Research on the Inhibition of Bacterial
Oxidation of Pyrite and the Concomitant
Acid Mine Drainage:

MA Loos. JM Conradie. PA Whillier
J Mare and Bosch

WRC Report No,132/1/90



M A LOOS
JM CONRADIE
P A WHILLIER

J MARE

C BOSCH

RESEARCH ON THE INHIBITION OF BACTERIAL OXIDATION
OF PYRITE AND THE CONCOMITANT ACID MINE DRAINAGE:
PART 1. INVESTIGATIONS ON GOLD MINE SAND DUMPS

Report to the

WATER RESEARCH COMMISSION
by the Department of Microbiology
UNIVERSITY OF STELLENBOSCH

WRC Report Mo 13271790
ISEN 1 874858 01 2
ISEN SET 1 874858 04 7



ACKNOWLEDGEMENT

The Steering Comittes and referees for this project consisted of the following persons:

Dr MJ Pieterse Water Research Commission (Chairman)
Dr TC Erasmus Water Research Commission

Mr PW Weideman Water Research Commission (Secretary)
Mr DJ Bosman Anglo American Corporation

Mr J Easton Chamber of Mines

Dr HN5 Wiechers Chamber of Mines

Prof FDI Hodgson University of the Orange Free State
Prof MA Loos University of Stellenbosch

Prof RD Sanderson University of Stellenbosch

The following persons also served for certain periods on the Steering Committee or the
Technical Subcomrmittee:

Mr PE Odendaal Water Research Commission
Mr JW Funke Water Research Commission
Mr DD Marsden Chamber of Mines

Mr DB Gaynor Chamber of Mines

Dr JD Greig Chamber of Mines

Mr JD Wells Rand Mines

Mr MH Pitcher BTR Sarmcal

Mr TI Cannon BTR Sarmcol

Dr L Bednarik Cape Technikon

The financing of the project by the Water Research Commission, the contributions and
coliaboration of the Chamber of Mines and the contributions by the members of the
Steering Committee are acknowledged gratefully.



RESEARCH ON THE INHIBITION OF
BACTERIAL OXIDATION OF PYRITE AND
THE CONCOMITANT ACID MINE DRAINAGE

This project was funded by the Water Research Commission and carried out in terms of
a tripartite agreement beiween the Water Research Commission, the Chamber of Mines
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RESEARCH ON THE INHIBITION OF BACTERIAL OXIDATION OF PYRITE AND
CONCOMITANT ACID MINE DRAINAGE

PART 1. INVESTIGATIONS ON GOLD MINE SAND DUMPS
EXECUTIVE SUMMARY

Concarn about the production in mine waste dumps of acid drainage water containing
high levels of sulphare and meml ions initiated the ressarch of this project into the
possibility of chemically inhibiting the bacteria responsible for the acid formation i the
dumps. Research in the UJS.A. indicated that such treatment of dumps might be
effective, Two types of dump have been investigated, namely, pold mine sand demps
and coal waste dumps. The project involved a contract of th;a Water Reseach
Commiszion (responsible for finances) with the Department of Microbiclogy and the
Institute for Polymer Science of the University of Stellenbosch (respensible for the
resaarch of the project) and the Chamber of Mines of South Africa {respomsibie for
providing pllat scale experimental coal waste dumps and suppart services, inclt;ding
routine chemical anglyses). The investigation was divided into two phases, namely,
Phase [, ¢comprising laboratory studies at the University of Stellenbosch, and Phase 1I,
consisting of the pilot scale wests of chemical inhibitors on coal waste dumps, involving
the Department of Microbiology at the Universiry of Stellenbosch and the Chamber of
Minss. The present final project report has been divided into three pars; Part |
comprises all swudies on the gold mine sand dumps (Phase L Department of
Microbiology), Part 2 ali studies on coal waste dumps (Phases I and II, Department of
Microbiology and Chamber of Mines) and Part 3 zll studies on the development of slow-
release systems for the inhibitor sodium lauryl sulphate (Phase 1, Institute for Polymer
Science). Tha remainder of this executive summary refers only to Part 1 of the repert
Parts 2 and 2 have their own executive summaries.

The fellowing are the main findings and conelusions from our avgluation of the
possibility of inhibiting acid drainage-praducing Thiobacillus ferrooxidans or other
chemolithotrophic iron-oxidizing bacteria in gold mine saind dumps by treating the
dumps with chemicals active against these bacteria.

I The seepage of acid water from Witwatersrand goid mine sand dumps, which
releasad an estimated 50 000 t of salts into the catchment of the Vaal Barrage
during 1985 (Jones et al., 1988), showed the characteristics of acid drainage from
mine waste deposits elsewhera in the warld. The pH of the water waz below pH
3, sulphate comprised a large proportion of the tonnage of salts in the acid
drainage (Jones et al, 1983) and the brown colour of the seepage water and



precipitates in and sround seepage poals indicated the presence of oxidized iren.
That bacterially catalyzed iron oxidation was occurring in -the seepage was
indicated by the presence of populations of chemolithotrophic iron-oxidizing
bacteriz af ca. 10% to 107/ml in drainage water and ca. 10% 1o 10%/¢ in the
brown-¢sloured soil of 3 gseepage area, It is presumed that the becteria were 7.
ferrooxidans or contained a large proportion of T. ferrcoxidans in a mixed
population. These bacteria are the major iran-oxidizing bacteria of acid drainage
elsewhere and the HIJ growth medium and conditions of incubation for the MPN
estimates of the iron-oxidizing bacteriz in sand dump seepzpe were selected for
their suitability for T, ferrcoxidans.

The gold mine sand dumps appeared to be a not very favourable growth
environment for T. ferrooxidans and other passible  iron-oxidizing
chemolithotrophic bacteria of acid seepags. Increzasing concentrations of an
oxidized sand {i.e. in which the pyrite had been oxidized) increasingly retarded
the growth of T. ferrooxidans in a favourable culture medium., The drying of
ming dump sand resulted in the rapid destruction of large inoculum populations
of T. ferrooxidans and iron-oxidizing bacteria from acid seepage, the destruction
being more rapid in an oxidized sand thao in an unoxidized sand containing
pyrite substrate. However, high populations of T. ferrecxidans were maintained
when the sands were kept moist.

Of the compounds tested in Jaboratory cultures as possible iphibitors of T
ferrooxidans and mixed populations of chemolithotrophic iron-oxidizing bacteria
from sand duvmp acid drainage,‘ the anmicnic detergect sodium lauryl sulphate
{SLS) was the most effective, Inbibition of the most resistant cultures was
achieved with 8 mg SLS/! in cuitures containing no mine dump sand and with 20
mg SLS/1 in cuiltures containing mine dump sand at 500 g/l. However, when the
sand concentration was raised to 1000 g/1, 20 mg SLS/1 only retarded ferrous iron
oxidation by 8 less resistant T. ferrooxidans strain. Adsorpticn of the SL3 by the
sand can axpiaii:, or partly &xplain, this rasult, The sand-inhibiter iateraction
must recaive further attention as a major factor detarmining the inhibitor dose
and mathod of application for the control of g¢id drainage from sand dumps,

An asionic linesr alkylbenzenesulphonate detergent (LAS) was almost as effective
as SLS as an inhibitor of T. ferrooxidens and iron-oxidizing acid drainage
bacteria in cultuces without mine dump sand {LAS at 8§ mg/1 inhibited all
culturas), but with 500 g/l fand in the cultures was less =ffactive than SLS in
thet not all culteres were inhibited by 30 mg/! LAS. This result provides no
grounds for considering LAS as an alternative inhibitor to SLS for the control of



acid drainage formation in sand dumps, but attention has not been given to
economic conszidetations, which would also necessitate further ¢omparison of the
effectiveness of LAS and SLS.

Among the cationic surface-active compounds tested, the low pH satimicrobial
quaternary pyridinium compound Ceepryn was mora effective than SLS against
T. ferrooxidans ATCC 19859 in cultures without send (2 mg Ceepryn/l inhkibitad
all cultures), but was considerably less effective In culturss containing 500 g/1
sand, with 20 to 40 mg/l the minimum inhibitory concentratlon {in ¢ontrast to §
mg SL5/1 for the same 7. ferrooxidans strain), The quaternary ammonium
formulation Hyamina 3500 showed only partial or temporary inhibition of 7.
ferropxidans and the acid drainage bacteria at the highest concentration tesrad
(128 mg/1), even in cultures without mine dump sand. Howsever, acidity is
kngwn to be highly detrimental to the activity of quaternary ammonium
compounds. Adsorption to surfaces is a peoeral characteristic of the quaternary
pyridinium and ammonium compounds, reducing their antimicrobial activiry,
thus the reduction of the effectiveness of Ceepryn shown in the culmeres with
300 g/t sand would likely be greatly enhamced in a sand dump. Evidence
available to date provides no grounds for considering Ceepryn as a possible
alternative to SLS For the mmpntting of acid draipage in sand dumps.

The food preservative orgamic .acid iohibitors, benzoic and sorbic acid, are
inherently less effective inhibitors of T. ferrooxidans in respect of minimum
inhibitory concentrations than the surface-active chemicals, SLS, LAS and
Ceepryn. The minimom inhibitory concentrations of sodium benzoate and sorbic
acid in cultures without mipe dumnp sand were 15 to 30 and 15 o 20 mg/l,
respectively; these concentrations increased to 25 to 35 and 20 to 30 mg/l when
500 g/l mine dump sand was inciuded in the cultures. The limited reduction of
their effectiveness in the presence of the sznd indicatss that thay have the
advantage of little adsorption to the sand. It appeers that doses of benzoic or
sorbic acid to inhibit T. ferreoxidans in sand dumps would need 1o be about four
times that of SLS, making even the cheaper benzoic acid probably not an
economical aiternative inhibitor to SLS.

Sodium lignosulphonate and polyacrylic acid kad such limited activity against T
ferrooxidans that they cannct be regarded as possible inhibitors of acid draiaage
faormation in sand dumps.

Investigations of the distribution of chemclithotrophic iron-oxidizing bacteria in
sand dumps showed large populetions only in wet regions where acid drainage



water was seaping through the sand at the base of the dump and emerging at the
surface or in the interior grey-coloured sand exposed on éxcavated faces where
the pyrite had not yet been oxidized to sulphate and yellow or orange oxidized
forms of iren, The outer orange-coloured laysr of sand dumps away from
seepage zonss contained almost no iron-oxidizing bacteria nor sulphure, both
observations indicating that the pyrite substrate on which the bacreria grow had
been lost from this part of the demps during more than half a century of
oxidation. AsS this process has proceeded w0 depths of ca. 10 m in zand dumps,
the iron-oxidizing bacteriz must be catalysing pyrite oxidation at or beyond this
depth. Bacterial inhibitors o control acid production in the dumps must
therefore be delivered in inhibitory concentrations to at least this depth. The
absence of iron-oxidizing bacteriz from mast winter samplss from the exposed
face aof the excavated dump, in contrast to their sbundance in similar (but
moister) grey-coloured sampies in summer, suggests that pyrite oxidation is
seasonal. [t is possibly negligible in winter as drying of the dump sand results in
rapid death of the iron-oxidizing bacteria.

Tha dslivery of an inhibitor such 2s SLS to the sitas of pyrite oxidation at least
1) m deap in sand dumps and the effectiveness of the inhibitor in the presence
of the sand will be influenced by adsorption of the inhibitor to the samd.
Although mine dump sand (50 or 100 g} adsorbed most of the SLS supplied in
100 ml water at concentrations 'of 1.0 to 5,0 mg/g sand, less than half the SLS
supplied at below ca, 0,1 to 0.6 mafg sand was adsorbed. Imhibitory SLS
concentrations in laboratory cultures were below the lattar coneentrations, thus in
the presence of sand at 500 g/l were only about double the inhibitory
concentrations in the cultures without sand. Inhibitor delivery strategy will have
to take into account adsorption and movement of the inhibitor in the sand dump,
Conticuout desing of the dump from a slow-relsass formulatior (Immelman,
1987; this rsport, part 3) is one possible strategy and dosing in repeated pulses
another.  Continuous dosing with SLS would require an estimated total
application of more than 115 kg/ha mine dump surface and possibly more than
460 kg/ha. The cost of the SLS as priced in 1990 (transpart and application
excluded) would be at least Rill3/ha and possibly grester than R4453/ha,
Whether such applicutions are justified in view of the probable complete
repracessing of the sand dumps during the mext 20 years, is questionable,
However, more research is peeded on the adsorption and movement of potential
inhibitors in sand dumps for a reliable comparative assessment of the i1wo
strategies for any specific inhibitor.
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1. GENERAL INTRODUCTION

Disposal of the large volumes of ore waste generated by mining processes is achieved in
most cases by forming dumps near the mine workings. These dumps are exposed to
natural weathering agents and ores high in pyrite suppart microbial populations capable
of producing acid w=ater with high iron and sulphate contents, hence severe
environmental pollution {Walsh, 1978). Acid water production is widespread in coal
fields, for example, in the United States {Dugan, 1975 Good et al,, 1970; Kleinmann et
al.,, 198(; Kleinmann and Erickson, 1983; Walsh, 1978), but has also been shown and
even utilized for bioleaching in dumps associated with the mining of gold (Clausen,
1973; James and Mrost, 1965; Jones et al., 1588; Marsden, 1986; Matic and Mrost, 1964;
Mrost and Lloyd, 1%70; Moshnyakova and Karavaike, 1979, Thompson, i9%80; Van
Staden, 1970}, copper (Brierley, 1982), vranjum (Harries and Ritcﬁiﬂ, 1981, 1983 ab)
and zine {Goodman =t at,, 1983).

