptospiriIIum-like and a L, culture during steady-state bioreactor 

operation, at 38°C and 1.8, for residence times from 0 to 5 days. As in the case of previous figures, 

the values of the kinetic for the Leptospirillum-like bacterium and the 

predominantly L. ferrooxidans were 

respectively. 

of a continuous 

Van et al. (1998) and the 

results presented in 

measured in the 60 e first 

cOlno:ared with the redox potential 

1998) operating at 40°C and pH 1.8. 

800~---------------------, 

600 

~ 400 
~ 

200 

o 3 4 5 
t (days) 

Figure 7.4: Comparison between the predicted and measured variations in the redok at 

residence times for [-] T. ferrooxidans, a [-] and a 

L.ferrooxidans culture, at 38°C and pH 1.8, and the redox measured in the 60 e first of a 

continuous BIO)C1!' mini-plant. [0 J USA; [ • J No.1; [ [J ] [ .. ] Uzbekistan No.2; 

[ t::. ] Dominican Republic No. l' [ III ] Dominican Republic No.2. 

The effect of on the maximum bacterial ferrous-iron utilisation rate of fen'ool:lda,n,s and 

the Leptospirillum-like bacterium was accounted for by that the ""' .... ""li'l11y h"'tw"'!~n .", ....... ,"""'tll and 

could be described using the Arrhenius equation, Equation 4-27. The activation energy determined 

Nemati and Webb was used to account for the effect of temperature on the value of determined 

Boon for ferrOl)xitta1ils, The activation energy determined in Chapter Four was used to account for the 
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effect tpn11",prllt1I1t'P on the value of determined by Van :scl1lerp,en2:eel et al. ( for the Leptospirillum-

like The effect of temperature on the values of K determined for T. ferrooxidans and the 

by Boon (1996) and Van Scherpenzeel et al. was accounted 

for by asStuniIlg the relationship between K and temperature was and could be described using the 

relationship determined in Four, viz. Equation 4-32. 

From it is apparent that the variation in the predicted redox potential with changing residence time is 

similar for all three bacterial cultures. In addition, the redox potential predicted at a particular residence time is 

similar to the redox !-'V'""ULl<U measured in the mini-plant 

The variation in the ars:en1op'vrllte c~Dmrer:;iolrl. at 38°C and for residence times uU"I!iU'1!i from 0 to 5 days, 

"'l.IuaLIVll 7-40 is shown in 7.5. The kinetic pm'arn:eters for were obtained from 

the results in Ch:apt~er Three. These predictions are cOlrnpared with the results measured in the 60 e 
first ofa continuous (Dew, 1998). 

times for 

"''''IL .... 1 'v, at 

100 r-::::;;;;iiii~!!]I!!!!!I!!!!----""" 

• 8 CI 0 

o 0 

50 CI CI 

25 

o 3 4 5 
1" (days) 

compan:son between the predicted and measured ars:en,op:vnlte conversion at different residence 

fer.rOG,xittans. a [ -] Leptospirillum-like bacterium and a L. ferrooxidans 

and the conversion measured in the 60 e first stage of a 

[ It ] Uzbekistan No.1; [ [J ] Australia: 

mini-plant [0] USA; 

Rimstidt et al. (1994) .... "'nn'.1i the optimum temperature for the feme \"",UV1'''''''_J "'''~'''''''b of arsenopyrite to be 

InI,;ICi:l"'lll~ the above this resulted in a reduced rate of mineral dissolution. For this reason, 

the of the kinetic 0 O, E', ex and 13 determined at 25°C where viz. 00' = 900.80, 

E' = 516.83, ex 0.5029 and 13 = 0.0096.' In addition, it was assumed that the leaching of arsenopyrite precedes 

that of pyrite, i.e. the ferrous-iron produced was only because of the ofars:en,oP'VUlte, 

From it is that although the variation in the predicted conversion with changing 

residence time is similar for all three bacterial cultures, the agreement between the predicted conversion and 

data is poor. This result was however anticipated and can be as follows: 

The conversions for the concentrates from Uzbekistan No.2, Dominican 
be determined as the feed analysis was given in terms oftolal sulfide not as 

No. I and Dominican Republic No.2 could not 
and arsenopyrite. 
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Although galvanic interactions have been shown to result in the '''' .. , ....... !'; of arsenopyrite preceding that of pyrite 

(Malatt, 1998; Miller and Hansford, 1992(b», this phenomenon still that the arsenopyrite is accessible 

to the leaching solution. this is not possible unless the concentrate is subjected to 

thereby ensuring almost cornpllete liberation of the respective minerals. Malatt (1998) .... 'I'I(\'I'1t .. tl chemical ferric 

leaching rates, for pure ranging from 0.2 to 29 g .h'l. During the into the 

ferric leaching of Chapter Three) the maximum rate at which pure (high and pyrite free) . 

ferric-iron was found to be either 0.51 or 2.6 g FeAsS.m·2.h'l, on the 

method used to determine the specific surface area of the mineral. In comparison, rates ...... "8 .... 8 

0.06 g FeAsS.m·2 have been reported for the 'bioleaching of arsenopyrite in arsenopyrite/pyrite concentrates 

(Malatt, 1998; Hansford and Chapman, 1992; Miller and 1992(a)). The differences in the chemical 

and bioleaching rates can thus be attributed to the chemical rate eXI)enlm~:nts 

using higb grade and short time scales, relative to those encountered iq For this 

reason, the measured rates of chemical ferric were not significantly influenced by the liberation 

characteristics of. the mineral. The arsenopyrite and contents of the concentrates used in the bioleaching 

mini-plant ranged from 1.2 to 14.8 % and 22.6 to 53.8 %, respectively (Dew, 1998). the over-

prediction of the model evident in Figure 7.5 can be attributed to some of the arsenopyrite occluded by 

pyrite or gangue, or both pyrite and gangue, i.e. during the bioleaching of mixed mineral concentrates the 

liberation characteristics of the mineral will influence rate at which each mineral is leached. 

The above eXI)iaJllation is consistent with the results research which has shown that the rate at which 

sulfide minerals are by both ferric-iron (May et al., and bacteria and 1992(a); 

Hansford and 'VU:U,lJJiU4U, 1992) is dependent on the surface area of the mineral leached. It is therefore 

necessary to base the rate of mineral leaching on the surface area of the mineral that is exp1ose:a to the leaching 

medium, and to changes in the surface area of the mineral with time. 

It is VVO.""U.I .. to relate the concentration based mineral ",,,,,.v ...... ferrous-iron production , to the surface 

area based mineral specific ferrous-iron production,rate, GF.2+: 

(7-41) 

The mineral specific ferrous-iron production rate based on the mineral surface area can in turn be described 

using analogous to Equations 7-22 and/or 7-38: 

(7-42) 

- E') _ e(1 - a)p(E - E')) 

It is therefore possible to express the rate ... "l ...... VUi> developed in terms of the surface area of the mineraL In 

addition, the above methodology can be extended to account for the size distribution of the feed, and \';U~Ul~';;1> 
I 

.. The values of \)0, E', a. and 13 determined for the "leached" mineral were used (see 3.9). 
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resulting from the leaching process, by means of a population balance model (Crundwell, 1994).' Therefore, 

although the approach detailed above has yet to be extensively tested and vigorously applied, the results 

obtained to date suggest that it has potential for predicting the performance of continuous bioleach reactors. 

7.4 Chapter Summary 

The results of this and previous research have shown that the bioleaching of sulfide minerals occurs via a 

multiple sub-process mechanism. According to this mechanism, it is possible to determine the kinetics of the 

chemical and bacterial sub-processes independently and then use the derived kinetic constants to predict the 

steady-state and dynamic performance of continuous bioleach reactors. 

The results of this and other recent work have also shown that the ferric leaching kinetics of sulfide minerals and 

the kinetics of bacterial ferrous-iron oxidation are both governed by the ferric/ferrous-iron ratio (i.e. the redox 

potential). 

The model developed proposes that the residence time and characteristics of the microbial species determine the 

redox potential of the bioleaching solution. The redox potential of the solution, the characteristics of the mineral 

being leached and the residence time in tum determine the degree of sulfide mineral leaching, i.e. the mineral 

conversion. A change in the residence time will therefore result in a change in the solution redox potential, and 

hence in the overall leaching rate of the mineral. 

Although sulfur oxidising species have been detected during the bible aching of mixed mineral concentrates 

containing arsenopyrite (Rawlings, 1995, Rawlings 1999(a», chalcopyrite and pentlandite (Rawlings 1999(a», 

the model developed, like previous models, does not consider the fate of the sulfur moiety. It is however 

acknowledged that the fate of the sulfur species may be important in the bioleaching of base metal sulfides as 

sulfur products may result in passivation of the mineral surface. Although sulfur oxidising bacteria will assist in 

the solubilisation of this passivating layer, the presence of a passivating layer consisting of sulfur may result in 

sulfur oxidation, and not ferrous-iron oxidation, being the rate limiting step. 

Thus, although the above hypothesis has yet to be extensively tested and vigorously applied, the agreement of 

the model with the data of Hansford and Chapman (1992) and the results obtained in the 60 e first stage of a 

continuous BIOX® mini-plant suggests that the model has potential for predicting the performance of continuous 

bioleach reactors, and hence fmding use in engineering and industrial applications.' 

Although the population model used by Crundwell (1994) makes use a shrinking particle model and the bioleaching of pyrite has 
been shown to occur by the formation of pores (Hansford and Drossou, 1988), this approach has proved successful (Crundwell, 
1994). 
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7.5 Nomenclature 

B 

cx.in 

D 

E 

E' 

F 

kinetic constant in chemical (ferric) pyrite oxidation 

concentration of bacteria 

concentration of bacteria in the feed 

dilution rate 

redox potential of the solution (Pt-AglAgCI) 

mineral rest potential 

redox potential of the solution at equilibrium 

RT 
value of Eo +-In 

zF 

Faraday constant 

concentration 

concentration of ferric-iron 

concentration of iron 

for AgI AgCI electrode 

concentration of sulfide in the outlet 

[Fe.MbScln concentration of sulfide in the feed 

[FeAsS]in 

K 

Q 

concentration 

concentration 

ars,enClpYlme in the feed 

ars,enclDvlnte in the outlet 

concentration of pyrite in the feed 

concentration of pyrite in the outlet 

kinetic constant in bacterial ferrous-iron oxidation 

maintenance coefficient on ferrous-iron 

bacterial specific ferrous-iron oxidation rate 

maximum bacterial "i>~,"'UA'" ferrous-iron utilisation rate 

volumetric flow rate 

volumetric flow rate into the bioreactor 

Qout volumetric flow rate out of the bioreactor 

R 

T 

V 

X 

z 

Universal gas constant 

production rate 

Da(:teIlal ferrous-iron on)(1tlctlon rate 

chemical ferrous-iron production rate 

production rate 

production rate 

biomass production rate 

absolute temperature 

volume 

fraction of sulfide oxidised 

maximum bacterial yield on ferrous-iron 

number of electrons involved in the reaction 

dimensionless 

mmoI 

mmolC.t1 

mmol 

mmol 

h,1 

mV 

mV 

mV 

mV 

.tl 

mmol 

mmol Fe.MbSc.t l 

mmol Fe.MbS •. t l 

mmol 

mmoI 

mmol FeS2.tl 

mmol 

dimensionless 

~ol Fe2+.(mmol C)"I.h·1 

throol Fe2+.(mmol C)'I.h'l 

JunOI .(mmol C)'I.h') 

kJ,K" 

mmol Fe2+.f·l.h'l 

mmol Fe2+.l'l.h'l 

mmol FeAsS.f'l.h'l 

mmol FeS2.l·
1.h,1 

mmol Cot·l.h'l 

K 

m 

dimensionless 

mmol C.(mmol Fe2+)"1 

dimensionless 
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"Cwashou! 

fraction of mineral reacted at 

zF 

RT 
area of sulfide 

activity coefficient of ferrous*iron 

activity coefficient of ferric-iron 

bacterial rate 

t 

residence time at which washout occurs 

residence time 

kinetic constant in chemical (ferric-iron) mineral oxidation 

pyrite specific ferrous-iron production rate 

specific mineral ferrous-iron production rate 

maximum ""F'C'lllC' ferrous-iron production rate 

mineral "v .... "u"" ferrous-iron production rate 

maximum mineral specific ferrous-iron production rate 

dimensionless 

dimensionless 

m2.mol" 

dimensionless 

dimensionless 

h'l 

h 

h 
mmol Fe2+.mmol'l.h'l 

mmol Fe2+.(mmol FeS2yl.h,1 

mmol Fe2+ mmol.h'\ 

mmol Fe2+ (mmol FeS2)".h·' 

mmol Fe2+.m'2.h·1 

mmol 
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Conclusions and Recommendations 

The broad objective of the work presented in this thesis was to attempt to test the applicability of the two-step 

mechanism for the bicliealchling of arsenopyrite, and to provide kinetic data on the chemical and bacterial sub-

processes involved. An additional objective of the work was to attempt to gain some insight into the mechanism 

of arsenic toxicity, and and to to determine the ,~elationship between arsenic toxicity and 

perturbations in the aeration and agitation of bioreactors. 

8.1 Mechanism of Arsenopyrite Bioleaching 

the steady-state bioleaching of an flotation concentrate in a 2-stage continuous 

bioleaching the ferrous-iron and arsenite concentrations were in the than in the 

secondary bioreactor, irrespective of the residence time employed. On the other the ferric-iron and 

arsenate concentrations in the secondary bioreactor were 

times. 

than in the .... r.,m".,,\, h',nr, .. " ... 'fnr at all residence 

the the ferrous-iron and arsenite concentrations in the bioreactors increased 

the period in which the bioreactors were not aerated, i.e. in the absence of bacterial and decreased on 

resumption of aeration and Similar trends in the concentrations of ferrous-iron and arsenite were 
observed during the bacterial lag and exponential growth phases of the batch bioleaching experiments performed 

at elevated arsenite and arsenate concentrations. 

These trends are consistent with the hypothesis that the bioleaching of arsenopyrite occurs via a multiple 

sut)-Olrocess mechanism. This conclusion is further supported by the identification of LeptospirillumJerrooxidans 
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and Thiobacillus caldus as the dominant and sulfur o;"idiisir.,!; species, rE'<::nE'{~ti present during 

the continuous bioleaching of this arsenopyrite/pyrite concentrate. 

According to the multiple sub-process mechanism, the attack of the sulfide mineral is by for 

the case of arsenopyrite this occurs to the stoichiometry proposed by Iglesias et al. (1993): 

(8-1) 

Greater values of the ferric- and ferrous-iron stoichiometric coefficients determined during previous studies can 

be attributed to the oxidation of some, or aU, of the and species, to and 

arsenate, respectively. The ferrous-iron produced by Equation 8-1 is subsequently oxidised to ferric-iron by 

ferrous-iron VA''''''''''!; ml'cro-OI'gaJl1S1DS, viz. L. ferrooxidans, in the bioleaching solution according to; 

The oxidation of 'V"""-£1'"" to the ferric form maintains a redox potential within the thereby 

ensuring the continued leaching of the mineral. Oxidation of the sulfur moiety proceeds via the formation of 

1 "''''U'~''''''' and elemental with the elemental oxidised to sulphur V''''~'''''U!; 
in the bioleaching solution: 

28+ (8-3) 

Depelnding on the conditions 

arsenite to arsenate: 

"u""v.::'u. the dissolution of "r<:,pnl'.nuMtp may be followed by the oxidation of 

+ + (8-4) 

the positive free energy value for the reaction shown in Equation 8-4 that it is not 

thermodynamically possible, the results obtained during the current investigation, together with those 

reseal'Cn. suggest that minerals which are more noble than can act as conduits of 

thereby U'I,;UU"'U",I~ the transfer of electrons from one arsenite ion to two ferric-iron ions. 

The oxidation of arsenite to arsenate may be followed by the precipitation of ferric arsenate et aI., 1997): 

) -+ 2FeAs0 4 + 3 

In addition to consistent with the sub-process the results obtained that the 

oxidation of arsenopyrite and by ferric-iron, the of ferric arsenate, and possibly the ferric 

leaching of pyrite, are competing reactions. Their relative rates are therefore influenced by the concentrations of 

arsenopyrite, arsenite and arsenate, and by the availability of ferric-iron in the bioleaching slurry. The 

availability of ferric-iron is in turn determined by the activity of the bacteria, and is indicated the redox 

potential of the solution. 

At ferric-iron availabilities at high redox potentials), and in the absence of either a significant level of 

bacterial activity, or quantities of arsenite and/or arsenate, the ferric leaching of 

according to 8-1, is the dominant reaction. This results in a decrease in the concentration of ferric·iron 

and an increase in the ferrous-kon and arsenite concentrations in the slurry. 
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In the absence of significant bacterial activity, high ferric-iron availabilities and elevated arsenite concentrations, 

result in the ferric oxidation of arsenite to arsenate, according to Equation 8-4, being the dominant reaction. This 

results in a reduction in the concentrations of ferric-iron and arsenite, and an increase in the concentration of 

arsenate: In the absence of significant bacterial activity, high ferric-iron availabilities and elevated arsenate 

concentrations result in the precipitation of ferric arsenate, according to Equation 8-5, being the dominant 

reaction. This results in a decrease in the concentrations of ferric-iron and arsenate. The decrease in the ferric

iron concentration which accompanies the above reactions results in a decrease in the amount of ferric-iron 

available for the ferric leaching of arsenopyrite. The reduced rate of mineral leaching in turn results in a reduced 

availability offerrous-iron substrate, and may therefore serve to increase the bacterial lag phase. 

However, during periods of rapid bacterial oxidation, the high redox potential maintained by the ferrous-iron 

oxidising species results in sufficient ferric-iron being available for the oxidation of both arsenopyrite, and 

arsenite, and for the precipitation of ferric arsenate. This results in low ferrous-iron and arsenite concentrations, 

and high ferric-iron and arsenate concentrations. Furthermore, the concentrations of ferric-iron and arsenate, or 

possibly' the relative concentrations of these species, in solution are limited by the precipitation offerric arsenate. 

8.2 Arsenic Inhibition and Resistance 

The results of the batch bioleaching experiments and the steady-state and perturbation studies suggest that the 

mechanism of arsenic resistance in the mixed culture, viz. L. ferrooxidans and T. caldus, may be attributed to an 

energy dependent efflux pump and a membrane system which influences the (relative) rates at which arsenite 

and arsenate are able to enter the micro-organism. The membrane system, which mayor may not be attributable 

to Pst + Pit - (chromosomal) mutations, enables the bacteria to survive in solutions in which the dissolved arsenate 

concentration is significantly higher than the dissolved arsenite concentration. Plasmid-encoded resistance, on 

the other hand, involves the active excretion of arsenic via an energy dependent membrane-bound arsenite pump 

and may involve the oxidation of arsenite and arsenate. Therefore, in the absence of an energy source, or during 

periods of reduced bacterial activity, the bacteria are unable to protect themselves from the toxic effects of 

arsenic, hence the inhibitory effect thereof may manifest at concentrations to which the culture has previously 

been adapted. 

During normal operation of continuous bioleaching operations, neither arsenite, nor arsenate, pose a threat to the 

culture, provided that it has been adapted to the steady-state arsenic concentration and speciation. However, the 

overall arsenic concentration, the arsenic speciation, or the ability of the bacteria to protect themselves from the 

prevailing concentration of the arsenic species may be affected by changes in the mineral composition of the 

feed or changes in the substrate availability. 

Changes in the composition of the feed to the bioreactor may result in an increase in the rate of arsenite 

formation, relative to its subsequent conversion to arsenate. This could occur as a result of an increase in the 

arsenopyrite concentration, or a reduction in the availability of a catalytic surface for the oxidation of arsenite to 

arsenate. This in tum could result in the concentration of arsenite achieving concentrations to which the culture 

had not been adapted. This may damage or disable the culture. 

• Under normal conditions the background arsenate concentration results in the associated increase in the arsenate concentration not 
being apparent. 
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The availability of oxygen is influenced by the reliability of the power supply to the compressors, and of the 

compressors themselves. Loss of aeration will the bacterial ferric-iron. This will result in 

an increase in the rate of arsenite formation, relative to its conversion to arsenate, which may damage or disable 

the culture. a more likely scenario is that a loss of aeration will affect the ability of the micro

organisms to protect themselves from the prevailing arsenic concentration and speciation. This may result in an 
I 

extended once aeration is restored. i 

It is, however, to note the study using the bioreactor, the 

oxygen utilisation rate of the culture did not decrease significantly during the period in whieh a small portion of 

the culture was This that it may be to the culture power, 

or equipment, failures by intermittent aeration of small amounts of the culture. This could be implemented in the 

form of "undersized" standby compressors. 

8.3 Bacterial Ferrous-iron Oxidation Kinetics 
I 

Restriction enzyme ofPCR amplified 16S rDNA of the ferrous-iron oxidising micro*organisms isolated 

from the COlltIDUOtlS bioleaching mini*plant was able to detect the presence of L. ferrooxidans. This showed 

thatL.ferrooxidans, and not 1'hiobacillusferrooxidans, is the dominant ferrous-iron oxidising species during the 

continuous of this flotation concentrate. 

the ferrous-iron kinetic studies the cell concentration in the bioreadors increased with 

temperature, at all dilution rates, and the greatest biomass concentration was achieved at intermediate residence 

lrrl .. !':np.~tlVp. of the and/or in the bioreactor."; Although the cell concentration in the 
, 

bioreactors to be independent of both temperature and the bacterial culture maintained at 40"C and 
I 

pH 1.30 "washed out" at the highest dilution rate. However, the highest calculated maximum specific growth 

rate, := 0.1238 ,occurred at 40°C and pH 1.50. 

Statistical suggested that the maximum bacterial on ferrous-iron and oxygen, and y~~, 

and their maintenance coefficients, mF.,2+ and mo2' incre1sed with temperature 

across the range from 30 to 40°C. Similar analysis that and Yom~, achieved maximum values , , 
within the range 1.30 to pH 1.50 while mF.,2+ and achieved minimum values within the same range. 

Because the statistical techniques employed did not take into account the poor correlation coefficients obtained 

the regression values of the yield and parameters also determined assuming 

that neither temperature, nor pH has an effect. The values of ,Y;'~ , mF.,2+ and mo
2 

calculated 

in this marmer were similar to those reported previously for both L. ferrooxidans ,and T. ler.rO,IXUlall\s. 

The bacterial specific ferrous-iron and oxygen utilisation rates, qF.,2+ a~d qoz' of the predominantly 

L. fen-oo.-x:idans culture increased with a decrease in the ferric/ferrous~iron Iratio, (i.e. redox 

and could be accurately described using the modified Michaelis~Mente,n type model proposed by Boon 
(1996). 
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The maximum bacterial specific ferrous-iron and oxygen utilisation rates q;': and q~~, and their respective 

kinetic constants, and 1<.0
2

, increased with increasing temperature, across the range from 30 to 40°C. The 

ael)enaeIlce of q;': and could be accurately described using the Arrhenius Equation whereas 

the reliatlC)nsnto between and 1<.0
2 

appeared to be linear. 

Both q;:; and 

between these 

appeared to achieve maxintum values at pH 1.50. However, no simple relationship 

,,"U'"'''i''' and the pH of the solution was apparent. On the other hand the values of the kinetic 

and increased linearly with H''''':'''''''''''' pH. 

In addition to the above, the results indicated that tent1pe:rature has a far more pronounced effect on and 

than pH, whereas has a far more pronounced effect on and 1<.0
2 

than temperature. 

The assumption that pH has no effect on either or q~ and that the stoichiometry of the overall reaction is 

constant, i.e. and Y Fe2+:x: Y 02X is constant, led to a model which predicts the ferrous-iron oxidation kinetics of 

the predominantly L. ferrooxidans with changes in the ferric/ferrous-iron across the range 30 to 

40°C and pH 1.10 to 

1.204 x 10 7 e 
qFo" ::: -----------------:--

1+ 

35.33 

2.915 X 106 e-Rr 
qo, =--~--------~---~--

1+ 10.1 T + 0.0043 pH -

(8-6) 

(8-7) 

A comparison of the predicted variation in the bacterial specific ferrous-iron and oxygen utilisation rates with 

changes in the ferric/ferrous-iron ratio and the data showed agreement. 

8.4 Chemical Ferric Leaching Kinetics of Arsenopyrite 

The ferric leaching rate of both Fairview concentrate and pure arsenopyrite decreased with a decrease in the 

redox of the solution. It was not possible to use the linear model by Nagpal et al. 

(1994), nor the model based on electrochemical (Verbaan and nor the model based on 

the Monod equation (Boon, 1996) to describe the kinetics. However, it was possible to use the modified form of 

the Butler-Volmer equation suggested et al. (1997) to describe the kinetics over the range of operating 

conditions used: 

t The model also takes into account tbat K,~ .. ~. 
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- ",)p(E - E') ) (8-8) 

A limitation of the model however, appears to be its ......... , ...... , .... """ ....... on the "rest potential" of the mineral, E', The 

, "rest potential" was found to increase with an increase in the ferric-iron or proton or when the 

solids concentration was reduced, No occluding could be detected on the surface of mineral 

particles that haa been leached for an hour, nor was the of "leached" mineral significantly reduced in 

comparison to "fresh" mineral. 

The results that the of the mineral is detennined the ferric-iron and concentration . 

based on the arsenopyrite surface area, An increase in the concentration of either ferric-iron or protons (based on . 

the arsenopyrite surface results in a decrease in the of the mineral. This is as highly 

unusual as most reaction mechanisms are favoured by an increase in reactant concentration, 

The results obtained therefore indicate that it is necessary to the Butler-Volmer based model to include 

the effect of parameters such as and ferric-iron concentration on the leaching rate in order to a 

mechanistically based model of predicting the ferric rate of sulfide minerals over a range of 

opc:ral:ing conditions. 

8.5 Modelling Continuous Bioleach Reactors Based on the 

Multiple Sub-process Mechanism 

n_,",,1""l""""'''' me:chlmil>m, it is to detennine the of the chemical and 

indep(:nd,entlly and then use the derived kinetic constants to predict the steady-state and 

cormnuOlls bioleach reactors, 

the steady-state ... 'V',,,,,',",UIU'lO of sulfide minerals: 

i) the bacteria follow Monod kinetics, 

the maximum yield and maintenance coefficient on ferrous-iron can be related via the Pir! 

equation (Pir!, 1982), and 

utilisation rate can be oes;cnl)eo can be described as a nlT'lrt.r .. , of 

it can be shown that the 

solution is only a function of: 

"'''''UU,IlO ferric/ferrous-iron ratio 

i) the residence time, and 

the characteristics of the bacterial "IJ~;"'~">' 

the redox, potential) of the OlOlea<:nmlg 

If the rate at which the mineral is leached by ferric-iron can be described as a function of the TP"""I'f'rp,..,'n. 

then the mineral conversion Steam/-sl:ate !,"""_UUI.!'> in a continuous bioreactor is only a function of: 

i) the residence time, 

the characteristics of the bacterial "I-'~;"";;'''' and 
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iii) the characteristics of the mineraL 

Although this may not be an intuitive result, it is expected from the assumption of Monod or Michaelis-Menten 

type kinetics. 

the model developed proposes that the residence time and characteristics of the microbial species determine 

the redox of the solution. The redox of the the characteristics of the 

mineral time in tum determine the degree of sulphide mineral leaching, i.e. the 

mineral in the time will result in a change in the solution redox and 

hence in the overall leaching rate of the mineral. It may also influence the bacterial1)"'~;"1<l,uuH. 

a previous im'es1:ig~ltioin 

was L.ferrooxidans. 

of a continuous 

plant Oxildismg a range of arsem)pjlntlefp)In·te concentrates and the redox p01ten·ual ...... ",ni"tpn by the model was 

good, the agreement between the predicted conversion and the experimental data was poor. This was antlClJ)au:o 

and can be attributed to the fact that the " relatively low" concentrations in the mineral resulted in 

proportion of it occluded by pyrite and/or gangue. Although galvanic interactions result in the 

l,",a"lU.U~ of arsenopyrite that of pyrite, and although the bioleaching of sulfide minerals has been 

found to occur via the formation of pores, some of the arsenopyrite will still not be immediately accessible to the 

''''''''"'."1'> solution. 

The above suggests that the rate of mineral leachIng should be based on the exclose:d surface area of the mineral 

leached, and that the model used needs to incorporate changes in the exposed surface area with time. 

it is also that the above methodology can be extended to accoU11t for the size distribution of 

the mineral feed, and from the process by means of a population balance model. 

The model developed, like models, does not consider the fate of the during 

the bioleaching of base metal sulfides, sulphur may result in of the mineral surface . 

...-." ..... ,.)::;11 sulphur should in the solubilisation of this sulfur oxidation 

may be rate limiting during the bioleaching of these minerals. Therefore, refinement of the model to include the 

kinetics of bacterial sulfur oxidation is also necessary. Other reclUu"ed refinements include the effect of 

precipitate formation and galvanic interactions on the rate of leaching. 

In of the above un, ... ,""" .. , and <ULUU\l,I;LI the above hypothesis has to be extensively the results 

obtained to date :>U~;~I:'1)t 

reactors, and hence 

I}UI,,",uual for predicting the peli'olrDllillc:e of continuous bioleach 

use in engineering and industrial applications. 

8.6 Nomenclature 

E redox of the solution mV 

E' rest potential of the mineral mV 

activation energy kJ.mor l 

F constant C.mor l 

concentration of ferrous-iron mmol Fe2+.e-1 
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E' 
K 

R 

T 

z 

0 0 

concentration 

mineral rest potential 

kinetic constant in ferrous-iron oxidation 

ferrous-iron based kinetic constant in bacterial 

oxidation 

oxygen based kinetic constant in bacterial ferrous-iron oxidation 

maintenance coefficient on ferrous-iron 

maintenance coefficient on oxygen 

bacterial ferrous-iron ,,",.11.''''''''',,",11 rate 

maximum specific ferrous-iron oxidation rate 

bacterial SDe:CIIIC oxygen utilisation rate 

maximum bacterial "V~''''U''''' oxygen utilisation rate 

Universal gas constant 
absolute tpn,nprnfl 

number ".""'.,.,JU,, involved in the reaction 

bacterial yield on ferrous iron 

maximum bacterial on ferrous iron 

bacterial yield on oxygen 

maximum bacterial yield on oxygen 

maximum bacterial SDe:Cltlc growth rate 

fraction of mineral reacted at time, t 

zF 
RT 

kinetic constant in chemical (ferric-iron) 'Ull"""'" oxidation 

mineral specific ferrous-iron production rate 

mmol Fe2
+ 

mmol 

mV 

dimensionless 

dimensionless 

mmol 02.(mmol C).I.h,1 

mmol .(mmol C)'I 

mmol .(mmol 

mmol 02.(mmol 

mmol 02.(mmol C)'I.h'l 

kJ.KI.morl 

K 
dimensionless 

mmol C.(mmol 

mmol C.(mmol Fe2
+rl 

mmol 02.(mmol C)'I 

mmol 02.(mmol 

mmol 

mmol 

h·1 

dimensionless 

dimensionless 
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ABSTRACT 

The bioleaching of arsenical gold-bearing sulphide ores and concentrates solubilises iron, 
arsenic and sulphur. Previous work has shown that high concentrations of iron and 
arsenic in solution inhibit bacterial growth, with As(lll) reported to inhibit bacteria to a 
greater degree than As(V). 