Microorganisms primarily responrsible for acid water pollation from mines ame
chemolithothrophic bacteria of the genus Thiabacillus (Harrison, 1984; Lundgren and
Silver, 1980; Lundgren e¢ al., 1972; Walsh 1978). OF these, the acidophilic species
Thiohacitius ferrooxidens is found in a variety of dumps throughout the world and
appears o be the most common bacterium actively causing the poliution. Thiohkaciilus
ferrooxidans converts the ferrous iron {F&z"') of pyrite (FeS,) to its ferric form {Fe}")
in an energy-yielding system, either during direct oxidation of the pyrite or foHowing
Fe.z"' pridduction in a more significant indirect axidation cycle where ferric ifons oxidize
the pyrite {(Kleinmann et al., 1981; Walsh, 1978).

The initial reaction of the direct oxidation of pyrite, either by bacterial actipn or
abiotically, can be formulated {Lundgren and Silver, 1980; Walsh, 1978} as:
2FeSy + 2Hy0 + 70y --—-----> 2FeSDy, + 2H30, (1)

Subsequent bictic and abiotic reactions (depending on the ganditions), which lead to the
fina! abiotic oxidation of pyrite by ferric ions {indirect oxidarion mechaniem}, can ha
represented (Lundgren et al,, 1972; Kleinmann at al., 1981) as followa:

4?&504 + DZ + 1H2$04 ------ =2 F32{S'D413 + sz'D {2}
Fes(SOy)g + 6Hy0 -----» 2Fe(OH)3 + 3H,50, (3)
4Fet 4 Oy + 4HY - - > 4Fe?* + 2H,0 (4)

FeSy + |4Fe>* + 8HH0 ------ » [5Fe?* + 280,2" + 16H* (5)



Reaction 1 shows ths initiation of pyrits oxidation, either abioticzlly (autooxidation) or
biotically by T. ferrooxidgns, at high pH {pH >4.5) in the presence of moisture and
oxygen. However, above ca. pH §, biotic pyrite oxidation is slower than its abiotic
oxidation (Kleinmann at al,, 1981). Although T, ferrooxidans is acidophilic, Kleiomann
and Crerar {1979} demonsirated that it was capable of colonjzing crushed coal or
overburden in a near peutral pH environment and acidifying it to pH 4 by initial direct
oxidation of the pyrite. The formation of sulphuric acid in the iajiial pxidation reaction
and comcomitant decresse in the pH make conditions more favourable for the biotic
oxidation of the pyrite by T. ferrooxidans. The biode oxidation of pyrite is four times
Faster than the abiotic reaction at pH 3.0 {(Pugh et al., 1984).

The next cxidation step (reaction 2), in which the ferrous sulphate is oxidized to ferric
sulphate, proceeds abiotically at high pH {pH »4.5), However, as the pH decreases to
pH «4.5, the abiotic reacticn slows down (Lundgren et al.,, 1972; Kleinmann et al., 1981}
and later the reaction becomes biotic as the pH decreases further towards pH 2,5, where
it is completely biatie, -

In reaction 3, the ferric suiphate is hydroiysed abiatically to fertic hydroxide and acid.
This reaction occurs abeve pH 2.5, with the ferric hydroxide being visitle as yellow boy
in acid mine drainage. As the pH drops to pH <2.5, the ferric hydroxide dissolves
releasing ferric irpn into solution.

Reaction 4, which takes place at pH «<2.5, is the biotic oxidation of ferrous iron, refeased
mainly by the chemical oxidation of pyrite by ferrie irom in res¢tion 5§ (Kleinmano et
al., 1981). Moike et al. {1983) poted that the maximun rate of production of ferric iron
at 30"C occurred at pH <2.0. This oxidation of the ferrous iron provides electrons [or
the electron transport chain of I". ferrooxidans, and thereby energy and redecing power
for the organism (Walsh, 1978). As g catalyst of reaction 4, T. ferrooxidans increases
the reaction rate over that of the abiotic reaction 4 by a factor larger than 108 {Singer
and Stumm, 1970). The ferric iron produced by reaction 4 then oxidizes the pyrite by
reaction 5.

Reaction 5 is abjotic and procesds at pH «<2.5 with its optimum between pH ! and 2
{Atkinz, 1978). The ferric iron oxidizes the pyrite producing sulphate and ferrous iron,
which is oxidized to ferric iron by T. ferrooxidans in reaction 4 (Lundgren et al., 1972;
Kleinmann et al, 1981% A vicious cycle of abiotic pyrite oxidation and bacterial
oxidaticn of fertous jron thus erises {Singer and Stusmem, 1970). The rate of the cyclic
reactions is determined by the rate of reaction 4 (Nebgen et al, 1981). Oxygen was



shown to be rate-fimiting for the oxidation of pyrite (Davidsan et al., 1981; Pugh et al,,
1984), although, surprisingly, Goodman et al, {1983) reported that T, ferrooxidans could
oxidize pyrite under anaerobic conditions. Moshnyakova and Karavaiko {1979} reported
that pyrite oxidation decreased as the temperature decreased and alse that low pH

promoted iron oxidation and the ferric iron attack on pyrite.

There are different approaches to dealing with the problem of acid mine drﬁnane.
Attempts have been made io reduce the volume of acid drainage watzr by reducing the
infiltration of water to mine workings (Kim et al., 1982; Walsh, 1978), Also, water is
treated before discharge into rivers by liming (Bosmao, 1983; Kim et al., 1982
Thompson, 1980, ¥an Swden, 1379) and can possibly be treated by passage through
wetlands coupled with limestone treatment (Klsimmann, 1983%), or by the addition of
waste organic matter, such as sawdust, to the water in dams to pm:ﬁute the development
of heterotrophic anaerobic sulphate-reducing bacterip {Adas and Bartha, 1981). Tuitle &t
al. {1969) described such a system in which the biclogically produced hydrogen sulphids
reduced the ferric iron and precipitated it as FeS, at the same time’ causing the pl-i af
the water to rise. Alternative approsches involve suppression of Fa2* oxidation by T.
ferrooxidans at the sites in mines or dumps where it is producing the acid water.
Abandoned sub-surface mines can be sealed to restrict the availability of Q, for pyrite
oxidation (Kim et al., 1982); however, Walsh {1978) has discussed serious pmhiams with
this approach. Ir strip mines the acid mine drainage can be effectively controlled by
spraading topsoil over the mine dumps and the establishment of a vegetation cover (Atlas
ang Bartha, 1981} The activity of T. ferrooxidans can also be suppressed by various
organic compounds (Erickson et al, 1985: Kleinmann, 1980¢ Kleinmann et al.,, 1981:
Kleinmann and Erickson, 1983; Onysko et al.,, 1984a,b; Torma and Itzkovitch, 1976;
Torma et al,, 1976; Tuovinen, 1978; Tutile and Dugan, 1976} and Kleinmann and co-
workers (Erickson et al,, 1983 Kleinmann, 1980; Kleinmann et al,, 1981, Kleinmann
and Erickson, 1982, 1983) have had considerable success with the inhibition of T.
ferrooxidans in coal discard dumps under field coaditions by the application of scolutions
of sodium lauryl sulphate (SLS) or SLS incorporated in rubber.

In South Africa, gold mine slimes and sand dumps on the Witwatersrand have been
astimated to cover 80 km? (Thompson, 1980). Other mining areas, including thoss of
the Orange Free State, will greatly increase this figure for the country as a whola,
Important questions that arise are

(i) What is the extent of acid drainage from gold mine sand dumps and slimes dams?
{ii} What 5 the impact of acid drainage from these deposits on the environment?
{(iiiY What can be done to control or minimise acid drainage from gold mines deposita?



Question (i) has been addressed for the Witwatersrand arsa in the survey of Jones et al.
(1988) entitled "Research on the contribution of mine dumps 1o the mineral pollution
joad in the Yaal Barraga". From intensive siudies on two slimes dams and a sand dump,
they coneluded that slimes dams with their low permeability contributed little to the salt
laad of water in the studied catchment srea of the Vaal Barrage. The more porous,
berter aerated and drained sand demps contributed most af the pollutant sals originating
from mine deposits, mainly in sespage rather then runeff watar, The intengively studiad
3A17 dump conrributed ca. 2300 r of salts (ca. 1600 t as sulphate} in 1985 by
‘exirapolation, the sand dumps of the Vaal Barrage catchment area were estimated to
have discharged about 30 Q00 t salts, mainly in seepage water, in that year. Estimates
made for two other sand dumps in 1981 {T.D. Brown, Rand Mines Milling and Mining
Company Limited, Johannesburg, personal communication} indicate Jeaching of sulphuric
acid from the dumps at rates of 7065 and 1780 t/year for 25 and 40 years, respectively.
Pyrite in Witwatersrand gold mine sand dumps has been oxidized, with much of the
sulphur lost as sulphate, tp depths of about 5 to )0 m (Marsden, 1986). The total annual
discharge of scid drzinage from dumps should be daglining as a result of the slowing of
pyrite oxidation as it progeeds deepar into the dumps where oxygen is increasingly
limiting, a3 well as factors such a5 the construction of roe-dams, vegetation of dumps
and slimes dams and the removal of sand dumps during reprocessing {Jones et al. IQEI;;
Marsden, 1986).

Question (ii), concerned with the impact of agid drainage from gold mine deposits on
the environment, is unresolved. The watker in the Vaal Barrage has shown continually
and rapidiy increasing salts concentrations since about 1965 (Stewart, Sviridov aod
Oliver, 198]1). Salt loads moanitored a: difckarge points in the Vaa! Barrage catchment
(point source discharge and discharge to the Barrage) and estimates of salt loads
discharged by diffuse or non-point sources from 1977 to 1987 (Department of Water
Affairs; Directorate of Planning, 19868, 1990) are shown in Table . [t is clear that there
i5 & huge problem with salts pollution of the water in the catchment, with gold mite
deposits making a contribution to the salts from diffuse sources, but the proporticn of
the mine deposit salts (50 ODO t in 1985) which reach the Vaal Barrage is uoknown
{Jones et al., 1GBR).

Question (iii} initiated the present investigation, Strategies so far to reduce the discharge
of acid drainage from sand dumps and slimes dams have been vegetation of their
surfaces and the construction of toe-dams where possible. These measures, particularly
toe-dam construction, have by no means been universaily applied, according to the
inventary of the Chamber of Mines for 1987 in the Jonas at gl. (1988) report. Liming
technology has been developed (Bosman, 1983; Thompson 1980) and widely applied
{Van Staden 1979) far the trearment of acid water in the South African gold-mining



TABLE 1. Discharge of salts from point and diffuse (non-point} sources into
surface water in the catchment of ths Vaal Barmpe and from the
catchment into the Yaal Barrage?

Hydralogical Salts . Estimated Toal Salts dis-
year discharge salts dis- salts dis- charge from
from point cherge from charge from catchment
SOUTCES diffuse paint and into ths
soarces? diffuse Vaal
sources Barrage
tx 10% t x 107 tx 109 tx 107
1977 /78 300 g8 698 627
1978/79 2482 124 386 250
1979/80 - 320 218 538 436
1980781 122 191 513 473
1981/82 293 144 437 256
1982783 272 04 356 198
1683/84 249 134 384 22%
1984/85 202 157 359 217
1985/86 198 171 k1. 237
1986/87 232 258 489 363

AData compiled by Stewart, Sviridov and Oliver, Consulting Engineers, for reports of
the Department of Water Affairs: Directorate of Planning (1986, 1990). All values
ar& rounded to the nearsst thousand t.

bCalcu]at:d from salts discharge into the Vaal Barrage plus estimated salts diversion
alsewhere {e.g. removal in irrigation water, movement into aguifers, etc.) minus
salts discharge from paing sources.



industry, but not in the case of the seepage from sand dumps contributing to the salts
from diffuse sources in the Vaal Barrage cat¢thment. The research in Part 1 of the
present report is an evaluation of the possibility of uwsing antimicrobial chemicais (active
against Ferrous iron-oxidizing bacteria) to inhibit the production of acid drainage ay
source in gold mine sand dumps. It formed part of Phase T of the joint project
“Inhibition of the bacrerial exidation of pyrite and concomitant acid mine drainage”
involving the Department of Microbiology and Institute of Polymer Scitnce of the
University of Stellenbosch, the Chamber of Mines of South Africa and the Warer
Research Commission,

[nitial studies, described in section 2 of this report, involved the establishment of
sujtable jaboratory procedures for culturing the iron-oxidizing bacterizl species T,
ferrooxidans and monitoring its development in culture quantitatively. The iron-
oxidizing bacteria in seepage from sand dumps were then investigated in respect of their
numbers in soit and water samples and their growth characteristics in enrichment
cultures (section 3), Growth of T, ferrooxidans in liquid culiures containing mine dump
sand was then investigated (section 4), as were the inhibitory effects of various organic
compaunds on T. ferrooxidans and enrichment cultures of mine seepage iron-oxidizing
bacteria in liguid medium, in the zbsencs and presence of mine dump sand {sections 5 to
£). The compounds tested were antimicrobial anionic and cationic surface-active agents,
antimicrobial organic acids used as fpod presarvatives, sodium lignosulphonate and
poivaerylic acid, Having established the inhibitory potential of several of the
compounds, we tormed our attention to the tarpet bacteria in the sand dumps, with
several studies o determine where they wera located (section 9), where oxidation of the
pyrite in the sand dumps occurred (sectipn 10) and how moistare conditions and the
gvailability of pyrite substrate in the dumps could be expected to affect them {section
11). Finally the adsorption of SL5, considered one of the most promising inhibiters, by
mine dump sand wes studied to zssess the potential for its delivery to tha sites of the
target bacteria at a concentration able to inhibit them (section 12).