Batch bioleaching experiments were carried out- over periods one month. Varying 
quantities either 0.020-0.040 M As(lIl) or 0.107-0.220 M As(V), were added to a 
slurry, of a pyrite-arsenopyrite concentrate (20% solids (m. v -1)) in a nutrient 
solution. The slurry was inoculated with a culture, consisting primarily of Leplospirillum 
ferrooxidans and Thiobacillus thiooxidans. The culture was obtained from a continuous 
bioleaching mini-plant treating the same concentrate. The results obtained were compared 
with those culture to which no arsenic was added. The of the added arsenic 
was determined by monitOring three parameters: the oxygen utilisation rate, , of the. 

the rate at which the arsenic in the concentrate,was solubilised and the STJ~1CU2mm 

The results suggest that the nature of the As(lIl) and As(V) toxicity is different. The 
addition of the culture to a slurry containing As(II1) resulted in a reduced rate of 
bacterial oxidation. the addition of the culture to a As (V) 
resulted in both a and a reduced rate of bacterial oxidation. At sufficiently high 
dosages of As(III) and As(V) the maximum oxygen utilisation rate, ro/ntIX, of the culture 
was also affected. The results indicate that As(V) toxicity, and the relative toxicity of 
As(lll) and As(V) to a mixed culture, appear to be affected by the availability an 
energy source. Hence the toxicity of As(III) is not in the of three times 
that of As(V). the results suggest that the mechanism 
may be attributed to the Pst + Pit - mutations an energy dependent pump. 
Copyright 10 1996 Elsevier Science Ltd 

oxidation; sulphide ores; extractive metallurgy 

Bioleaching, using mixed cultures of Thiobacillus ferrooxidans, Thiobacillus thiooxidans and Leptospirillum 
is an established method for the pre-treatment of refractory arsenical gold 

Presented at Biotech Falrnouth UK. March 1996 
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ores. It offers an economicaHy feasible alternative to pressure oxidation, at tijroughputs below 
1 200 -I, or it can be used to increase the of pressure oxidation plants [l]. Furthermore 
it has environmental advantages over roasting with to the quality of gaseous and liquid effluent. At 

commercial in South Africa. Australia, Brazil and Ghana treat arsepopyrite 
concentrates [1,2], and heap is used in the USA [2]. Potential complications :in the bioleaching 
of minerals include the solubilisation of metals to concentrations toxic to the and the 
inhibitory effect of reagents used in the flotation of the minerals minerals [3,7]. Furthermore, the aaaptaltlOn 

I 

to provide resistance to one metal does not necessarily imply resistance to another m~tal. 
i . 
I 

The bioleaching of arsenical sulphide ores and concentrates solubilises !iron, arsenic and 
sulphur. The iron is solubilised as Fe(II), the arsenic as As (III) [3,5,6,8-10] and the sulphur as either S(VI) 

10] or 8(0) ll}. The bacteria the bioleaching slurry oxidise the dissolved Fe(II) to Fe(III) and 
the S(O) to S(VI) It has been that the is oxidised to As(V) by either oxygen [12]. 
Fe(III) or by Fe(III) in the presence of both active bacteria and a [8,9] or chhlcopyrite surface 
[9]. ! 

i 
concentrations of dissolved arsenic inhibit bacterial 13]. As(III) ha.$been to 

inhipit a wide range of microorganisms [6,8-10,14-16], Thiobacillus je"ooxidans [3. 18] and 
Thiobacillus thiooxidans [171, to a greater degree than As(V). The mixed culture used in commercial BIOX 
\Ill operations has also been found to be more resistant to arsenate than arsenite [19]. Fu¢ermore, As(III) 
has a more pronounced effect on Thiobacillus lhiooxidans than on Thiobacillus je"ooxidans whereas As(V) 
has a similar effect on both Thiobacillus thiooxidans and Thiobacillus je"ooxidans 

The addition of As(III) to thiobacilli results in an increase in the time prior to of the 
mineral this time the As(III) is oxidised to As(V). It has been that the 
required membrane-associated enzyme protecting systems develop, or the selection of tolerant cells occurs 
during the lag period caused by inhibitory substances [20]. I 

i 
As(lII) and As(V) are in the medium as HAs0

1 
[5,8] or H3As03 [3J (arsenious acid) 

and H3As04 [5, 8] or H2As04- [3] (arsenic respectively. As(III) co~entrationg in the region of 
0.030 M were found to be toxic to a mixed culture ofthiobacilli, not conditioned to iu-senic levels and 
2rOWlI12 on Concentrations in the of 0.090 M were found in dead of the same 
bacteria [8}. However, As(III) concentrations of up to 0.145 M have been observed iniactively growing 
cultures accustomed to high As(lII) [21]. The As(III) form has been reported to be in the region of three 
times more toxic than the As(V) form [3,8]. I 

I 
As(III) inactivates enzymes with thiol (HS) groups at the active centre resulting in carbohydrate 
depletion and diminished (GSH) [23]. The latter protects cells against radiation effects, 
oxidative damage and certain toxic compounds [23]. As(V) is the least toxic form of inorganic arsenic 
As(V) toxicity is caused by the similarity between As(V) and [16,22}. e.g. phosphate fertilisers' 
mobilise arsenate as a result of for sites [24]. The As(V) replace~ the in 
A TP to form an unstable ADP-arsenate [22]. i 

i 
Bacteria may protect themselves from the toxic effect of metals by the production of _polysaccharides 
(slime) which prevent excessive uptake and the production of low molecular weight: binding Det:,nQI:S 
(phytochelatins) [25]. they may resistance through a of ~tural selection. 

I 
I 

Arsenic resistance in bacteria may be plasmid-borne or located chromosomally [22,26-28]. Chromosoma1 
I 

arsenate resistance reduces the amount of arsenate entering the cell via the phosphate I transport system 
I 

[22,27-29]. Escherichia coli has two active pbosphate uptake [14,29,30]. The Pst phosphate 
transport system is specific to phosphate, while the Pit system will either phosphate or arsenate 
[22,29,30]. Chromosoma1 arsenate resistance occurs with the Pit- mutation [14, 27, 30]. At 

chromosoma1 arsenite resistance is poorly understood 11 

Plasmid-encoded resistance protects bacteria by pumping arsenic from the cells via annergy depienclent 

. I 
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membrane pump In Escherichia coli, the ars operon in plasmid R773 contains three 
reading frames, arsA, arsB and arsC, in addition to an arsR regulatory gene [33}. These encode an ATP
""""''','.6 protein an inner membrane protein and a smaller polypeptide (ArsC), respectively 

ArsA appears in solution as a monomeric protein, and is loosely associated with the cell membrane 
[33]. ArsB is postulated to be both the anion-conducting unit and the membrane anchor for the ArsA 
protein, hence ArsA and ArsB form a membrane-bound complex [34]. ArsC reduces arsenate to arsenite 
and is stimulated by the reduced thiol compound, dithioreitol [35]. Therefore, cells only ArsA 
and ArsB extrude arsenite but not arsenate [34]. The arsenic resistance of Staphylococcus au reus 
(plasmid pI258) and Staphylococcus xylosus pSx267) [36] do not have the arsA gene. 
However, it has been that ArsB alone is sufficient for anion (arsenite) conduction in these species 
[19]. 

In an to increase the arsenic tolerance levels of bacteria arsenic resistance plasmids 
were transferred into a strain of the Acidiphilium . Although these plasmids were 
expressed in subsequent subcultures, had no effect on the arsenopyrite leaching performance of a 

culture, which contained Acidiphilium, Thiobacillus ferrooxidans and l.Jt::j[JIU:'IJtf1uum renrOO.:tlairlns 
[37]. 

The oxidation of As(III) to As(V} has also been suggested to be a resistance mechanism towards As(III) 
[6,27,28,38,39] and has been reported to occur in many [6,28,40-43]. However, there 
is no evidence that the energy of is used for [3,28.42]. An enzyme which oxidises 
arsenite to arsenate has been isolated and purified from Alcaligenes faecalis [44]. However, Thiobacillus 
fen'oo.'tutl'lns [3.42,45,46], Thiobacillus thiooxidans [42J, and a mixed culture ofthiobacilli [8-10] were 
not of oxidising to As(V), nor could Thiobacillus ferrooxidans use As(III) as an energy 
source [3 .46J . 

To date the of arsenic resistance in acidophilic chemoautotrophs has not been determined [47] 
although it has been claimed that arsenic resistance in Thiobacillus is plasmid borne [48]. 

the fact that arsenite is more toxic than arsenate suggests that arsenic resistance can· also be 
attributed to Pst + Pit mutations [19]. 

The aim of this work was to determine the relative effect of As(IlI} and As(V} on the activity of a mixed 
culture of thiobacilli, in batch culture, and to determine the effect of these elevated As(III) and As(V) 
concentrations on the bioleaching of an concentrate. 

MATERIALS AND METHODS 

The bacterial culture was obtained from a two-stage f) continuous bioleaching treating 
a pyrite-arsenopyrite concentrate Fairview gold in Barberton, South Africa. It consisted 

of Thiobacillus thiooxidans and Leptospirillumferrooxidans [49]. The same concentrate was used 
in the batch tests. The concentrate sample contained 7.3% As, 25.7% Sand 24.0% Fe and 86.35% of the 
material was finer than 75 micron. The mineral of the concentrate was 15.87 % FeAsS and 41.04 % 

The batch tests were carried out in 5 e baffled, agitated, aerated bioreactors at a solids concentration of 
200 -1 The nutrient was 1.83 g.e- 1 (NH4hS04, 1.11 g.e- 1 and 
0.53 g.e I (NH4hHP04' The in the bioreactors was maintained at 40·C. The was 
maintained between 1.6 and 1.8 by addition of 98% H2S04 or 10 M NaOH. Water was added prior to 
sampling to account for losses due to evaporation. 

The As(UI) and As (V) were added as arsenic trioxide (As20 3) and sodium arsenate (Na2HAs04.7H20), 
In both the arsenic was dissolved in the nutrient solution. The concentrate was 

added to the nutrient the pH and the was conditioned The was 
adjusted again prior to the addition of the inoculum. The inoculum, added from the bioreactor of 
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the continuous mini-plant, resulted in an initial cell concentration in the 

tests were carried out at five conditions, detailed in Tables 1 and 2. 

of lOs cells.I- I , The batch 

TABLE 1 Initial As(lD) concentration in the batch bior-eartors 

Reactor 

Control 2 
Low As (III) 
High As(III) 

0.0 
1.5 
3.0 

0.000 
0.020 
0.040 

TABLE 2 Initial As(V) concentration in the batch bior-eartors 

Control 2 
Low As(V) 
High As{V) 

Reactor 

0.0 
8.0 
16.5 

0.000 
0.107 
0.220 

The Fe(II) and As(III) concentrations in solution were determined titration with Ce(S04h [50]. The total 
iron and arsenic concentrations in solution were determined by atomic adsorption spectroscopy (AA). This 
allowed the Fe(UI) and As(V) concentrations to be calculated by difference. The total iron and arsenic 
content of solid samples were determined by digesting a known mass of the solid in hydrofluoric (HF), 
nitric (HN03) and perchloric (HC14) acid The iron and arsenic solubilised were then determined by 
atomic adsorption (AA). . 

The oxygen utilisation rate, roz' was determined by monitoring the rate at which the oxygen was utilised 
by the bacteria in an air-saturated bioleaching slurry. A Yellow Springs Instrument Model 5739 LlAY>!"ll 

Telnpe:rature Probe and a Hitech Micro Dissolved Oxygen / Utilisation Rate Meter were used. The 
redox potential was obtained by direct millivolt (mv) measurement using a ASI ORI01431 Pt combination, 
double junction Ag/ AgCI ORP electrode and a Hitech Micro Systems UCT Redox Controller. 

RESULTS AND DISCUSSION 

The Effect of As(lD) 

The As(III) concentrations used in arsenic tolerance studies by researchers . [8], the limited 
solubility of A~03 in water and the steady-state As(III) concentrations measured in the continuous 
UIIJICil\;UlLlg mini-plant viz. 0.00025100.00451 M (0.0187 to 0.3379 g.1 -I, respectively) [52] resulted in 
the effect of As(III) on the culture from the continuous bioleaching mini-plant beiJ}g investigated at the 
levels listed in Table 1. The results of the As(HI) tolerance investigation are presented in Figures 1-5. The 
measured of 'Control I' and 'Control 2' were similar, hence the 'Control' in 1-5 
reoresc~nts the response of 'Control I' and 'Control 2'. 

Figure 1 indicates the variation in the oxygen utilisation rate, ro
l
, of the culture during the course of the 

Figure 2 shows the cumulative amount of oxygen consumed by the bacterial cu!ture at various 
stages of the experiment, as a percentage of the amount of oxygen consumed by the bacterial culture in the 
'Control' bioreactor. Figure 3 shows the variation in the Fe(II) concentration in the bioleaching slurry 
during the course of the experiment. Figures 4 and 5 show the variation in the As(III) and As(V) 
concentrations in the bioleaching slurry for the duration of the respectively. 
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From the low initial oxygen utilisation rate, shown in Figure 1, it is that no Slglllnc:ant 
bacterial occurred during the first 6 of the experiment i.e. only chemical oxidation occurred. 
This is confirmed in Figure 3 where it can be seen that the Fe(II) concentration of the slurry in all the 
bioreactors increased during this period. Therefore it is assumed th~t Fe(III) was reduced according to the 
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In-reaction shown in Eq. 1: 

Fe(III) + e - Fe(II) (l) 

The initial lag phase of the culture in the 'Control' bioreactor was followed by a increase in ro, 
(Figure 1), The initial oxygen utilisation rate, of the culture to 0.020 M (1.5 -1) As(III) 
was lower than that of the culture in the bioreactor. This period of reduced metabolic activity 
lasted for 2 days, but to be followed by normal exponential growth. The 'Control' culture and 
the culture exposed to an initial As(III) concentration of 0.020 M achieved a maximum oxygen utilisation 
rate, of about 0.0113 moles.I-1.hr- 1 (0.350 -l.m-I). 

0.160 ..,..-------------------, 

0.120 

0.080 

0.040 

o 
0.000 +---'---+_.l..--I---I.._\--............. -+----'_+--L.....---I 

o 5 10 15 20 30 

Time (days) 

--0- Control 

......e-0.020M 

-0-0.040 M 

Fig.5 Variation in the As(V) concentration of the bioleaching slurry with time 
at different levels of added As(III} 

The cumulative oxygen coflsulnption data 

I 

f fa . dt ! l~ I 

~---·(l00) 

10 Figure 2 was calculated aCCOrdmg to 2: 

. (2) 

where: 

1102, i cumulative percent oxygen consumed by the bacterial culture in bioreactor (i) 
relative to the total amount of oxygen consumed by the bacterial culture in the 

bioreactor, 

rol • i 

r02• control 

oxygen utilisation rate of the bacterial culture in bioreactor and 
oxygen utilisation rate the bacterial culture in the 'Control' bioreactor. 

= 

Figure 2 illustrates thai the cumulative oxygen consumption of the culture exposed to an initial As(III} 
concentration of 0.020 M lagged the cumulative amount of oxygen consumed by the culture in the 
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, 

'Control' bioreactor by about 2 days. The overall oxygen consumption of the culture exposed to an initial 
As(III) concentration of 0.020 M was in the region of 95 % of that of the culture ·1' in the 'Control' 
bioreactor. 

In I, it can be seen that the initial oxygen utilisation rate of the culture exposed tJ an initial As(III) 
concentration of 0.040 M (3.0 -1) was reduced in with that of the culture exposed to an 
initial As(III) concentration of 0.020 M. Furthermore, the culture exposed to 0.040 M As(III) achieved a 
ma::dmlum oxygen utilisation rate ofabout 0 .0074 moles. i -I.m -1 (0.230 g. i -1.m -1) ~mpared with the 
0.0113 moles.i-l.hr -1 (0.350 -l.hr achieved by the culture in the 'Control' l)ioreaclor and the 
culture exposed to an initial As(III) concentration of 0.020 M. Figure 2 also shows that ~e overall oxygen 
consumption of the culture to an initial As(III) concentration of 0.040 M was a~out 72 % of that 
of the culture in the 'Control' bioreactor. . 

The rate at which oxygen is utilised by the bacteria is a function of both the bacterial c;oncentration and 
their as indicated in Eq. 3: . 

(3) 

where: 

metabolic acti!vity), and. 
== oxygen utilisation rate, 

maximum oxygen utilisation rate 
= size of the bacterial population I 

I 

Hence, it was not to ascertain whether the inhibits bacterial oxidation of the mineral 
it affects bacterial activity and thus the maximum oxygen utilisation rate) or whether it is toxic to 
the bacteria (i.e. it restricts growth and therefore affects the bacterial concentration). I 

I 
k1<nl1·,·" 3 and 4 indicate that the and As(III) concentration of the slurry in the 'Control' bioreactor 
increased during the chemical oxidation period. The above suggests that As(III) was :produced by the 
chemical leaching of the arsenopyrite concentrate by the dissolved Fe{III), as'indicated in Eq. 4 [52,53]: 

FeAsS + 5Fe(III) - 6Fe(II) + As(UI) + S(O). I (4) 

Figure 3 shows that the Fe(II) concentration of the slurry in the bioreactor to which 0.040 M As(III) had 
been added, also increased during the chemical oxidation period. However, from Figur~ 4 it is apparent 
that the As(III) concentration of the slurry in the bioreactor decreased during the same p~riod. The above 
would seem to that the As{III) was oxidised to As{V) by the dissolved Fe(III):, as indicated in 

5: 

2Fe(III) + As(III) - 2Fe(II) + As(V) (5) 

It is also from 3 and 4 that the Fe(II) and As(I1I) concentration of in the 
bioreactor to which 0.020 M had been added, increased during the chemical dxi~ation period. 

the increase in the As{III) concentration was less rapid than the increase in the As(II1) 
concentration observed in the 'Control' bioreactor. I 

From 1 it is that the bacterial activity in each of the bioreactors increased Jignificantly after 
the initial period of chemical i.e. after 8 days. From Figure 3 it is that this occurred 
simultaneously with the observed reduction in the Fe(II) concentration of the bioleaching It is 
therefore postulated that the Fe(II) produced during the chemical leaching period serves as the initial energy 
source for the bacteria. . I . 

r"'ILL';:" 4 and'5 show that the increased bacterial activity was associated with a reducti9n in the As(II1) 
coIlcellltnltion. and an increase in the As(V) concentration, in each of the bioreactors. The above can be 

I 
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attributed to the primary oxidation of arsenopyrite to oroduc:e according to Eq. 4. and the 
subsequent oxidation of the As(II!) to As(V), to 

These results suggest that the reactions described by and are therefore 
influenced by the concentrations of As(III), As(V) and At low Fe(III) concentrations (viz. to 
rapid bacterial and in the absence of added As(II!), the chemical leaching of arsenopyrite (Eq. 4) 
is the dominant reaction. At low Fe(III) concentrations and high As(III) concentrations, the abundance of 
As(III) substrate in solution causes the oxidation of As(III) 5) to dominate. at Fe(III) 
concentrations (i.e. rapid bacterial growth), there is sufficient Fe(III) in solution to oxidise both the 
arsenopyrite and the dissolved As(III). This resulted in the low As(III) and high As(V) concentrations 
observed the latter of the As(III) tolerance investigation. 

The of As(¥) 

The As(V) concentrations used in arsenic tolerance studies by previous researchers 
reSllSlillm;;c of the culture from the continuous to As(III) and the As(V) 
concentrations measured in the continuous bioleaching viz. 0.093 to 0.153 M (6.97 to 
11.46 -1, respectively) [52] resulted in the effect of As(V) on the culture from the continuous 
bto.leac:hlIllg llUUI.-1J1 ..... being investigated at the levels listed in Table 2. The results of the of 
As(V) tolerance are presented in 6-10. As in the As(III) tolerance the profiles of 
'Control I' and 'Control 2' were similar, hence the 'Control' in Figures 6-10 is the average of 
'Control l' and 'Control 2'. 

Figure 6 indicates the variation in the oxygen utilisation rate, rOt' of the culture during the course of the 
In 7, the cumulative amount of oxygen consumed by the bacterial cultures at various 

of the as a of the amount of oxygen consumed by the 'Control' culture is 
shown. 8 shows the variation in the Fe(II) concentration while 9 and 10 show the variation 
in the As(III) and As(V) concentrations in the bioleaching for the duration of the ex~)enment 
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From the variation in the oxygen utilisation rate, shown in Figure 6 below, it is apparent that the 
inoculum used in the As(V) tolerance investigation experienced a lag phase of 3 No significant 
bacterial was during this chemical oxidation The Fe{lI) 
concentration of the 'Control' bioreactor increased this period (Figure 8). It be assumed that 
the Fe(III) was reduced to Fe(lI) according to the lh-reaction shown in Eq. 1 6 shows 
that 'the initial of the culture in the 'Control' bioreactor was followed 
activity. 
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Fig.7 Variation in the cumulative amount of oxygen consumed by the bacteril culture 
with time at different levels of added As(V) 
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Exposure to an initial As(V) concentration of 0.107 M (8.0 -I) increased the lag pbase of the bacterial 
culture to 15 days (Figure Subsequent metabolic activity of this culture was significantly reduced in 
comparison with that of the culture in the 'Control' bioreactor. The bacterial culture in the 'Control' 
bioreactor achieved a maximum oxygen utilisation rate, max, of about 0.014 moles.t-l.hr -I 
(0.417 l.m -I) whereas the culture at an initial As{V) concentration of 0.107 M achieved a maximum 
oxygen utilisation rate ofaboutO.OO74 moles.t-l.br- l (0.187 g.t-I.br-!) during the 31 day 
As the oxygen utilisation rate was increasing at 31 days, it may have increased further had the eXJ:lerimellt 
been continued. However, the bacterial culture to an initial As{V) concentration of 
0.220 M (16.5 g.t -I) showed no measurable metabolic over the 31 day duration of the experiment 
(Figure 6). 

From Figure 7 it is apparent that the culture to an concentration of 0.107 M began 
to use oxygen about 12 days after the culture in the 'Control'. The overall oxygen consumption of the 
culture exposed to an initial As(V) concentration of 0.107 M was in the region of 29 % of that of the 
'Control'. As stated the rate at which oxygen is utilised the bacterial population is a 
function of the size of the population and its (Eq. 3). hence it was not possible to ascenain whether 

As(V) affects bacterial activity or whether it affects the ability of the bacteria to grow and reproduce 
(viability) . 

From Figures 8 and 9. it is apparent that the chelnical of the arsenopyrite resulted in an increase 
in the and As(III) concentration of the slurry in the 'Control' bioreactor Figure 6 shows that 
the onset of bacterial activity terms of ro

l
) in the 'Control' bioreactor was accompanied a decrease 

in the concentration of the slurry. This further suppons the that the produced during 
the chelnical leaching phase provides the bacteria with a substrate from which to obtain energy. 
9 and 10 indicate that the increased bacterial activity resulted in a reduction in the As(III) concentration. 
and an increase in the As(V) concentration. As stated previously. this can be attributed to the oxidation of 
As(III) to As(V) in the presence of Fe(III) i.e. the high Fe(III) concentrations caused by rapid bacterial 
~"'flvll~V result in sufficient Fe(III) being present for the oxidation of both the arsenopyrite and As(IU). 
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I 

Figure 10 indicates that the As(V) concentration of the slurry to which 0.107 M was' added, 
decreased linearly during the period prior to bacterial activity i.e. the first 15 This can be 
attributed to the As(V) in solution being by formation an insoluble ferric arsc~nalte precipitate, 
according to Eq. 6 [11]: 

(6) 

The precipitation of ferric arsenate resulted in no Fe(II1) being available for the chemical leaching of the 
hence no in the Fe(lI) (Figure 8) and As(II1) 9) concentration was observed 

to 15. These results suggest that the chemical of arsenopyrite ~), the chemical 
oxidation of As(II1) 5) and the of ferric arsenate 6) are reactions, and 
are therefore influenced by the of As(III), As(V) and Fe(III) . 

. After 15 days the oxygen utilisation rate, of the bacterial culture exposed to an initial As{V) 
concentration of 0.107 M increased (Figure increase in the of the culture by 
an increase in both the (Figure 8) and the As(III) (Figure 9) concentrations. increase in the 
Fe(II) and As(III) concentrations can be attributed to the precipitation of ferric arsenate becoming limited 
by the dissolved As(V} concentration, hence the residual Fe(III) was available for the cq,emical leaching 
of arsenopyrite, according to Eq. 4 above. The above also the postul~e that the Fe(II) 
produced the chemical period serves as the initial energy source for thf bacteria. 

I 

From Figure 8 it is apparent that the Fe{II) concentration in the bioreactor to which 0.107 M As(V} was 
added initially did not decrease to the Fe(II) levels observed in the ·Control'. The, elevated Fe(U) 
concentration observed in this bioreactor that the of the culture to an initial As(V) 
concentration of 0.107 M was reduced in comparison with that of the culture in the 'Control'. However, 
from 9 and 10 it is that the rate of bacterial oxidation was sufficient to ensure that 
was available for the oxidation of both As(III) and arsenopyrite. 

10 also shows that the As(V) concentration in the bioreactor in which the culture was exposed to 
0.220 M As(V) (16.5 decreased linearly as a result of the formation of ferric arsenate precipitate, 
according to 6. This precipitation reaction depleted the available Fe(III), inhibitiPg the chemical 
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leaching of hence no increase in the of either Fe(II) (Figure 8) nor As(III) 
9) was observed. Furthermore, the absence of an initial energy source prevented the bacteria from 

overcoming the inhibitoIY effects of the As(V), hence no bacterial activity was observed for the duralion 
of the (31 days). 

Comparison of the Effects of As(Dl) and As(V) 

Comparison of 1 and 6 indicates that a shorter lag was observed in the As(V) tolerance 
investigation 'Control' bioreactor with the As(III) tolerance investigation 'Control'. The 
inoculum used in the As(III) tolerance investigation was taken from the mini-plant while it was operating 
in batch mode. the mini-plant was operating at a residence time of 15 days, 
when the inoculum used in the As(V) tolerance was taken. the difference in the 
activity of the inocuH can be attributed to differences in the continuous mini-plant on harvesting of 
inoculum. it is apparent from Figures 1 and 6 that, the culture in the 'Control' bioreactor 
of the As(V) tolerance achieved a max compared with the 'Control' of the As(III) 
tolerance investigation. If it is assumed that the qOlmax the cultures in the 'Control' bioreactors were 
similar. then the difference in the ro

1
mllX can be attributed to the bacterial populations in the 'Control' 

. bioreactors being different sizes (Eq. 3), 

Figure 11 indicates the relative effect of different levels of added As(III} and As(V) on the cumulative 
amount of oxygen consumed by the culture from the continuous bioleaching at varying 
of the As(III) and As(V) tolerance investigations. The initial (inoculum) (i.e. the chemical 
leaching phase) observed in the As(III) and tolerance investigations were eliminated to facilitate 
comparison of the reSUlts. 
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Fig.II The relative effect of different levels of added As (III) and As(V) on the amount of oxygen 
consumed by the bacterial culture at varying stages of the As(III) and As(V) tolerance investigations 

It is that the addition of As(III) to the nutrient solution prior to the addition of the inoculum from 
the continuous mini-plant did Dot cause a lag i.e. there was no period which 
bacterial activity was observed in the 'Control' bioreactor but not in the bioreactors to which As(III) was 
added. However. the addition of 0.107 M -1) As(V) to the nutrient solution prior to the addition 
of the inoculum resulted in a lag of 15 During this period no oxygen was consumed by the 
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bacteria. The addition of 0.220 M (16.5 ) As(V) to the nutrient solution ll1U\..UIAU'-'ll resulted 
in a lag phase which lasted in excess of 31 The bacteria exposed to 0.220 M 
any oxygen for the duration of the experiment. 

11 shows that the addition of 0.020 M (1.5 -1) As(lII) to the nutrient to the 
addition inoculum retarded the initial rate of bacterial metabolism. This effect was more pronounced 
when 0.040 M I) was added. The culture exposed to an initial As(II1):concentration of 
0.020 M to recover from the the added arsenic. However, the exposed to an 
initial As(II1) concentration of 0.040 M did not achieve an equivalent rQ,max and :showed a lower 
cumulative oxygen usage. The of 0.107 M (8.0 1) As(V) to the nutrient solUtion prior to the 
addition of the inoculum resulted in a and retarded the initial irate of bacterial 
metabolism. The culture did not appear to recover from the effect of the added As(V): over the 31 day 
period studied. 

The above results that the nature of the As(III) and As(V) toxicity is different.: The addition of 
As(III) to the culture from the continuous bioleaching mini-plant resulted in a reduced' rate of bacterial 
oxidation. However, the addition of As(V) to the culture resulted in a lag phase and ~ reduced rate of 
bacterial oxidation. At of As(llI) and As(V) the maximum oxygep utilisation rate, 

Although As(IlI) concentrations of up to 0.145 M have been reported in actively growing cultures 
accustomed to As(III) concentrations several researchers have found As(IIl) to be toxic at 
concentrations similar to those observed in this [3, 8]. Furthermore, several 'researchers have 
suggested that As(III) is in the region of two to three times more toxic than As(V) [3. 8]. It should however 
be noted that most researchers have toxicity experiments in media supplemented with Fe(II). 
However, the results of show that the addition of 0.107 M (8 g.t-- 1) As(V) to an 
inoculum from a continuous had a far more pronounced effect th'lll the addition of 
0.040 M (3.0 g.t- I ) As(III). 