2. MEDIUM AND INCUBATION CONDITIONS FOR T, FERROQXIDANS
CULTURES

2.1 Introduction
2.1.1. Medium compesition

Liquld inorganic media cuntaining ferrous iron as energy source have usually baen used
for the chemolithotrophic bacterium T. ferreoxidans. The 9K liguid medium of
Sitverman and Lundgrea {195%a) has been used extensively. These workers reported
doubling times in aerated cultures of 5,3 to 9,6 h. Ferrous iron at 2 concentration of 9
g/l appeared to be optimum for the most rapid productico of high yields of cells.
Above this level, progressive increases in the initial Fe?* concentration in 9K medium
failed to increase final cell yields and progressively decreased growth rates, However,
2+ 2t 9 g/I, the utilization of Fet* as a primary energy source was not very
efficient, accordiag to the calculations of Lundgren et al. (1972). Lundgren et al. {19?2_]
and Margalith et at, ({1966) reported that the iron-oxidizing spacies T. ferrooxidans was
capable of growth in the basal salts of the 9K medium containing 5 g/l sulphur,
substituted for iron as the energy sourcs, Cell yields {dry weight) were about (30 to 180

even with Fe

mg/l for sulphur-grown celis, compared to 60 to 70 mg/l for irom-grown cells,
MeGoran et al, (1969) used the basgal salts of the 9K medium and Fferrous irom, 2
chzlcopyrite concentrate or suiphur as an anergy scurce. By using total bacteriat
nitrogen as the measure af growth, they showed that 7. ferrooxidans had a minimum
doubling time of 6,5 to I¢ h on ferrous iron as substrate, 14 to 17 h on chalcopyrite and
7 to & days oo sulphur.

An smmonium concentration of 3,6 to 1§ mg/l was reported to be optimal for the
cxidation of iron by T, ferrpoxidans {Tuovinen et al., 1979), Amino acid pitrogen c¢ould
replace the (NH43»804 in the inorganic medium normally required for growth
(Lundgren at al, 1964); alanine, glutamic acid and [ysine were comparable to
(NH2)2804, whereas arginine and histidine could not campletely replace the ammonium,
Neither preline, methicnine, nor tryptophan was able to support growth.

The ability of T. ferrooxidans to grow in the absence of added nitrogen was reported by
Eccleston and Kelly (1978). Such growth could have been due to zither the ability of
the organism to fix amospheric nitrogen, as devnopstrated by Mackintesh {1978), or by
its ability to scavenge trace amounts of atmospheric ammonia that were absorbed into
the agid medium (Hill and Postgate, 1969).



The ingredients in the 9K medium of Silverman and Lundgren {1959a) were (/1) 44,22 g
FeS04.7H,O, 3,00 g (NH,),80,, 0,50 g K,HPQ,, 0,50 3 MgS0,4.7H,0, 0,10 g KCI
and 0,01 g Ca(NQq)s, The medium of Harrison et al. {1980) contained the same salts,
but at different concentrations, namely (/1) 44 g FeSQ,.TH,0, 2,00 g {NH,)},804, 0,50
g K,HFQ,, 0,50 g MgS80,.7H40, 0,10 g KCI and 0,01 g Ca(NO;),. The medivm of
Tuovinen and Kelly {i1973) contained fewer salis (33,3 g Fe504.THED, 0,40 g
(NH4),50,, 040 g K,HPO, and 0,40 g MgS0,.7H,0/1). The sals in the standard
medinm §4 uwsed by the American Type Culture Collection (1582} for T. ferrooxidans,
were the same as those of the medium of Tuovinem and Kelly {1973), but the
concentrations were (/1) 20 g FESG4.?H20, 0,80 g (NH4}»50,, 0,40 g K,HPQ, and
0,16 g MgS0,.7TH;0. On the basis of preliminary trials mot included in this report, we
chose the medium of Harrison et al. (1980) for our studies. {The T. ferrooxidans ATCC
19859 and WLR test straing grew much beiter in this medivm in the trials than in the
medivm of Tuovinen and Kelly).

2.1.2. Asralion

The iron-oxidizing thiobacilli have uwsuvally appeared steictly aerobic and limitations in
oxygen concentration affect the ratea of ferrous irgn coxidation and metal extraction in
leaching processes (Guay et al,, 1975), Beck {1960) showed that during the oxidation of
iron by resting-cell suspensions of T. ferrooxidans, the rate of oxygen consumption was
high. Thus, during active metabalism, the O, in sotution could be depleted faster than
it cauld be replacad, resulting in a slowing of culuturs activity and growth. This danger
is particularly great with stationary flask cultures where the only mechanism for oxygen
transfer is diffusion. Silverman and Lundgren (1959a) found that sufficient Oy and COy
were dissolved in the medium of statiooary cultures to support growth of at Jeast 3 x 107
cells/ml. When thiz population was attained, the growth rate fell rapidly, but it was
stimulated again when proper aeration was supplied.

Shaking is widely used 1o azerate bacterial cultures (Freedmman, 1970). Starkey et al
{1958} observed poorer oxidation of sulphur by T. thivexidans on 2 reciprocal shaker
than on a rotary shaker, Possibly the spaplike motion of the reciprocal shaker limited
the contact time of the bacteria on thé sulphur particles. A basic difference between,
reciprocal and rotary shaking is the consistent swirl pattern set up in rotary shaking'
{(Freedman, 1970), Compared with the reciproc¢al shaker, the swirl pattera set up in the
rotary shaker iz not neasly as afTected by media, viscosity, machins start-up or flask
volume. In reciprocating shaking the geyser effect may wet the flask’s stopper and
contaminate the culturs, These are the reasons why the rotary shaker is used more



frequently in culturing bacteria (Starkey et al., 1956). Starkey et al (1956} used 100 ml
of medium in a 250-mi Erlenmeyer flask shaken at 200 rpm oa a rotary shaker for
cufturing T. thiooxidans, Schnaitman et al. (1969) emphasized the importance of €O,
availability to T. ferrooxidans, as CO, is the source of all cellular carbon for this
bacterium growing on mineral sulphides. Schnaitman and Lundgren (1965) found that
CO5 levels higher than ambient increased the growth of 7. ferrooxidans,

Although most studies of growth and activity of 7. ferrgexidans have been carried out
in highly aerated systems, there have been several reports on the behaviour of T.
ferrcoxidans under conditions of low O, conceatrations or even anmerobic conditions,
Pugh and Umbrait {1966) showed that T. ferrooxidans could continue to fix (O, using
ferrous iron as the emergy source, in the absence of O,. Brock and Gustafsor (1976)
found that under anaerobic conditions T. ferrcoxidans was able to reduce ferric to
ferrous irom in the preseace of inorganic sulphur. Mackintosh (§978) showed that T.
ferrooxidans formed colenies containing ferric ircn and fixed N, efficiently in an
atmosphere of 1:94:5 parts 04:N5CO4, and that the N,-fixing system was sensitive to
O,. Goodman et al. {1983) showed the release of iron and zinc from iron-zinc sulphide
cres under anaercbic or almost anaerobic conditions, particularly when COy was passed
into the cultures at suitable flow rates.

In cur own studies there was no reason to consider anaerobic rather tham aerobic
conditions. We therefore compared three aercbic systems for the growth of two strains
of T. ferrooxidans, namely, stationary cultures in Erlenmeyer flasks, shaken (rotated)
cultures in Erlanmeyaer flasks and cultures in test tubes aerated by 2 stream of pumped
air, Our objective was the selection of a system for the aeration of Inrge numbers of
cultures under constant conditions.

2.1.3 Teamperature

Lundgren and Silver {1980} have reviewed the eifects of temperature on the metabolic
activity of the irﬂn-uxidizfng bacteria. Active bacterial iron oxidation in soils and minea
was notad at about 10°C and, although the lower temperature limit for this activity was
not estabiisked, it was generally accepted to be the freezing point of water. Optimal
leaching of metal sulphide ores and the oxidation of Fel* by iron-oxidizing bacteria was
found to occur berween 25°C and 45°C. The upper temperature limit for such biological
oxidation was 55'C and only chemical oxidation occurred above this temperature.
Increases in temperature resulted io the wswal augmentation in reaction rate associated,
within limits, with microhial as well as c¢hemical reactions, Thus, between 23°C and
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32°C, the temperature coefficient (Q,q) for the biological oxidation of ZnS, FeS(y,
Cu,S and CuS was approximately 2.

In their investigation of the growth of 7. ferrooxidans and the oxidation of Fe?* in
relation to culture pH, Moshnyakova and Karavaike (1979) studied these activities at
12°C and 28°C. At 2B°C both the growth of T, ferrcoxidans and the oxidation of Fel*
occurred rather rapidly, and the growth curves showed an exponpential form. The
doubling times of the three test strains wers 5, 7 and @ h, respectively, The maximum
rates of oxidation of Fe2* by the thres strains were 4,0 10 4,1, 4,3 ta 6,1 aad 3,1 to 3,7
g/l/day, respectively. At 12°C, the doubling times of the theee strains in the second
rapid phase of growth were 22, 32 and 36 h, raspectively, while the maximum rates of
2+ were carrespondiogly 1,1, 1,3 and 1,2 g/1/day. Thus, the rates of
growth of T. ferrcoxidans and the oxidation of Fel* decreased 4 to 5-fold and 3 to 5-
foid, respectively, when the temperature was lowered from 28°C w0 12°C. Temperaturs
coefficients (Q) o) just larger than 2 are indicated.

oxidation of Fe

Silverman and Lundgren {195%h) found that the optimal temperature for growih of T.
ferropxidans did not agree with that (or iron oxidation. The bacteria grew well at 28°C
but sot at all at 37°C. The most ropid oxidation of Fe2* took place at 37°C, with the
rate gver 80% of the maximum within the range 23°C to 40°C, Heat-labile constitoents
of the cell not involved in Fe?* oxidation must have been responsible for the lack of
growth at 37°C. ’

QOur own tests of growth at different temperatures were conducted at 26°C and 31°C.
The former was the temperature of oor main incubator and the ktter a higher
temperature below 37°C, which szemed from the literature o be high for growth of T.
Sferrooxidans,

214 pH

Thiobacillus ferrpoxidans is active in the pH range 1,5 to 5,0 according to Silverman
{(1967) or pH 1,4 to 6,0, with an optimum between pH 2,5 and 5,8, according to Bergey's
Manuat {Buchanan and Gibbons, 1974). Silverman end Lundgrea (1959b) studisd the
effect of the initial pH of the medium on Fe2* oxidation and showsd that optimal’
activity occurred over the range pH 30 to 3,6 with rates greater than 80% of the
maximum oxidation rate within the range pH 2,5 to 4,2. However, according to Razzell
and Trussell {1963), the optimum pH for the oxidation of ferrous iron, chalcopyrite and
pyrite was between pH 1,0 and 2,5. At the lower pH valuss within the range for growth
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af T. ferrooxidans, the formation of the basic ferric suiphate, jarosite, decreases
{Tuovinen and Kelly, 1573},

Petrova et al. (1979), wsing computer modelling techniques, studied the relationship
between culture pH and the rates of oxidation of Fi.‘.2+ by T. ferrooxidons at twa
remperaiueres. The range of pH values associated with optimum rates of Fe2* oxidation
by their two T. ferrooxidans strains was wider at 22°C {from pH 2,5 to 2,2} than at 12°C
(from pH 2.3 o 2,4). Both growth of the bacteria and the enzymatic processes of Fel*
oxidation appeared from the expsriment at 12°C 1o be highly gensitive to changes in the
mediom pH. When the pH was maintained at pH 2,3 to 2,4 by the addition of sulphuric
acid, the bacterial oxidation of Fet* in the gxponential phase of growth at 12°C
achieved the relatively high rate of 2,7 g/l/day, only 23% lower than at 23°C
{Moshnyakova and Karavaiko, 1579). |

The pH of the wvarious inorganic media used for culturing F=2+-uxidi:ing T
ferropxidans ist 9K medium of Silverman and Lundgren {195%a), pH 3.0 to 3,5, medium
of Harrison et 2l. (1980), pH 3,4; medium of Tuovinen and Kelly (1973), pH 1,3; and
meditm 64 {(American Type Culture Collection, 1982), pH 2,8, We tasted growth ui: two
T. ferrooxidans strains in the medium of Harrison et &), {1980) from 'pH 1,50 to 3,00,
after culturing them injtially in this medium at pH 1,50.