The levels of As(III) added in the batch study and 0.040 M) were in region of 10 times those 
observed during of the (0.00025 to 0.00451 M) Where an inhibitory 
effect was observed, the bacterial culture exhibited the ability to recover. In contrast to the above, the 
levels of As(V) added in the As(V) tolerance and 220 M) were similar to those observed 
during routine operation of the (0.093 to 0.153 M) the effect of As(V), in 
batch culture, was severe. . 

The results of this study, togetnl~r 
arsenic resistance in the bacteria used in 
to the Pst+ Pic mutations and an energy dependent 

mechanism of 
., .... j'"' ....... minerals may be attributed 

Pit - mut~tions result in a 
reduced uptake of As(V). This results in the bac:teria solutions in which. 
the dissolved As(V) concentration is slgmn.carmy However, 
the excretion of As(V) which enters the cen, via the phosphate energy. 
Therefore. in the absence of an energy source, e.g. Fe{H) andlor bacterial 
activity, the inhibitory effect of As(V) will exceed that of bioreactor at As(V) 
concentrations to which the culture has been adapted. Therefore, the tolerance levels ............ '1"1',.(1 by .... ,. ... """"~ 
researchers [3,8,17] may have been influenced by their having been in media 
SU~)pl(~m(~ml~ with Fe(lI), which is the most easily used source of energy for bacteria. 

CONCLUSIONS 

The arsenic in the arsenopyrite is solubilised as As(I1I) by a ferric leach in the absence of "'.,,, .. 't ...... '.,,l Slt'n"flT'V 

i.e. lag phase of the batch process. In the presence of Fe(III), the dissolved As(lII) is further oxidised to 
As(V). Excess dissolved As(V) and Fe(m) precipitate as ferric arsenate. The above are competing 
reactions, and are therefore influenced by the availability of Fe(lII), and the concentrations of As(lII) and 
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As(V). The availability of Fe(III) is in tum determined by the activity of the bacteria. 

Exposure to initial As(III) concentrations in the region of 0.020 to 0.040 M reduced the initial oxygen 
utilisatiOn rate, roz' and the maximum oxygen utilisation rate. max, of the bacterial culture. Several 
researchers have found As(IU) to be toxic at concentrations similar those observed in this mv'estlgatlOln. 
r..xl,osure to an initial As(V) concentration of 0.107 M increased the phase of the bacterial culture 
12 days and reduced the initial oxygen utilisation rate. rOl' and the maximum oxygen utilisation rate, 
roz

max , of the bacterial culture. The addition of 0.220 M As(V) to the nutrient solution to inoculation 
resuJ[ed in a phase which lasted in excess of 31 days. These bacteria did not consume any oxygen for 
the duration of the Because the rate at which oxygen is utilised by the bacterial population is 
a function of the bacterial and their activity, qOlmax, it was not possible to ascertain 
whether the arsenic inhibits bacterial oxidation (i.e. it reduces the bacterial activity) or whether it is toxic 
to the bacteria it reduces the of the bacterial culture). 

Comparison of the results of the As(IH) and As{V) tolerance investigations suggest that the nature of 
As(III) and As(V) toxicity is different. the effect of As(V) on the bacterial culture was far 
more severe than anticipated on the As(III) and As(V) concentrations observed during routine 
op~:ratlOn of the continuous bioleaching mini-plant, and the results of other researchers). Comparison of 
the results obtained in this investigation with those obtained by other researchers and with the behaviour 
of the bacterial culture in the continuous mini-plant suggest that As(V) and the relative toxicity 
of As(III) and As(V) to a mixed culture are affected by the of an energy source. Therefore, 
the toxicity of As(III) is not necessarily in the region of three the times that of As(V). 

Furthermore, the results of this and those of other researchers suggest that the mechanism of 
arsenic resistance in the (mesophilic) bacteria used in the bioleaching minerals may be attributed 
to the Pit- mutations and an energy dependent pump. 
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ABSTRACT 

Although considerable work on the leaching using Fe(IIl) is reported in the 
literature, to date very little work on the chemical.", ... ,,-, .. ,.,,, of arsenopyrite, using Fe(llI) 
has been ,."Tlnn,.n 

Batch, ferric experiments, each 48 hours in length, were carried out in 
baffled. agitated vessels. Varying quantities of Fe(IlI), ranging from 0 to 0.54 M were 
added to a slurry, containing 10 g.l-l concentrate. The redax potential was fTf,U"""UH::" 

continuously, Samples were taken at regular intervals and the total iron and arsenic 
concentration of the supernatant was determined. -::, 

The results that no leaching occurred in ~he absence of Fe(lIl). However, 
considerable arsenic occurred in the reactors to which Fe(lll) was added. 
Furthermore the results suggest that the chemical leaching rate may be atunction of the 

. redax and not of the absolute The 
determinedfor thefemc leaching of arsenopyrite 
by previous [11. viz.: 

FeAsS + 

Furthermore. the results obtained are consistent with the hypothesis that the leaching of 
arsenopyrite. the oxidation of As(IIl) to As(V), the leaching of pyrite. and the precipitation 
of ferric arsenate compete for the available Fe(lIl). © 1997 Elsevier Science Ltd 

Keywords 
Gold ores; sullphi(je ores; '-~'~~~"o' OXliaatllon; extractive U,'vl<LUIW 

INTRODUCTION 

Bioleaching is now an established technology for the of refractory ores and concentrates. 
It offers economic, environmental and technical advantages over pressure oxidation and roasting. 
Furthermore. the spontaneous bioleaching of wastes containing sulphide minerals contributes to acid mine 

1023 
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and the contamination of ground water by metals within the malrices or these'minerals. 

Recent researcb suggests that the bioleaching of sulphide minerals occurs via a two-steJ mechanism 
i.e. the ,mineral is leached chemically by FeaIn, and the role of the bacteria is to regene~ 
1. ... "' ... "' ........ "5 a higb redox within the system. A complication in the bioleacbing of 
minerals is the solubilisation of metals to concentrations toxic to the [3-6], hence 
knc)wlledlze of the and kinetics of both the bacterial and chemical reactions aid the design 
and modeiling of the overall process. , 

Although considerable work on the leaching of using Fearn has been reported in literature [7-9], 
to date very little work on the leaching of arsenopyrite. Fearn at concentrations and similar 
to those used in bioleaching, bas been reported. For this reason some controversy exists in literature with 
regard to the stoichiometry of the reaction. Some of the reactions posrulated to date are 
listed below: 

(1) 

+ [11] (2) 

Fe.AsS + 

Fe.AsS + SFe 3+ ... SO + (4) 

The of this work was to determine whether or not a sample of pyriteiarsenppyrite flotation 
concentrate from the Fairview Gold Mine in Barberton, South Africa, could be leached by at 
concentrations similar to those observed during normal bioleacbing operations. In view of disparity with 

to the proposed other workers, a further of the work to attempt to 
determine the for the ferric of this concentrate. 

MATERIALS AND METHODS 

The experiments were carried out in sealed, baffled, agitated 2.0 I, glass Quickfit culture vessels. A slurry 
volume of 1.75 I was used. Varying quantities of Fearn. ranging from 0 to 0.54 M were aWed to a slurry, 
contailliing 10 g.1 1 (m.v- I)) concentrate. The concentrate sample contained 5.84% ~, % S and 
24.01 % Fe. 86.35% of the material was finer than 75 micron. The mineral analysis of ithe concentrate, 
estimated from the elemental analysis, was 12.70% FeAsS and 37.18% FeS2. The slurry perature was , 
controlled at 40°C by placing the reactors in a water bath. However. the pH was not trolled, and the 
reactors were not aerated. All the leacb tests were run for bours. 

leaching rate was monitored observing the variation in the iron and arsenic conce~trations and the 
redox potential of the slurry. The redox potential of the slurry in the reactors was monitored continuously. 
It was obtained by direct millivolt measurement using an ASI OR101431 Pt combination.l double junction 
Ag/ AgCI ORP electrode and a Hitech UCT Redox Controller. Samples were taken at regular 
intervals and the total iron and arsenic concentration of the supernatant were dete~ned by Atomic 
Adsorption Spectroscopy (AA). . 

RESULTS AND DISCUSSION I 

The results of this investigation are presented in Figures 1-3. Figure I shows the variation in the redox 
potential of the supernatant during the course of the experiment. 2 shows the variatibn in the arsenic 

I 
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concentration of the supernatant during the course .of the experiment and Figure 3 shows the arsenic 
concentration of the supernatant as a function of the Fe(II) concentration calculated using the solution redox 
potential, the total iron concentration and a calibration curve for the ORP electrode [12]. 

The total iron concentration of the supernatant in the reactors with initial Fe(III) concentrations of 0.00. 
0.09, 0.18, 0.45 and 0.54 M remained constant during the course of the experiment. However, the total iron 
concentration of the supernatant in the reactor with an initial iron concentration in the region of 0.36 M 
decreased during the course of the experiment. 

700 

600 -
500 JiIrtt --;> 

E - -0-0.00 M Fe(llI) 

] 
400 -=: 
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-+-0.09 M Fe(lII) 
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Fig.! Variation in the redox potential of the slurry with time at different initial Fearn concentrations 
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Fig.2 Variation in the arsenic concentration of the supernatant with time at different initial Fe(III) 
concen trations 

It is apparent from Figure 1 that the redox potential of the slurry in all the reactors decreased during the 
course of the experiments. The decrease in the redox potential of the slurry in the reactor to which no 
Fe(IID was added can be attributed to the dissolution of trace quantities of FeOD present on the surface of 
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the mineral. This resulted in a significant change in the redox potential as a result of the very low overall 
iron concentration viz. [Ft\0Ia1] !!> 0.0033 M. However, the decrease in the redox potential of the 
sluny in the reactors to which Fe(m) was added indicates that was consumed and Fe(ll) generated, 
according to the half-reaction shown in Eq. 5: 

Fe(llI) ... e --+ Fe(lI) i (5) 

I 
It is also evident from 1 that the shape of the redox potential versus time curves "i'ere similar in all 
the reactors to which Fe(llI) was added. 1bis that the leaching rate of arsenopyrite (i.e. the rate 
at which arsenic is solubilised) is a function of the redox potential, and not of the I absolute Fe(Ill) 
cOI1centrntion. The above is also consistent with the results recent research using pyrii [13]. 

0.10 -,-------------------, 
= e 

'':: 
= l-e 0.08 
CI.I 
t..I = S.r ..... 

io.0
5

1' --"0 
CI.I 

] 0.03 
:::I 
t..I 

'ii 
U - 0.00 

0.000 0.001 0.002 0.003 0.004 
As concentration (moles.t·l ) 

II 0.09 M Fe(lII) 

c 0.18 M Fe(lm 
I 

... 0.36 M Fe(1.U) 

A US M Fe(dI} 

III 0.,54 M Fe(ltt) 

)( Iglesias et ~T. 1993 

Fig.3 Variation in the Fe(II) concentration of the supernatant as a function of the arsenic concentration 
at different initial Fe(llI) concentrations ' 

2 indicates that no arsenic was solubilised in the absence of Fe(lll). However. siitnificant leaching 
of arsenic occurred in the reactors to which Fe(Ill) was added. The results shown in :Figures 1 and 2 
therefore that the chemical of arsenopyrite occurred in these reactors. according to Eq. 6: 

FeAsS ... (x-l)Fe3+ ... Sulphur species ... Arsenic species + (6) 

Although the chemical leaching of the portion of the concentrate cannot be dislregllfdc~ it has been 
found that the of precedes the bioleacbing of pyrite For this reason it was 
initially assumed that the data obtained could be interpreted assuming that the consisted of pure 
arsenopyrite. 

It is also apparent from Figure 2 that the arsenic concentration of the decreased with an increase 
in the initial Fe(IIn concentration. This resulted in the proportion of arseruc (arsenopyrite) ;:'VlIIJVlJlJM;lu., 

calculated that all the solubilised arsenic remained in solution. decreasing with an increase in the 
initial concentration (see Table 2). The above suggests that an excess of Fe(IIn in the leaching 
medium results in either the passivation of the mineral surface, or the CO-precipitation of iron and arseruc. 

Figure 3 shows the measured arsenic concentration of the supernatant as a function of the Fe(II) 
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concentration of the calculated the solution redox potential, the total iron concenlration 
and a calibration curve for the ORP electrode. for each of the different initial Fe(ll) and 
similar data obtained by using pure arsenopyrite 

Linear regression of the results shown in Figure 3 was carried out to determine the stoichiometric coefficient 
of 6. The results of the linear are shown in Table L It is clear from 3. 
and Table 1 at initial concenlrations of 0.09 and 0.18 M. the results obtained support the 
stoichiometry sbown in Eq. 4. However. at initial Fe(llI) concenlrations of 0.45 and 0.54 M the results of 
this investigation differ significantly from the stoichiometry indicated in 4. 

The variation in the stoichiometric coefficient of shown in Table I suggests that the 
ratio is affected by the ferric oxidation of As(lII) to As(V) [1], CEq. 7), the precipitation of ferric arsenate 

8). and the of pyrite 

(7) 

2Fe(II/) + As(II/) ... 2Fe(I/) + As(Y) [16] (8) 

+ + 16H+ [7,8] (9) 

This is consistent with the postulate that the chemical oxidation of the chemical oxidation of 
AsUll) to As(V) and the precipitation of ferric arsenate compete for the available Fe(llI) [17]. Therefore, 
the rate at which eacb of these reactions occurs on the absolute and relative concentrations of 
arsenopyrite, As(V)and in solution. 

TABLE 1 Results of the Unear carried out on the data shown in Figure 3, viz. the 
variation in the Fe(ID) concentration of the supernatant as a function of the .arsenic 
concentration of the supernatant at differ.ent initial Fe(m and of 
similar data obtained using pure arsenopyl-ite [U 

Fe(lli) concentration Constant Coefficient ofFe(n) 

(moles.lf l
) 

0,09 0.0061 0.5849 5.8218 

0.18 0,0070 0.8156 6.4159 

0.36 'As<O 00 M] 0,0041 0.9045 43,2280 

0.36 [As~.OO 1 M] 0.0365 0.7091 2.5718 

0.45 0.0014 0.9604 41.9870 

0.54 0.0050 0.8931 32.789 

eta/. 0,0002 0.9900 6.6356 
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The nature of the competing reactions listed above resulted in the total iron concentration of the supema1ant 
in the reactor with an initial iron concentration of 0.36 M decreasing the course of the experiment. 
and in the curve obtained (see Figure 3) having two distinct regions. At S; 0.00 I M the slope 
of the curve is similar to the slope obtained at initial iron concentrations of 0.45 and 0.54 M. However, at 
[As] ~ 0.001 M the slope is similar to the obtained at initial iron concentrations of 0.09 and 0.18 M. 
The above therefore that the rate at which the above reactions occurs depends on the absolute and 
relative concentrations of arsenopyrite, As(V)and Fe(lII) in solution. 

In an attempt to determine whether or not precipitation may have resulted in the apparent reduction in the 
proportion of arsenic (arsenopyrite) solubilised (calculated using the final arsenic concentration of the 
supernatant), the proportion of arsenic (arsenopyrite) solubilised was also determined using the final Fean 
concentration (calculated the solution redox potential, the total iron concentration and a calibration 
curve for the ORP electrode) and assuming the reaction stoichiometry listed in 4. The proportion of 
arsenic (arsenopyrite) solubil.ised, calculated by both methods. is listed in Table 2. 

From Table 2 it is clear that a large discrepancy exists between the two employed. However, if 
it is assumed that the actual proportion of arsenic solubilised lies somewhere between the proportions 
calculated by the two methods employed, it is obvious that the proportion of arsenopyrite solubilised 
increases with an increase in the initial concentration. Furthermore, the above suggests that a large 
proportion of the mineral is solubilised the 48 hours over which the was performed. In 
contrast to these workers observed about 25% arsenic extraction in 24 hours 

TABLE 2 Calculated proportion of arsenic solubiUsed based on: (A) the final measured arsenic 
concentration; and (B) tbe final Fe(U) concentration determined by redox potential 
measurement and 4 1 

Proportion of arsenic solubilised(%) 

-
Initial Fe(Ill) concentration (M) (A) (B) 

0.08 40 51 

0.16 38 58 i 

I 
I 

0.36 78 I 

; 

0.45 26 178 

0.54 27 163 

CONCLUSIONS 
I 

Although the degree of leaching increases with an increase in the initial Feam concentratiOn. the leaching 
rate of arsenopyrite appears to be dependent on the redox potential of the slurry. and not bn the absolute 
FeaID concentration. 

The chemical oxidation of arsc~nOll')vtI the chemical oxidation of IU(ID) to As(V). the precipitation of 
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femc arsenate and possibly the chemical oxidation of for the available Fe(llD. Although 
the above may affect the experimentally determined of the reaction. the stoi.cbilomc~uy 
determined for the femc of arsenopyrite agreed with the postulated by previous 
researchers viz.: 

Furthermore, the competitive narure of the above reactions prevent reliable determination of the of 
ars,enc,pynte oxidation by the arsenic concentration of the or monitoring the 
redox potential of the In spite of the above limitations, the rate, and degree of arsenopyrite 
solubilisation observed in this was than reported previously. 
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The use analysis and redox potential measurement has shown that bioleaching 
involves at least three important The primary attack the sulphide 
mineral is a chemical ferric leach. The role of the bacteria is to convert the iron from the 

to the thereby maintaining a high redox potential. 

The kinetics bacterial ferrous iron oxidation by Thiobacillus ferrO()XIIWIS 
Leptospirillum-like bacterium, and the leach kinetics 
been described asfunctions oftheferriclferrous-iron ratio. Thus. the leach 
of the mineral and the bacterial oxidation of the ferrous iron are linked by the redox 
potential, and are in equilibrium when the rate of iron turnover between the mineral and 
the bacteria is balanced. -::, 

These rate have been used to predict the steady state redox potential and sulfide 
mineral conversion in a continuous bioleach reactor. The model predicts 
laboratory data is tested pilot-plant bioleach 
systems. Furthermore, the model bacterial species will and 
which mineral will be preferentially leached under specific operating COltalllOIiIS. -'-J"'

restriction has shown that in bioleach reactors the dominant 
iron oxidizer is L ferrooxidans, which is in agreement with the predictions model. 
© 1999 Published by Elsevier Science Ltd. All rights reserved 

Keywords 
Sulfide ores; ...... ' ....... , .. /;. reaction kinetics; .... ,,' .... " .... ""ll!', modeling 

INTRODUCTION 

The bioleaching of copper from copper-bearing sulfide ore and waste in has been for some 
time m. More recently heap leaching has been used for copper bioleaching and the pretreatment of 
refractory arsenical gold ores [2,3]. The bioleaching of arsenical gold-bearing concentrates in large stirred 
tank bioreactors has been practiced since 1984 with several plants in different of the world [4,5]. 
The design of these has been based on the use of the logistic equation to describe 

Presented at Minerals Engineering '98, Edinbumh. Scotland, September 1998 

383 



Univ
ers

ity
 of

 C
ap

e T
ow

n

384 A. W. Breed and G. S. Hansford 

the kinetics of bioleaching [6-8]. However recent work by Boon [9] has led to the development of a 
mechanistically based model for bioleaching [10,11]. This model the kinetics of bioleaching, 
'"""'1-'" .... ,'" the microbial selection that takes place in bioleach systems and is the basis for the derivation of 
a equation for continuous bioleach reactors. The of the model are in accordance 
with microbial identification using 16S rDNA techniques and the electrochemistry of the ferric of 
sulfide minerals [12]. 

BACKGROUND 

The use of degree-of-reduction balances [13] coupled with for the measurement of oxygen 
and carbon dioxide utilisation rate has been developed by Boon [9] in order to measure bacterial and 
concentrations, in bioleach systems. These measurements have proved difficult in the past. The activity of 
the bacteria was detennined as the rate of oxygen utilisation and was either measured in the 

...... ,LV."'. using off-gas or off-line in a biological oxygen monitor. 

additions of pyrite at four intervals to a batch Boon et al. [10] were able to 
measure the specific oxygen utilisation rate as a function of the ferric/ferrous-iron ratio or redox n ... l' .. nh<>1 

The oxygen utilisation rate was also related to the pyrite concentration via the pyrite specific oxygen 
utilisation rate. The results of a are shown in 1, where it can be seen that the 
spe:c1f:lc rate of oxygen decreases with increasing ratio while the 
oxygen utilisation rate increases with increasing ferriclferrous-iron ratio. 

0.4 ..,......----------------,- 0.024 
\l1li 

o 
0.018 

o 

-, " 

0.012 \l1li 
\l1li 

0 
0.006 

0 

o+---~--~~~~+_--~--~~~~+ 0 
1000 10000 

[Fe3+]/[Fe1+] 

100000 

--~ .. 
~ 
r;jJ 
~ 

f,;r;. -e e -d -e e -C"I g 
I: 

Bacterial and and va • as functions of the 
[Fe3+]/[Fe2+], for the of pyrite ([FeS2] ::: 2-20 

Leptospirillum-like bacterium (cx::: 25-100 mg c.rl) at Felot
::: 2.4-5.0 

T::: 30"C. Data was obtained from Boon et al. [10]. 

In addition samples were taken from the batch, the pyrite removed by centrifugation, and the specific 
oxygen utilisation rate of the bacteria measured in an off-line respirometer, or BOM, using ferrous iron 
medium. This enabled the oxygen utilisation rate to be measured over a wider range of 
ferric/ferrous-iron ratios than in the pyrite batch. However, in the where the ranges the 
data for the pyrite- and ferrous bacteria as shown in 2. From this it was 
concluded that in both cases ferrous iron was the and that the of occurs 
as a mechanism the chemical ferric of the pyrite and the bacterial oxidation of 
the ferrous iron produced, back to the ferric fonn. 
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The reactions involved are: 

Chemical: + 16H" 

Bacterial: 

Overall: 

0.8 ~-----------------...., 

0.6 

-.t::l 
E 0.4 -N 
0 

0.2 

100 1000 10000 

[Fe3+]/[Fe1+] 

100000 

o Ferrous Iron 

• Pyrite 

1000000 

385 

(I) 

(2) 

(3) . 

Fig.2 oxygen utilisation rates of pyrite and ferrousJron grown Leptospirillum-like bacteria as 
a function of the ferric/ferrous-iron ratio, with the prediction of Equation S. Data was 
obtained from Boon et al. [10]. 

The existence of a two-step mechanism for the bioleaching of sulphide minerals has a number of imr\nl"tanr 

implications for the modelling of bioleaching, 

i) the overall process can be reduced to Ii number of independent " .. "" .. ."",,,1 andlor 
processes, 

ii) the kinetics of each of these sub-processes can be studied independently, and 

sub-

iii) the kinetic constants derived during the sep,aralte studies can be used to both the !i:fElll1V·.!i:T11 

and dynamic performance of bioleach for a of different minerals, bacteria and 
ope~rating conditions. 

A simplified form of a previously used model for inhibited Michaelis-Menten kinetics [14]; can be used to 
describe the bacterial ferrous iron oxidation in terms of the specific oxygen utilization rate as 
a function of the ratio (9]; 
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(4) 

In 4. qo, is the bacterial specific oxygen utilization rate (mol 02·(mol CrIXI
), rO

l 
is rate of oxygen 

is the bacterial concentration (mol c.r l
), q;;n is the maximum bacterial 

1 I 

oxygen utilization rate (mol 02.(mol .h- I
), K is the kinetic constant in bacterial ferrous iron 

oxidation (dimensionless), [Fe>+] is the ferric iron concentration (mo1.rl) and is ,the ferrous iron 
concentration (mol.r1). ' 

The kinetics of the overall process can be described in terms of the specific oxygel utilisation rate 
as a function of the ferrous/ferric-iron ratio [9]; 

v " 0, 

In specific oxygen utilisation rate (mol 02.(mol FeS2rJ 

concentration (mol.r i
), V~IIX is the maximum pyrite 

1 
oxygen 

(5) 

[FeSz] is the 

! 
rate 

(mol 02.(mol .h-I
) and B is the kinetic constant in chemical ferric 1eachi!l8 of pyrite rC:lllmelrlSl()Dl(~SS) 

The following values have been reported for the kinetic constants listed in Eqs.4 and 5 

I 
K:::: 0.0005 for the bioleaching of pyrite by Lep'tospirillum-like 

bacteria, q~1IX =2.2 h-I, K:::: 0.05 for ferrous iron oxidation by Thiobacillus 
I 

and 

=0.025 h'l. B :::: 0.00045. 

The dependence of the bacterial kinetics on the solution redox potential is consistent with the chemiosmotic 
theory of [151. while the dependence of the ferric leach kinetics on the redoxi potential is in 
agreement with electrochemical ' 

THE MECHANISM AND KINETICS OF SULFIDE MINERAL BIOLEACHING 

The two are linked at steady state by equating the rate of ferrous iron pLuction from 
the chemical ferric leach reaction to the rate of consumption of ferrous iron by the bacteria. In order to do 

the kinetics of the two sub-processes must be rewritten for ferrous iron production an~ utilization in 
terms of the rate of ferrous iron production per unit swface area of the pyrite particles. viz~; 
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] l+u __ ~ 

] 

In Eq. 6, is the specific ferrous iron prclIlulcbcm rate 

iron production (mol.rl.h-I
), a is the Spe:CII1IC surface area of the 

specific ferrous iron production rate (mol 
nal1:lcle!IL ~. enables the sulphide concentration. 

account 

(6) 

rFe1+ is the rate of ferrous 

is 

.h- I
). The specific surface area of 

size and roughness to be taken into 

The bacterial ferrous iron ", ................ "'ur ..... '''''' ... , .. '''''' can also be ex~'ressed in terms of the ,,,.I ....... , ..... rate of 
bacterial ferrous iron utilisation [9]; 

:: 
(7) 

InEq.7. is the bacterial "1-"', ......... ferrous iron utilisation rate .(mol C)-l.h-I ) and m.u is the 

maximum bacterial specific ferrous iron utilisation rate (mol .h-I ). 

At a particular pyrite and bacterial concentration the pseudo steady state will be defined by; 

bw::t 
" (8) ] l+D __ ~ 

] 

lnEq 8 chem. th h 'alr . ad' • • IS e c ernIC errous loon pr ucbon rate .rl .h -I) and bact is the bacterial 

ferrous iron production rate (mol .h-I
). 

It is IJ'V"'"'V''''' to express the ferric/ferrous·iron ratio in 4-8 in terms of the redox IJ'v .............. using the 

In Eq. 9. 

(

E -E J 
• exp :' (9) 

is the redox potential (mV), Eo is the standard redox potential (mV). R is the universal gas 
T is the absolute temperature (K). n is the number of electrons in transferred in the 

(dllmeltlSu)nlc:ss) and F is the Faraday constant (C.mol-I
). 

Using the stoichiometry of Eqs. 1 and 2. the following values for the ferrous iron based kinetic constants 
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can be obtained from Boon's oxygen based values [9]; ~;:~ ::::0.0067 h- ', B = max =6.8 h-', 

K 0.0005 for the bioleaching of L..eJrJIU:;PlHUUfli~-IlII\.t: bacteria and 
mal'. 

ferrous iron oxidation T. TV" ...... ", ... ,..>. Recent work on the chemical ferric I",al~hlfl" has 

I 
]::ma~ , 

shown that the values for "';,Fe" and B agree with those obtained from the data of Boon ei al.· [10], for the 

bioleaching of pyrite. 

Although T. ferrooxidans can also oxidize sulphur and sulphur moieties. for the nllrTln~:p. simulation, it 
is assumed that this is not the rate controlling sub-process in this system. 

I 
3 shows the predicted rate of ferrous iron by the ferric leaching and the predicted 

rates of ferrous iron consumption by a Leptospirillum-like bacterium and T. ferrooxidons, las a function of 
the redox potential, at a total iron concentration of 12 g.rl. The point of intersection of depends 
on both the concentration of bacteria and the active surface area concentration of the It represents 
a pseudo-steady state from which the rate of ferrous iron turnover and the redox can be 
determined. Furthermore, the of intersection of the chemical and bacterial 

to the rate of In this way the model here 
those models based on a bacteria-to-mineral i.e. cx/[FeS2] [9]. As the bacterial co 
the surface area concentration the redox potential and overall pyrite Dlo,les:cnJtng 

From 3 it can be seen that for the bioleaching of pyrite the ferric leach curve intersects the bacterial 
ferrous iron oxidation curve of the Leptospirillum-Iike bacterium at a higher rate of iron turnover 
than T. ferrooxidans, hence, the Leptospirillum-like bacterium will be the dominant speciesr This has been 
confirmed by Rawlings {l e], who found that Leptospirillum ferrooxidans in ,the bioreactors 
of the GENCOR BIO~ process an arsenopyrite-pyrite concentrate. in the bioleaching 
of sulphide minerals that have lower rest the ferric leach curve will intersect the bacterial curves 
at a lower redox potential. If this occurs at a point where the ferrous iron oxidation rate of 1: ferrooxidans 
is than that of L. then T. will be the dominant 

1600 

~ 
1200 . .. 

<:; 

"-
'0 
E 

800 

E --;: 400 ... 

0 
600 700 800 900 1000 

Redo!: poteDtial (mY) (AglAgel) 

Predicted rate of ferrous iron production by the ferric at 10 
together with the rate of ferrous iron oxidation a bacterium and 

I 
T. ferrooxidans = 150 mg as a function of the redox potential. Data for pyrite and 
T. ferrooxidans were obtained from Boon [9] and the data for the Leptospirillum-l~ke bacterium 
were obtained from van [17]. 
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MODELLING THE PERFORMANCE OF BIOLEACH REACTORS 

Bacterial ferrous oxidation 

In a continuous bioreactor at steady state it can be shown that the 
equal to the dilution rate; 

rate of the miicro;.QI·ganisms is 

(10) 

In 10, )l is the bacterial specific growth rate (h- l
). D is the dilution rate (h- I

) and 't is the residence time 
(h). 

If it is assumed that the b&:terial specific growth rate is directly related to the specific rate of ferrous iron 
oxidation then; 

Ymalt 
Fe"X 

D 

In Eq. II, Y FU::X is the bacterial yield on ferrous iron 

Eq. 7 and solving for the ferric/ferrous iron-ratio 

C.(mol 

(11) 

';)UI~;:'\.JI\U\IIll:t for from 

( 

The Nernst equation can be used to express Eq. 12 in terms of the solution redox pOI:enljal. 