2.2. Materials and Methods

2.2.1. Bacterial strains

Two pure cultures of T, ferrooxidans were obtained from Prof. D.E. Rawlings of the
Depastment of Microbiology, University of Cape Town, The strainc were the American
Type Culture Collection strain, ATCC 19859, and a South Africam isolate, WLE, from a
. water leach residue from the Fairview Mine, Paterson, easters Trml. The WLER
strain was a pure ¢ulture according 1o the DNA homology test of Harrison et ak {1980}
for heterotrophic contaminanss (D.E. Rawlings, personal communicetion).

2.2.2, Medium

The medium used in all T, ferrooxidans growth studies was that of Harrison et al.
(1920), designated HIJ medium (see section 2.1.FE. for the composition ¢f the medivm).
The FeS5Qy4 in 500 ml water was filter-sterilized using a 0,20 wm Sartoring SM L1107
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filter (Sartorivs-Membranfilter GmbH, Gbttingen, West=-Germany), then addad ito the
balaace of the salts in 500 ml water after the latter had been antoclaved at 121°C for 15
min. Before sterilization the pH of each solution was sdjustad to pH 1,50 with 15%
{v/v} HPO,-15% (v/v) H230, solution,

All growth studies were carried out wusing 100 ml volumes of medivm in 250-ml
Erlenmeyar flasks plugged with cotton wool,

2.2.3. Maintenance of cultures

All 2ultures were subcultured weekly in HIJ medium and ware incubated oo & rotary
shaker at 120 rpm and 26°C.

224, _chhrumate titration of [errous iron

The growth of T. ferrooxidans populabions in cultures was determined indirectly by
monitoring the disappearance of ferrous iron compared with that in uninoculated coatrol
medium incubated under the same conditions. Dichromate titratioas for ferrous iron
were petformed according to Vogel (1961), with modifications from Prof. D.E. Rawlings
(Department of Microbiology, University of Cape Town). Ten ml 15% (v/v) H3PG4-
15% (v/v) H,80, solution and & drops of redox indicator were pipetted into a 100-mi
Erlenmeyer flask. The indicator was-the superoatant of 0,32 g diphenylamine sulphonate
barium salt (Sigma Chemical Company, St. Lownis, L;![ﬂ.. UJ.5.A.) in 100 ml water acidified
with 1 ml concentraied H,85O,. Five mi of sample from a culture were added and
titrated with 0,01492 M K,Cr,05 (4,389 g K,Cry04/1 water). The titration endpoint
was indicated by a change in the colour from green to purple. Ferrous iron metabolized
by a culture was calculated as a percentage of that remaining in the uninoculated control
from the formula:

Metabolized ferrous iron (%) = 100 - ml dichromats titrated against culture sampls x 100
ml] dichromate titrated against control sample

Log parcentage values were used for piotting growth curves.
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2.2.5. Growth of T. ferrooxidons in HIJ medivzm

All cultures in the experiments were started from 10% {v/v) inscula. Initially the T.
ferrooxidans ATCC 19859 inoculum waz a culture that had been grown in 9K medium
{Silverman and Lundgren, [959a) for 9 days. The initial WLE inoculum had been
cultured in the medium ¢f Tuovinen and Kelly ([973), then stored for approximately 10
weaks at 4°C. The cuoltures in HI] medium wers incubated at 31*C with rotary shaking
at 100 rpm. Growth of the cultures was monitoced by daily titrations of ferrpus iron,
Flasks with sterile HI] medium were incubated as contrals. The experimeats comprised
studies of the growth of the thigbacilli in the initial cubtures in HJJ medium and one ar
twa successive subcultures with three ar four replicate flasks per treatment in each
experiment. The inocula were fully grown cultures from the preceding experimeat,

2.2.6, Effect of acration procedures and two temperatures on T. ferrooxidans growth

Cultures of T, ferroaxidans strains ATCC 19859 and WLR in (00 mt H} medium in
250-ml Erlenmeyer flasks were incubated as stationary cultures at 24°C and 31°C, or
with rotary shaking at 120 rpm at 26°C or 15¢ rpm at 31°C, or air was bubbled from
10-ml pipettes through 100 ml cultures in 33 x 200 mm glass test tubes at 26°C using an
aquarium airpump. Inocula (10%, v/v) wese fully grown cultures ia HIJ medium. The
experiment was performed twice, with duplicaticn of the different treatmenis on zach
occasiod.

2.2.7. Eflect of pH on T. ferrooxidans growth

The grawth of T, ferrooxidans strains ATCC 19859 and WLE. in HIJ medivm brought to
pH 1,50, 1,75, 2,00, 2,25, 2,50, 2,75, and 3,00 by the addition of 15% {v/¥) H3PD4-15%
{¥v/¥) H2504 solution was studied. Inaucia were 10% (v/v) of fully grown cultures in
HI] medium. The cultures were incubated at 31°C with rotary shaking at 150 rpm. The
experiment was performed twice with duplication of the different treatments on each
pecasion,
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2.3. Rasults
2.3.1. Growth of T. ferreoxidans in HIJ medium

Growth of T, ferrooxidans straing ATCC 19859 and WLR in HJJ medium was
satisfactory, after an initial lag in the case of strain WLR (Fig. 1, 2). Heavy organge-
brown sediment of crystals presumed to be jarosite {KFe,y {OH)g (SO4),} formed on the
bottoms and sides of the flasks cantpining active cultures, The times for complete Fes*
oxidation by the initial cultures of ATCC 19859 and WLR were 142 and 335 h,
respectively. Lag phases were almost eliminated in the first subcultures and completely
eliminated in the second, reducing thess times to 42 and 120 h, respectively, in the case
of the second subcultures. The doubling times in the exponential phase of the initial
cultures and two subeultures ranged from § to 11 h for strain ATCC 19859 and 12 to 30
h for strain WLR, On the basis of these sesults, HIJ medium was used for maintenance

of the T, ferrooxidans cultures and ps the growth madium in further experiments.
2.13.2. Effect of acratiom procedures and two temperatures on T. ferrooxidans growth

Growth of T. ferrooxidans strains ATCC 19859 and WLR with different aeration
methods, at 26°C and 31°C, is shown in Fig. 3 and 4. Overall best growth occuarred in
cultures grown at 25°C and shaken at 120 rpm and slightly slower growth (longer Iag of
WLR) in cultures grown at 31°C and shaken at 150 rpm. Cultores aerated with the
aguarium airpump at 26°C also grew rapidly, Stationary cultures took approximately
four times longer than shaken cultures to oxidize FeZ* completely. With these cultures
too, 26°C was a slightly more favourable temperature than 31°C for the growth of T,
ferrcoxidans.

2.3.3. Effect of pH on T. ferrcoxidans growth

The effects of pH on the growth of T. ferrooxidans straina ATCC 19859 and WLR in

HJJ medium are shown in Fig. 5 and 6. Both T. ferrooxidans strains grew over the pH

range 1,50-3,00, The mean specific growth rates in the exponential phase of growth of

the cultures and the times for 100% Fe2* oxidatlon are plotted against pH in Fig. 7 and
8. The pH for opiimzl growth was in the range pH 1,75 to 2,50 for both ATCC 19859
and WLR, the former showing no growsh raie differences over this range and the

specific growth rate of the latter a sharp maximum at pH 2,50. On the basis of these

results, the pH of HJJ medium in sll subsaquent expariments was adjusted ta pH 2,00,
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2.4, Discussion

Figures 1 and 2 show good growth of T. ferrooxidans sirains ATCC 19859 and WLR. in
H)J medium, The composition of HIJ medium is close to that of the well-known K

medium of Silverman and Lundgren (1959a) for T. ferrooxidans.

The bacteria grew much better in cultures aerated by shaking or by means of an
aquarium pump than in stationary cultures {Fig. 3, 4). These obsarvations correspond
with the findings of Beck (1940}, who showed that during metabolism of T. ferrcoxidans
in stationary cultures, the O, in solution was depleted faster than it was replaced. He
therefore suggested that cultures should be aerated by shaking at a suitable speed (130
1pri).  Although the cultures perated with the aguarivm pump showed a high rate of
Fel't'*oxidizing activity, this was not a practical method for aerating a large aumber of
cultures under epnstant ¢onditions and it was decided to shake sll cultures on a rotary
shaker at 120 rpm.

Growth of T. ferrooxidans ATCC 19859 and WLR szeemed slightly better at 26"C than at
3i"C under otherwise similar culiure conditions, zlthough it was good at both
temperatures. Also for the practical reason of more available shaker space for cultures
at 26"C, they were grown sibsequently at this temperature. Likewise, Tuttle and Dugan
{1976) incubated their cultures at 25 + 2°C oo a rotary shaker at 180 rpm,

According to Fig. 7 and 8, Fe2® was oxidized to Fe°' at the highest rate between pH
1,75 and 2,50, Quly the WLR strain had a sharp optimuen {(at pH 2,50). It was decided
to use media of pH 2,0 for all subsequent sxperimantal work.
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3. POPULATION SIZES AND GROWTH CHARACTERISTICS OF IRON-OXIDIZING
BACTERIA IN ACID SEEPAGE FROM A GOLD MINE SAND DUMP

3.1 Inirpduction

The acid mine drainage seeping from sand dumps should be & good growth medium Ffor
acidophilic iron-oxidizing microorganisms, such as T. ferrooxidans. Acidity and high
concentrations of sulphate have been demonstrated by Jones et al. (1988) and high
concentrations of dissolved ferrous iron, resulting from reaction (§) i section 1, by
Thompsen {1980). Visual evidence for iron undergoing oxidation in the seepage waier is
the brown colour of the water and soil in the sespage areas.

Iron-pxidizing bacteria have been isolated from acid drainage water or high populations
demonstrated by most probable number (MPN) count in the water after it has left the
dumps whare it was formed {Beck, 1967; Colmer and Hinkle, 1947, Dugan et al., 1§?u;
Manning, 1575 Millar, 1973; Tuovinen and Kelly, 1973 Tuttle et al, 1968, 1569).
These studies hava been conducted mainty oo acid drainage from coal waste dumps,
The iron-oxidizing bacteria are presumed to represent bacieria inveived in production of
the acid drainage in the dumps. No such studies have been reported for South African
gold mine dumps, aithough iron-oxidizing microorganisms have been counted in the
upper layers of a slimes dam (Matic and Mrost, 1964) and isolated from gold dump
material {for example, the T. ferrooxidons WLR strain supplied 10 ua by Prof. D.E.
Rawlings).

The main iron-oxidizing micreorganism isolated from acid drainage water or acidifying
dumps has been the acidophilic chemolithotrophic bacterium, 7. ferrooxidans (Beck,
1969; Dugan, 1975, Dugan and Lundgren 1964; Lundgren and Silver, 1980; Lundgren et
al,, 1972; Walsh, t578), However, other iron-oxidizing bagteria have been found in ores
or acid drpinage waters, for example, Meiallogemium sp. (Walsh, 1978, Walsh and
Mitchell, 1572) and Leptospiritium ferrooxidans (Balashova et al., 1974). To what extent
iron-oxidizing bacteria other than T. ferrcoxidass have a role in the formation of acid
mine drainage is uncertain (Kleinmann and Crerar, 1979),

As a lirst step in our field investigations, we counted populations of iron-oxidizing
bacteria, capable of growth in HIY medium, m acid soil and wsater samples from »
seepage area at the base of a sand dump. These determinations also served as a test of
MPN peecadures for environmental populations of these organisms, We were also
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interested in the growth rates of the sampled populsticns of iron-oxidizing crganisms in
HIJ medium, and studisd this aspect using enrichment cultures developed from iron-
oxidizing MPN cuitures, These cultures were also used latar in tests of the effect of
inhibitors on iron-cxidizing bacteria (sections 5 and §), In sddition, we Invastigated the
development of iron-oxidizing cultures in HIJ medium containing, as inoculum, ¢oarse

and fine fractions of acid seepage soils ar the fine {raction oaly.
3.2. Materinls and Methods
3.2.1. Soll and water samples

Four soil (G ta 4) and three acid drainage water {H1 tp 3) samples ware obtained on 22
June 1983 from a seepage area at the base of sagd dump no. 3A19 on the Noursa Mina,
on the eastern side of Johannesburg, The samples wera taken at tha southwestern corner
of the mine dump, inside the toe-dam. The soil zamples appeared to ba the soil on
which the dump had been deposited, although sand and other material washed from the
dump could have been present. These samples were saturated with or moistened by the
acid drainage water. All samples were collected in sterils, dark-brown, scraw-cap
bottles and stored at room mlum until used for MPN counts of iron-oxidizing
bacteria {after 40 and 73 days) and growth studies (after 132 days).

The pH of zach soil and water sample was determined using a Beckman pHITM43 pH
meter with combination elecirode 39320. 5Sail (10 g) was suspended in duplicate in 25
ml distilled water for the pH deierminations.