The above applies to a completely mixed bioreactor at steady state provided there is no retention of biomass 
within the bioreactor i.e. there must be no wall growth. From Eq. 12 it is clear that for the case of a 
bioreactor with pyrite feed. the state ferric/ferrous-iron ratio. or redox potential, is not dependent on 
the concenlration of in the feed, but only on'the residence time. This is analogous to the behaviour 
of a chemostat [19]. 

Chemical ferric 

stolchlollnetry of I, the rate of pyrite leaching is related to the rate of ferrous iron production 
rate """VI "ililK 

(13) 

In 13. is the 

A steady state balance over the bioreactor gives; 

(14) 

In F is the volumelric flow rate at steady state (I.h- I
). [FeS2]in is the concenlration in the 
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feed to the bioreactor (mol [FeS21 is the concentration of pyrite in the bioreaclor
l
· (mol 

and V is the volume of the bioreactor (f). 

the pyrite concentration the bioreactor is given by; 

The pyrite conversion is given by; 

15+ 

In 14, XFeSa is the pyrite conversion (dimensionless). 

uu:.I.IUJU"':I<I the ferriclferruus-iron ratio from 12 into 16 shows that the 
a function of only the residence time in the bioreactor and the rate constants and particle 
of the pyrite. 

( 

(16) 

is also 

4 shows the predicted variation in the conversion 16), using a Lepto$pirillum-like 
bacterium in a continuous-flow bioreactor. at residence times ranging from 0 to 20 days. We kinetic data 
for was obtained from the bioleaching of +53-75 ~ size fraction pyrite flotation COf\centrate from 
Prieska Mine, South Africa [9) and confirmed for the leachirig of the same 
concentrate [20]. The kinetic data for the Leptospirillum-like bacterium was obtained from Van 
Scherpenzeel [17]. These with the results of Hansford and Chapman [21] for the 
continuous of a similar euhedral in a 5-litre continuous bioleach 

I 
reactor using a culture thought to be T. jerrooxidans and a pyrite flotation concentrate from Erown 
South Africa. No redox potential data are available. The agreement between the prediction and the 

I 
experimental data is remarkable. particularly when that the concentrates are from different 
sources and that the bacteria used by and [21] were unidentified and to be 
T. jerrooxidans. However in it is reasonable to assume that the bacteria which 
in a continuous culture growing on pyrite would be 1... jerrooxidans. 

100 

G 75 

i 
~ 
11:1 

50 ~ ... ·c 
l: 25 

0 
0 " 8 12 16 

R.ideilt:e time (days) 

Fig.4 Predicted 16) and measured conversions [21] of pyrite in a continuous reactor. 
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t . CONCLUSIONS 

The two mechanism for suggests . that the lcinetics' the two sutrprocesses can be 
investigated separately. It provid.es a;basis for predicting the ovefcllhates of bioleaching from the rates of 
the controlJing of ~hemical ferric leaching and bacterial ferrous iron oxidation. These can be 
conveniently in terms of the .ratio or redox ,This also 
predicts which microbial will .predominate .. 

Further refinement of the approach described is necessary to include in size and surface area of the 
sulphide the ' of that could occlude the surface and bacterial oxidation 
of the sulphur moiety. However, the model appears to have pot(mtialfor predicting the performance of 
continuous bioleach reactors. 
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In practice, and in this investigation, 
the :redox at the conditions used. 

the Nemst equation (5) 

dE = RT ~In( [Fe3+]) 
dt zF'dt 

dE d[Fe3+ ] 1 
-= 
dt dt [Fe2+ ] 

The fate of 

Combining 

dE 

dt 

dissolution can 

dt dt 

(7) with the reaction 

. 6 ) 
~ 

. zFdE 

are. determined 'by 

dt ) 
defined as; 

dt 

Eq. (8) yields; 

(6) 

(7) 

(8) 

(9) 

(10) 

The ferric ferrous ratio and the total iron concentration can then be used to determine 
the concentrations of bOth . and 

]=--=--~ (11) 

and 

( 12) 

Substituting Eqs. (I 1) and (12) into Eq. (0) yields an express;ion in which all the 
parameters can be determined. It is therefore to the variation in the 
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Table 2 
Standard conditions for the ferric leaching of arsfmOI>ynle 

Parameter 

pH 
Solids concentration (g.r I) 
Agitator (rev. min -I) 

Temperature 
(vs. (mV) 

Level 

75 
16 

1.1 
to 

1500 
25 

615 

rate of arsenopyrite dissolution the course of the experiment 
variation in the redox potential and the initial total iron "'VI""'~,UU 

43 

the measured 

(13) 

Although the increase in the total iron concentration during the course of the 
was of the initial iron it was taken into 

consideration the calculation of the rate. 
The parameters varied during the course of the experimental program induded the 

initial redox potential, the total iron concentration, the solids concentration and the pH 
of the solution. The standard ferric 'Conditions are shown in Table 2. 

3. Results 

3.1. Probe calibration 

As the ferric leaching experiments were carried out under nonideal conditions it was 
necessary to determine the values of E~ and RT / zF at the conditions used. The values 
of these at 25°C and varying total iron concentrations are listed in Table 3. 

Table 3 
of theoretical and measured Nemst equation parameters (T 

8 
16 
32 
Theoretical value 

RTjzF 

25.78 
27.21 
28.38 
25.70 
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3.2. General behaviour 

<I",'1T>'''It was made to confinn the reaction upon cornoi,e-
tion of each the spent leach was titrated with cerium sulphate and the 
presence of confinned. 

Fig. 2 shows the typical variation in redox potential of the solution observed 
the course of an From 2 it is apparent that the fITst few 

minutes of there is a drop in the redox potential of the solution. 
In all the experiments perfonned, raw data similar in shape to the data shown in 

2 were obtained. After smoothing the raw data (Eq .. (4) the rate of ferrous iron 
prc,dulctlcm as a function of the redox of the solution was determined 

(13)) as described in Section 2.6. 

3.2.1. Error analysis 
The contribution of ferrous iron oxidation, by dissolved oxygen, to the ferric iron 

COllce:ntr'atlon, and hence the observed rate of ferric was determined in an 
CSTR. The feed to the reactor consisted of a salt en"" •• r.... ""." .......... '15 

12 g.,r 1 ferrous iron. The in the CSTR was maintained at 40°C; the 
residence time was maintained at 100 h and the pH was maintained at pH 1.75. Sparging 
,",v,,,,,,,,..,,,,,..,.. air at 100 m/.min -I through the solution ensured saturation of the liquid. 

3 shows the measured variation in the outlet ferrous iron concentration with 
elanSf!G time and the variation in the outlet ferrous iron concentration if ideal 
CSTR behaviour, and no reaction, is assumed. The data in Fig. 3 were used to determine 
the approximate rate of ferric iron oxidation of the ferrous iron. It was 
found to be in the region of 5.0 X 10-8 mol j-l.s -1. In comparison, ferrous 
iron rates ob.served during the ferric leaching ranged about 

650~----------------------------~ 

600 

500 

4S0+-------~----~------_+------~ 

o 1000 2000 

Time (s) 

3000 4000 

Fig. 2. Typical example of the observed variation in the redox polential with time. and curve fi! 
= 679.6x-o.'6 +486.6; R2 = 0.998) to experimental data. 
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12~====~~~----------------l 

9 

,:!' 
6 .. ::. 

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

o 40 80 120 160 200 

Tim. (bou .. ) 

Fig. 3. Variation in the measured outlet ferrous iron concentration and the predicted variation in the outlet 
ferrous iron concentration if ideal CSTR behaviour and no reaction is assumed, with time. 

5.5 X 10-6 mol Fe2+.I'-I.s -I.(g FeAsS)-1 at the beginning of the experiment to about 
2.7 X 10-8 mol Fe2 +.I'-I.s -I.(g FeAsS)-1 at the end of the experiment, i.e., from 
8.9 X 10-5 to 4.3 X 10-7 mol Fe2 + .I'-I.S -I. based on an arsenopyrite concentration of 
16 g.r l

, 

From the above it is clear that the rate of ferrous iron production during the leaching 
experiments could be ignored during the .~alysis of the kinetics of arsenopyrite 
leaching. For this reason no attempt was made to exclude oxygen from the leaching 
solution. 

In addition to the above, analyses performed to determine the errors introduced as a 
result of attributing the drop in redox potential to the ferric leaching of arsenopyrite only 
were found to be in the region of 1 %. The reproducibility was found to be in the region 
of 8%, hence it was possible to ignore the contributions of the ferric leaching of the 
copper, lead and zinc minerals in the sample to the changes in the redox potential of the 
solution. Furthermore, acid leaching tests performed in the absence of ferric iron were 
found to have little effect on the redox potential due to the low rates observed and the 
stoichiometry of the leaching reaction. 

3.2.2. Leaching rate 
Fig. 4 shows the specific rate of arsenopyrite leaching (expressed as the ferrous iron 

production rate per unit mass of arsenopyrite) as a function of the solution redox 
potential during one run. From Fig. 4 it is apparent that the rate initially increases with a 
decrease in the redox potential of the solution. It appears to pass through a maximum. 
and then decreases rapidly with a further decrease in the redox potential of the solution. 
However, it is clear that for most of the experiment, the rate of leaching decreased with 
a decrease in the redox potential of the solution. 
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6.0E·6.,---------------....., 
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Fig. 4. Variation in the ferrous iron production rate during the ferric leaching of arsenopyrite as a 
function of the solution redox potential during one run. 

3.3. Initial redox potential 

The influence of the initial solution redox potential on the rate at which arsenopyrite 
is leached by ferric iron is shown in 5. From Fig. 5 it is clear that the initial increase 
in the rate apparent in Fig. 4 is not visible at low initial redox potf:!ltials; viz. 

~ 

~ 

6.0E-6 [.=;;:::=::::::;:;:;--------1 

4.5&6 

3.0E·6 

1.5&6 

" 
" 

" • 
• <> 

• <> 

" <> • 
<> 

• . 
<> 

<> 

.... 
• 

" 
" 

<> 

Q 

<> 

" <> 
<> 

<> 
<> 

<> 
<> 

0.0£+0 +---"..J'!.S.l.,----,...----.,-------' 

450 500 550 600 650 

E (\Ill AIlIAgCI) (mV) 

Fig. S. Influence of the initial solution redox potential on the variation in the specific ferrous iron production 
rate during the ferric leaching of arsenopyrite, as a function of the solution redox potential. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

R. Ruitenberg et al./ Hydrometallurgy 52 (J999) 37-53 47 

< 550. Instead, the rate of decreased with a decrease in the redox 
pOlten'uat of the solution, across the entire range of redox encountered. 

3.4. Total iron concentration 

The effect of the overall iron concentration on the ferric kinetics of 
arsenopyrite was investigated at initial ferric iron concentrations of 8, 16 and 32 
(Fig. 6). From Fig. 6 it is apparent that an increase in the total iron concentration 
resulted in the ferric reaction at a higher value of the solution redox 
potential. It is also apparent that the maximum rate observed at a total iron 
concentration of 8 I was significantly lower than at higher overall iron concentra-
tions. Although this effect was it was not by other UllYUI'5'" 

3.5. Mass transfer 

The results obtained during the at different total iron concen-
trations under the conditions the rate of reaction is not 
mass-transfer limited. This was confmned by performed at speeds 
ranging from 1250 to 1800 rev.min -I and is consistent with the results of previous 
research performed at the same temperature [17]. 

3.6. Solids concentration 

7 shows the influence of the mineral at concentrations of 5, 10 
and 20 I. on the ferric of As in previous the rate is 
eXl,resse:d as the rate of ferrous iron production divided by the solids concentration. This 

6.0E-6,-----------------, 

4.5E-6 

.,. 
~ ..... 
-; 3.0E-6 
!. 
~ 

" 1.5E-6 ., ., .,. 0 

0 ., . 
c ., . 

O.OE+{) +: ----'1----1------;------1 
0 . " 

450 500 sso 600 650 

E (vs AglAgCI) (my) 

Fig. 6. Influence of the total iron concentration in solution on the variation in the specific ferrous iron 
production rate during the ferric leaching of arsenopyrite. as a function of the solution redox potential. 
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! 

l.SE-06 o 0 

c 
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o 0 
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O.OE+OO +-__ --"c,..-!!"'--''----. ___ --.. ___ -I 
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Fig. 7. Influence of the solids (arsenopyrite) concentration on the variation in the specific ferrous iron 
production rate during the feme leaching of arsenopyrite, as a function of the redox potential of the solution. 

was done in an attempt to eliminate the effect of the increase in the available surface 
area. From Fig. 7 it is clear that the rate based on the arsenopyrite surface area was not 
constant. However, the curves obtained show similar trends in the rate with changes in 
the solution redox potential. 

The surface area concentration (arsenopyrite concentration) seems to affect the redox 
potential at which the leaching stops. It does not appear to have a significant influence 
on either the rate at which the leaching rate changed (the slope of the cUn.~), or the 
maximum leaching rate of the arsenopyrite. 

3.7. pH 

Fig. 8 shows the influence of the solution pH upon the ferric leach rate of 
arsenopyrite. The mineral seems to be more active at lower acid concentrations. 

3.B. Leached us. unleached ore 

Scanning electron microscopy (SEM) was used to determine whether or not the rate 
of leaching of the mineral used in this investigation was influenced by the formation of 
an occluding layer consisting of either jarosite or elemental sulphur. However, neither 
jarosite nor elemental sulphur was visible on the surface of a mineral sample that had 
been leached for 1 h. In addition, mineral that had been leached for 1 h was dried and 
leached once again, using fresh leaching solution. The results of the experiment 
performed using 'leached' arsenopyrite and the results of an experiment performed using 
unleached mineral, at the same conditions, are shown in Fig. 9. From Fig. 9 it is clear 
that the ferric leaching rate of 'leached' material is similar to the ferric leaching rate of 
fresh mineral. 
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Fig. 8. Influence of the solution pH on the variation in the specific ferrous iron production rate during the 
ferric leaching of arsenopyrite, as a function of the redox potential of the solution. 

3.9. Kinetics 

It is apparent from Figs. 4-9 that the relationship between the redox potential of the 
solution and the specific rate of ferrous iron production is not linear. It was not possible 
to fit the electrochemically-based model proposed by Verbaan and Crundwell [4], or the 
Monod-type model proposed by Boon [6]. However, it was possible to model the ferric 
leach kinetics using the Butler-Volmer-b~d model suggested by May et aI. [7] 

6.0E·6..,-----------------, 

.- .... 
oooooi~o e. 

o • 0 o 

4.5E-6 

:"! 
° .. 

-: 
'0 3.0E·6 

o 
o 

~ 

~ 

1.5E-6 

o • . 
o • 

o 

c 

O.OE+{) +--___ -I---"-o...!!" ... o __ i--___ +-__ ----1 

450 500 550 600 650 

E (vs AglAgCI) (mV) 

Fig. 9. Comparison between the variation in the specific ferrous iron production rate during the ferric leaching 
of unleached and leached arsenopyrite, as a function of the redox potential of the solution. 
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Fig, 10. Comparison between the Butler-Volmer based model prediction 
f3 0.0272. E' = 510) and the experimental leaching rate data. 

(2». of the Butler-Volmer-based model with a typical set of 
experimental results is shown in 10 that the agreement 
between the model based on the Butler-Volmer equation and the experimental results is 
good. 

4. Discussion 

The rapid change in the initial redox potential shown in 2 was anticipated, and 
can be explained as follows. At total iron concentrations and ferric-ferrous ratios, 
even a small increase in the ferrous iron concentration will result in a in the 
ferric ferrous ratio, and hence a in the redox potentiaL 

In most of the experiments the ferric leaching rate of 
increased witlt a decrease in the redox potential of the solution 
rate reached a maximum, and then decreased rapidly with a further decrease in the redox 

An increase in the initial ferric rate with decreasing redox was also 
observed during the ferric [7]. However, although a in the ferric 
.......... u."'E rate of arsenopyrite was observed at redox potentials between 600 and 700 m V 

[18], the behaviour apparent in 4-8 has not been for 
arsenopyrite. It is therefore thilt this transient behaviour is a result of the 
rearrangement of the ions on the surface of the mineral and in the electrical double 
surrou,ndmg the it is not a result of the leaching of the mineral itself. This 
pV,,.u,,"' ..... is supported observations made during studies on the effect of the ferric 
iron concentration on the mobility of arsenopyrite [19], and the fact 
that no surface products for of the mineral surface were 
observed. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

R. Ruitenberg et al.I Hydrometallurgy 52 (1999) 37-53 51 

n"~'Vll"H' workers have detected a sulphur layer on the mineral surface after 
both the and the ferric of arsenopyrite, it has not been found to hinder the 
dissolution reaction [12,18,20,21l. The absence of a surface in this 
may be a result of the high redox used the reactive nature 
of the leached mineral suggests that the rate of is not and is 
primarily a function of the redox potential of the leaching solution. The slight increase in 
the rate of dissolution of the 'leached' mineral can be attributed to the increase in the 
surface area. 

The decrease in the rate of with a decrease in the redox potential of the 
solution observed for most of the experiment is in agreement with previously reported 
trends for the ferric leaching of sulphide minerals 11,23-25]. This 
dependency of the ferric rate on the redox potential of the leaching "VIUU'Vll, 

which in tum that an electrochemical model be used to describe the ferric 
leaching kinetics of arsenopyrite. 

An electrochemically driven reaction should exhibit a half-order dependence on the 
ferric iron concentration [26}. However, the ferric rate of pyrite was found to be 
indepc~nd.ent of the total iron for iron concentrations from 0.05 to 
0.5 M (2.80 to 28 g.r I) [7]. Although the leaching rate of arsenopyrite did not exhibit 
a half-order dependence on the ferric iron concentration it was not found to be 
111U"I_"_UU,,11< of the total iron concentration In addition, it was not possible to fit 
the models either Verbaan and Crundwell [4] or Boon [6]. 

It was possible to model the ferric leach kinetics of arsenopyrite across a wide range 
of conditions using the Butler-Volmer based model suggested by May et al. [7] (Eq. 
(2». a limitation of the model appears to be its dependence on the 'rest 
potential' of the the redox poten-tial of the solution at which at which the 
dissolution of arsenopyrite This arsenopyrite 'rest potential' was found to increase 
when: 

0) the potential 1I1\.;u;;a;)I;:l>, 

Oi) the total iron concentration mc:re:lses, 
Gii) the solids concentration and 
(iv) the H + concentration increases. 

has been to have an effect on the rest of mr,lvlnrlf·n,·tE" 

that the effect of pH on the rate of can be attributed to its 
Spf:Cl,mOin of the ferric complexes. has a effect on 

formed between + and SO; - over the range from 1.0 to 2.0 [27]. 
The different complexes would in tum be to have different leaching capabili-
ties. 

The results therefore suggest that the reactivity of the mineral is determined by the 
ferric and proton concentration based on the surface area. An increase in 
the concentration of either ferric iron or protons to the surface 

results in a reduction in the reactivity of the mineral. This is as highly 
unusual as most reaction mechanisms are favoured by an increase in reactant concentra
tion. 

Although the underlying mechanism responsible for the observed influence of the 
different parameters on the rate is not clear at present, it is that 
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affect the speciation of the sulphur and arsenic complexes in the solution. It is 
therefore necessary to the Butler-Volmer-based model to include the effect of 
parameters such as the pH and the ferric iron concentration on the of the ferric 
and ferrous iron species involved. This may yield a mechanistically based model caJ:)able 
of the ferric leaching rate of minerals over a wide range of conditions. 

The technical and financial assistance of GENCOR Process Research is gratefully 
acknowledged. 
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Abstract 

The ferrous-iron oxidation kinetics of Leptospirillum ferrooxidans were studied at dilution rates from 0.01 to 0.10 h -I. and pH 
values from pH 1.10 to 1.70. The growth rate, and the oxygen and ferrous-iron utilisation rates of the bacteria, were monitored 
means of analysis and redox measurement. The degree-of-reduction balance was used to compare the theoretical and 
experimental values of . -ro: and rco:. and the correlation found to be good. The bacterial culture maintained at pH 1.30 achieved the 
greatest measured maximum growth rate. An increase in the from pH 1.10 to pH L70 did not affect the maximum yield and 
maintenance coefficients, or the maximum ferrous-iron and oxygen utilisation rates. However, the kinetic constants in bacterial 
ferrous-iron oxidation. viz. and Ko:, increased with across the range from 1.10 to 1.70. The kinetics could 
be described in terms of the ferric/ferrous-iron ratio a Michaelis-Menten based model modified to account for the effect of pH on 
KFe,- and . Furthermore. the threshold concentration of ferrous-iron increased with a decrease in the pH of the solution. ~ 1999 
Elsevier Science S.A. All rights reserved. 

Keywords: Leplospirillum ferrooxidans; Ferrous-iron oxidation kinetics; Continuous culture; Off-gas analysis; Redox potential; pH effect 

1. Introduction 

Bioleaching is now an established technology for the pre
treatment of ores and concentrates and the 
.... w .... ".,"i> of whole-ore copper heaps. In many cases, it offers 

environmental and technical over 
pressure oxidation and [1,2]. However, in order 
for bioleaching to compete successfully with other pre
treatment processes it needs to be optimised with 
to the parameters that affect the process. Furthennore, there 
is a need for based kinetic models that can 
be used to derive equations for use in the 
design. optimisation and control of bioleaching processes. 

Recent work on the bioleaching of pyrite has provided 
strong evidence that it occurs via a mechanism 
In the two-step mechanism the pyrite is chemically oxidised 

the ferric-iron present in the medium accord-
to; 

FeS:!+ + 2S0~- + (1) 

*Corresponding author: Tel.: +27-21·6502 508; fax: +27·21-6897 579; 
e-mail: gsh@chemeng.uct.ac.za 

The produced this reaction is sut)se,qU(~nt.LjI 
oxidised to the ferric fonn by the 

+02+ 

A two-step mechanism suggests that the overall process 
can be reduced to a number andlor 

sub-processes. The kinetics of the respective 
sub-processes may be studied separately, and the results 
used to the perfonnance of bioleach reactors for a 
variety of different and 
conditions_ 

To date a number of kinetic models for bacterial ferrous
iron oxida:tion have been proposed [4]. These models can be 
broadly classified as either or Michaelis-Menten! 
Monod based. Empirical models use tools such as the 
logistic to model the kinetics whereas Michae
lis-Menten based models assume that the rate 
reactions can be described using traditional enzyme kinetics. 

and Lawson used the Monod equation to relate the 
growth of Thiobacillus to the rate of ferrous-
iron removaL Jones and found that both ferrous-

competitive or non-competitive 
were subject to either 

inhibition by ferric-

1369· 703X199/S - see front matter © 1999 Elsevier Science S.A. All rights reserved. 
PII: S 1369-703 X(99)OOO 18·2 
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iron, However, the effect of inhibition 
proved to be to competitive 
inhibition, 

Braddock et aL found that the steady-state growth of T. 
rro,o;naUllS in both batch and continuous culture could be 

a Monod model, in which a threshold 
concentration of ferrous-iron was included, Boon [8] pro-
posed a modified model in terms of 
the bacterial oxygen utilisation rate. It nC'(wnnrl'ltl'l1 

terms for both ferric-iron inhibition and a threshold ferrous
iron concentration. Boon [8] showed that the kinetics could 
be related to the ferric/ferrous-iron ratio or redox VV' .... l"l<U. 

which is consistent with the chemiosmotic proposed 
by Ingledew [9]. 

Recent research has shown that Leptospirillum 1I''I'17'UI'''_ 

idans is at least as if not more UUIJVlI",U .. 

with to the microbial of 
ores [3.10-14]. T. ferrooxidans and L 

ferrooxidans are both obligate chemolithoautotrophs. 
obtaining energy from an inorganic sulphide mineral sub-
strate such as and carbon from Both may be 
described similar kinetic models, T. ferrooxidans is 
able to oxidise both the iron and sulphur moieties, whereas 
L ferrooxidans is only able to oxidise ferrous-iron. This 
enables T. to produce more energy per mole of 
pyrite oxidised than L, L tPT''''''''·Y. 

idans has a greater affinity for ferrous-iron. and is less 
sensitive to ferric-iron inhibition, hence it will continue 
to thrive at higher redox than T. ferrooxidans 
[13]. T. ferrooxidans grows optimally at a of 
30"C and 2.2 [13--15], whereas L ferrooxidans 
grows optimally at a temperature of 40°C [10] and 
1.6 

Data Acquisition 

Overflow 

Air inlet 

This paper presents the results of an investigation into the 
ferrous-iron oxidation of a L ferrOl)Xli1a11S 
at pH 1.10, 1.30, 1.50 and 1.70 a modified form of the 
equation proposed by Boon [8]. 

2. Materials and methods 

2.1. Continuous-flow bioreactors 
i ~ 

were out in 2 1 . air-sparged: 
"'51""'",\,1 bioreactors. The bioieactors had a HID of 1.32 

volume of I 1. water from con-
stant temperature baths throug~ the bioreactor jackets con
trolled the temperature in the bioreactors. The off-gas was 
dried to the CO2 and gas analysers. 
This enabled the oxygen utilisation rate, -roz' carbon 
dioxide utilisation rate, -rcop and biomass cOllcentratij)n, 
Cx, to be determined [16]. During the continuous culture 
expelim.enlts the salt medium Was fed to, and removed 
the bioreactors means of pumps. A dia-
e ... "'u .. '"" ...... representation of the is 
shown in Fig. 1 [10]. 

The of the solution in the bioreactors was not con-
trolled However, it was maintained at the required 

by controlling the of the feed to the bioreactors using 
sulphuric acid. The actual pH o~ the feed solution depended on 
both the desired solution and the dilution rate. 

The ferrous-iron oxidation kinetics were at 
dilution rates from 0.01 to 0.10 h -I. The bioreactor 
was operated at each dilution rate, D, for at least three 
residence times before steady-state was assumed. Further
more, was assumed only once the oxygen and 

Off gas 

Fig. 1. Diagrammatic representation of the experimental equipment (after Breed et aI. [10]). 
: 
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carbon dioxide concentrations in the and the redox 
OOI,enUal in the bioleaching liquor were constant. The steady 
state was maintained for at least one residence time. 

Wall was minimised by down the bio-
leach reactor once a day and scrubbing the walls of the 
bioreactors and all available surfaces with a bottle brush and 
metal scourer. 

2.2. FerricIJerrous-iron ratio determination 

The redox potential of the bioJeaching solution in the 
bioreactors was measured continuously Metrohm 
redox electrodes (Pt-AglAgCl) 
The total iron concentration in solution was determined by 
both atomic adsorption spectroscopy and by titration 
with dichromate (17]. This enabled the ferricl 
ferrous-iron ratio and the ferrous and ferric-iron concentra
tions to be determined using a calibration curve for the 
spe:Cltlc electrode and the Nemst [16]. 
iron concentration in solution was also determined by 
titration with either cerium or potassium 
dichromate [17]. This enabled the ferrous-iron utilisation 
rate, , to be calculated 

2.3. Bacterial culture 

The bacterial culture used was obtained from a vat-type 
two stage (2 x 20 1) continuous mini-plant 

a pyrite-arsenopyrite concentrate from Fairview 
gold mine, in Barberton, South Africa [ After isolation 
of the ferrous-iron oxidising L ferrooxidans was the 
only bacterial species detected by PCR restriction enzyme 

[10]. 

2.4. Growth medium 

The ferrous-iron media consisted of 12 g FeS04' 
1.11 g I-I K2S04, 0.53 g 1.83 g 1-1 

and 10 mll- 1 trace element solution [19] adjusted 
to between pH 0.95 and 1.30 . No attempt 
was made to maintain sterile conditions. 

3. Theoretical aspects 

The theoretical aspects outlined below are described in 
detail elsewhere [16]. The stoichiometric formula of bac-
teria is approximately [6,20]. If the carbon 
source is limited to CO2 the carbon dioxide 
utilisation rate can be used to estimate the bacterial con
centration and growth rate If it is assumed that energy 
for bacterial growth and maintenance is obtained from the 
oxidation of ferrous-iron. mass and charge 
balances and solving in terms of ro: and rco~. yields the 

(3) 

The relationship between the amount of substrate con
sumed by the biomass for bacterial and maintenance 
is described by means of the Pirt Equation (21]. If Monod 
growth kinetics are assumed the Pirt Equation can be 
manipulated to yield 

D 
(4) 

In Eq. (4) the bacterial ferrous-iron oxidation 
rate, qFe'·, is as the rate of ferrous-iron utilisation 
per mole of biomass per mole of carbon). (4) can 
also be written in terms of the bacterial specific oxygen 
utilisation rate, qo:. from steady-state continuous 
culture the values of qFe:. or qo: versus D can 
used to determine the values of r;.,1!x and mFe2- or and 
mo;. The validity of the values determined in this manner 
can be checked 

Ymax 
o:x 

and 

4 

(5) 

(6) 

Boon et al. sUJ~ge:stea that the ferrous-iron and oxygen 
utilisation kinetics are to the ferric/ferrous-iron 
ratio; 

Hence, and (and qgj~X and Ko) may be deter
mined by means of Lineweaver-Burke plots. (4) may 
also be written in terms of q~e~:; 

(8) 

the values of q~e~~' r;.,~: x and mFe1+ determined as 
described above may be used to determine ttma

". A similar 
process could also be performed and mOl . 

4. Results and discussion 

The measured redox potential, in the bioreactors 
decreased with increasing dilution rate, D. This reflected 
an increase in the ferrous-iron concentration, This 
trend is typical for substrate rate concentration versus dilu
tion rate in a continuous-flow bioreactor 

4.1. reduction balance 

between the predicted and eXI,erlm~:ntal 
relllUCmSltllpbetween the ferrous-iron, -rFe-"' oxygen, - ro2 , 

and carbon -rcop utilisation rates (3» 
is shown in 2. It is clear that the correlation between the 
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24~----------------------------~ 

18 

12 

6 

O~,~--~--4---~==~ 
o 

Fig. 2. Comparison between the predicted and experimental relationship 
between the ferrous-iron -rF<-:' oxygen. -rO,o and carbon -rco:. 
utilisation rates. 

predicted and is thus. it 
may be assumed that the oxygen and carbon 
dioxide. utilisation rates determined were valid. 

The biomass ex, in the bioreactors was 
calculated from the carbon dioxide utilisation rate, -rc02 • 

Although the concentration of bacteria in each of the 
bioreactors did not vary significantly over the range of 
dilution rates the greatest concentration was 
achieved at intermediate residence irrespective of the 
pH in the bioreactor (data not This result is in 
agreement with those of the researches [10,22]. 
.Furthermore. the biomass concentration. cx, did 
not appear to depend on the pH in the bioreactor, the 
bacterial culture maintained at pH 1.30 achieved the ""P'l'lTl"<::f 

maximum growth rate; i.e. it 'washed out' at the highest 
dilution rate. 

4.2. Pin equation parameters 

The maximum bacterial on ferrous-iron, Y~~~x' and 
the maintenance coefficient on ferrous-iron. I71Fe2-, were 
determined using (4). The data used is shown in 3. 

analysis that neither 
were significantly affected by for pH values n"'UJE'pn 

1 10 and 1.70. 
The maximum biomass yield on oxygen, 

maintenance coefficient on oxygen, m02 • were 
an of the same form as The data used 

is shown in Fig. 4. also that 
neither nor 1110: were affected by changes 
in the pH solution, for pH values between 1.10 and 

1.70. 
However. the previous work has shown that the dilution 

rate has an effect on the biomass on TP'T""'''C.H'",n 

and the biomass on oxygen, [10]. This 

20 
y = 135.14)( + 1.0029 

R' 0.9513 

15 0 
0 

e c 4 

~ 10 A' 
B 

C; 
j, 

Ii: i 
£ 5 

;:: 
e-

O 

0.00 0.03 0.06 0.09 0.12 
D (h-I) 

Fig. 3. Data used to determine the maximum bacterial on ferrous-
iron, and the maintenance coefficient on ferrous-iron. 171FT:· . 

I 

dependence of and 0n the residence time (T = 
liD) may be a result of either progressive washout [6] or 
the Pirt not applicable For this reason 
only the average values of ~~x and 111Feo-, and and 
1110, are listed in Tables 1 and 2, The average 
values determined for the same culture during a previous 

estl.gatlon [10] and the values determined for a Leptos-
bacteria are ;Usa listed. From Tables 1 

and 2 it is clear that the values of 1f1!~x x' mFe"~' ~,a~ and 
mOl determined the d~fferent investigations are 
""",uU'''U'Y similar. 

The validity values of ~,ax' mFe'~ mo, 
determined by linear regression were' with the 
values calculated using the degree-of-reduction balance 
(Eqs. (5) and (6». between the 
and between the yield and main-
tenance coefficients are shown ~n Fig. 5. 

6 

y = 35.781)( + 0.2156 I 
R' = 0.9713 

5 

e 
Ii: 
~3 • 
0 j III 

e • Ii: 
£2 
5 =r 4 

0 
I 

0.00 0.03 0.06 0.09 0.12 
I 

D (h·l
) 

Fig. 4. Data used 10 determine the mhimum bacterial yield on oxygen, 
and the maintenance coefficient: on oxygen, mo,. 
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Table 1 
V:uues of the average maximum biomass yield on ferrous-iron. YF.:-x..., 
and maintenance coefficient on ferrous-iron. mF.'· 

Fig. 3 Breed et :U .. [l0] Van ScherpenzeeI. [221 

y~~~x 0.0074 0.0059 0.010 

mFc:'- 1.0029 0.797 0.451 
R" 0.9513 0.9283 0.997 

Table :2 
Values of the average maximum biomass yield on oxygen. YO',"x' and 
maintenance coefficient on oxygen. mo: 

Fig. 4 Breed et al. [10] Van Scherpenzeel [22] 

ymax 
o:x 0.0279 0.0220 0.047 

mo: 0.2156 0.1121 0.043 
R2 0.9713 0.9503 0.997 

From Fig. 5 it is apparent that the correlation between the 
predicted and experimental values of ~~~x and YO','x is 
good. However, the correlation between the predicted and 
experimental values of mFe'+ and ma' is poor. The poor 
correlation between the predicted and experimental values of 
the maintenance coefficients, and the effect of the dilution rate 
on YFe'~X and Yo,x (data not shown) is consistent with the 
suggestion that the Pirt Equation may not be valid, [8,10]. 

4.3. Maximum specific growth rate 

The average value of the maximum specific growth rate, 
p.,max, calculated from the Pirt Equation, and the dilution rate 
at which washout was observed to occur, Dw, are listed in 
Table 3. Although the bacterial culture maintained at pH 
1.30 'washed out' at the highest dilution rate, the highest 
calculated maximum specific growth rate, p.,max was 
obtained at pH 1.50. In spite of this, it is apparent from 

mOl 

0 0.07 0.14 0.21 0.28 

0.060 0.28 

• -.. 
" E 0.045 0.21 

• 0 ... 
;.. ..... ::! 
"i 0.030 0 0.14 ~ 

-~ 
11 • e 

..: 0.D\5 o YFe2+/Y02 0.07 
• mFe2+/m02 ~ 

-predicted 

0.000 0.00 

0.000 0.Ql5 0.030 0.045 0.060 

Y mn 
OI 

Fig. 5. Comparison of the predicted and experimental relationships 
between the maximum yield and maintenance coefficients for the data 
listed in Tables I and 2. 

Table 3 

V:uues of the average maximum specific growth rate. /or". c:uculated 
from the Pirt Equation. and the dilution rate at which washout was 
observed, Dw 

pH LlO 1.30 1.50 1.70 

11m
., 0.1024 0.1043 0.1227 0.0952 

Dw 0.09 < Dw < 0.10 0.10 < Dw 0.09 < Dw < 0.10 0.059 < Dw 

Table 3 that the values of p.,max are in reasonable agreement 
with the dilution rate at which washout was observed to 

occur. 

4.4. Maximum bacterial specific utilisation rates 

The vanatlOn in the values of the maximum bacterial 
specific ferrous-iron and oxygen utilisation rates. q~:,: and 
qo~X, and their respective kinetic constants, KFe> and Ko,. 
are shown in Table 4 and Fig. 6(a,b), respectively. Although 
Fig. 6(a) suggests that q~eai~ and qo~' achieved maximum 
values at pH 1.50, it is clear that no simple relationship 
between the maximum bacterial specific rates and pH exists. 
However, from Fig. 6(b), it appears as though KFe,
(R2 = 0.81) and Ko, (R2 = 0.99) are directly proportional 
to the pH. across the range pH 1.10 to pH 1.70. 

4.5. Kinetic model 

For the above reasons the variation in the specific ferrous
iron and oxygen utilisation rates with changes in the ferricl 
ferrous-iron ratio were modelled assuming that the kinetic 
constants, KFe,+ and Ko: were directly proportional to the 
pH. The resulting functions were derived by minimising the 
sum of the squared errors between the values of qFe'+ and 
qo, determined experimentally, and the values predicted by 
the resulting model. i.e.; 

pH=1.70 

:Ee'l = L (qFe1.(predicted) - qFe=-(measured))2 (9) 
pH= 1.10 

and 
pH=1.70 

:Ee::! = L (qo: (predicted) - qo, (measured))2 (10) 
pH= 1.10 

Table 4 
Values of the maximum bacterial specific ferrous iron and oxygen 
utilisation rates. q;e"'''. and qo~'. and their respective kinetic constants in 
bacterial ferrous iron oxidation. KFe:· and Ko, 

pH 1.10 1.30 1.50 1.70 

q~e~ 15.26 15.57 19.02 13.62 
KF.:- 0.0010 0.0022 0.0037 0.0034 
qmaA 

0, 3.77 3.83 4.23 3.69 
Ko, 0.0009 0.0019 0.0026 0.0039 
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(3) 20 ~-------------, 
0 

G 15 o 0 

0 

l1li It 
l1li 
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.. 5 
" E .. 

1.1. 
CT' 

0 

1.2 1.4 1.6 1.8 

6.0 

-:::: 
4.5 

3.0 

1.5= 
E ... 

0 
CT' 

0.0 

(b) 0.0060......-------------, 

0.0045 

0.0030 

0.0015 

o 
l1li 

o 

It 

l1li 

o 

OKFe2+1 
IIIIK02 

0.0000 +---+---;-----+-----1 
1.2 1.4 

pH 
1.6 1.8 

Fig. 6. Effect of pH on the maximum bacterial specific ferrous· iron and oxygen utilisation rales. and and their res]pecltjve kinetic constants in 
bacterial ferrous·iron oxidation. and Ko,. 

Using a constant value of 
in Ee2 being 2.6% greater than 
Table 3 were and 13.2% 

for all pH values resulted 
values of q~e~: listed in 

than if the values of 
were determined by minimising the sum of the 

errors; i.e. using Eq. (9). This suggests that using a constant 
contributes to a model, without in a 

slgmr:icam increase in the error, 

15.53 
(I 1) =-------~..........,:;-:-:-

(0.0048pH - 0.0043) 

7 shows the variation in the fer-
rous-iron utilisation rate with changes in the ferric! 
ferrous-iron ratio at pH values ranging from 1.1 0 to 
pH 1.70. (11 ), and the determined 
values. It is clear from Fig. 7 that the agreement between 
the kinetic model prediction and experimental results is 
good. 

A similar procedure the maximum 
bacterial oxygen utilisation rate, , resulted in 

being greater than if the values of qr;~X were 
determined by minimiSing the sum of the squared errors; 

using Eq. (IO). This suggests that the bacterial spe;cifiic 
oxygen utilisation rate could also be modelled 

a constant qo~X, 

qo~ (predicted) 
3.85 

(12) 

(0.0043pH -

As in the case of qFe~+ , the agreement between the kinetic 
model (12) and the experimental 
results was found to be (data not shown). 

The above results suggest that the ferrous-iron oxidation 
kinetics of L ferrooxidans are a function of the ferric! 

ferrous-iron ratio, which is in with the previous 
researches [8,9,12.22]. Funhermore, it appears as though 

and are not affected by across the 
range of values, from 1.10 to 1.70. Hl"l'WI"'VI"T. 

and Ko: appear to be directly orCIOOlrtiOnal 
increase with increasing across the range 

from pH 1.10 to 1.70. It is also from Fig. 7 that 
there are a large number of data points at ferric/ferrous-iron 
ratios in the regiQn of 800-4000. These points the 
threshold concentration of ferrous-iron. [Fe2

+]'hres. below 
which no further ferrous-iron utilisation occurs. This is also 
consistent with the of research [7-9]. At a 
total iron concentration of 12 g ,this corresponds to 
ferrous-iron concentrations in the of 0.054-
0.268 mM. This value is than the 0.005 mM reponed 
for a Leptospirillum-like bacteria isolated from the Gams
berg deposit in South Africa but less than the 0.5 mM 
reponed for T. ferrooxidans [8]. Furthermore, the value of 
[Fe2

+]'hres appears to increase with a decrease in the of 
the solution. This can possibly be attributed to the speciation 
of the iron sulphate complexes being affected by the pH of 
the [24]. 

In contrast to the above, a previous 
the same bacterial culture, showed that both 
increased with across the range 
from 30 to 40°C However, the kinetic constants. 

and Ko: were not significantly affected by tempera
ture, across the range from 30 to 40"C. In addition. the 
kinetics could be described a similar modified 
using the Arrhenius equation to account for the effect of 
temperature. 

It is therefore to depict the differences in the 
effect of temperature and pH on the ferrous-iron oxidation 
kinetics of L ferrooxidans as shown in 8. 
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20~----------------------~------------------------, 

15 

OpH-UO 

epHm 1.30 

OpH= LSO 

o+-----------~--------~~--------~-------
lO 100 1000 10000 100000 

Fig. 7. Comparison between the predicted and experimental variation in the bacterial specific ferrous iron oxidation rate of L ferrooxidans with changes in 
the ferric/ferrous-iron. at pH LlO and 1.70. 

5. Conclusions 

of the rates of oxygen and carbon 
could be accurately 

related via a degree-of-reduction balance. The greatest 
biomass concentration was achieved at intermediate resi-

irrespective of the in the bioreactor. 
the cell concentration in the bioreactors appeared 

to be independent of the pH in the the bacterial 

(a) 20 

15 

10 

Increasing 

5 
pH 

.. 
;: 

C" 

0 

100 10000 

culture maintained at pH 1.30 'washed out' at the 
dilution rate. the highest calculated maximum 

rate, J.tmax = 0.1024 h -! , occurred L50. 
Although the Pirt Equation may not be valid, the values of 

~~x. mFez" and mOl determined in this 
were not different from those determined pre-
viously for L. Changes in the .across the 
range pH did not have a marked effect on any of 
these parameters. 

(b) 20 

,.:-. 
T :.c 

'- IS 
U 

= 5 
5 

'-:' 10 ... 
N 

<1.1 
Ii!;.. 

= 5 
5 5 -,!; .. r... 
C" 

0 

100 10000 

Fig. 8. between the effect of temperature and pH on the ferrous-iron oxidation kinetics of L ferrooxidans for pH values ranging from pH L 10 to 
1.70 and temperature ranging from 30 to 40°C. Temperature data was obtained from Breed et al. [10]. 
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An increase in the from 1.10 to 1.70 did not appear 
to have a effect on the maximum ferrous
iron and oxygen utilisation rates. However, the kinetic 
constants in bacterial ferrous-iron viz. 
and increased linearly with 

=f(pH) 

qFe'·: qo: :I: f(pH) 

(13) 

(4) 

The ferrous-iron oxidation kinetics could also be 
described in terms of the ferric/ferrous-iron ratio using the 
Michaelis-Menten based model proposed Boon [3], mod-
ified to account for the effect of pH on and Ko,. 

In contrast to the above, a previous investigation showed 
that and qo:U of L ferrooxidans increased with 
"r,,""'''''''' temperature, whereas and were not 
gnrncantly affected by tl"nlnpr,," 

qFe'-: qo, = f(T) 

KFe,-, ¥ f(T) 

6. Nomenclature 

ex Concentration of bacteria 
D Dilution rate 
Dw Dilution rate at which 

washout is observed 
E Redox of the 

solution (Pt-Ag/AgC1) 
[Fe~+]thres Threshold concentration 

of 
KFe,· Kinetic constant in bacterial 

ferrous-iron oxidation 
Ko: Kinetic constant in bacterial 

ferrous-iron oxidation 
mFe:- Maintenance coefficient 

on 
mo, Maintenance coefficient 

on O2 

qFe'- Bacterial ferrous-
iron oxidation rate 
Maximum bacterial specific 
ferrous-iron oxidation rate 

qo- Bacterial oxygen 
uti lisation rate 

qo~X Maximum bacterial 
oxygen utilisation rate 

reo, Carbon dioxide 
rate 

rFe'- Ferrous-iron production rate 

ro: Oxygen production rate 

rx 

mmolC 
h- I 

mV 

mmoll- I 

(I5) 

(16) 

dimensionless 

dimensionless 

(mmolq-l 

mmol02 

(mmolCr 1 h- 1 

mmoIFe~+ 
(mmolq-I 

I h-I 

mmol01 
(mmoIC)-1 

mmolFe2+ 

I I h-J 

mmolO:! 

mmolC I-I h- J 

mmolC 
(mmoIFe2+)-1 

Yo,x 

Maximum bacterial :yield 
on 
Bacterial on 

Maximum bacterial yield 
on 
Maximum bacterial 

rate 
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Abstract: The ferrous-iron oxidation kinetics of a bacte-
rial culture consisting of Leptospirillum 
ferrooxidans were in continuous-flow bioreac-
tors. The bacterial culture was fed with a salts solution 
containing 12 giL ferrous-iron, at dilution rates ranging 
from 0.01 to 0.06 IIh, and temperatures from 30 
to 40°C, at a pH of 1.75. The rate, oxygen 
and ferrous-iron utilization rates of the bacteria, were 
monitored means of and redox-

measurement. The bal-
ance was used to compare the and experi-
mental values of and -rFe'~' and the correlation 
found to be good. 

The maximum bacterial yield on ferrous-iron and the 
maintenance coefficient on ferrous-iron, were deter
mined using the Pirt equation. An increase in the tem
perature from 30 to 40°C did not appear to have an effect 
on either the maximum yield or maintenance coefficient 
on ferrous-iron. The average maximum bacterial yield 
and maintenance coefficient on ferrous-iron were found 
to be 0.0059 mmol C/mmol and 0.7970 mmol Fe2+/ 
mmol C)/h, respectively. The maximum growth 
rate was found to be 0.077 flh. 

The maximum ferrous-iron utilization rate in-
creased from 8.65 to 13.58 mmol C/h across 
the range from 30 to and could be described 
the Arrhenius equation. The kinetic constant in 
ferrous-iron oxidation increased linearly with increasing 
temperature. The ferrous-iron kinetics could be accu
rately described in terms of the ferric!ferrous-iron ratio 
by means of a Michaelis-Menten-based model modified 
to account for the effect of tl'!rnn,l'!fl'lltl 

A threshold ferrous-iron which no further 
ferrous-iron utilization occurred, was found at a ferric! 
ferrous-iron ratio of about 2500. At an overall iron con
centration of 12 gIL, this value corresponds to a thresh
old ferrous-iron concentration of 78.5·x10-3 mM. © 1999 
John Wiley & Sons, Inc. Biotechnol Bioeng 65: 44-53, 1999. 

Corresporuience to: G.S. Hansford 
Contracts sponsors: Gold Fields Foundation; Billiton Process Research; 

Foundation for Research Development (South Africa) 

© 1999 John Wiley & Sons. Inc. 

Kavwrnr.ti!<l: Leptospirillum ferrooxidans; ferrous-iron oxi-
kinetics; continuous culture; analysis; re-

dox potential; effect of temperature; equation 

INTRODUCTION 

Bioieaching is now an established technology for the pre
treatment of refractory ores and concentrates and the 
l"'''',l1U'i!;; of whole-ore copper heaps. In many cases, it offers 
economic, environmental and technical over 
pressure oxidation and (Poulin and Lawrence, 

Van 1993). for to 
with other processes it 

needs to be optimized with regard to the parameters that 
affect the bio\eaching reactions, and the growth of the mi
croorganism involved. Thus, there is a need for 
mechanistically based kinetic models that can be used to 
derive equations for use in the 
zation, and control of bioleaching processes. 

Recent work on the bioleaching of has provided 
evidence that it occurs via a mechanism 

(Boon et In the two-step mechanism the pyrite is 
chemically oxidized by the ferric-iron in the bi
oleaching medium according to 

+ 14Fe3+ + + + (I) 

The ferrous-iron produced by this reaction is subse-
quently oxidized to the ferric form the bacteria 

(2) 

A mechanism that the overall process 
can be reduced to a number of sequential and! 
or subprocesses. The kinetics of the respective sub
processes may be studied separately, and the.results used to 
predict the performance of bioleach reactors for a of 
different and condi-
tions. 

eee 0006-3592/99/010044-10 
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To date a number of kinetic models for bacterial ferrou:,· 
iron oxidation by Thiobacillus ferrooxidans have been pro
posed (Nemati et al., 1998). Although no model yet de
scribes the process overall-operating conditions, it has been 
shown that a rate equation of the form 

::--=------ (3) 

1+ 

successfully describes the kinetics within the range of ferricl 
ferrous-iron ratios found in bioleach (Boon et al., 

1997; van et aI.. 1998). This 
equation assumes that the kinetics are proportional to the 
ferric/ferrous-iron ratio (i.e., the redox potential), which is 
consistent with the chemiosmotic proposed by In-

rtnlemlone, the relationship between the amount of fer
rous-iron substrate consumed by the biomass for bacterial 
growth and maintenance is described means of the Pirt 

1982), viz., 

+ (4) 

most commercial operations 
me:solphi.lic bacteria are carried out at temperatures in the 

most research to date has been 
carried out at temperatures in the of 30°C. Apart 
from the work of Nemati and Webb (1997), the effect of 
tpn1nprl'lt,"rp has not been studied In addition. it 
has been shown that T./errooxidans is unlikely to predomi
nate in commercial bioleach reactors (Boon et al., 1995; 
Hallmann et al., 1987; Helle and Onken, 1987; Norris et 

for the above has 
""'/5;;:'<;;"'<<;;1.1 by 

This article presents the results of an investigation into 
the ferrous-iron oxidation kinetics of a bacterial culture con

predominantly of Leptospirillumferrooxidans, at 30. 
and 40"C. A modified form bf the equation proposed by 

Boon (1996) to describe the kinetics in terms of the ferric/ 
ferrous-iron ratio 1997) was used. 

Continuous*Flow Bioreactors 

A diagrammatic representation of a single bioreactor is 
shown in Figure 1. were carried out in 2L 
J""'''''''''''' Z611 04CT04 autoclavable bioreactors 
made of borosilicate bioreactors had a HID '" 
1.32 and a working volume of lL. The bioreactors were 
maintained at constant of 30, 35 and 40"C 

...... ,"' .. ,.'" water from Grant constant baths 
thr,DU$!h the bioreactor jackets. The pH of the solution in the 
bioreactors was maintained at .75 by the of 
the feed to the bioreactor sulphuric acid. 

The nutrient medium was fed to the bioreactors by Mas
terflex® model 7521-57 USTM variable-speed drives fitted 
with USTM 7013-20 standard 'pump heads and USTM 13 
Nomr,pnp·\!\l food A chemostat tube was used to main
tain a constant volume within the bioreactor. The liquid was 
removed from the bioreactor by means of a USn! 7014-20 
standard pump head and USTM 14 Norprene® food 
fitted on a Masterflex® model USTM nx!ea-sp<~ea 
drive. -

Mixing and gas dispersion was achieved by a 

Off gas 

Drying 

Figure 1. Diagrammatic representation of a single bioreaclor, 

BREED ET AL.: THE EFFECT OF TEMPERATURE ON L FERROOXIDANS 45 
I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

LV''''''''?" at 600 rpm, located 
2 em from the base of the via a flexible coupling, 
linked to an Applikon PlOO motor and an Applikon 1012 
stand-alone speed controller. . 

Inlet gas was supplied by a Peak Scientific OAG20ooDA 
oilless air compressor. The flow rate to the bioreactors was 
controlled at the required rate a Brooks model 5850S 
mass flow controller and a Brooks model 0154 micropro

was dried using 
mixture from a 

at 6"C. Prior to enter-
the gas analyzers. the was a cloth 

filter and a Hartmann & Braun CGEK gas condi-
tioner fitted with a CGKA I automatic condensate outlet. 

The CO2 concentration of the bioreactor was de-
termined using a Hartmann & Braun Uras 4 NDIR (non
Olspel:Sl\re infrared) industrial and the 02 con
centration using a Hartmann & Braun Magnos 6 G oxygen 
analyzer. The CO2 and O2 concentrations for each bioreac-
tor and the inlet air were by computer. 

The ferrous-iron oxidation kinetics were investigated at 
dilution rates' from 0.01 to 0.06/h. The bioreactor 
was operated at each dilution rate for at least three residence 
times before state was assumed. Furthermore, steady 
state was assumed only once the oxygen and carbon dioxide 
concentrations in the and the redox potential in the 
bioleaching liquor. were constant. The steady state was 
maintained for at least one residence time. 

Wall growth was minimized by shutting down the biore
actor once a day and the walls of the bioreactors 
and all available surfaces with a bottle brush and metal 
scourer. 

Bacterial Culture 

The inoculum was obtained from a vat-type lW"-""",c; 
20L) continuous mini-plant treating a 
arsenopyrite concentrate from Fairview gold in Bar-
berton. South Africa. It was previously to consist 
primarily of L. ferrooxidans and Thiobacillus thiooxidans 
(Rawlings. 1995). 

Growth Medium 

The ferrous-iron media consisted of 12 gIL 
FeS04 . 1.11 K2 S04 , 0.53 gIL 
1.83 and 10 mL trace element solution 
(Vishniac and 1957), adjusted to between 0.95 
and pH 1.30 . No attempt was made to 
maintain sterile conditions. 

The biomass was harvested by The cells 
were washed in acid water pH 1.80. and in 
560I-LL TE (O.OIM Tris, O.OOIM EDTA)-O.15M NaCI pH 
7.6 buffer. After the cells to 70"C for 15 15IJ.L 

of a 20 solution of Proteinase K and of 10% 
SDS was added to the and incubated at 42"C for 30 
min until cell lysis was complete. The DNA was UU:IJIIJ'l

tated 10% (v/v) 3M KAc pH 5.2 and two volumes of 
washed with 70% ethanol, air and resus-

pended in TE buffer pH 7.6. 

Polymerase Chain Reaction (PCR) 

The chain reaction (PCR) was carried out in 
100IJ.L total volume using universal from 
conserved of bacterial 16S rRNA genes (bold), as 
shown below (Rawlings. 1995): 

fDD2 5' CC GGATCCGTCGACAGATTTGAT· 
3' 34-mer 

primer rPP2 5' CC 
3' 33-mer 

16S rDNA was amplified from the in a Biometra 
n ... r"nn!>1 cycler using II-LL genomic DNA, 0.25!JM of each 

2.5mM MgCI2, 0.25mM and I unit Redhot 
(Boehringer-Mannheim After initial 

denaturation for 60s at 94"C, 25 cycles of amplification 
were carried out as follows: 30s at 30s at 52"C, 90s 
at n°e. A final elongation step of 120s at noc followed by 
a cooling for 60s at 25"C ended the reaction. 

PCR-restriction enzyme for the identification of 
was utilized to determine the dominant in 

the bioreactors as described by 

ferric/ferrous-iron Ratio Determination 

The redox potential of the bioleaching solution in the bio
reactors was ~easured continuously Metrohm redox 
electrodes (Pt.-Ag/ AgCl) and by computer. The total 
iron concentration in solution was determined by both 
atomic adsorption spectroscopy (AAS) and by titration with 
JAJl,...",,1 ... 1 .. dichromate This enabled the fer
ric/ferrous-iron ratio and the ferrous and ferric-iron concen
trations to be determined a calibration curve for the 
Spe:ClflC electrode and the Nernst equation (Boon et 
1994). The ferrous-iron concentration in solution was also 
determined by titration with dichromate 
1989). This enabled the ferrous-iron utilization rate, rFe2., to 
be calculated (Boon et 1994). 

THEORETICAL 

Several researchers have the stoichiometric for-
mula of bacteria 1983), including T. ferrooxidans 
(Jones and Kelly, to be approximately CHI 
If the carbon and sources are limited to 
NH: the formation of biomass occurs to 

-?> CH u Po.sNo.2 

The steady-state carbon dioxide utilization rate can be 

46 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 65, NO.1, OCTOBER 5, 1999 
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used to estimate the bacterial 
(Boon et al., 1994): 

rate and concentration 

-rco~ 
cx =---

D 

(6) 

(7) 

If it is assumed that energy for bacterial and main-
tenance is obtained from the oxidation of ferrous-iron 
[Equation (2)]. element and charge balances can be used to 

relate the rates of oxygen, and carbon dioxide 
consumption: 

:::::-4r -42 02 • (8) 

The bacterial yield on ferrous-iron, 
the amount of as moles 

is defined as 
produced per mole 

of ferrous-iron V.II.JlUl.£.<;;y, 

(9) 

Dividing the Pirt equation (4)] (Pirr, 1982) 
the bacterial production rate, rx, and combining the result 
with Equation (9) gives 

1 1 
--:::::--+ D (10) 

from steady-state continuous culture data, 
plotting the values of l/Y FeO.X vs. liD can be used to deter
mine the values of Y'htx and mFe1• 

The bacterial specific ferrous-iron oxidation rate, qFez+, is 
defined as the rate of ferrous-iron utilization per mole of 
biomass per mole of carbon): 

(II) 

division of the Pirt [Equation (4)] 
the bacterial concentration, ex, yields 

(12) 

from continuous culture 
1l1U'lUll,!G the values of QF,,2' vs. D can also be used to deter-
mine the values of and mFe, •• 

If it is assumed that the ferrous-iron oxidation kinetics are 
proportional to the ferric/ferrous-iron ratio [Equation 

and can be determined by means of Lineweaver-
Burke i.e .. inverting Equation (3) gives 

1 
(13) 

and linear regression of versus [Fe3+]/[Fe2+] can be 
used to determine q';',J. and 

Equation 12 may also be written in terms of 

+ (14) 

the values and mFe,. determined as 
described above, may be used to calculate J.LmtlX. 

The effect of temperature can be incorporated into the 
kinetic model suggested Boon et al. (1995) [Equation 
(3)], by replacing with a function of temperature. The 
form of this function can be established by 
at a number of different temperatures and plotting vs. 

Nemati and (1997) that the 
effect of temperature on the oxidation kinetics 
of T. ferrooxidans could be described using the Arrhenius 

viz., 

(15) 

Linearization of 15 yields; 

In (16) 

Therefore, if In(q';:J.) vs. liT 
line, the values of the activation energy. 
quency factor, Ko' can be determined. Substitution of the 
values of Ea and Ko into (3) yields a model which 
predicts qF.," as a function of the ferric/ferrous-iron ratio 
(redox potential), across a range of temperatures. viz., 

e RT 
::::: Ko ------:-- (17) 

Because the oxygen, and carbon dioxide uti-
lization rates are related via Equation (8) the values of the 
ferrous-iron-based can be used to calculate the 

the de-
scribed above can be defined and wrinen in terms of the rate 
of oxygen utilization by the bacteria, and the parameters 
determined in the same manner as the renrous-u"on-oasea 
parameters. 

RESULTS AND DISCUSSION 

Single bioreactors were maintained at 30 and 35"C, respec
tively, and biorea!=tors were maintained at 40"C. 
Steady states were obtained at dilution rates of 0.010, 
0.020, 0.028, 0.039, and 0.0591h respectively. At each 
steady state, the bacterial species and ferrous-iron, 
oxygen, and carbon dioxide utilization rates of the bacteria, 
were determined. 

The banding patterns of PCR ampli-
fied bacterial 16S rONA from the chromosomal DNA of 
pure cultures of T. ferrooxidat's ATCC L. 
dans DSM 2705 (controls), and the biomass harvested from 
bioreactors R2 and R4 are shown in 2. 

BREED ET AL.: THE EFFECT OF TEMPERATURE ON L F£:RROOXIDANS 47 
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2 
StilI 

3 4 5 6 
L.f R2 R4 

EcoRV 

7891011 
T.f L.f R2 R4 

12 13 14 15 16 

R2 R4 

Figure 2. Restriction enzyme 'analysis of PCR 16S rONA from pure culture of L. ferrooxidans and T. ferrooxidans and the ferrous-oxidising 
bacterial species obtained from the bioleachlng mini-plant. Lanes 1, 6. II and 16 are size markers oblained by digestion of phage A with Pstt 

Three restriction enzymes were used; StuI (lanes 2 to 5), 
EcoRV (lanes 7 to 10), and KpnI (lanes 12 to 15). The sizes 
of the bands obtained from the biomass were identical to 
those obtained for L. ferrooxidans DSM 2705 (lanes 3, 8, 
and 13), but different from T. ferrooxidans ATCC 33020 

2,7, and 12) irrespective of which restriction enzyme 
was used. Similar banding patterns were obtained after re
striction enzyme digestion of the PCR products 

Figure 3. Scanning electron micrograph of ferrous-oxidising bacterial 
species obtained from Bioreactor 3. 