Moisture content of the soil samples was determined by drying 50 g soil in duplicata for
5 days at 100"C and cooling it in a desiccator before weighing. '

3.2.2, Most probable number estimates of lron-oxidlzing bacteria

For the lf.}"] ditutions for MPN counts, '3 g scil or 10 ml water (40 days afiar sampling)
were suspended in 90 ml HJJ medium, lacking FeS0,, Tenfold dilutions to 107 were
prepared in the same medium. From each dilution, 1,0-ml aliquots were inoculated into
three 250-ml flasks, each contsining 99 ml complete HIJ medium, The flasks were
incubated as stationary cultures for 44 days at 26"C. Ferrous oxidation was indicated by
development of s deep orange-brown colour. The positive iron-oxidizing and negative
flasks were recorded, and iron-oxidizing bacterial populations calculated from the
relevant MPN table of De Man {1983).
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According to Cochran (1950), fiva tubes or fTasks per dilution givh graater accuracy than
three. Consequently, 75 days after sampling, additional dilution series of the same szoil
and water samples were preparad as described above, One-ml aliquots of each dilution
were mixed with 9 ml HJJ medium in five 5 x 200-mm test tubes, The test tubes were
incubated at an angle of 20° from the horizental at 26°C. After 57 days the positive
jron-gxidizing and negative tubes ware eocorded, and Iron-oxidizing bezcterial
populations <aiculated Erom the MPN table of De Man (1983).

3.2.3. Growth of irou~oxidizing bacteria in enrichment subcultures from MPN tubes

Enrichment subcultures were prepared from Fez"'-nxidizing tubes at certain diluticns
showing positive reactions in the MPN studies. Contents of tubes at the same dilution
were pooled to produce inoculum, These tubes were from the samples and dilutions HI,
10! and 1077, w2, 107! and 1075 H3, 107! and 107%; Gi, (0" and 1073 G2, 107!
and 1075 G3, 107! and 1078 G4, 107} and 1075, Duplicate flasks containing 100-ml
volumes of HIJ mediom at pH 2,00 were each inoculated with 10 ml of pooled inoculum
from MPN tubes and incubated with shaking at 120 rpm at 26°C. Growth of the iromn-
oxidizing bacteria was followed by titrations of Fe’* with K,CryOy as described in
section 2.2.4. After complete oxidaton of the Fe2*, further succassive subcultures
(secand and third subcultures) were made in fresh HIT medinm.

3.2.4. Growth ol iron-oxidizing bacterla in HJJ wedium conitalnlog ¢oarse plus fine or
{ine [ractions of seepage soil as inocula

Soils G1 to G4 (20 g) were suspended separately in duplicate in 200 ml of HIJ medium
in 250-ml Erlenmeyer flasks, The flasks were left at room temperature Ffor
approximately | h to permit settling of the larger soil particles, when 100 ml of tha
supsrnatant, containing the finer soll particles, were decanted into a sterile 250-ml
Ectenmeyer flask. Both sets of flasks were incubated at 26°C as stationary cultures. The
growth of iron-oxidizing bacteria in the cultures was followed by daily titration of Felt
with K4CraQs.
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3.3. Results
3.3.1. pH and molsture content of soil aod water samples

The pH values of the soil and water samples from the seepage at the base of the Nourss
Mine sand dump 3AI9 are shawn in Tahle 2. The pH of so0il samplaes G| to G4 differad
very tittle from their mean of pH 2.60. Tha pH of the water samples {mean pH 2.26)
was somewhat lower than that of the 30il samples.

3.3.2. Most probable vumber estlmates of lron-oxldizlng hacterla

The MPN estimates of ircn-oxidizing bacteria in the four soil and three water samples
ara presented in Table 3. The categorization of the MPN counts indicates more reliabla
counts from three flasks than from five tubes per dilution although the 95% confidence
limits of the latter were narrower. Counts for all samples were high (1,3 x 1ﬂ4 i, Tz
lﬂ?fg or ml), with most water counis/ml higher than most soil counts/g.

31.1.3. Growth of iron-oxidiziog bacterla ip eorichment sobcultures from MPN bes

The growth of iron-oxidizing bacieria in enrichment subcultures from MPN tubes
inoenlated with dilutions of mine dump soil and water samples i3 shown in Fig. @ to 15,
Times for total Fe2t pxidation in ‘the subcultures and doubling times of the irom-
oxidizing bacteria in the third subcultures are given in Table 4. The timea for complate
Fez"' oxidation by the first G1, G2 and G4 subcultures were betwesn 64 and 191 h,
while for G3 it was from 472 to 500 h. These times decreased to batween 64 and 93 h
for the third subcultures, except G3 lﬂ'ﬁ for which it decreased to 225 h. The doubling
times for the iron-oxidizing bacteria in the exponential phase of the third soil
subculiures were between 13 and 22 h, eacept in the case of G3 10~8 for which it was
50 k.

The times for complete Fe2* oxidation in the First subcultures from the watsr MPN
tubes, with the exception of the H2 ll:ll'ﬁ subculture, were between 184 and 328 h, and
the times for the third sﬁhr.-ulnmas were between 69 and 188 h. The doubling times for
the jron-oxidizing bacteria in the third subcultures wers between 11 and 26 h. The time’
for complete Fe2* oxidation in the first subcnlture of H2 10™% was 472 h and in the
secand seboulture 30% h; the doubling time for the iroa-oxidizing bacteria in this
subculture was 45 h, A third subculture of H2 1D"5 Wag not grown,
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TABLE 2. pRH vzlues and moisture cantents of seil and water samples from zaspage at
the base of the Nourse Mine sand dump 3A19

Sample pH Moisture content®
Soil Gl 2,610 15,17

G2 2,560 14,05

G3 2,569 10,00

G4 2,650 29,10
Water  HI 2,20

H2 2.21

H3 2,37

2 /100 g wet soil at time of first MPN determination of iron-oxidizing bacteria.

th of - 1:2,5 soil;water suspension.
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TABLE 3. MPN estimates of iron-oxidizing bacteria popuiation in four soil and three
water samples from ssepage at the basa of the Nourse Mine sand dump 3A19

MPN method Iron-oxidizing bacteria per g (dry mass) s0il ot par ml

{Flasks ar water from tables of de Man {1983)

tubes per

dilation?} and

sampla MPN Categary Confidence limity (= 95%)

3 flasks

Soil Gl 2,4 x 104 1 04 x 104 9,9 x 10
G2 43x10° 5 0,9 x 10° 18,1 x 10°
G3  93x10° l 1,8 x 10° 36,0 x 10°
Gs 241107 I 0,4 x 10° 9,9 x 10°

3 tubes

Soil Gl 5,8 x 10° o 2.1 x 109 149 x 10°
G2 1,3 x 108 3 0,6 x 104 3.4 x 104
Gy 22 x10° 1 0,7 x 10° 4.4 x 107
G4 1,7x 108 3 0,6 x 108 1.4 x 195

3 flasks

Water HI 2.4 x 100 1 0.4 x 105 9.9 x 108
H2  93x100 1 1,8 x 103 36,0 x 107
H}  24x 108 1 0,4 x 108 9,9 x 10°

2 tubeg

Water  HI 1,7 x 107 3 0,6 x 107 3.4 x 107
H2 3,4 x 100 2 1,3 x 100 10,0 x 10°
H3 1,3 x 18 3 0,6 x 105 3,4 x 108
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FIG. 9. Growth of iran-oxidizing bacteria in successive enrichment subcultures {1, 2

and 3) from MPN tubes inoculated with dilutions of ming dump seil GI. A,
subcultures from 107" dilution; B, subcultures from 1077 dilution.
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Growth of iron-oxidizing bacteria in successive enrichment subeultures (1, 2
and 3) from MPN tubes inoculated with dilutions of mins dump soil G2. A,
subcultureés from 107" dilution; B, subeuliures from 107 difutien.
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FIG. 11.  Growth of iron-oxidizing bacteria in successive anrichment subculteres (1, 2
and 3} from MPN tubes incculated with dilutions of mine dump soil G3. A,
subcultures from 107" dilution; B, subculturss fream 1077 dilution.
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FIG. 13. Growth of iron-oxidizing bacteria in successive enrichment subcultores {1, 2
and 3} from MPN tubes inoculated with dilutions of acid mine dtamagi g

water HI. A, subcultures from 107! dilution; B, subcultares from 10
dilution.
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FIG. 14, Growth of iron-oxidizing bactarija in suecessive enrichment subcultures (1, 2
and 3) From MPN tubes inoculated with dilurions of acid mine drainag
water H2. A, subcultures from 10! dilution; B, subcultures from 107
dilution.
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FIG. 15. Growth of iron-oxidizing bacteria in successive sprichment subcultures {1, 2
and 3) from MPN tubes inoculated with dilutions of acid mine drainag
watar H3Y. A, subcultures from 16~1 dilutiony B, subcultures from 107
dilution.
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TABLE 4.  Times for total Fe?* oxidation by the first, second and third subcultures
and doubling times during the exponential phase of the third subcultures
of the iron-oxidizing bacteria from MPN tubes

Origin of Time (h) {or complete Fe2t Doubljng time
cultures oxidation by subcultore of Fe**-oxidizing
{sample and bacteria in
MPN dilution) expanential phase
of subculture 3
1 2 3 {h)

Soil G110~ 184 69 69 13

Gl 107 64 64 64 22

G2 107} 184 100 69 13

G2 1075 64 64 64 21

G3 107} 472 93 93 11

G3 1076 500 400 225 50

G4 1071 160-208 100 30 15

G4 1078 160-191 69 69 13
Water H! 107! 232 132 117 18

Hi 1077 104 165 188 10

H2 107 232 ' 4% 48 13

H2 1675 472 309 - 452

H3 107 328 117 69 11

H3 1076 134 65 69 26

Apoubling time of subculture 2,
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3.3.4. Growth of lron-oxidiziag bacteria in HIJ medivm containing coarse plus floe or
fine fractions of mine dump soll as inocula

The coarse plus fine fractions of the soil inocuia had a negligible or small stimulatery
effect on the growth of iron-oxidizing bacteria in HJJ medivm comparad with their
growth in this medium containing the fine soil fraction only (Fig. 16}, Ths flask with
only the fine fraction of soil G1 toaok 48 b longer 1o show complete Fez"' axidation than
the flask containing coarse and fine fractioas of this soil as fnoculum. The diffsrsnce in
the case of the two fractions of soil G2 was 58 h. In the case of the G3 and G4 soils,
there was no difference in the time for complete Fe2* oxidation between the two
treatmtents. The times for complete Fe2* oxidation by the coarse plus fine fractions of

soils G, G2, G3 and G4 ware 90, 90, 114 and &6 h, respectively.
3.4. Discossion

Large populations of iron-oxidizing bacteria were detected in the s0il and acid drainage
water samples from the seep at the southwestern corner of Nourse Minge dump 1A19; the
soil of these samples (G 1 to G4) represented the soil on which the mine dump had been
deposited. This abundace of iron-oxidizing bacteria in ail the highly acid soil and water
samples (pH 2,20 to 2,63) was expected from the studies of Beck (1967), Colmer and
Hinkle {1947), Dugan et al, {1970}, Manning (1975), Millar (1973}, Tuovinen and Kally
(1973) and Tuttle ot al. (1968, 1969), showing iron-oxidizing bacteria in the highly scid
drainage water from coal and copper mines. The bacteria were probably growing on
Fe2* released in high concentration in the seepage water during the oxidation of pyrite
in the dump by bacterially produced Fet (Kleinmann et al., 1981). The iron-oxidizing
bacterial populations in | ml soil sofution in soil samples Gl to 4 based on the MPN
determinations with thres flasks per dilution and the moisture associated with | g (dry
weight} of soil, were 1,34 x 10°, 2,40 x 106, 5,20 x 10% and 1,34 x 108, respectively.
They therefore did not diffsr much from the MPN values for the three acid drainege
water samples (HI to 3). Although the MPN results from the determinations with threa
flasks per dilution were in general in more reliable categories (de Man, 1983) than those
determined with Five tubes per dilution, the 95% confidence limits of the latter were
narrower. Mevertheless, we decided to use three flasks per dilution in futars MPN
determinations (sections 9 and 11). The two sets of MPN counis for individual samples
usually showed differencas, but these could possibly have arisen from the longer storage
af the samples used for the MPN counts with the test-tubes.
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FIG, 16, Growth of iron-oxidizing bacteria in HIT medium inoculated with coarse
plus fine { y or fing {---—-- ) fractions of mine dump soils G1 to 4.
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The growth of iron-oxidizing bacteria in enrichment subcultures from MPN tubes
inoculated with dilutions of mine dump soil and water samples indicated the presence of
differmnt strains {Tabls 4), In the third subcultures of samples G1, 2 and 4 the times for
total Fuz"' oxidation were more ot less the same (64 to 93 h), while for the G3 H]'ﬁ
third subculture tha time was 225 h. The doubling time for this subculture was 50 h,
wheraas the times [or the strains in samples Gl, 2 and 4 were berween 1! and 22 h
The doubling cimes for the iron-oxidizing bacteria in the water samples (Hl to 3) did
not differ as much as those for the strains in the soil samples and were berween 10 and
26 h, The strazins in the watrer samples grew almost at the same rate.  Silverman and
Lundgren (195%a) reportad doubling times of 7. ferrooxidans strain TM in asratad
cultures, using the 9K medium, of 5,3 to 9,6 h. MeGoran et al. {1969} showad thar T,
ferroaxidans NCIB 94%0 had a minimum douwbling time of 6,5 to 10 h on 9K medium, 7
to 9 days on a sulphur substrate and 14 to 17 h on a chalcopyrite substf&te.