16~----------------------~ 

12 

8 

4 

OT-----~-------r------+-----~ 

o 4 8 

(mmollL/b) 

12 16 

Figure 4. Comparison between the experimental relationship between 
the ferrous-iron. -rpo", oxygen, -r(h. and carbon dioxide, -reo •. utilisation 
nues, and the prediction of Equation 8. -
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1.6..,-------------, 

8 
1.2 .. 

0 .. 
0.8 

8 c Cl 

0 
0 

iii .. 0 

0 
0 

Cl 

0.0 ..,-----+---1----4-----1 

0.00 0.02 0.04 

D (lib) 

0.06 0.08 

Figure 5. Variation in the concentration of bacteria, cx, in the bioreactors 
with changes in the dilution rate, D. 

from the biomass in bioreactors Rl and R3 not 
shown). This indicated that L. ferrooxidans was the only 
bacterial detected in the four bioreactors. 

The above result was achieved at each state. How~ 
ever, as bacterial present in low concentrations may 
not have been ael:eCI:ed, the results cannot be considered 
evidence that the culture in the bioreactors consisted 
of L. Despite this limitation. the results sug~ 
gest that L. ferrooxidans was present in numbers far exceed-

any other For this reason, it is to assume 

400 
68. Equation (10) 

Cl -U 
300 

200 

100 

0 

0 50 100 150 
lID (h) 

that any in the parameters, viz., ferrous~ 
iron, carbon and oxygen utilization, can be directly 
attributed to variations in the concentration and metabolic 
activity of L. ferrooxidans. A scanning electron micrograph 
of the bacteria is shown in 3. 

Prior to any kinetic analysis. the of 
the obtained data was checked comparing the relation
ship between the measured ferrous-iron, oxygen. and carbon 
dioxide utilization rates and thJ theoretical prediction of 

I 

I;:.4Ui1l1UII (8). This is shown in 4 where 
it can be seen that good agreemem was obtained, thereby 

the validity of the data. 
The biomass concentration, C x. in the bioreactors was 

calculated from the carbon diox;ide utilization rate. 
Equation (7). 5 shows the variation in Cx in 

bioreactors with in the dilution rate. D. It was not 
J,JU""11L""; to maintain a stable steady state at 30 or 35°C 
above a dilution rate of 0.041h, while at 40°C it was possible 
to maintain a state up to a dilution rate of 0.061h; 
at 40°C the bioreactors were less to washout at low 
residence times. below a dilution rate of 
0.021h the steady-state biomass concentration decreased in 
all the bioreacrors, a $ignificant maintenance re-
quirement This trend is in with those of Boon et 
aL (1995) and Van et at (1998). 

The maximum bacterial yield on and 
the maintenance coefficient on mFe"., were de-
termined using Equations (10) and (12). The data used is 
shown in, Figures 6a and respectively. Regression 
analysis of the data obtained the various tenrlpe~rat:un:s 

suggested that the maximum yield on 
might increase with an increase in temperature from 

16 
6b.: Equation (12) 

-.c - 12 U 
0 

Cl 

b 
8 !III 

-Q 

e 0 

e e -.l:i 4 
~ 

c:r 

0 

0.00 I 0.p4 0.06 0.08 
1 

D (l/h) 
Figure 6. Data used to determine the biomass yield on ferrous-iron, Y;e1:, and the maintenance coefficient on mFe,· (T 30"C [0]. T = 
35°C [e] and T 40"C [oJ). 
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Table I. Average values of the maximum biomass yield on ferrous-iron, y~x' and the mainte
nance coefficient on ferrous-iron, mF.2 •• 

Temperature 
(OC) {mmol ammo\ Fez.} (mmo! JO"··J ..... ~,,l Clhl 

Predominantly L ferrooxidans 
Leptospirilium-like 
T. ferrooxidans 

30 to 40 
30 
30 

30 to 40°C. However, there was no discernible variation in 
the maintenance coefficient on rerrOlIS-IT0I1. mFt:~'. with 

6a it appears as though the dilution 
The of Y Fe'·X on the 

residence time ('T = liD) may be a result of either progres
sive washout (Jones and Kelly, or the Pin equation 
not being applicable (Boon, 1996). The above, coupled with 
the scatter obtained in the suggests that the trends 
observed the analysis may not be statis-
tically significant. 

For this reason, the values of YF:f.x and mFe'· listed in 
Table I were determined by of all the data shown 
in Figure 6b assuming that temperature has no effect 
on either or Table I also lists the values of 

and mFe2. determined previously for T. ferrooxidans 
(Boon, 1996) and a Leptospirillum-like bacterium 
Scherpenzeel et at, 1998). From Table I it is clear that the 
values obtained in the current investigation are of the same 
order of as those determined for a Leptospiril
lum-Iike bacterium. It is also apparent that they agree more 

with those determined for the Leptospirillum-Iike 
bacterium than those determined for T. terrOtlxutal1!S 

The bacterial ferrous-iron oxidation rate, qFe'+, 
was determined at each steady state using (11). 
The values and the corresponding ferric/ferrous-iron 
ratio were. in turn, used to determine the values q';:t. and 

at 30. and (13). The values 
determined in this manner are shown in 

togetnl~r with those determined previously, at 30"'C, 
for a Leptospirillum-like bacterium (Van et 

and T. 1996). 
From Table II, it is apparent that the values of qF:f. and 

determined in this increased with in-
temperature. It is also clear that the value of KFe,· 

for T. ferrooxidans is an order of magnitude greater than the 

0.0059 
O.OH 
0.012 

0.797 
0.444 
0.080 

values of for the Leptospirillum-Iike and the 
bacterial culture of L. ferrooxi-
dans. This difference has been previously. and has 
been attributed to L. ferrooxidans having a greater affinity 
for ferrous-iron than T. ferrooxidans 1996; Norris et 
al., However, it may be a result of L. rerrO()XI.'lalts 
being less subject to inhibition by higher ferric/ferrous-iron 
ratios redox potential). The differences between the 
two Leptospirillum can be attributed to differences 
between different The culture used in the cur-
rent investigation originated from the Fairview mine in Bar-

while the culture used by Van et aL 
(1998) from in thus. 
some strain variation may be expected. 

The predicted variation in qFt:2+ of the bacterial culture 
conSIsting of L. ferrooxidans with in 
the ferric/ferrous-iron ratio at 30. and 40"C are shown in 

7 together with the experimentally determined val-
ues. It is clear from Figure 7 that the between the 
nrpr!'f't .. rt and results is This SU$u?;ests 
that the kinetics of bacterial ferrous-iron oxidation by L. 
ferrooxidans is not a function of the ferric or ferrous-iron 

but of the redox This 
IS In with the results of van et at 
(1998), Boon et al. (1995), and the chemiosmotic model for 
bacterial ferrous-iron oxidation proposed by IngJedew 
(1986). 

From 7 it is also "'1-'1)""'''''' that there are a 
number of data points at ferric/ferrous-iron ratios in the 

of 800 to 2500; at redox potential values in the 
of 660 to 680mV. These represent the thresh-

old ferrous-iron below which no further fer-
rous-iron utilization occurs et 1984; Boon et 
al., which is also consistent with the chemiosmotic 
potential theory by Ingledew At a total 
iron concentration of 12 gIL this corresponds to threshold 

Table II. Values of the maximum bacterial specific ferrous-iron Ulilization rates. q;:!., and their 
respective kinetic constants in bacterial ferrous-iron oxidation. KF.',. 

Predominantly L ferrooxidans 

Leptospirillum-like 
T. ferrooxidans 

30 
35 
40 
30 
30 

8.65 
11.01 
13.58 
6.8 
8.8 
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(dimensionless) 

0.0018 
0.0023 
0.0033 
0.0005 
0.05 
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Figure 7. Comparison between the experimental variation in the bacterial 
specific ferrous-iron oxidation rate of the bacterial culrure consisting pre
dominantly of L ferrooxidans with changes in the ferriclferrous-iron ratio 
at 30. 35 and 4Q"C and the prediction of Equation 3 using the data shown 
in Table II. 

ferrous-iron concentrations in the region of 0.086-0.268 
roM. This concentration is than the 0.OO5roM re
ported for a Leptospirillum-like bacterium (van Sr11pr1'lPTI_ 

zeel et al., 1998), but less than the 0.5roM reported for T. 

The average value of the maximum rate, 
, at each calculated from (14), 

and the dilution rate at which washout was observed to 
occur, Dw , are listed in Table m. From Table III it is ap
parent that the calculated values of 11 max are consistent with 
the dilution rate at which washout was observed. 

Figure 8 shows the variation in the maximum bacterial 
spe:citic ferrous-iron oxidation rate, and the kinetic 
constant in bacterial ferrous-iron oxidation, KFe,., with 
changes in temperature. From 8, it is clear that the 
variation of q';';f. and with temperature can be accu-

described a linearized form of the Arrhenius 
equation and a linear plot, 

The activation energy for the maximum bacterial specific 
ferrous-iron oxidation rate was calculated to be· 35.63 
kl/mot This value is significantly lower than the value of 
68.4 kJ/mol for T. ferrooxidans (Nemati and 

Table III. Values of the average maximum growth rate, (.I."""', 

and the dilution rate at which washom was observed, Dw. at 30. 35, and 
40°C. 

Temperarure 35°C 40°C 

0.046 0.060 0.077 
0.059 <: Dw <: 0.040 0.059 <:: Dw < 0.040 Dw <:: 0.059 

298 

4 +-----I--i-----+ 0.010 

3 

2 

0.008 

0.005 ~ 
~ 

0.003 

o +---~-.__-----I- 0.000 

0.00315 0.0032$ 0.00335 

Ur(lnq 
I 

Figure 8. Effect of lemperarure on the maximum bacterial specific fer-
rous-iron oxidation rate, q;:t., and the ki.netic constant in bacterial ferrous
iron oxidation, KI'<2+. The variation in q;:t. with T is plotted using the 
Iinearised form of the Arrhenius equation whereas the variation in KFe,. is 
plotted using a linear scale. 

This difference may be attributed to differ
ences between the bacterial spec'ies used, or because Nemati 
and Webb (1997) used initial rate and not steady-state rate 
data. The frequency factor for maximum bacterial spe-

16~----------~======~ 

-.= 
U 12 

o+---------,---------~~~ 

100 

[Fe3+J/[Fez+j 

10000 

Figure 9. Predicted variation in the specific ferrous-iron oxi
dation rate of the bacterial culrure COflsislting predominancly of L ferrooxi-
dans with changes in the ratio. at temperarures ranging 
from 30 to 40°C. The solid lines the variation predicted using 
Equation 19 and the dashed lines the variation predicted by 
Equation 3 and the data listed in Table 11 
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cific 
1.204x 

oxidation rate was calculated to be 
CIh. 

was found to be 

= 0.OOO2T - 0.0453 

the values of Ea and Ko , and the 
between and absolute temperature into (16) 

a model which predicts the bacterial ferrous-
iron oxidation rate from 30 to 40°C, as a function of the 
ferric/ferrous-iron ratio 

35.63 

e 
::= 1.204 x 107--------~- (19) 

I + (O.OO02T -

9 shows the predicted variation in the 
ferrous-iron utilization rate with in the ferricl 
ferrous-iron ratio at temperatures r"nCt1""., from 30 to 40°C, 

the data in Table n and and .L:..<.I-U""'VlI 

(19), It is 9 that the 
agreement between the model 

and Equation (19) is excellent. 

CONCLUSIONS 

At each steady state, total DNA was extracted from 
the bioreactor biomass, and restriction enzyme analysis of 
PCR amplified 16S rDNA showed that L ferrooxidans was 
the only ferrous-iron that could be de
tected. 

Analysis of the relationship between the rates of ferrous
oxygen, and carbon dioxide utilization confirmed that 

ex))erlmceDt;al data was valid. The bacteria in the biore-
actors maintained at 40°C achieved the growth rate; 
the maximum bacterial rate was calculated 
to be O.077Ih. Below a dilution rate of about 0.02lh the 
biomass concentration in the bioreactors decreased. This 
suggests a significant maintenance at high
redox potentials. 

Although the results that the Pin equation may 
not be valid. the values of and mF,," were of the same 
order of magnitude as those determined previously for a 
Leptospirillum-like bacterium. the temperature 
from 30 to 40°C did not have a marked effect on any of 
these parameters. 

The maximum ferrous-iron utilization rate, qF:f.. 
and the kinetic constant in bacterial ferrous-iron oxidation, 
KFe,., both increased with temperature. across the 
range from 30 to 40°c' The effect of temperature on the 
maximum ferrous-iron utilization rate could be de-
scribed the Arrhenius whereas the kinetic 
constant in bacterial ferrous-iron oxidation increased lin-
early with The ferrous-iron kinetics 
could be described in terms of the ferriclferrous-

iron ratio by means of a Michaelis-Menten-based model 
modified to account for the effect of rp1'Y,,,,,p""'ti 

The financial support from the Gold Fields Foundation. Billiton 
Process Research and the Foundation for Research Deve topment 
(South Africa) are gratefully acknowledged. 

NOMENCLATURE 

ex 
D 
Dw 
EQ 

[Fe2+] 
[FeJ+] 

Ko 
Kp1!2+ 

R 

ro, 
rx 
T 
YF,2·X 

YF:t.x 
IJ.""" 

Concentration of bacteria (mmol C/L) 

dilution rate (lib) 
dilution rate at which washout is observed (lib) 
activation energy (kJ/mol) 
concentration of Fez+ (mmol 
concentration of Fe3+ (mmol 
frequency factor (mmol l':A"+I.~~,~I('·IM 

kinetic constant in bacterial ferrous-iron oxidation (Dimension
less) 
maintenance coefficient on Fez+ (mmol Fe,o+/nnmIDIC:Ib) 
bacterial specific ferrous-iron oxidation rate (mmol Fe2+/mmol 
CIb) 
maximum bacterial specific ferrous-iron oxidation rate (mmot 

universal gas constant (J/moVK) 
carbon dioxide production rate (mmol CO~IlJh) 
ferrous-iron production rate (mmol 
oxygen rate (mmol O:!Llh) 
bacterial production rate (mmol C/l1h) 

absolute temperature (K) 
bacterial yield on Fe2. (mmol Clmmol Fe"+) 
maximum bacterial yield on Fe2+ (mmol Clmmol 
maximum bacterial specific growth rate (lib) 
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Abstract: The results of recent research have shown that 
the bioleaching of sulfide minerals occurs via a tw()-s1:eo 
mechanism. In this mechanism, the sulfide mineral 
chemically oxidized the ferric-iron in the 
liquor. The ferrous-iron produced is 
dized to ferric-iron by the microorganism. re
search has shown that the rates of both the ferric leach-
ing and ferrous-iron oxidation are governed the ferricl 
ferrous-iron ratio the redox potential). the 
steady-state of a bioleach reactor, the rate of 
iron turnover the chemical ferric leaching of the 
mineral and the bacterial oxidation of the ferrous-iron 
will define the rate and the redox potential at which the 
system will The balance between the two rates 
will in turn on the species used, the 
concentration, residence time employed, nature 
of the sulfide mineral leached, and its active sur-
face area. The model proposes that the resi-
dence time and microbial species present determine the 
microbial growth rate, which in turn determines the re
dox potential in the bioleach liquor. The redox 
of the solution, in turn, determines the leach
ing of the that is, conversion in the bioi each 
reactor. © 1999 John Wiley & Sons, Inc. Siotechnol 64: 
671-6n, 1999. 
Ke~IW.::IrdS: Thiobacillus ferrooxidans; Leptospirillum fer

continuous 

INTRODUCTION 

Bioleaching of sulfide minerals is a well-known pnl~no,m
e.non, and has found widespread application in the recovery 
of copper, and the pretreatment ores. Fur
thermore. it has significant potential for the ex.traction of 
nickel. and other base metals. However. in order for 

'Vl''''''-UJ.lii/J! to successfully with other pretreatment 
processes, such as pressure leaching and it needs to 
be with regard to the that affect the 

and the growth of the microorganism 
there is a need for mech2mis;tic.ul}, 

kinetic models for the and 
control of bioleaching processes and the use of models 
in the performance equations of continuous bio
leach reactors. 

In spite of the increased commercial of bio-
leaching, at present there are currencly no mechanistic 

r::orrtlS!,o"':ten.~e to: A. W. Breed 
Contract gnlnI sponsors: Billiton Process Researcn: Gold Fields Foun

dation (South Africa); Foundation for Rese:llCn Development (South Af
rica) 

© 1999 John Wiley & Sons. Inc. 

models that can be used to the performance af bio
leach reactors. This can be attributed ta the fact that mod
eling bioleach reactors has been complicated by the com-

nature of microbial interactions and difficulties en
countered when to measure the biomass concen
tration and growth rate, and the ferric and ferrous-iron 
concentrations. The are further complicated the 
presence of solids within the system. This has resulted in the 
models used in the bioleaching of minerals being emlPU1C.(li.l, 
in spite of the amount of research performed thus far. 

To date, the is the rate expression that 
has found the most widespread application, with to 
the both batch and continuaus bioleach reactors 

1988). the logistic equation is not 
mechanistically based it has proved useful in .... 1VU. .... 1Ul;:; 

batch and continuous and full-scale 
and pyrite-arsenopyrite flotation con-

centrates communication. 
and Chapman, Miller and Hansford. 

The results of recent research have provided strong evi-
dence that of sulfide minerals occurs via a 
two-step mechanism et al .• 1995). In this WC;;II.U<lJ.U;) 

the sulfide mineral is chemically axidized by ferric-iron. 
The ferraus-iran by this ferric of the 
mineral is oxidized ta ferric-iran the mi-

maintaining a high redox potential 
Of course, this reaction to be carried 

out the microorganisms require a source afaxygen, carbon 
dioxide, and other nutrients. 

The existence of a two-step mechanism is supported by 
the isolation and identification of Leptospirillum ferrooxi
dans et al., in press) and Thiobacillus caldus (Raw
lings and Gardner. unpublished from a mixed cul-
ture a PYlnte-ax'seIloplynte flotation concentrate in 
a continua us bioleaching and by observations 
made by Boon of the 
CIOilea,cnmg af both pyrite and via the twC:H,'[en 
mechanism are shown in Figure la and b, respectively. 

A mechanism suggests that the overall process 
can be reduced to a number of independent sequential and! 
or subprocesses. The kinetics of the respective sub
processes may be studied separately, and the results used to 
predict the steady-state and continuous performance of bi
oleach reactors for a variety of different minerals, microor-

CCC 0006-3592199/060671·07 
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As\ ~Fe'. r ,:0 

FeASO •. IIHl O 

(8) 

(b) 

Figure 1. Diagrammatic representation of the bioleaching of pyrite (a) 
and arsenopyrite (b) via the two-step mechanism. 

ganisms. and operating conditions (e.g., pH. inhibitory 

is to use the mechanism and 
blO.leaC:1l1I11! proposed by Boon et al. (1995) 

J.4 .. , ... ~f'.",,1'1 and to develop a model to predict the 
performaJo.ce of a continuous bioleach reactor. 

BACKGROUND 

A number of researchers have shown that the ferrous-iron 
oxidation kinetics of the bacteria involved in bioleaching 
may be modeled assuming Michaelis-Menlen kinetics and a 
Mcmoltl-tlme eQllatioo. modified to account for ferric-iron 
(product) inhibition (Nemati et A form 
of the equation suggested by Braddock et al. (1984), wrinen 
in terms the rate of ferrous-iron qPez" 

and neglecting the ferrous-iron saturation and threshold fer
rous-iron concentration terms, has been used successfully to 
describe the ferrous-iron oxidation kinetics of Thiobacillus 
ferrooxido.ns and Leptospirillum (Hansford, 
1997): 

(1) 

An important feature of Eq. (10) is that the ferric/ferrous
iron ratio can in rum be related to the solution redox poten
tial via the Nernst equation: 

The values of the maximum bacterial-specific ferrous-iron 

oxidation rate, and the kinetic constant in bacterial 
ferrous-iron oxidation, K, determined T. ferrooxidans 
(Boon et and a Leptospirillum-like bacterium 
(Van 1996) are listed in Table 1. The resulting 
predicted variation in qPe2., with' changing ferric/ferrous

is shown in Figure 2. 
2, it is clear that, at low fer.riclferrouls-iiron 

ratios at low redox potential~). T. ferrooxidans has a 
greater rate than the 
spirillum-like bacterium, hence it will be the dominant spe
cies in the medium. at high redox 
potentials, the 4ptospirillum-like bacterium has a greater 
specific ferrous-iron oxidation rate than T. ferrooxido.ns. 
hence it will be the dominant These predictions are 
in agreement with the results of previous research (Lawson. 

cornmurucatilon, 1997; Norris et 1987; Rawlings, 
1995). Norris et al. (1987) found that L had a 

for 'ferrous-iron than T. Law-
son 
do.ns. and not 1. ferrooxido.ns. was the dominant microor-

the normal of a continuous bio-
lCaCDJ,m!: system oxidizing a flotation concentrate. 
Rawlings (1995) reported a similar phenomenon for the 

U::i:I\;uuu: of a pyrite-arsenopyrite concentrate. 
Recent research has shown the ferric leaching of 

sulfide ntinerals is dependent on the redox potential 
of the solution (Boon, 1996; 

1997; May et et 
(1996) suggested that the ferric leaching 

could be described of the form: 

(3) 

For the average values 
to be 0.096 mol Fe2+/mol 

1996). The predicted variation in the 
ferrous-iron production rate, '!Jpc", with changing ferricl 

UU:'-lH.m ratio, is shown in 3. 
If it is assumed that the bioleaching of sulfide minerals 

occurs via the fWO-Step mechanism. then. at the 
chemical ferrous-iron rate from the chemical fer· 
ric of the sulfide to the 
bacterial ferrous-iron COllsulmJ:,ticl,n 

Table L Maximum bacterial ferrous-iron oxidation rate, 
and bacterial ferrous-iron oxidation kinetic constant. K. lI.l 30°C, for T. 
ferrooxidan.s and a Leprospirillum-Iike b~cterium.· 

Bacterial species 

r. ferrooxidans 
Leprospirillum-Itke 

8.80 
6.80 
I 

K 

0.05 
0.0005 

'Data obtained from Boon (1996) and Van Scherpenz.eel (1996). respec
tively. 
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2. Vari:llion in the bacterial 
qF.-1 , with changing ferric/ferrous-iron ratio. 
/I!rroo:ddans and a Leptospirillum-like baCterium. Data were calculated 
from the results of Boon (1996) and Van (1996). 

Therefore. in systems containing both bacteria and 
the bacterial and chemical subprocesses are linked by the 
rate at which the iron is turned over in the 
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3. Variation in the specific ferrous-iron production rate. 
"1'.'-, with changing ferric/ferrous-iron ratio. Data were cal-
Culated from the results of Boon (1996). 

4 shows the chemical production rate 
from the chemical ferric leaching of pyrite and the bacterial 
ren:ouS-ll,on consumption rate T. ferrooxidans and a Lep
rospiriLLum-like bacterium as a function of the ferric! 
ferrous-iron ratio (redox potential), using the kinetic con
stants determined Boon (1996) and Van ';)\,;4IlCn;'CIl~~Cta 

The curves shown were assuming a solids 
concentration of 100 (94.0% FeSz), a bacterial concen-
tration of 2.0 x mol and an overall iron concen-
tration of 12 The point of intersection of the curves 
represents the steady-state rate of iron turnover. It represents 
both the rate mineral leaching and the ferric! 
ferrous-iron ratio. or redox potential the system: hence. it 
is the point that a model of the system must be able to 

From 4 it is apparent that the chemical ferrous-
iron production rate curve for intersectS the bacterial 
ferrous-iron rate curve of the Leptospirillum-
like bacterium at a rate of iron turnover than that of 
T. ferrooxidans. This suggestS that the Leptospirillum-like 
bacterium will be the dominant in the 1J".l""~'I.U'U5 
of pyrite. This result is consistent with the findings of pre
vious research (Lawson. communication. 1997; 
Boon. 

MODEL DEVELOPMENT 

In the of pyrite in a continuous bio
leach reactor, assumption of the two-step mechanism al-

. 

0_100 ,-;:==========::;---r 0.100 
-- Thiobacillus 

0.075 

0.050 

ferrooxidans 

- Leptospirillum-
like 

••• Pyrite 

, . 

I . . , 
0.050 

;: 
';' 0.025 0.025 

0.000 +--.......;----=--="+---.;::::""""'!--. 0 .000 

o 10 1000 100000 
[Fe3+]/[Fe2+] 

Figure 4. Variation in the ferrous-iron production rate during the ferric 
leaching of pyrite. 1':!!.", and the bacterial ferrous-iron consumption !'ale 
during the bioo:tidation of ferrous-iron by T. /errooxidans and a Leptospi· 
rillum-like bacterium. as a function of the ferric/ferrous-iron ratio. 
[Fe3~]1[Fe2·1 (redox pOlential). Dam were calculated from the results of 
Boon (1996) and Van Scherpenzeel (1996). 
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lows each of the rate-controlling subprocesses to be treated 
separately. First. the steady-state ferriclferrous-iron ratio or 
redox potential is determined from the kinetics of the bac
terial ferrous-iron oxidation and then the conversion of the 
pyrite from the chemical leach kinetics. 

A schematic representation of steady-state bio-
leaching in continuous culture is shown in Figure 5. 

t"Iv • .:-.'r~TA 1"l,~(,TAI'I~1 Ferrous-Iron Oxidation 

At sre:ao'l'-stare: 

(5) 

a bioreactor with volume V. and sterile feed (i.e., 
in == 0), a bacterial mass balance 

(6) 

If it is assumed that 

(7) 

then the bacterial production rate, 7X ' is directly propor
tional to the bacterial COllcentratiCln 

(8) 

Substituting Equation ,8 into Equation 6, re-arranging and 
Sim:pJjjtyU1tg gives; 

Q 1 
/-L == : D - (9) V T 

that is. the bacterial specific growth rate is pro-
to the bioreactor residence time. 

If it is assumed that maintenance requirements and bio
mass decay are insignificant the bacterial production rate is 
,hr,,,,..tllu related to the bacterial rate; 
that is: 

7X ::: (10) 

The bacterial yield on YFe'-x, is defined as the 
moles of biomass. ex, per mole of oxidized. 

Rearranging. and dividing by the concentration of bacte
ex. yields: 

Figure S. Schematic representation of steady-state pyrite bioieaching in 
continuous culture. 

7X -:-----
Cx ex 

Combining .t:.qll2uons 8 to 11; I 
bact: y -7 Fe2+ Fel+X 

ex T ~x 

(11) 

(12) 

The bacterial specific ferrous-iron oxidation rate, liFe'" is 
defmed as the bacterial ferrous-iron consumption rate, 7Fe", 

per mole of cx; that is: 

baCI 
-7~e2" 

:-1-
ex 

Hence substitution of Equation into Equation 12 
, 

1 I 
-::: qFe2"YF~2"'x (14) 
'T 

If it is assumed that the ferrous-iron oxi
dation rate, qFe'., can be related :to ferriclferrous-iron ratio 
using Eq. (1), then (1) into (14), and 
rearranging, 

- 1 

[Fe21 
:---1.....--- (15) 

(15) shows that the ratio (redox pa-
is a only of the time and a group 

of constants, the values of are determined by the 
characteristics of the bacterial species , ............ , ... parameter.s) 

The ferriclferrous-iron ratio and redox potential 
are not functions of. either the mineral concentration. or the 
total or ferrous-iron that is: 

(16) 

Although this is not an intuitive I result. it is expected from 
the of Monod or Michaelis-Menten-type kinet
ics. 

Figure 6 shows the variation in the predicted ferric! 
ferrous-iron ratio and redox nOlte' nti:al 
dans and a Leptospirillum-like bacterium 
state bioreactor operation, at 30"C, for residence times rang-
ing from 0 to 20 The val).!es of and 
were obtained from Boon (l996) and Van 
(1996), From 6, it is clear that, at resi-
dence times than about 1 the solution redox 
potential will be if the bacteria are .L.eJno~;pl· 

as opposed to T. felooxidans. 

Steady-State Chemical (Ferric) Pyrite leaching 

A number of researchers have that both the chemi-
cal ferric leaching (May et 1998; Ruitenberg et al., 

and the bioleaching (Hansford and Chapman, 1992; 
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Figure 6. V mation in the predicted ferricffem:lus-iron ratio. 

;;
e -

[Fez .. ]. and redox potential. with changing residence time. T, for T. 
fe"oo:ril:l.aJu and a Leprospirillum-lil<e bacterium. Data were calculated 
from the results of Boon (1996) and Van Scherpenzeel (1996). and using 
EO = 572 mV. RTlnF "" 26.99. 

Miller and Hansford. 1992b) of sulfide minerals is 
dent on the surface area the mineral present has led 
to the use a population balance model 1994) 
to account for the size distribution of the mineral feed. and 
I..U""'1;;<;;:O .. " ....... 15 from the process. This 
has proved successful using a shrinking model. even 
though the bioleaching of pyrite has been shown to occur by 
the formation of pores and Drossou. 1988). How
ever, to simplify matters. this study is limited to the use of 
a rate for the initial size fraction used. 

During the chemical ferric leaching pyrite 
in a continuous reactor. performing a mass balance 
yields: 

which can be 

[FeS2];n - = 
The reaction stoichiometry for the chemical 
leaching of pyrite is: 

+ +8H20~ + + 

From Equation 19 it is apparent that for every mole 
oxidised. 15 moles of ferrous-iron are produced i.e.; 

(18) 

(19) 

Hence 

(21) 

Substituting Equation 21 into Equation 18 yields; 

By defInition; 

(23) 

If the ferric leaching of pyrite can be described 
tion of the form by Boon (1996), viz. """,L''''.'''''' 
substitution of Equation 3 into Equation 23 yields; 

24 into 22 

which may be simplified to give; 

"" [FeS2]out (1 + --~. 
1 +H---

-"""';;;-"-= 1 + ---:-"' 
[Fez1 

I+B-
[Fe31 

The fraction of minerallea.:nea. X. is defined as; 

X= 

Hence 

X 

(24) 

(25) 

(26) 

(27) 

(29) 

From it is clear that the fraction of mineral leached 
mineral conversion) is a function of the ferric/ferrous-

iron ratio (redox. potential), the residence and the char-
acteristics of the itself. as shown ,.. .... """, .. , 
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[see (16)], the residence time and the bacterial species 
present determine the ratio; hence:resi· 
dence time and the bacterial species present determine the 
rennClrer,rOUS-llron ratio, 

(30) 

Figure 7 shows the predicted variation in the pyrite conver
sion CEq. using T. ferrooxidans and a Leptospirillum
like bacterium in a at residence 
times ranging from 0 to 20 days .. The kinetic data for T. 

uu .... ",u.ru and were obtained from Boon (1996) 
and the kinetic data for the Leptospirillum-like bacterium 
was obtained from Van Scherpenzeel (1996). These predic-
tions are with the results of and 
man (1992) for the continuous bioleaching of a similar sized 
euhedral pyrite by an unidentified microbial .. IJ ..... " .. • 

From 7 it is apparent that the data of Hansford and 
Chapman (1992) follows the trend by the 
the kinetic parameters for the Leptospirillum-like bacterium 
are assumed. Furthermore, the values of the predicted and 
experimental values are Although the microbial 

used by Hansford and Chapman (1992) was not 
ide:ntifiell, previous research private communica
tion. 1997; Boon, suggests that the mlc:roclrgaLlllSm 
would have been L ferrooxidans. 

At this 11 IS to note that the kinetic pa-
rameters of the bacteria were determined at residence times 
of between 10 and 100 h, whereas the kinetic parameters of 

100 """"-=========;1'""1 

o 5 10 15 20 
1: (days) 

Figure 7. between the predicted variation in the pyrite con-
version. X, with residence time. "t. for T. jerroo:ri.dans and a 
Leplospirillum-like bacterium and the experimental results obtained by 
Hansford and Chapman (1992). Dall! were calculated from the results of 
Boon (l996) and Van Scherpel'l%CCl (1996). 

the pyrite were determined in batch culture. Fwrthe:rmore 
neither the bacterial nor the pyrite used to deter
mine the kinetic parameters. were the same as those used by 
Hansford and (1992). In spite of this it appears 
that the model developed is able to the performance 
of a continuous bioleach reactor. 

CONCLUSIONS 

According to the two-step mechahism for the of 
sulfide minerals it is possible to' determine the kinetics of 
the cbemical and bacterial proceskes and then 
use the derived kinetic constants of the respective 
cesses to the and performance 
of continuous bioleaching 

Ule:nn()re, if the two-step mechanism is assumed to be 
at the chemical ferrous-iron pro-

duction rate, rf~!!'" is equal to the bacterial ferrous-iron 
consumption rate. -~:r.. The point of intersection of the 
chemical and bacterial oxidation curves defines the DSC:UQIO

steady-state redox potential and rum· 
over, and can be stoichiometrically related to the rate of 
lea(:lUIlg of the mineral. It depends on the characteristics of 
the bacterial species the time the 
characteristics of the mineral . used., and its active surface 
area. 

The model used in this srudy proposes that the residence 
time determines the bacterial gtowtb rate, which in tum 

determines the redox potential the solution. 
The redox potential in tum determines the degree of sulfide 
mineral that the mineral conversion. A change 
in the residence time andlor surface area the mineral will 
result in a change in the solution redox and· hence 
the overall rate of the. mineral. A change in the 
mineral leacbed may res~t in a in the domi-
nant ferrous-iron oxidizing bact~ria1 species. the 
bacterial yield on YFel+, is assumed to be con
staDt in order to simplify the algebra, it may be incorpora,ted 
by relating it to the prevailing ~sidence time in the biore
actor, and the maintenance via the 
Pin or a similar reJ:aaCIDSIW 

Like previous models. this model does not consider the 
fate of the sulfur of the although 

the blOleaclung 
of mixed mineral concentrates (Rawlings and Gardner, un· 
published results; Rawlings, 1995). The fate of sulfur spe-
cies may be in the base metals ~ 
sulfur may result in' passivation of the mineral 
surface. Sulfur-oxidizing bacteri!! should assist in the solu
bilization of this passivation layhr. 

Although this hypothesis has yet to be tested 
and vigorously applied., the agreement of the data of Hans
ford and Chapman (1992) with the model for a continuous 
Dl(l.le~kcn reactor and pyrite based on the mecha-
nism demonstrates that the model has 
potential for predicting the performance of continuous bio
leach reactors, and thus use in and in
dustrial apIlllc.anClDs. 
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NOMENCLATURE 

F 

(FeS:J""t 
[Fe,.J 
K 
K, 
fI 

kinetic const:Ult in chemical ferric le:lChin g (-) 
conccn!r.ltion of growth-limiting subsll':lIe (mollL) . 
concentr:ltion of b:lCteria (mollt) 
concentr:ltion of bacteriO!. in feed (mollt) 
dilution r.:Ice (lib) 
redox potential of !:he solution at equilibrium (m V) 
redox potential of !:he solution (m V) 

value of Eo + RT 1n('1"":+)(mV) 
"'iF.-· 

Fat':ld:!y const:Ult (Omol) 
concentr:ltion of Fe:· (mollt) 
concen!r.ltion of Fe:!- (mollt) 
concentr:ltion of in !:he feed (mollt) 
concentr:ltion of in !:he outlet (mollt) 
concen!r.ltion of lolal iron (mollt) 
kinetic const:Ult in bacterial ferrous-iron oxid:!tion (-) 
substr:lte sarumtion const:Ult (mollt) 
number of electrOns involved in a reliction (-) 
volumetric flow mte (LIb) 
volumetric flow mle into !:he biore:lCror (LIh) 
volumetric flow r.:Iee out of !:he bioreactor (LIh) 

bacterial specific ferrous-iron oxid:!tion r.:Ite (mol Fez·'mol 
Cih) 
maximum bacterial 
Fez+'mol Cih) 

ferrous-iron oxidation rate (mol 

R universal gas const:Ull (kJ/mollK) 

~~ bacterial ferrous-iron production rate (mol 
t'~!~ chemical ferrous-iron production rate (mol 
rFoS: pyrite production rate (mol FeS::iLihl 
r ~ b:lClerial production mte (mol 0LIh) 
T absolute temperarure (K) 

bacterial yield on ferrous-iron (mol Omol FeZ") 
V bioreaClOr volume (I..) 
X fraction of mineral lenched H 

Greek letters 

"'iF.!' ferrous-iron coefficient (-) 
'1F.'- ferric-iron activity coefficient (-) 
i.t. bacterial specific growth rate (lib) 
i.t. ".... maximum bacterial growth r.:Ite (lib) 
"'F." pyrite-specific ferrous-iron production rate (mol Fel+/mo! 

maximum pyrite specific ferrous-iron production rate (mol 
Fe:+'mol 

l' residence time (h) 
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THE BIOLEACHING OF PYRITE-ARSENOPYRITE 
CONCENTRATE IN CONTINUOUS MINI-PLANT. 
STEADY- OPERATION AND BEHAVIOUR DURING 

WITHOUT AERATION AGI 

w Susan T L Harrison & Geoff S Hansford 

of Chemical Engineering, University of Cape Town, 
7700 

tate of a continuous 
I at residence times ranging from 4 

that the As(III) and Fe(II) levels in the 
bioreactor were higher than in the secondary 

at all residence times. On the other hand the 
As (V) and Fe (III) levels in the bioreactor were 

than those in the primary bioreactor, at all 
residence times. Aeration and agitation perturbation 
studies showed that both the Fe(II) and As(III) 
concentrations increased in the absence of bacterial 
activity, and decreased on of aeration and 

tation. 

These results are consistent with the of 
chemi cal 0 f the ars Fe (I I I) followed 

the oxidation of the As (III) by Fe(III) to As (V) and 
Fe(III, and the oxidation of Fe(III and S(O), 
by Thiobacilli, to Fe(III) and S(VI). Redox measurements 
were also consistent with this thesis. 

INTRODOCTION 

is now an established for 
offers ores and concentrates. It 

environmental and technical 
a 

solubilisation of metals 
1975; (Po1'kin et a1., 

resistance 
another metal. 

to one 

pressure oxidation and 
of minerals is the 

to concentrations toxic to the 
1988) . Furthermore, the adaptation to 

metal does not necessarily imply resistance to 

The results of recent research suggests that the of 
minerals occurs via a two-step mechanism (Boon et a1., 1995), i.e. the mineral 
is leached chemically by Fe(III) and the role of the bacteria is to 
Fe(III), thereby a high redox potential within the 

The of arsenical solubilises iron, arsenic and sulphur. 
The iron is solubilised as Fe(II), the arsenic as As(III) (Pol'kin et a1., 
1975; Shrestha, 1988; Barrett et a1., 1989 i Barrett et a1., 1993) and the 
sulphur as either S (VI) ( 1988; Barrett et a1., 1993; Barrett & 

1993) or S (0) (Pol' kin et a1. I 1975). The bacteria in the 
bioleaching slurry oxidise the dissolved Fe(II) to Fe(III) and the 5(0) to 
S(VII (Pol'kin et a1., 1975).. It has been suggested that the As (III) is 
oxidised to As (V) by either oxygen (Panin et a1., 1985), Fe(III) ( 
1.988), or Fe (III) in the presence of both active bacteria and a 
(Barrett et a1., 1989; Barrett et a1., 1993) or te (Barrett et 
a1., 1993) surface. Excess dissolved As (V) and Fe(III) may as 
ferric arsenate. 

MS.3.1 
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The bioleaching of arsenopyrite, the oxidation of As(III) to As(V), and the 
precipitation of ferric arsenate are competing reactions, and are therefore 
influenced by the concentrations of As (III), As (V) and Fe (III) (Breed et 
al., 1996). The availability of Fe (III) is in turn determined by the 
activity of the bacteria, which in turn depends on the availability of 02' 

High concentrations of dissolved arsenic inhibit bacterial growth (Pol'kin et 
al., 1975; Shrestha, 1988; Barrett et al., 1989). Furthermore, As (III) has 
been reported to inhibit a wide range of micro-organisms (Barrett et al., 
1989; Barrett etal., 1993; Silver et al., 1981), including Thiobacillus 
ferrooxidans (Pol'~in et al., 1975; Collinet & Morin, 1990) and Thiobacillus 
thiooxidans (Collinet & Morin, 1990) to a greater degree than As (V) . 

Recent research has suggested that the mechanism of As (V) resistance in the 
(mesophilic) ba"cteria used in the bioleaching of sulphide minerals may be 
attributed to chromosomal mutations and an energy dependent efflux pump (Breed 
et al., 1996). Although the oxidation of As(III) to As (V) has been suggested 
to be a resistance mechanism of bacteria towards As{III), none of the 
(mesophilic) bacteria used in bioleaching has been found to be capable of 
oxidising As (III) to As (V) • Therefore, As (V) toxicity, and the relative 
toxicity of As(III) and As (V) to a mixed culture may be affected by the 
availability of an energy source, viz. O2 and/or Fe(II). 

The aim of this work was to determine whether the performance of a continuous 
bioleaching mini-plant was consistent with the hypothesis of indirect 
bioleaching, viz. the two-step mechanism, and to determine the effect of 
interruptions in the O2 supply on the subse.quent performance of the continuous 
bioleaching mini-plant. 

MATERIALS AND METHODS 

The bioleaching mini-plant consists of two, 23 t, baffled, agitated, aerated 
bioreactors operating in series under controlled conditions of temperature, 
pH, dissolved oxygen concentration, solids concentration and nutrient supply: 
The bioreactors are fed from a 10 t, baffled, agitatecf>conditioning vessel, to 
which the nutrient solution and (dry) solid concentrate are added. The mixed 
culture consisted primarily of Thiobacillus thiooxidans and Leptospirillum 
ferrooxidans (Rawlings, 1995). 

. 
The temperature of the slurry in the bioreactors was controlled at 40 C. 
The pH was maintained between 1.6 and 1.8 by addition of 98% H2S04 or 

10M NaOH. A dissolved oxygen concentration in the region of saturation, 
viz. 6.5 mg.t- 1

, was ensured by using air flow rates in the region of 10 to 
15 t.min- 1

. The solids concentration in the bioreactors was 200 g.t -1 and 
the nutrient solution contained (NH4)2S04' K2S04 and (NHh)2HP04' The 

pyrite-arsenopyrite flotation concentrate sample, from Fairview gold mine 
(Barberton, South Africa) contained 7.3% As, 25.7% Sand 24.0% Fe. 86.35% 
of the material was finer than 75 micron. The mineral analysis of the 
concentrate, estimated from the elemental analysis, was 15.87 % FeAsS and 
41.04% FeS2' 

The performance of the bioleaching mini-plant was monitored by measuring the 
oxygen utilisation rate, ro

2
, of the bacterial culture, the variation in the 

concentrations and speciation of iron and arsenic, and the pH and redox 
potential of the slurry in each of the bioreactors. 

The oxygen utilisation rate, ro, of the bacterial culture in the bioreactors 
2 

was measured off-line, in a sealed 1 t vessel, using a Yellow 
Instrument Model 5739 dissolved oxygen prob"e and a Hitech! Micro 
Dissolved Oxygen / Utilisation Rate Meter. The Fe!II) and 

MB.3.2 
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in solution were det~rmined by titration with eel )2- The 

and arsenic concentrations in solution were determined 
Spectroscopy (AA) . This enabled the Fe (II I) and 

to be calculated difference. The pH and redox 
in the bioreactors was continuous monitored 

sensors and Foxboro 87 Electrochemical 

RESULTS AND DISCUSSION 

A.tomic 
A.s (V) 

The mini-plant was operated at residence times ranging from 4 to 15 days, 
for ranging from 5 tank residence times, at residence times of 
4, 8 and 15 days, to one plant residence time, at plant residence times of 4~, 
5, 6 and 7 days. 

The oxygen utilisation rate, roz' of the bacterial culture in the and 

,;ioreactors, at residence times of 15 and 4 days, is indicated 
in Table I. From Table I it is apparent that the vessel (feed) 
did not contain aerobic bacteria, and that the bacterial culture in the 
primary bioreactor was more active than the culture in. the 
bioreactor. it is evident that the ro of the cultures in both z 
bioreactors, indicating metabolic activity, increased with 
residence time. 

Table I: Oxygen utilisation rate, 

and 
Plant residence 

time 

15 
4 

) 

The above can be 

bioreactors, 

vessel 
(feed) 

a 
a 

attributed to 

roz' of the bacterial culture in the primary 

at residence times of 15 and 4 

O. all 
0.057 

i.e. 

bioreactor 

0.005 
0.012 

at the residence 
times used in this soluble nutrients are consumed 

the bacteria in the and most of the oxidisable 
ore (viz. ars ) is leached in the bioreactor. This results in 
the culture in the s bacteria under substrate 
conditions. However, the above limitations are reduced a reduction in the 
overall residence time. 

The average Fe (II) and As (III), and Fe (IIII 
vessel (feed) and the 

and As (V) 
and s 

concentrations in the 
bioreactors at the 

different residence times are indicated in Figures 1 and 2, 
Statistical (Kruskal-Wallis test; p = 0.0005) suggested that the 
s concentrations of Fe(II), Fe(III) and As (V) in all vessels, and 
the As (III) concentration in the feed and s bioreactor varied with 

in the plant residence time. the As (III) concentration in 
the primary bioreactor did not appear to be a function of the residence 
time. 

The absence of bacteria, acid or added Fe (III) in the feed resulted in low 
Fe(II), As(III), Fe(III) and As (V) concentrations in the conditioning vessel 
(see . 1 and 2). The variation in the above concentrations can be 
attributed to the increased solubilisation of surface as a result of 
the increased residence time. 

From 1 it is apparent that the Fe(II) concentration of the bioreactors 
was not significantly affected the residence time, at residence times 
below 8 at a plant residence time of 15 days the Fe (II) 
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in both the and secondary bioreactors was significantly 
lower than at a residence time of 8 The above is consistent with the r02 

results listed in Table I. At a residence time of 15 substrate etion 
results in a reduced Fe (II) concentration in both the bioreactors while at 

short residence times (viz. < 8 days) the increased bacterial 
results in a reduced Fe (II) concentration in both the This 
results in a (local) maximum Fe (II) concentration at residence 
times viz. 8 It is also that. the As (III) concen1;:ration in the 

bioreactor with increasing residence 
probably as a result of the increased overall of arsenopy~ite 

8~ __________ ~ __________________________ ~16 

6 14 

4 12 

2 10 

0+------------------....,.8 i 

-2 6 

-4 

. Residence time (days) 

Figure 1: Fe!II) and As(III) concentrations in the 
(feed) and the primary and secondary bioreactors as a 

residence time (The box indicates: mean concentration -
mean concentration + standard error) 

-

: 
i 
I 

I 
1 

vessel 
the plant 
error; 

Figure 2 shows that at residence times below 8 days, the Fe ( I) and As (V) 
concentrations in both the primary and secondary 
slightly with residence time, as a 
overall a t a residence 
Fe(III) and As (V) concentrations in both the and 
were lower than at residence time of 8 
attributed to the of ferric arsenate, 

bioreactors decreased 
result of the reduced 
time' of 15 days the 

bioreactors 
This can be 

steady-state concentrations of Fe(II!) and As (V) are determined 
that the 

by the 
reduced 
As (III) 

kinetics of the reaction. Furthermore, the 
availability of Fe (III) is responsible for the increased 
concentration apparent at a residence time of 15 (see 1) . 

The above is consistent with the postulate 
ars and As(III), Fe(III), and the 
arsenate, are reactions and therefore 
concentrations of Fe(III), , As(III) 

H.8.3.4 

that the oxidation of 
precipitatipnof ferric 
depend on' the rela ti ve 

and As (V) ( et al., 
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1996). Furthermore, Breed et a1. (1996) suggested that the rate at which, 
and to which, occurs is a function of the absolute and 
relative amounts of Fe (III) and As (V) in the bioleaching The 
Fe(III) concentration is in turn determined by the of the 
bacteria. 

- 600 1200 
~ 
r:.: 
0 450 1050 
.~ 

+J 
I'd 
s.. 

+J 
t:: 3CO 900 !II 
0 
t:: 
0 
iJ 

150 750 
~ 
~ 
~ -c:J- feed 
!II 0 600 -c::J- E'r i rna ry rz. 

~ ~Secondary 

-
-150 450 t:: 

0 
.~ 
.j"I 

I'd 
s.. 

-300 300 +J 
t:: 
CU 
0 
t:: 
0 

-450 150 0 

.-
E:. 
I/'j 

-600 0 ICC 

4 6 1 8 15 

Residence time 

2: Fe(III) and As (V) concentrations in the vessel 
and the primary and secondary bioreactors as a function of the 

residence time (The box indicates: mean concentration - standard error; 

It is 

Fe(III) 
in the 
and 2 

mean concentration + standard error) 

that the Fe(II) and As(III) concentrations were in the 
bioreactor than in the (and that the 
and As (V) concentrations were bioreactor than 

bioreactor (Figure 2) . Furthermore, of Figures 1 
shows that the Fe (III) and As (V) concentrations were significantly 
than the Fe(II) and As(III) concentrations, in both reactors. This 

that the bioleaching of arsenopyrite solubilises iron and arsenic as 
Fe(II) and As(III), respectively. The Fe(Il) and As (IrI) are 
oxidised to Fe(III) and As(V), 

The above results are consistent with the is of indirect 
(III) f 

oxidation 
and S (0) , 

As (III) to 

viz. the arsenopyrite is chemically leached by 
As (III), Fe(II) and S (0). This is followed the 

to As (V) by Fe(III), and the oxidation of Fe(II) 
Leptospiril1um. ferrooxidans and 

to Fe (III) and S (VI) • Therefore, the oxidation of 
in the primary reactor, whereas the oxidation of 

in the secondary bioreactor. Redox measurements 
(275 mV in the bioreactor i 280 mV in the were 
also consistent with this hypothesis. 

MB.3.5 
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The effect of loss of aeration and on the performance of 
continuous operations was studied. Two dis tests were 
carried out at an overall plant residence time 
consisted of a 15 minute interruption in the 

of 4 days. The first test 
and aeration of the 
17 hou+ interruption bioreactor and the second test consisted of a 

and aeration of the bioreactor. 

the interruption, the feed to the bioreactor was and 
control di~abled. The oxygen utilisation rate, measured at 

varying intervals. It was anti the culture 
from the bioreactor during measurement mi 

of the bioreactor to the interruption. As only .about 
this effect s volume in the bioreactor was 

small. 

Analysis of the results obtained the perturbation 
the secondary bioreactor that short 

aeration and agitation of bioreactors used for the bioleaching 
concentrate did not have a significant effect on the bacterial 
the oxygen utilisation rate,) bioreactor. 

to be 

in 
of this 

(i .e. 
no 

variation in the Fe(II), As(III), Fe(III) or As (V) concentrations 
was observed or after the (results not shown),. 

However, a 17 hour in the and aeration of the 
bioreactor had a significant effect on' both the of the bacterial 
culture and on the concentrations of Fe(II) and As(III) observed in the 

bioreactor. The variation in the oxygen utilisation rate, I and 

the FellI) and As(III) concentrations are 'shown in Figures 3 and 4, 

III 
Gi 

.....; 

~ --.. 
I) 

!oj 

Air off, 
feed off 

Air on, 
feed off 

Air on, Air on, 
feed on feed rate reduced 

0.06 ~--------------~-----r------------------r---~--------~ 

0.05 

0.03 

0.02 

O.OO+---------~----~~--~----_r--------~--~--~~------~ 

o 10 20 30 40 50 60 
Time 

3: Variation in the oxygen utilisation rate, roz' observed during the 
disruption test carried out using the bioreactor 

Figure 3 it is apparent that oxygen utilisation rate, r~, 

not decrease the first 1+ hours of the 
be a consequence of the interrni ttent of 1 t of 

1'18.3.6 
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the culture. To avoid this possibility, the intervals between 
were Furthermore, the erratic nature of the roz 
can be attributed to absence of tation. However, 16 hours 

after the aeration and the culture in the bioreactor had 
been stopped, the of the· culture in the bioreactor had decreased from 

0.0461 moles.t -1. to 0.0145 moles .rl. 

Air off, 
feed off 

Air on, 
feed off 

Air on, 
feed on 

Air on, 
feed rate reduced 

20 ~----------~r----.--------------~----------~ 
c: 
o 

• .-1 
.jJ 
ill 

!l 15 
c: 
III 
tl c: 
o 
tl i 

E 10 
1-1 -
1-1 
1-1 

CD 
..a: ...... 5 

Wlc-----I··-·--·-·----------·--- .. _-_ .. _-... -_ ...... -.. 

o 10 20 30 40 so 60 

the 'Fe(II) and As(III) concentrations 
carried out the primary bioreactor 

the 

The Fe (II) concentration in the bioreactor increased from 5l.. 29 to 
15.48 roM the 17 hours in which off 4} . The 
increase in the Fe(II} concentration was not by an increase in the 
As (III) that this increase could be attributed to 
anaerobic ferric iron ai., 1991). However, 
increase in the (III) 2.58 to 4.18 roM, once 
was restored suggests that the As (III) '-''-1."" .... '<::::<.1 by the chemical 
the in the of settled or settling solids, to 
Eq. et ai., 1993; Breed et ai., 1997), was masked by the absence 
of 

FeAsS + 5 (1) 

The aeration and agitation of the culture in the primary bioreactor was 
resumed 17 hours after the initial interruption in the aeration and agitation. 
However, the feed to the bioreactor remained diverted. 

From 3 it is that the oxygen utilisation rate, ,of the 
bacteria in the bioreactor increased once aeration and 

of the slurry was restored. 3 and 4 show that 
the increase in the roz was accompanied by a rapid decrease in the Fe (II) 
concentration. The above suggests that the Fe(II) was oxidised to Fe(III) by 
the bacterial culture, to. 2 (Boon et ai., 1994): 

+ 0.502 + 2H" -;. 2Fe 30 + H
2
0 (2) 

However, the culture did not maintain this level of actiVity. The r0
2 

of the 
culture decreased until the feed stream to the bioreactor 
was restored ( reduction in the oxygen utilisation rate observed 
was attributed to arsenic or substrate Continuous 

M8.3.7 
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operation of the at a residence time in the of 4. days 
w~s continued 6.5 hours after aeration and agitation had been restored. This 
resulted in a increase in the over the 8.5 hours. 

It is also from Figure 4. that the As (III) concentration decreased 
once aeration and of the slurry in the 
probably as a result of it being oxidised to As (V) 

. 3 (Mandl and VySkovsky, 1994): 

+ 

bioreactor 
Fe (III) , 

(3 ) 

The above is consistent with of Breed et al. (1996), who 
that the oxidation of by Fe(III) and the oxidation of 

As (III) Fe (III) are competing reactions, and are therefore influenced by 
the concentration and availability of Fe(III). The Fe(III) is in 
turn determined by the of the bacteria. Furthermore, Breed et al. 
(1996) that the oxidation of arsenopyrite predominates at "low" 
Fe (III) concentrations. Therefore, during periods of no bacterial a 
the chemical (Eq. 1) will be the dominant reaction. 
However, bacterial oxidation, the abundance of Fe(III) 
in solution will result in the oxidation of both (1) and 
As(III) ( 3) occurring. 

Because the As(V) and FeIIII) concentr.tions in the bioreactor were 
approximately 30 and 160 times the As(III) and Fe(II) concentrations in the 

bioreactor I in the As (V) and 
Fe(I!I) concentrations were not observed. Furthermore, the 
of ferric arsenate may mask fluctuations in the As(V) and 
Fe(III) concentrations. The net result of "the above was that the Fe(III) and 
As (V) concentrations did not vary during the course of the 
experiment. 

From 4. it is that once continuous of the 
at a residence time of 4. f was begun, both the Fe(II) and As(III) 
concentrations probably as a result of the increased availability 
of substrate and the low metabolic the bacteria (in comparison 
with the bacterial activity observed at a plant retSidence time of 4 

the steady-state investigation). Increasing the residence time to 6 
days, at t = 43.5 hours, had no affect on the above trends. 

hours after aeration and of the 
were encountered with the solids 

of the was no possible. 
was not observed. 

CONCLUSIONS 

bioreactor 
feeder and 

For this 

The results of the state that substrate depletion 
is for the bacterial culture in 
active than the culture in the s 
utilisation rate, of the cultures in 

residence time. 

the primary bioreactor more 
and in the oxygen 

both bioreactors increasing with 

Furthermore, the steady-state results showed that the As(I!I) and Fe(II) 
levels in the primary bioreactor were the bioreactor 
and the As (V) and Fe(III) levels in the bioreactor were higher than 
in the primary bioreactor. These results I and redox measurements, are 
consistent with the of direct chemical leaching of the 
ars by Fe(III) followed the oxidation of the As(III) by Fe(III) 
to As (V) and Fe (II), and the oxidation of Fe (II) and S (0) , by 
Thiobacilli, to Fe{III) and S{Vl). 

M8.3.8 
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studies both the Fe(II) and As(III) concentrations 
in of bacterial and decreased on 

of aeration and These results are also consistent with the 
is that the of occurs via the indirect, or 

two-step, mechanism and with the postulate that the oxidation of 
arsenopyrite and As(III) and the precipitation of ferric arsenate 
for the available Fe(III). 

It is that in the aeration and of 
operations result in reduced bacterial during 

This reduced may persist once aeration and 
the bioreactors is restored. Furthe.r::more, son of the 

above results with those of a previous by Breed et al. (1996) 
suggest that the slow recovery of the mini-plant after perturbations in the 
air s may be the result of the bacteria being unable to protect 
themselves from the toxic effects of the As(III) and As(VI, present during 
routine mini-plant operation, in which have no energy 
source. This may apply to a lack or Fe(II), or both. 

In conclusion, it is important to note that a 17 hour dis 
the feed and air supply, and the of the primary 
feed rate to the mini-plant was attained within 7 hours of 
and agitation. 

in 
maximum 

aeration 

The authors would like to thank GENCOR for technical and financial of 
the research and Professor T. Dunne of the of Statistical Sciences 
at the of Town for assistance with the statistical 
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Studies on the bioleaching of refractory gold concentrates 

HANSFORD 
Gold Fields Minerals Chemical Engineering, University of Cape Town 

The the oxidation of arsenate and the precipitation of ferric arsenate 
are competing reactions. hence their rates on the relative concentrations of the respective 

and the of the bacterial Arsenic resist<ince may be attributed to the 
Pst+Pit- mUlation and an efflux pump. Pst+Pit- mutations result in a reduced 

of arsenate. This the bacteria to survive in solutions in which the arsenate 

arsenate 
reduced bacterial 

than the arsenite concentration. However, the excretion of 
in the absence of an energy source or during periods of 

effect of arsenate may manifest at concentrations to 
which the culture has been aU,ID1C:U 

The chemical ferric rate of and arsenopyrite decreases with a decrease in the 
solution redox and may be described a modified Butler-Volmer equation. The bacterial 
ferrous-iron oxidation kinetics of L. also depend on the redox potential. and can be 
described using a Michaelis-Menten type model modified to account for both temperature and pH. 

During the rate of iron turnover between the chemical ferric leaching of 
the mineral and the bacterial oxidation of the ferrous-iron will define the rate and the redox 

at which the system will A model using the independently 
ferric and kinetics, has been shown to compare well 

data for the continuous of 

Introduction 
Bioleaching is now an established for the pre
treatment of refractory ores and concentrates and the 
leaching of whole-ore copper In many cases, it offers 
economic. environmental and technical over 
pressure oxidation and However, in order for 
bioJeaching to compete with other 
treatment processes it needs to be with 
the parameters that affect the process. there is 
a need for mechanistically based kinetic models that can be 
used to derive for use in the 
optimization and control of processes. 

The model of bioleach reactors is by 
to measure the 

biomass concentration and rate in the presence of 
solids. and the ferric and ferrous-iron concentrations. This 
has resulted in the be the rate 

nrp""I(,n that has found the most application 
based the 

equation3 has 
pilot and full-scale 
arsenopyrite flotation ,.,t"\I",.,,,·ntr·,,rp 

Recent research has strong evidence that the 
bioleaching of minerals occurs via a sub-
process mechanism 10. additions of to a 
batch bioleach. these workers were able to measure the 
specific oxygen utilization rate as a of the 
ferric/ferrous-iron ratio or redox The oxygen 

bioleaching, sulphide minerals ferrous-

utilization r;t~ was also related to the concentration 
via the specific oxygen utilization rate. The results 
showed that the bacterial rate of oxygen utilization 
de<;re:ilsed with increasing ferric/ferrous-iron ratio while the 
pyrite specific oxygen utilization rate increased with 
increasing ferric/ferrous-iron ratio. 