The Gl to G4 sail inocula containing coarse plus fine soil had a negligible or small
stimulatory effect on the pgrowth of their iron-oxidizing bacteria in HIJ medivm
compared with the corresponding growth in the HJIJ medium inocofated with the fine
soil fraction only (Fig. 16). Duncan =t al. (19564), Razzell and Trussall {1953&),
Silverman et al. (19581}, Ehrlick and Fox {1967), and Lundgren and Silver {1940) all
studied the influence of particle size on the oxidation of pyrite and leaching of metals
and found greater oxidation and extraction rates when the specific surface araa of the
ore was increased by ceducing the particle size. Such oxidation of particolate qre
material was not involved in the present study with soils Gl to 4, which were base soil
below the mine dump material, but particulate soil materials such as montmorillonise
clays msy have various profound effects on microbial activitiss (Stoisky, 1974}, In
contrast to soils G1 to 4, the presance of mine dump sand G5 in T. ferrooxidans cultures
in HJJ medium had @ marked ratarding effect on the bacterial oxidation of the ferrous
iron {see section 4).
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4. EFFECT OF MINE DUMP SAND ON GROWTH OF T, FERROOXIDANS
IN Hi1J MEDIUM

4.1 Iutroduction

When the first studies of the effects of potential chemical inhibitors on T. ferrocxidans
in HIJ medium containing 500 g/t of mine dump sand (GS5) wars conducted (sections 5
to 8), it bacame evident that growth of the T. ferrooxidans test straina, as indicated by
Fez* oxidation, in medium without inhibitor was slow by comparison with growth in
similar cultures without sand. A minor study of the effact of increasing concantrations
of the sand on the growth of the ATCC [9359 text strain in H}J medium was thsrefore

underiaken,
4.2. Materlals and Methods

Growth of T. ferrooxidans ATCC 19859 was studied in a duplicata seriss of ((0-ml
cultures in HII medium supplemented with 0, 1, 5, 10, 20, 40, 60, 80 and 100 g air-
dried mine dump sand. The sand, designated G35, was a yellow wind-blown sand from a
mine dump vegetation research plot on the eastern side of tha MNowrse Mine 1A 19 sand
dump. The pH of a ):2.5 suspension of the sand in water was pH 4.05. The G35 sand
contributed negligible ferrous iron-oxidising microorganisms as shown by the (ailure of
two flasks of uninoculated HIT medium incubated with 100 g sand to oxidise ferrous
iron [aster than uninoculated medium without sand. Inoculum, added ar 10% (v/v), was
a 3- o 4-day ATCC 19859 culture grown in HIJ medium at 26°C with shaking at 120
rom. The experimental cuftures with the sand were also incobated under thesa
conditions, sampled periodically and residual Fe?* monitored by the K,Cr,Oy titation
{section 2.2.4).

4.3, Rezulis

Figure 17 shows the retzrding effect of the G5 mins dump sand on the rate of growth
of T. ferrooxidans ATCC 19859 as indicated by Fe2* oxidation, The 50 g/l sand
concentration caused only a slight decrease in the growth rate. At 600 g/), the sand
resulted in an initial lag in growth as well a3 a retarded growth rate. Concentrations of
%00 and 1000 g/] sand caused similar retardation to thet caused by 600 g/1 sand.
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4.4 Discussion

The addition of mine dump sand to 7. ferreoxidans ATCC 19859 cultures in HIJ
medium markedly impeded oxidation of the Fe30) substrate. Although this implies a
retarding effect on bacterial growth, oxidatton of Fe?* in Fe50, medium i5 not
necessarily indicative of cell growth (Mahapatra and Mishra, 1984) aud it may be more
accurate to substitute the word ‘activity' for ‘growth’. It is possible that the sand slowed
brcterial setivity as 8 result of adsorption phecomena involving nutrients, the bacterial
cells and the sand particles. Ivarson et al. {1980} suggested that cation adsorption to clay
decreased Fez"' oxidation by reducing the availability of the cations. Cn the other hand,
chemicals thai could affect the cuftures adversely may have been introduced into the
culture solution {rom the sand (Livesey-Goldblatt et al, 1983). Whatever the
mechanism, these laboratory results suggest that both iron pxidation and growth of T.
ferrooxidans in gold mine sand dumps may be slow, even slower tham in the culture
flasks with 100 g sand/100 ml medium. It should be noted that the G5 sand was m 2
highly oxidized state with little residual pyrite sulphur {section 10).
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5. INHIBITION OF T. FERROOXIDANS AND IRON-OXIDIZING BACTERIA FROM
MINE DUMP SEEPAGE BY SYNTHETIC CHEMICALS,
A. ANIONIC SURFACE-ACTIVE AGENTS

£.1 Iatroduction

Low concentrations of the following two anionic detsrgents were observed by Dugan and
Lundgren (1964) and Dugan (1975) to be highly inhibitory to T. ferrooxidans:

Sodium laury] sulphate CH3 (CHa); 10503"Na+
{5LS, sodium dodecyl sulphate)

Alkylbenzenesulphonate R -

(ABS) O\ x*
. 504

where R is a branched hydracarban (pelypropylene) chaia and X* a cation.

In addition, Dugan and Apel {1983) mentioned that linear alkylbenzenesulphanate had
cansidarable pntamihl as an inhibitor of T. ferrooxidans:

Linear alkyibenzenesulphonats R -

(LAS) Q y+
S04

Where R’ is a linear hydrocarbon chain and X* a cation.

Dugan {1975) found that shaken cultures of ¥, ferrooxidans in %K medium ware
inhibited by 2 mg/1 SL3. Dugan {1975) and Dugan and Lundgren (1964) reported that
ABS wasg also a very effective inhibitar, although less inhibitory than SLS in that 5 mg/l
or greater, depending an the cell population, was the inhibifnry concentration.
According to Dugan (1975}, 5 mg/l ABS effectively inhibited iron axidatian by a T.
ferrsoxidans cell suspansion containing 4 x ta? cells/ml, However, if the call
concentration was doubled or quadrupled, § mg/l ABS causad only partial inhibition,

Kieinmann {1980) and Kleinmann and Ericksen (1983) showed inhibition of soluble iran
produccion from and acidification of high sulphur coal by T. ferrcoxidans by treatment
of the coal with 25 to 50 mg/i SLS, ABS or alphs clefin sulphonata.
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Thea molecules of these anionic surface-active agents have a polar sulphate or sulphonate
and a nom-potar (alkyl) end. WNormally t_:nnsidered 25 cleaners rather than bactericides,
anionic detergents do have antibacterial properties at low pH., Above sll, anionic
deterzents are sconomical (Kleinmann et &1, 1981). As summarized by Klainmann and
Erickson (1983), the mechanism of inhibition of T. ferroexidans by such low
concentrations of SLS and alkyibenzenesulphonztes seems to be related to alteration of
tha semipermeable propertias of the cytoplasmic membrane and disaggregation ¢f the call
envelope by the interaction of SLS with the lipid, lipoproteir, and lipopolysaccharida
‘components of the cell wall. Thiobacillus ferrooxidans posesses a multilayered cell
envelope which sllows it to maintain a neutrzl internal ¥, despite the acid invironment
in which it Jives. The anionic surfactants induce seepage into the cell of H*, which
slows Fe2™ oxidation by decreasing the activity of acid-sensitive enzymes, Higher
concenirations of surfactants kill the bacteria.

The water-soluble detergent, SLS, has been used successfully by the mining industy far
acid drainage prevention in coal refuse (Dugan and Apel, 1983). Concentrations of 5-20
mg/1 SLS were inhibitory and 25 mg/] bactericidal in laboratory experiments (Kleinmann
and Erickson, 1983). Generally about 10 times more detergent was required to kill T
ferrcoxidans in coal refuse than in 9K medium in the absence of coal. According to
Onysko et al, (1984a), it may be uzneconomical at sites where extensive rainfall ogenrs,
rasulting in rapid SLS washout, An important factor reducing SLS effectiveness in coal
refusa is the adsorptive capacity of the refuse, which was determined by Kleinmann and
Erickson {1983) to be about 45 mg SLS/kg waste coal. However, both laboratory and
pilot~scale tasts indicated that SLS had the potential to slow down pyrite oxidation im
coal waste by inhibiting T. ferrooxidons {(Kleiomann, 1979; Kleinmann =2t al, 193,
Onysko et al,, 1584a).

Ta délay tha leaching of SLS from dumps, Kleinmann (1979) incorporated SLS in
elastomere formulations to obtain a stow release of the imhibitor for extended paljiuclt of
time. Vulcanjzed rubber proved to be the best matrix for the slow releass of SLS, The
best release rates were obtained with an elastomere formulation containing 34% (m/m)
SLS. The effectiveness of the SLS was not affected by release from ths rubber. The
SLS-elastomere formulations were tested on pilot scale coal refuse dumps of ¢a 25 ¢,
containing 27 kg of SLS-rubber slabs {27.2% m/m SLS) placed below the sarface (o
minimize interfarence with natural iofiltration (Klsinmann, !979, 1580; Kleinmaan at
al., 1981}, Datargent concentrations of 2.0 to 12,0 mg/l were observed in the effluent,
After 10 days, agidity and iron concentrations in the effluent from the treated piles were
80-fold lowsr than those in effluent. from the control piles. However, acidification was
only delayed, as after 5 months oaly a 3-fold difference in the acidity and iron values
barween the efftuents from treated and conirel piles was seen. The &urmant was thus



46

not totally effective, but showed that highar SLS concentrations were necsssary for
complets ichibition, This might be achieved by the use of SLS-rubber peliets for mare
rapid release of the SLS {Kleinmann et al., 1981).

In further field trials, Kleinmann et gl. {19&81) again achieved marked reductions im
acidity of mine dump effluent from dumps treated with SLS-rubber slabs. For example,
a 20 ha upper valley between two ridges of acid-producing overburden was treated with
80 kg of SL3-elastomere slabs of 0.3 m2, The slabs were distributed in ponds along the
valley, whila a further 50 |1 of 280 g/1 SLS solution was zlso applied there to provide an
initial slug of detergent, After 7 months the acidity of the effluent drainage into the
lower valley was reduced by half. The pH inceeased from pH 2.85 to pH 1.3]. QCnlya
low detargant cuncet_uratiun {0.1 mg/l SLS) was datected in the efﬁuent. This trial
proved that SLS effectively reduced acid formation in a mine dump and was released in
the affluent water at sufficiently bow concentrations not to pollute the area,

Full-scale field tests involving the application of SLS only in solution were conducted by
Kieinmenn and Erickson (1983) on an ll-acre inactive coal refuse pile in Raleigh
Country, West Virginia. The dump was treated dﬁring September 1981 with 10 drums
(10 x 250 1) of 30% SLS, diluted 175:1, After an initial lag period, the effluent water
quality improved, with 2 60% decreass in acidity, sulphare and manganess, as well as &
90% decrease in iron. Acid production from a similarly treated 3-acre active coal refuse
area in northern West Virginis felf approximately 95%, with an associated 95% decrsase
in iron concentration. Kieinmann and Erickson (1983) concluded that where the cast
was justified, application of an aniopic surfactant in solution, with applications at least
three times a year, could be considered,

These promising resulis on the contrel of acid formation in cocal dumps by the
application of SLS, prompted our research ioto the'pmibility of using snicnic surface-
active agents (SLS or LAS) for the control of acid drainage formation in gold mine sand
dumps. We gave attention to determining the concentrations needed to inhibit pure
cultures of I'. ferrooxidans or enrichment culiures of iron-oxidizing bacteris from acid
sand dump seepage, before and while they were multiplying actively. The studiss were
conducted with cultures in HJJ medium, without and contzining mine dump sand, which
could be expected to influence the effectiveness of imhibition, particularly through
adsorption of the inhibitar, '
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5.2. Materlals and Methods
5.1.1. Inhibitor: Sodlum lauryl sulphate (SLS)

Thiobacillus ferrooxidans ATCC 19859 and WLE (10 ml of 3-day-old shakea ¢ultures in
HIJ medium)} wete inoculated separately in duplicate into 90 mi HIJI medium, containing
0, 0,5, 1,0, 2,0, 4,0, 8,0, 16,0, 32,0, 64,0 and 128,00 mg/1 SLS {supplied by Dr. Theadar
Schuchardt, Munchen, West Germany). These media were prepared by mixing
appropriate volumes of HJJ medium aad a 256,0 mg/I stock solution of SLS in HIJ
medium. The cultures were incubated at 26°C on a rotary shaker at 120 rpm, and Faz't'

metabolism monitored using the K,Cr,04 titration,

To investigate the effect of addirg the inhibitor during culture growth, 4 stock sclution
of 1280 mg/l SLS was added to T. ferrooxidans ATCC 19859 and WLR cultures in HIJ
medium during the expanential phase of growth (24 to 25 h) to vield, in duplicate,.the
same series of concentrations from O to 128,0 mg/] as im the previous pamagmph. This
wag achieved by remaving 20 ml of culture and adding appropriate volumes of the SLS
stock soiution and fresh HIJ medium. Culture conditions were otherwise uachanged.