In addition. samples were taken from the batch, the 
removed by centrifugation. and the oxygen 
utilization rate of the bacteria measured in an off-line 
respirometer. using ferrous-iron medium. This enabled the 
specific oxygen utilization rate to be measured over a wider 
range of ferric/ferrous-iron ratios than in the batch. 
However. in the region where the ranges the 
data for the pyrite- and ferrous bacteria 
coincided. From this it was concluded that in both cases 
ferrous-iron was the primary and that the 
bioleaching of pyrite occurs via a 
mechanism. Therefore. for the case of 
the primary role of the bacteria is the oxidation of the 
ferrous-iron to the ferric 
redox potential within the system and e 
continued leaching of the mineral. 

This mechanism suggests that the overall process can be 
reduced to a number of independent andlor 
parallel sub-processes. The kinetics of these SUI)-p'ro(;esses 
may be studied separately, and the results used to 
the performance of bioleach reactors for a 
operating conditions. 
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The existence of a mUltiple 
the bio)eaching of sulphide minerals is 

• the identification of Leplospirillum ferrooxidans as the 
dominant ferrous-iron oxidizing in a continuous 
bioleaching mini-plant oxidizing an arsenopyrite/pyrite 
flotation 1 I. and 

• the identification of L. ferrooxidans and Thiobacillus 
caldus in continuous flow bioleaching oxidation tanks 
used to treat a variety of metal containing ores and 
concentrates I:!. 

f\l::CUIUln~ to this mechanism the mineral is 
chemically oxidized ferric-iron i.e.: 

+ +250;- +16W [ I] 

FeAsS+ 

The ferrous-iron by these reactions is 
y oxidized to ferric-iron by the micro-

+ +4H--1 + Ii [3) 

Polysulphides and sulphur or thiosulphate produced 
the ferric leaching reactions are oxidized to sulphate by 
sulphur oxidizing micro-organizms I8 . Diagrammatic 
representations of the bioleaching of both pyrite and 
arsenopyrite are shown in Figure I. 

The bioJeaching of 
From Equation it is clear that the bioleaching of 
arsenopyrite solubilizes the arsenic as arsenite and iron, 
Asj+, and ferrous-iron, Fe2+, respectively. Depending on the 
conditions employed. the dissolution of arsenopyrite may 
be followed by the oxidation of arsenite to arsenate, 
according to; 

+ [4] 

The oxidation of arsenite to arsenate may in turn be 
followed by the precipitation of ferric arsenate. 
to: 

concentrations of dissolved arsenic have been 
shown to inhibit bacteria20-~3. Therefore. the relative rates 
at which the reactions shown in [2]. [4] and [5] 
occur may influence the of the bacterial culture, 
and hence the rate of Recent work has shown 

[2J. [4] and are 
are by the 

concentrations af arsenite. arsenate. ferric-iron and 
the oxidation of arsenite to 

Dil~gramlm~ltic representation of the bioleaching of 
pyrite and arsenopyrite via the two-step mechanism. The bacteria 

shown are planktonic (i.e., unattached) for reasons of clarity; 
ho'welVI'I". the mechanism is the same for both attached and 

unattached microorganisms (after Breed et al)9) 

24 

arsenate requires the presence of a mineral less noble than 

At low concentrations to 
bacterial activity) and low arsenite concentrations. the 
chemical leachj~g of arsenopyrite 2) is the 
dominant reaction. At low ferric-iron concentrations and 

arsenite concentrations. the abundance of arsenite in 
solution causes the oxidation of arsenite (Equation 5) to 

dominate. However. at ferric-iron concentrations 
periods of rapid bacterial there is sufficient 

ferric-iron in solution to oxidize both the and 
the dissolved arsenite. This results in the low arsenite and 
high arsenate observed during continuous 
bioleaching 

Arsenite has been reported to inhibit a wide range of 
microorganizms23.16-19. including Thiobacillus ferrooxidalls 

T. lhiooxidans30, and the mixed culture used in 
BIOX® operations to a greater degree than arsenate3~. 
Arsenite inactivates enzymes with thiol (HS) groups at the 
active centre33• Arsenate toxicity is caused by its similarity 
to phosphate19.33; arsenate the phosphate in A TP to 
form an unstable ADP-arsenate complex33. 

The two main forms of arseniC resistance in bacteria are 
chromosomal arsenate resistance and plasmid determined 
arsenic resistance33-36. Chromosomal arsenate resistance 
reduces the amount of arsenate entering the cell via the 
phosphate transport The Pst phosphate 
transport system is specific to while the Pit 
system will transport either phosphate or 
hence chromosomal arsenate resistance occurs with the 
Pst-Pit· mutation26.33.35.38. 

Plasmid-encoded resistance protects bacteria by pumping 
arsenic from the cells via an energy dependent membrane 
pump29.33.35.36.39.40. In bacteria which exhibit this lype of 
resistance, pla;-mids encode proteins which form a 
membrane-bound complex. and interact to form an arsenite 

In some the membrane-bound complex 
is able to reduce arsenate to which results in 
resistance to both arsenate and arsenite. A 
reflre:sel1ltatlon of the (arsenate) system 

PO/' 
Ps. Sys •• m (0 25 ~M) 

CHROMOSOMAl.GENts AsO," ~ 
(25 11M) /\---

PIIS::~* 
(25 ;.1M) 

OH' 

PL.ASMID CENES 

Figure 2. Model for phosphate (arsenate) transport systems and 
the arsenate emUl: s~'stem of Escherichio coli. 0.25 and 25 ~, 
are the Km for P04"" and AS043- as a competitor for the Pit and 

Pst chromosomal transport The three boxes for the 
plasmid arsenic ATPase represent the ArsA, ArsB and ArsC 

polypeptides (modified from Silver and Nakahara35, Silver and 
(after 
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and the arsenate efflux system of Escherichia coli is shown 
in 2. 

Most researchers have that elevated arsenite 
concentrations result in an extended phase after which 
normal growth . whereas elevated arsenate 
levels cause a reduction in the maximum growth 
However. during the batch bioleaching of an arsenopyrite! 

concentrate, exposure to elevated arsenite 
concentrations did not result in an increase in the phase, 
whereas exposure to elevated arsenate concentrations 
resulted in a increase in the lag The 
results obtained Breed et a/.44 are shown in Figure 3. 

From Figure 3 it is apparent that exposure to an initial 
concentration of 20 mmol AS3 .... E·1 retarded the initial rate 
of bacterial metabolism. This effect was more pronounced 
when 40 mmol As3 .... ~.1 was added. The culture to 
an initial concentration of 20 mmol ASJ .... C·I to 
recover from the effect of the added arsenic whereas the 
culture exposed to an initial concentration of 40 mmol 
As3 .... ~·1 did not achieve an equivalent maximum oxygen 
utilization rate -(data not snown) and showed a lower 
cumulative oxygen usage. 

Exposure to an initial concentration of 107 mmol 
As5+. e· 1 to the increased the by 15 and 
retarded the initial rate of bacterial metabolism. 
Furthermore, the culture did not appear to recover from the 
effect of the added arsenate over the 3 I-day period studied. 
The addition of 220 mmol Ass .... e·! to the nutrient solution 
prior to inoculation resulted in a phase which lasted in 
excess of 31 ; the bacteria exposed to an initial 
concentration of 220 mmol Ass .... C·! did not consume any 
oxygen fOf the duration of the 

100 

75 

so 

25 

o 
o 7 14 

Time (days) 
21 28 

3. Variation in the cumulative amount of oxygen 
consumed by the bacterial culture with time at different initial 

arsenite and arsenate concentrations. [oj 0 mmol AsJ .. ,t·'; 
[e]20 mmol As>+,tI;[oj40 mmol AS>+,t·I;(.6.)O II mmol 

ASh,t-l; (41) 107 mmol (l11li) 0.220 mmol AsS ... ,t-I 
(after Breed et al.+I) 

The fate at which oxygen is utilized by the bacteria is a 
function of both the bacterial concentration and their 
acti vity. i.e, 

[6] 
The oxygen utilization rate. qoz. can be described 

using an ..... "~a"V' of the 

%, = 10 

I+Ko, Fe:+] 
[7] 

Hence, it was not to ascertain whether the 
inhibit bacterial oxidation affect 

or are toxic to the bacteria affect cx). 
Although concentrations of up to 145 mmol As3 .... f· 1 

have been in actively cultures accustomed 
to arsenite concentrations.+5• several researchers have 
found arsenite to be toxic at concentrations similar to those 
shown in 31 1.23. Furthermore. some 
researchers have that arsenite is in the of 2 
to 3 times more toxic than Figure 3 shows that 
exposure to 107 mmol As5 .... e· 1 had a far more pro!noun(;ed 
effect than 40 mmo! ASJ ... ,t·I. It should, "''''''''''4P 
that most researchers have performed 
in ferrous~iron media. or in slurries 
ferrous-iron. Because ferrous-iron is the most 
source of energy bacteria. and because 
the extent of arsenic inhibition is less pronounced if the 
substrate is a mineral46A7• the conditions used may 
have influenced their results. 

It is also important to note that the levels of arsenite 
shown in 3 were in the region of 10 times those 
observed in the mini-plam from which the inoculii were 
obtained15 *->- yet where an inhibitory effect was observed 
the bacterial culture exhibited the ability to recover. 
However, the levels of arsenate added to the bioreactors 
were similar to those observed in the mini-plant. yet the 
effect of the added arsenate was severe. This result. 
together 'with the hypothesis that the ferric leaching of 
arsenopyrite. the ferric oxidation of arsenite and the 
precipitation of ferric arsenate are competing 
suggest that the inhibitory effect of arsenate may be linked 
to the of an energy source. At elevated arsenate 
concentrations the precipitation of ferric arsenate results in 
no ferric-iron being available for the of the 
mineral. This results in a reduced availability of ferrous
iron. which in turn results in the inhibitory effect of 
arsenate becoming apparent at arsenate concentrations to 
which the culture has been adapted. 

The above suggestion is consistent with the results of 
studies using the continuous 

mini-plant from which the cultures used in the 
shown in 3, were obtained. Two 

tests were carried out. The first discription test 
consisted of a 15 minute interruption in the agitation and 
aeration of the bacterial culture in the bioreactor. 
This did not have an effect on either the shon-term (or 
long-term) activity and viability of the culture (data not 
shown). 

"The same concemr.lIe as used in the mini-plan! was used in Ihe balch bioleaching 

experiments shown in Figure J. 
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The leaching of arsenopyrite 
To date a number of models have been used to describe the 
ferric kinetics of sulphide minerals4S- 51 . The 

t A~ Ine feed 10 Ine biore.actor was divened durin~. and immediately after. thc 

penurbalion. Ihe reduced level of bacterial aClivily could nO! be anrib!.ued to 

washol1l. In addition. the residence lime chosen once continuous operation ,"'as 

begun, i.e. afler Ihe penurbation. wa, varied 10 ensure thai the bacteria were nehher 

substrme limiled, nor 'washed ouf of the bior.actor. 

26 

model assumes a linear between the 
redox potential of the on and the mineral rest 
potential49• Other models include those based on 
electrochemical and on the Monad Equation50. 

Although considerable work on the of pyrite 
feme-iron has been in the Iiterature13.51-5~. to 

date very little work on the of 
ferric-iron at concentrations and conditions similar to those 
used in bioleaching. has been rl"rlnrll"n 

research has shown that the ferric ,,,"u,,",,,,, 
er al. 1997) may be 

dependent on the ratio (i.e. redox 
potential). and not a function of the total or ferric iron 
concentrations. 

Boon5o ~~'oe~'~'~'V 
be described by means of viz.: 

[8] 

However, Mayer aJ.5 1 that the feme 
of pyrite was an electrochentical (corrosion) phenomenon. 
and hence chose to use an similar in form 10 the 
Butler-Volmer equation to describe the leaching rate. viz.: 

[9] 

The leach rates of the were calculated using the 
measured variation in the redox potential and the initial 
total iron concentration. to the Butler-Volmer 
equation the of the feme leaching kinetics on 
the (0-20 mV). 
However, most 
overpotentials. which result in 

60 ~ __________________________ ~ 

45 I 
""" f 

f tS 30 

§ 
15 

O+---~-----r----+----+----~--~ 
o 10 20 30 40 50 

(b) 

Figure 4. Variation in the oxygen utilization rate during the 
disruption test carried out using the primary bioreactor. 

The error bars represent the measured -r02 :!: the average 
steady-state operation, 

et al.1S) 

60 
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May ct af.51 showed it was possible to achieve 
rates in sterile media which were with 

those achieved in bioleaching. provided that the redox 
al was comparable with those observed in 

The variation in the ferric leaching rate of 
with in the solution redox potential 
same trend, of the experimental conditions 

performed et aJ.5-i the 
ferric rate of arsenopyrite increased with a 
decrease in the redox potential, reached a maximum, and 
then decreased with a further decrease in the redox 
potential. An increase in the initial ferric rate with 

redox potential was also observed the 
ferric leaching of pyrite51 . It is therefore ~_, •. ..,~'~"._ 
is a transient phenomenon, and can be attributed to the 

of the ions on the surface of the mineral and 
in the electrical double layer the mineral. It is 
not a result of the leaching of the mineral itself. This 

is supported by the fact that the process was very 
and by observations made studies on the 

effect of the ferric-iron concentration on the 
of arsenopyrite 55 . no surface 

responsible for passivation of the mineral surface 
were observed, nor was a decrease in observed 
when mineral that had been leached was leached 
for a second time. Although 
a sulphur layer on the mineral surface after both the acid, 
and the ferric leaching of it has not been 
found to hinder the dissolution reaction 1-1.56-58. The absence 
of a surface layer in this may be a result of the 
high redox potentials used. 

The decrease in the rate of with a decrease in the 
redox potential of the solution observed for most of the 
experiment is in agreement with previously reported trends 
for the ferric leaching of sulphide minerals5 1.59-61. This 
suggests a dependency of the ferric leaching rate on the 
redox potential of the solution. which in turn 
suggests that an electrochemical model be used to describe 
the ferric kinetics of 

driven reaction should exhibit a 
oepellaf~nce on the ferric-iron concentration62. 

However, the ferric rate of was found 
independent of the total iron for iron 
concentrations from 50 to 500 mmol Fe.f· 151 • 

Although the did not exhibit a 
half order dependence on the ferric-iron concentration, it 
was not found to be independent of the total iron 
concentration. In it was not possible to fit the 
electrochemically-based model by Verbaan and 
Cr.undwelI J8 , or the model proposed by 
Boon5o. However. it was to model the ferric leach 
kinetics using the Butler-Volmer based model suggested by 
May Itt af.5 1 of the Butler-
Volmer based model with a typical set of 

results is shown in 5. From Figure 5 it 
is apparent that the between the Butler-Volmer 

'The ,"a,imum ~akulat"d leaching rJle wOS aHained within :!:20s: the overall 

duration of Ihe exp.:rim<n!s was in Ihe region of 2 hours 

based model and the resulls is 
Although it was to model the ferric leach 

kinetics of arsenopyrite across a wide range of conditions 
using this model. a limitation of the model appears to be its 
dependence on the rest potential of the mineral. E'* The 
rest potential of arsenopyrite was found to increase when 
the initial (starting) redox potential or total iron 
concentration was increased, and decreased when the solids 
concentration or pH was increased. The results therefore 
suggest that an increase in the concentration of either ferric-
iron or protons on the surface area) 
result in a reduction in the of the mineral. This is 
regarded as unusual as most reaction mechanisms 
are favoured by an increase in reactant concentration. 

the mechanism responsible for the 
observed influence of the different parameters.on the 
leaching rate is not clear at present, it is suspected that they 
affect the of the iron, sulphur and arsenic 
complexes in the solution. It is therefore necessary to 
modify the model to include the effect of parameters such 
as the pH and the ferric-iron concentration on the ferric 
leaching rate of However, the results obtained 
thus far that the B utler- Volmer based model has 
potential for the ferric leaching rate of sulphide 
minerals over a wide range of solution conditions. 

oxidation kinetics 
To date a number of kinetic models for bacteria! ferrous
iron oxidation have been These models can be 

classified as either empirical or Michaelis-
MentenIMonod based. models use tools such as 
the to model the kinetics whereas 
Michaelis-Menten based models assume that the rate 
limiting reactions can be described using traditional enzyme 
kinetics. A number of workers have I\lichaelis
Menten/Monod based models modified to account for 

-:-
"'! 

"": 

5.0E-3 

4.0E-3 0& 
0 

3.0E-3 

I.OE-3 

O.OE+O +----j-IJ..---t---f-------j 

450 500 550 600 
E (vs AglAgCl) (mY) 

between the [-] Butler-Volmer based 

and the [0] experimental leaching rate data 
(after Ruitenberg et 01.19'19) 

510) 
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ferric-iron inhibition 64.65 and a threshold ferrous-iron 
concentration66. Boon50 showed mat the threshold ferrous 
iron concentration and ferrous-iron saturation terms could 
be ignored. 
assumed to be 
(i.e. the redox 

to the ferric/ferrous-iron ratio 

----'-"-;--...,..,. 50 
[10] 

[10] is consistent with the chemiosmotic 
and has been used to describe the 

and L. ferrooxidans over the 
range of ferric/ferrous-iron ratios found in 
systems 10.1l.68.69. 

Most commercial bioleaching operations u 
bacteria are continuous processes and are 

carried out mixed cultures. They usually operate at 
temperatures in the of 40°C and pH values 
from 1.2-2.0. However, most research to 
date has been carried out pure cultures in batch 
reactors, at in the region of 30°C and 
values in the of pH ] .8-2.0. These conditions are 
similar to those that have been reported to be the 
conditions for T. This has resulted in most 

T. ferrooxidans to be the 
for the bioleaching of 

recent work has 
is unlikely to predominate in many 

systemsIO-I:. 70-74. an explanation for this has been offered 
by Rawlings et al.75 . Furthermore, apart from the work of 
Nemati and the effect of temperature on 
bioI has not been studied 
extensively. 

the ferrous-iron oxidation 
L. ferrooxidans culture were 

in continuous-flow bioreactors at dilution rates 
from 0.0 I to 0.10 h· l . temperatures from 

30 to 40"C and values from 1.10 to 
pH 1.70. the bacterial culture maintained at 40°C 
and pH 1.30 'washed out' at the highest dilution rate, 
the calculated maximum specific rate, 
Il ma• ::: 0.1238 h· l • occurred at 40°C and pH 1.50W 

The maximum speclt\'e ferrous-iron and oxygen 
utilization rates. qFe:'" and q02' respectively, and their 
respective kinetic constants. KFe2+ and Ko2• increased wim 

temperature. across the range from 30 to 40"C. 
The temperature dependence of the maximum bacterial 
specific ferrous-iron and oxygen utilization rates could be 
accurately described using the Arrhenius ation. 

the between temperature and the 
kinetic constants to be linear. 

The kinetic constants. and 
with increasing pH. 

ferrous-iron and oxygen 
aDr)eared to achieve maximum values at 

';"'.UUIll>'";J between these parameters and 

'The rest potential of the minei'll! is defined as redo, potential of the solution al 

which Ih~ nlin~r:l1 dissolution SlOpS. 
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6. Effect of temperature and on the bacterial specific 
rerrous-iron and oxygen utilization rates (after Breed el aV4) 

the solution pH was apparent. the variation in 
the maximum specific ferrous-iron and oxygen utilization 
with changes in pH was less pronounced than 
the variation observed with in temperature. h is 
therefore possible to the differences in the 
effect of temperature and pH on the ferrous-iron oxidation 
kinetics of L. ferrooxidal1s as indicated in 6. 

above trends and led to a model that 
the bacterial ferrous-iron and oxygen 

utilization rates as a function of the ferric/ferrous-iron ratio. 
for temperatures from 30 to 40"C and values 

from pH 1.10 to pH 1 viz: 

qF.'· ::: ---------------,-"""" 
[ 11] 

60 60 

___ rhiobacililis 

jerroo:xilianJ 

___ LeplospiriIJum' . 
45 like 

. 
45 J::: , 

....... Pyrite 

) 

, - 30 30 c 
5 
5 
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OJ E .. . .. .c of ;., 15 15 . .. <II 
If:: S • 

O+-----+-=~--==t----=""i_O 

o ]0 1000 ]00000 

Figure 7, Variation in the ferrous~iron pn'UU"lIlln rate during 
the ferric leac:hirl2 

the biooxidation of ferrous-iron by 
UJ'tDl;Pir'ill14fm-like bacterium as a 

function of tbe ferric/ferrous-iron' ratio (redox potential). Data 
were calculated from the results or Boon!ili and Van Scherpemeel 

tit al.M. (after Breed tit al.14) 
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:----------------------------
1+ (I.006:x.l0-6T + 0.0043pH - 0.0042) 

[ 12 
] 

between the ex.perimentally measured 
variation in the specific ferrous-iron and oxygen utilization 
rates with changes in the femc/ferrous-iron ratio and the 

of Equations [l0] and [II] showed 
not 

Modelling continuous blClle=:lcn reactors 
7 shows the chemical ferrous-iron production rate 

from the chemical femc leaching of pyrite and the bacterial 
consumption rate by r. ferrooxidans and a 

LeptospirWum-like bacterium as a function of the 
ratio potential). The of 

intersection of the curves represents the 
mineral rate and femc/ferrous-iron ratio, or redox 
potential of the system; it is the that a model of 
the must be able to 1111::UIL." 

If it is assumed that the of sulphide minerals 
occurs via a multiple sub-process mechanism. then for a 

operating at steady-state. a ferrous-iron material 
balance yields; 

_11 [Fe~"] == 
~I out 

[ 13] 

From 7 it is also that for the case of 
pyrite bioleaching. the rate of chemical ferrous-iron 
production intersects the T. ferrooxidans and 
LeptospirWum-like curves at femc/ferrous-iron ratios in the 

of 200 and 700, respectively". In continuous 
reactors the femc-iron concentration is in the 

of 300-600 mmol Fe 3+e· 1 hence it can be 
assumed that the outlet ferrous-iron concentration is zero. 

for the case bioreactor == 
to 

== 

In other words, during the bioleaching of 
the bacterial and chemical sut,-oro(:esses are linked 
rate at which the iron is turned over in the system. 

ferrous-iron oxidation 

If it is assumed that the maximum growth yield and the 
maintenance coefficient are constant for a 
bacterial and can be related 
via the Pin Equation 71 , for the case where the 
substrate is ferrous-iron, 

[ 15] 

Division of Equation {I by cx, and substitution 
chemostat with sterile 

'The pyrite curve intersects the i..I!prospirillum.Hke curve at a higher rate of iron 

turnover than lha! of r. jerroo:XldllflS therefore Figure 7 predicts that i..I!prospiriUum. 

like bacteria will dominate during the biole.ching of pyrite. which is consistent with 

previous rese.rch,tl-'1.1tl-1'. 

STUDIES ON THE IV1~r..r\\-C"U."'U OF 

[16] 

If qFe2+ can be related to the feme/ferrous-iron ratio using 
an equation of the form of Equation then substituting 
Equation [9J into Equation [16] and yields; 

-1 
[ 17J 

Equation [17] shows that the femc/ferrous-iron ratio is a 
function only of the residence time and the characteristics 
of the bacterial used; i.e. it is not dependent on the 
mineral concentration. nor the total or ferrous-iron 
concentrations, 

[ 18] 

Although this is not an intuitive result. it is expected from 
the of Monod or Michaelis-Menten type 
kinetics. 

Steady-state chemical (ferric) 

During the 
a continuous reactor performing a 
yields; 

::: 11 [FeS.] ~jt .. Old 

which can be to give; 

[FeS.J. --I. == 

The rate of ferrous-iron production 
leaching is related to the rate of 
Equation 

15 

[21J into 

[FeS,] :::: 
- oul 15 

By definition; 

If it is assumed that the ferric 
described of the form 

into 

[19] 

[20] 

the ferric 
leaching via 

[21] 

[20J yields; 

Substituting Equation [24] into Equation [22] and 

The fraction of mineral leached. is defined as; 
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[26J 

and [26] yields: 

[27J 

From Equation it is clear that the mineral conversion 
is a function of the ferric/ferrous-iron ratio. the residence 
lime and the characteristics of the itself. not of the 
inlet mineral """" ..... , 

L) [28] 

However. the ferric/ferrous-iron ratio is determined by 
the characteristics of the bacterial species used and the 
prevailing residence hence substitution of Equation 
[17J into Equation and rearranging yields; 

x 

1+ 

From Equation 

x == I 

-\ 

T 
+-

15 

it is clear that 

[29] 

[30] 

Figure 8 shows the variation in the pyrite 
conversion. using T. ferrooxidons and a 
Leprospirillum-like bacterium in a continuous-flow 
bioreactor. at residence times from 0 to 20 days. 
These ctions are with the results of 
Hansford and for the continuous bioleaching of a 
similar sized euhedral by an unidentified microbial 

8 it is apparent that the data of Hansford 
follows the trend predicted by the model if 

the kinetic parameters for the LeplOspirillum-like 
bacterium are assumed. Furthermore. the values of the 
predicted and values are similar. Although the 
microbial Hansford and Chapman6 was not 
identified. their results and those of other research 1Cl-1~.70 .... i-l 
suggest that the would have been L. 
ferroo.l:idons. 

At this it is important to note that the kinetic 
parameters of the bacteria were determined at residence 
times of between 10 and J 00 hours, while the kinetic 
parameters of the were determined in batch culture. 
Furthermore. neither the bacterial species. nor the pyrite 
used to determine the kinetic parameters were the same as 
those used Hansford and 199:. In spite of this it 
appears as the model developed is able to predict 
the of a continuous bioleach reactor. 

To date a number of researchers have reported that both 
the chemical ferric and the of 
sulphide minerals is on the surface area of the 
mineral present. Although the results presented above are 
described in terms of the pyrite concentration in mmol 

30 

to relate the pyrite ferrous-
iron nrr,n""""", rate based on the pyrite concentralion 10 the 
pyrite production rate based on the 
pyrite surface area using: 

Summary 
The mechanism 
kinetics of the chemical and bacterial 
studied 

the 
bioJeach reactors. 

The chemical ferric leaching rate of 

[3 J] 

decreases with a decrease in the solution redox and may be 
described a modified Butler-Volmer The 
bacterial ferrous-iron oxidation kinetics of L 
also on the redox potential, and can be described 

a Michaelis-Menten type model modified to account 
for.both temperature and pH. . 

the effect of arsenic on the kinetics has yet to 
be determined. it is suggested that the mechanism of arsenic 
resistance may be attributed to the Pst"'Pit· mutation and an 
energy efflux pump. The Pst"'Pit· mutation 
enables the bacteria to survive in solutions in which the 
arsenate concentration is significantly higher than the 
arsenite concentration. However, because the excretion of 

energy, in the absence of an energy source 
of reduced bacterial the 

effect of arsenate may:manifest at concentrations 

100 -r----------------, 

75 

50 

o 

25 

0~------~----_+------~------4 
o 5 JO 15 20 , 

't (days) 

8. Comparison between the [-] predicted variation in 
the pyrite conversion with changing residence time for 

T. jerroo:x.idaRs and a Leptospirillum-like bacterium and the [0] 

experimental results obtained b~' Hansford and Data 
were calculated from the results of Boon5o and Van , ........... , .... ' ..... 1 

et aif·K (after Breed et al.l~) 
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10 which the culture has previously been -~"!J<''''''', 
The point of intersection of the chemical and bacterial 

oxidation curves defines the redox potential within the 
bioreactor and can be related to the rate of of the 
mineral. It depends on. the characteristics of the bacterial 
species the residence time employed, the 
characteristics of the mineral being used and its active 
surface area. 

The proposed model suggests that the residence time and 
microbial species determine the bacterial growth' 
rate, which in turn determines the redox potential of the 
bioleach solution. The residence time and redox 
potential in turn determine the mineral conversion. 
Refinement of the model is necessary to include the effect 
of in the surface area, the formation of 
and the fate of the sulphur m6iety. However. it appears to 
have for the of continuous 
bioleach reactors. 
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Nomenclature 
kinetic constant in chemical 
ferric 

concentration of bacteria 

solution redox potential 

mineral rest potential 

constant 

concentration of ferrous-iron 

concentration of ferric-iron 

inlet ferrous-iron concentration 

concentration 

dimensionless 

mmol c.r·! 

mV 

mV 

C.mol·! 

mmol Fe2+.r·1 

mmol Fe)·.I'·! 

mmol Fe!+.c·! 

concentration of in the feed 

mmol 

mmol 

concentration of FeS2 in the outlet mmol 

concentration of total iron mmol Fe.!"! 
kinetic constant in bacterial dimensionless 
ferrous-iron oxidation 

kinetic constant in bacterial dimensionless 
ferrous-iron oxidation 

maintenance coefficiem on mmo! Fe2+.(mmoIC)·!.h·! 
ferrous-iron 

volumetric flow rate imo r .h·1 

the bioreactor 

volumetric flow rate oue 
of the bioreactor 

bacterial specific ferrous
iron oxidation rale 

maximum bacterial specific 
ferrous iron oxidation rate 

bacterial specific oxygen 

utilization rate 

maximum bacterial 
oxygen utilization rate 
universal gas constam 
kinetic conslant in chemical 

Lh·! 

mmo[ Fe2+.(mmoIC)·!.h·! 

mmol FeZ+(mmol C)·!.h·1 

mmoi O!.(mmolC)·!.h·! 

mmol Dl.(mmoIC)·!.h·! 

kJ.mo[·I.K·! 
mmol 
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ferric leaching 

bacterial ferrous-iron mmol .r·l.h·1 

production rate 
chem 

rFe+! chemical ferrous-iron 
production rate 

r""51 pyrite production rate mmol 

r02 oxygen production rate mmol C.C·I.h· 1 

K T 
mall 

absolute temperature 

Y",,+2X ma;dmum bacterial mmol C.(mmol Fe:')' I 

V 

X 

z 

a 

~ 

on ferrous-iron 

bioreactor volume 

fraction of mineral leac hed 

number of electrons 
involved in the reaction 

specific surface area 

RT 

dimensionless 

dimensionless 

Ilm"" maximum bacterial 

FeSc)·1 

mV·1 

h·! 
growth fate 

t residence lime h 

UF.2+ pyrite ferrous-iron mmol Fe2·.(mmol 
FeSz,)·I,h·! production rale 

surface area specific ferrous
iron production rale 
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