The affect of SLS on a mixed T. ferreoxidans population from the Nourss Mine sand
dump acid seepage was also investigated. Enrichment cultures of iron-oxidizing bacteria
were prepared in 1983 from MPN mibes of tha soil and water sampies cotlected at the
base of demp 3A19 (see section 3.2.1). These cultures were maintained in HJJ medium,
Inoculum was prepared by mixing an equal volume of 2- to 3-day old sub-cultures of
each of 12 cuituees (Gi 10°1; G1 10°% G2 107); G2 1078 @3 107, G4 1071 G4
to~6; mi10*l; H1 10°7: H2 107l H3 10°]; H3 unspecified dilution). Flasks of HIJ
medium were inoculated with a 10% {v/v) inoculom of the mixed bacterial jsuspension.
Sodium lauryl sulphate, at concentrations of 0, 2,0 4,0 6,0 8.4 10,0 and 20,0 mg/l, wes
added at the start of the experiment or during the exponential phase of culture growth,
Culiure conditions were as for the ATCC 19859 and WLR pure culiures,

Inhibition of T. ferrooxidans strains and mina dump iron-oxidizing bacteria by SLS in
cultures containing mine dump sand was studied in experiments similar to those withaut
sand, but with each 100 ml culture supplemented with 50 g air-dried G5 sand from tha -
base of the MNourse Mine sand dump (see section 4.2) Im addition, cultures of T.
ferrooxidans ATCC 19859 containing 0, 5, 10, 20, 40, 60, 80 and 100 g G5 sand per 100
ml were treated in duplicate with 20,0 mg/l SLS at the time of inoculation.
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5.2.2. Inhibiter: Linear alkylbenzenesuiphonate (LAS)

The LAS, NANSA HS B80/S {Polvcor Chemicals, Cbservatory, Cape Town), which
contains 80% active sodium dodecylbenzenesulphonate, was testad at concentrations of 0,
1,0, 2,0, 4,0 2nd 8,0 or 0, 5.0, 10,0, 20,0 and 30,0 mg/| against T. ferrooxidans ATCC
1985% in, respactively, the absence and presence of 50 g G5 mine dump sand per 100 mi
culture. The inhibiter was added at the beginning of the experiment. The LAS was also
Eested. using the same concentrations, against a mixed populaticn of iron-oxidizing
bacteria from acid seepage enrichment cultures {see section 5.2.1) in the presence and
absence of G5 sand, with the inhibitor added at the beginning of the experiment or
during the sxponential phase of culturz growth.

5.3, Results

5.3.1. Inhibitor: SLS

The results of the inhibition studies with SLS are shown in full in Appendix Fig. 1 to
13, The main findings are summarized in the following paragraphs.

Very low concentrations of SLS were inhibitory to T, ferreoxidans WLR and ATCC
19859 in HJ] medium in the absence of mine dump sand (Appendix Fig. 1 to 4). With
the SLS in the medium from the beginning of the experiment, strain WLER was inhibited
by 2 mg/l (Appendix Fig. 1}, while ATCC 19859 was inhibited by 4 mg/] (Appendix
Fip. 2). When SLS was added during the exponentizl phase of culture growth, both
strain WLR and ATCC 19859 were inhibited by 2 mg/l {Appendix Fig. 3 and 4). The
lowest concsntration of SLS giving complete inhibition of the mixed iron-oxidizing
bacterial population in HJJ medium without sand was 6§ mg/l1 when the inhibitor was
added 3t the time of insculation {Appendix Fig. 5} and 8 mg/! when it was added during
the exponential growth phase of the cultures (Appendix Fig. 8).

The addition of 500 g/1 mine dump sand G5 1o the cultures of both test organisms
slowed their growth, in agreement with the results of section 4.3 for T. ferrooxidams
19859. Thus, in the case of the cultures without SLS, the T, ferrooxidans WLE. cultures
lacking zand oxidized Fe?* completely in 55 to 80 h (Appendix Fig. | and 3) whereas in
the corresponding cultures with sand the time was 340 to 370 h {Appendix Fig. 7 and 9).
The same effect was found with the ATCC 19859 cultures (Appendix rl-'ig. 4, & and 10)
and mixed iron-exidizing bacterial cultures {(Appendix Fig. 5, 6, 1} and 12). Higher
concentrations of SLS were required for inhibition of the WLR and ATCC 19859
cultures containing sand (Appendix Fig. 7 to 10) then for those without sand (Appendix
Fig. 1 to 4). In the cultures with mine dump sand G5, strain WLR was inhibited by 4
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mg/1 SLS added at the beginning of the experiment {Appendix Fig. 7), whereas 8 mg/l
was needed [or iohibition of ATCC 19859 {Appendix Fig. 8). When the SLS was added
during the sxponential phase, both WLR and ATCC 19858 were inhibited by 4 mg/]
{Appendix Fig. 9 and 10), The mixed population of iron-oxidizing bacteria was much
more rasistant to SLS in the presepce of the mine dump send than the WLE and ATCC
19859 cultures, requiring greater than 0 mg/1 for complete inhibition {Appandix Fig, 11
and 12). Whether the inbibitor was added initially or during the exponential phase of
culture growth, 20 mg/l was completely inhibitory, but concentrations betwesn 10 and
20 mg/l were not tesed,

Appendix Fig. 13 shows how the inhibitory effect of 20 mg/l 5LS for T, ferrooxidans
ATCC [9859 in HIY medium was overcome after 400 h in cultures containing 1000 /I
inine dump sand. Cultures containing O to 808 £/1 sand Failed to initiata bactarial Fez"'
oxidation by 800 h, when the experiment was ended,

5.3.2. Tohibitor LAS

The effect of the LAS, NAMNSA HS 80/S, added at the beginning of incubation, on T.
ferrooxidans ATCC 19859 culrures with and without G35 sand, is shown in Appendix
Fig. 14 and 15, In the ebsznce of sand, complete inhibition was obtzined with 8 but not
4 mg/t LAS, The addition of 500 g/1 G5 sand to the cultures prevented complete
inhibition of T. ferrooxidans ATCC 193.59 by 20 mg/1 LAS, but 30 mg/l was completaly
inhibitory

The inhibitory effect of the LAS on growth of the mixed iron-oxidizing bacterial
populatien enriched from acid mine dump sespage samples, is illustrated in Appendix
Fig. 16-19, In the sbsance of mine dump sand, § but not 4 mg/t LAS was complately
inhibitory, whether the inhibitor wes added initially (Appendix Fig. 16) or during the
exponential growth phase (Appendix Fig. 17) of the cultures. In the prasence of 500 g/l
G35 mine dump sand, 30 mg/l SLS added initially gnly temporarily ighibited growth of
the mixed iren-oxidizing bacterial population {Appendix Fig. 18}, but 20 mg/l added
during the axponential phase of growth (Appendix Fig. 19) was completely inhibitory.
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£.4. Discussion

£.4.1, Inhibiior 518

According to Appendix Fig. ) to 4, SLS was inhibitory to the pure cubiures of T.
ferrooxidans at the low concentrations of 2 to 4 mg/l. This is in accordance with the
findings of Dugan (1973) and Kleinmann {1980).

When SLE was added during the exponential phase of growth of the ATCC 19859 strain,
only 2 mg/l was necessary for inhibition, whereas doubie that amount was necessary
when it was added at the beginning of the experiment. It therefore appeared that the
ATCC 19855 strain was mote sensitive to SLS in the zxponential phase when the cells
were growing actively. No such effect was observed with the pure culture of the WLE
strain. Sherman and Albus, ascording to Porter (1946), studied the effect of temperature
and weak disinfectants on bacteria et different ages. They found that bacterial cells
during the early part of the lag phase were less sensitive to slightly toxic salts and other
inimicsl apents than were the orgenisms of the late lag and early exponential phases of
growth. Stanier &t al. (1976) have noted that cells in the stationary phase are more
resistant to adverse physical and chemical agents,

The mixed populations of iron-oxidizing bacteria enriched from acid seepage samples
required 6 to 8 mg/l SLS for their inhibition (Appendix Fig. 5 and &), i.e. higher
concentrations than the ATCC 19859 gnd WLER pure cultures. Howsver, thess
concentrations of SLS inhibifory to the mixed population of jocal strains were Jow
enough not to detract from the potential of SLS as an inhibitor for use in gold miae
sand dumps on the Witwatersrand. Unexpectediy, the minimum inhibitery concentration
when the SLS was added to the mixed cultures at the beginning of the experiment (6
mg/l} was lower than when it was added during the =xponential phase of growth (&
mg/1}.

The mine dump sand had two effects on the T. ferrooxidams celtures, It partly
protected the bacteria against the action of SLS, so that higher soncentrations of SLS
were necassary to inhibit their activity. In most cultures 4 mg/1 SLS was required o
inhibit the bacteria in the presence of the sand (Appendix Fig. 7, %, H}) compared to 2
mg/t in the absence of sand (Appendix Fig. 1, 3, 4), but in cthe case of the ATCC 19855
cultures where the SLS was added at the beginning of the experiment, the concentrations
were & and 4 mg/l, respectively {Appendix Fig. 2 and ). On the other hand the sand
retarded the growth of T. ferrooxidens, as indicated by the cultures with sand taking
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much longer to oxidize the ferrous iron. Thus, cultures with sand but without SLS, or
with S5LS at non-inhibitory concentrations, tock 3 w0 7 times longer than non-inhibitad
cultures without sand to oxidize ferrovs iron complately, The mechanisms resulting in
these effects are unknown, Differences in adsorption of the ferrous iron, bacteria and
SLS onto the sand pariicles, resulting in reduced contact of the bacteria with the
substrate ar inhibitor, may have been involved. On the other hand, chemical
campenents that could affect the system may have been introduced intoc the culture
solution From the sand. As in the cultures without sand, increased susceptibility of
exponential phase cells of ATCC 19859, but not WLE, to SLS was observed in the
cultures to which mine dump sand was added.

In agreement with the pure culture resules, the mixed iron-oxidizing bacterial cultures in
the presence of the mine dump sand took much longer to completely oxidize the ferrous
iron of the HF] medium. They also requiraﬂ 8 higher concentration of SLS for their
inhikiticn (between 10 and 20 mg/1} than in the absence of sand (6 to & mg/1).

The experiment in which 20,0 mg/l SLS was tested against the ATCC 19859 strain in the
presence of varying concentrations of sand, showed that this cnncan_tratinn of inhibitor
was not effective when the sand concentration reached. 1000 g/l.  This sand
concentration represents a much lower sandiwater ratio than that of mine dumps,
suggesting that loss of SL5S inhibitory activity may be even greater io the mine dump
environment and concentrations of SLS greater than 20,0 mg/l required to inhibit T.
Ferrooxidans.

5.4.2. Iphibitor : LAS

During the treatment of T. ferroexidans ATCC 19859 at the beginning of the
experiment with LAS at 2 and 4 mg/l, one of the duplicate treatments in each case
showad complete ferrous iron oxidation within 500 hours while the other showed
compiete or almost complete inhibition {(Appendix Fig, 14). The difference betwaen
duplicates may have been caused by differences in the concentration of LAS resulting
from its poor solubility. However, care was taken in the preparation of the inhibitor
solution and the variebility may reflect differences, pessibly as a result of musation, in
bacterial susceptibility to LAS at the threshold (which may be guite broad) betwesn-
inhibitory and non-inhibitory conc¢enirations, The lowest completely inhibitory LAS
conceptration for T. ferrooxidans ATCC 19859 in the absence of sand was 8 mg/l. This
is also the concentration that was required For inhibition of the mixed iron-oxidizing
bacterial population, enriched from acid seepage samples, in the cultwres without sand
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{Appendix Fig. I6 and 17). The inhibitory LAS concentration of 8 mg/l or less in the
sbsence of mine dump sand is not much greater than the 2 to 5 mg/l reported by Dugan
and Lundgren {1964) and the 5 mg/l reported by Dugam (1975) as the iohibitory
concentrations of branched alkylbenzenesulphonates. A branched alkylbenzenssulphonase
was tested by Kleinmann [IQED]- and at the concentrations tested, which were not given,
this compound inhibited acid production, but apparently not as well as 5LS, Kleinmann
and Erickson (1983} found that LAS was less expensive and less sensitive to acid than
SLS, but was required in higher concentrations for comparable inhibiticn.,

With mine dump sand in the cultures, the pure ATCC 19859 culture required 30 mg/]
LAS for complete inhibition {Appendix Fig. 15} and the mixed population =
concentration of greater than 30 mg/l when the inhibitor was added at the start of
incubation {Appendix Fig. 18) The lower concentration {20 mg/1) required when the
LAS was ndded during the exponential phase (Appendix Fig. 19} is a Turther example of
greater susceptibility of exponentizl phase cells tham resting cells te antibacterial
chemicalz (see section 5.4.1.). These inhibitory concentrations and the low solubility of
LﬁLSinwamrmdimmthanmdmgnwmddumpmndiﬁmmwbeam
efficient inhibitor of T. ferroaxidans than SLS. Comparison of the pure T. ferrooxidans
ATCC 19859 coltore amd the mixed population of this species shows that, in the
presence of sand, the mixed population was marginally more resistant to LAS iohibition
than the laboratory cultores, This affect was also noted with SLS (section 5.4.1.).

Dugan and Apel (1983) recommended that branched alkylbenzeoesulphonates be more
extensively situdied for potential application in mine drainage problems. These potential
inhibitors have a resistance to biodegradation which mipght be advantageous in mine
refuse treatment. However, their relatively slow biodegradability in the enviromment
lead to their replacement in commercial detergents by the more readily degradable LAS
(Atlas and Bartha, 1981) and they are not available for testing or use in South Africa,
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¢. INHIBITION OF T. FERRCOXIDANS AND [RON-OXIDIZING BACTERIA FROM
MINE DUMP SEEPAGE BY SYNTHETIC CHEMICALS
B. CATIONIC SURFACE-ACTIVE AGENTS

6.1, Introduciion

Quaternary ammonium and pyridinivm compounds are the most important cationic
surface-active agents with antimicrobial activity (Sykes, 1965). The quateroary
ammonivm compounds are organically substituted ammonium compounds in which the -
nitropen atom has a valency of 5 (Hamilton, 1971). Their general formula is:
“+

[® R,
N
R4/ \Ra

where R; to R, are orgenic radicals and X jis usually 2 halogen. TFor marked

antibacterial activity, one of the four organic radicals must hzve a chain length of
between 8 and 8 carbons. A widely used compound of this type is the clﬁ compound,
cetyltrimethylammonium bromide (Cetrimide, CTAB or Cetavlon) (Sykes, 1965). The
formulation used in our experiments was & mixture of three benzyldimethyl-p-alkyl
ammonitm chlorides with differing n-alkyl side chains,

The important guarternary pyridiniom compound with antimisrobial activity is
cetylpyridinium chloride (Ceepryn), the quaternary sslt formed from pyridine and cetyl
chloride. It has the structure:

(CH,), .CH,
E:b:] ol

Gram-negative bacteria are somewhat less sensitive then Gram-positive bacteria to the

artion of the guaternaries {Hamilton, 1971}, Bactericidal concentrations of Cetrimide for
several Gram-negative batieria ranged from 33 to 333 mg/l, depending on the method
af testing, whereas the bactericidal concentrations of Ceepryn ranged from 15 to 67 mg/l
{Sykes, 1965). Adsorption has an important influence on the activity of quatermaries, for
example, glass apd meial surfaces adsorb quuternaries so that even the contaimers in
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because bacteria are particulate, they also act as adsorbants, and adsorption must be the
First stage in the process of inhibition or killing. The high surface activities of
quaternaries often cavse clumping n a bacterial population, thus leading to protection of
some of the cells from the antibacterial action of the quaternary as well as to an
apparent reduction in numbers of survivors if estimated by clonal development.
Cetrimide has destructive effects on the cell membrane, resulting in the leakage of cell
constituents, which in Escherichia coli parallelled loss of cell viability {Franklin and
Soow, 1975). However, an effect on bacterial growth was evident at concentrations that
affacted peither viability nor permeability,

Cuaternaries are normally most active at alkaline pH, and acidity decreases the
effiriencies of many quaternaries to such an extent that at pH 3 their bactericidal
activitiss aftmost disappear {Hamilton, 1971} Thus, the uoacentration of FRoccal
{beazyldimethylalkylammonivm chioride) for killing E. cofi in § min was 100 mg/1 at pH
3, 15 mg/1 at pH 7 and 8 mg/l at pH 19, However, Ceapryn is exceptional in resisting
inactivation ai low pH. This property suggested that it could be a potentially useful
inhibitor for the control of acid mine drainage.

Quaternary ammeninm compounds have the problem of incompatibilities with certain
other groups of compounds (Sykes, 1963). They are completely inactivated by anioaic
compounds, including SLS and spaps, as well as by several non-ionic compounds such as
Lubrol-W and Tween 0. Metai ions, such as Caz"', Mgz"', Fe‘?’* and some forms af
aluminium, as well as organic matter, detrimenatally affect the antimicrobial activity of
guaternaries.

Apart from the anfimicrobial activity of Ceepryn at low pH, activity of trialkylamines
and the guaternary ammonium compound, trioctylmethylammonium chloride (Aliquat
334}, 25 inhibitors of oxygen uptake by T. ferrooxidans in 4 chlaicopyrite medium was
reported by Torma and I[izkoviich (1976). These observaticns and a total lack of
knowledge of how quaternary ammonium and pyridinium compounds would be affected
by mine dump sand, encouraged tur study of a beazyldimethyl-n-alkylammonium
¢hiorides formulation {(Hyzmine 3500) and Ceepryn as ishibitors of iron-oxidizing mine
domp bacteria, including T. ferrcoxidans, in HIJ medium with god without mine dump
sand.
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6.2. Materials and Methods
6.2.1. Inhibltor: Benzyldimethyl-n-alkylammonium chlorldes (Hyamioe 3500)

The guaternary ammonium formulation of three benzvidimethyl-n-zlkyl ammonium
chlorides, known as Hyvamine 3500, was supplied by Rohm and Haas South Africa (Pty)
Ltd., Bellvills, Cape Province. The three active ingredients had the Formula [{CgHg-
CHyXCHy)p(CyHay INTTCIT, with n = 12, 14 or 16, The respective concentrations of
the Cj4, Cy4 and C) g-alkyl compounds in the formulation were 40, 50 and 10% (m/m).

Hyamine 3500 was tested against T, ferrgoxidans ATCC 19859 and WLE. in HIJ medium
in the same way as SLS (section 5.2.1). In addition, it was tested against iron-oxidizing
entichment cultures derived from soil G4 1071 MPN cultures (see section 3.3.2.). The
varicus Hyamine 3500 concentrations from 0 to 128,0 mg/l were added, in duplicate,
either at the beginning of the experiment or during the exponential phase, to cuitures
without or with mine dump sand G5 (50 g/100 ml culture), except that the G4 107}
enrichment cultures were tested only with sand in the medium.

6.2.2. Inhibiter: Cetylpyridininm chloride {Ceepryn)

Ceepryn (BDH Chemicals Lid., Poole, England) was tested gpainst T. ferrooxidans
ATCC 19859 in HJJ medium at concentrations of 0, 0,5, 1,0, 2,0, 4,0 and 6,0 mg/l in
cultures without mine domp sand, or 0, 10,0, 20,0, 40,0 and &0,0 wmg/l in the presence
of G5 sand at 50 g/100 m) culture. The inhibitor was added st the beginning of the
experiment or during the exponential phase of culture growth. The cultures were
incobated and monitored as in the SLS experiments (section 5.2.1).

6.3. Resulis
6.3.1, Inhibltor: Hyamine 3500

Hyamine 3500 slowed the growth of T, ferrooxidans ATCC 15859 pnd WLR in HJ!
mediem, but at concentrations to 128 mg/1 failed to inhibir it completely (Appendix Fig.
20 to 23). When Hyamine 3500 was added to WLR cultures at the beginning of the
experiment (Appendix Fig. 20), the time for complete oxidation of the Fe2* in the
medium was 403 and 450 h at inhibitor concentrations of 64 and 128 mg/l, respectively,
compared with 92 h in non-inhibited cultures {tc 16 mg/l Hyamine 3500). When
Hyamine 3500 was added at §4 gnd 128 mg/l to WLR cultures during the exponential



56

phase of growth (Appendix Fig. 21}, the cultures reguired 265 and 350 h, respectively,
for complete Fe* oxidation. The addition of Hyamine 3500 at conceatrations of [4, 32,
64 and 128 mg/l to cultures of ATCC 10859 at the beginning of the experiment slowed
culture growth s¢ that the respective times for complete Fel* oxidation were 170, 170,
250 and 360 h (Appendix Fig. 22), compared with 72 h in nan-inhibited cuftures (1o &
mg/l Hyamine 3500). Addition of the two highest concentrations of Hyamine 3508
during the expooential phase of growth slowed the time for complete Fe* oxidation to
500 b compared with 67 to 92 h for 0 to 32 mg/l {(Appendix Fig. 23).

The addition of 50 g of mine dump sand G5 to 100-ml cultures of T. ferrooxidans WLR
and ATCC 19859 retarded considerably the oxidation of FeZ¥ in cultures without
Hyamine 3500 or which were oot inhibited by low or even high coacentrations of the
inhibitor {Appendix Fig. 24 to 27). In the WLR cultures where the Hyamine 3500 was
added at the time of inoculetion and in the ATCC 19859 cultures where it was added
during the exponensial phase of growth, the highest concentration (128 mg/l) caused no
or only slight inhibition of the bacterial growth. However, concentrations of 4 to 123
mg/l of inhibitor added during the expomential phase caused some inhibition of the
WLE cultures, whersas 2 to 128 mg/l, added at the time of inoculation, caused a marked
lag in the development of the ATCC 19859 cultures,

When Hyamine 3500 was added to iron-oxidizing enrichment cultures from the G4 197!
MPN ciltures, containing mine dump sand G5, it had little inhibitory effect on the
grawth of the iron-oxidizing bacteria (Appendix Fig. 28 and 29). However, growth in
all cultures was slow, In the axperiment where the Hyamine 3500 was added at the time
of inoculation, Fa?* oxidation was complete ooly after 305 to 425 h of incubation (all
treatments), and in the expeciment where it was added during the exponential phase, the
times lor complete Fez"' oxidation {all treatments) were 500 to 370 h.

6.3.2, Inhibitor; Ceepryn

The inhibitory effect of Ceepryn on T. ferrooxidans ATCC 19859 is shown in Appeadix
Fig. 30 to 33. In the absence of sand, whether the inhibitor wes added at the start of
the experiment or during the exponential phase of growth {Appendix Fig. 30 and 31), 2
mg/l Ceeprya was the lowest completely inhibitory concentration. Ia the presance of -
500 g/l G5 sand, 20 but not 19 mg/] Ceepryn was completely inhibitory when inhibitor
was added at the start of the experiment {Appendix Fig. 32), whereas 43 but not 20
mg/l was complstely inhibitory when the Ceepryn was added during the exponential
phase of growth (Appendix Fig. 33).
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6.4, Discussloo

§.4.1 Iohiblior: Hyamine 3500

Hyamine 3500, to the highest concentration tested {128 mg/t), had only s partial or
temporary inhibitory effect on the growth of pure cultures of T. ferrcoxidans (Appendix
Fig. 20 to 23). In the corresponding culturas to which mine dump sand was sdded, the
growth was eetarded further {Appendix Fig. 24 ¢ 27), confirming the previously
observed detrimental effect of the sand on the activity of the bacteria, but also thare
was no clear evidence that the sand protected the bactaria against Hyamine 35304, When
Hyamine 3500 was added to eomrichment cultures of iran-oxidizing bacteria, dsrived
from soil G4 107! MPN cultures and containing mine dump sand G5, growth in all
cultures was slow and there was no or very liftle ishibition of Fe* oxidation by even
the highest cooceatration (128 mg/l) of Hyamine (Appendix Fig. 28 to 29). These
inhibition siuvdies with Hyamine 3300 indicate that this formulation of three quaternary
ammonium salts i5 oot suitgble for the inhibition of iron-oxidizing baceeria, such a3 T.
ferrooxidans in gold mine sand dumps. The results are in agreement with the genperal
observations that quaternary ammonium salts have poor activity in acid media and lose
much activity through high levels of adsorption to differgnt surfaces (Sykes, 1965).

6.4.2. Inhibitor: Ceepryn

The quaternary pyridiniom compound, Ceepryn, was tested because it should be better
suited to acid eaviroomenis {Sykes, 1965) than the guaternary ammonitm compounds,
exemplified by Hyamine 3500. It is extensively used os a bactericidal agent and is
readily available. In the absence of mine dump sand (Appendix Fig. 30 and 31), the
inhibiting potential of Ceepryn against T. ferrooxidans ATCC 193859 compared
favourably with that of SLS (section 5.3.1). However, the effect of 500 g/1 sand in
reducing the effectiveness of the quaternary pyridinium inhibitor {Appendix Fig. 32 and
33) was far greater than in the case of SLS. Complete inhibition of T. ferrcoxidans
ATCC 19859 in the presence of G35 sand (500 g/l) reguired 20 mp/l Ceepryn when the
inhibitor was added at the start of the experiment and 40 mg/l when it was added
during the exponzntial phase of bacterial growth. The corresponding inhibitory’
concentrations of SLS were 8 mg/l and 4 mg/], respectively, or 20 mg/l with the mixed

culture of iron-oxidizing bactetia Irom ecid seepage samples.
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The activity of quaternary pyridinivm compounds is réduced in the presence of organic
mattar, certain metal jons (e.g. Ca®*, Mg2* and Fe?*) and snicnic compounds such as
SLS (Sykes, 1965), Organic matter in grassed dumps and metal ions would adversaly
affect the efficiency of Ceepryn as an inhibitor on mine dumps. The effects of organic
matter and metal ions, coupled with the damonstrated relatively peor performance of
Caspryn in cultures containing mine dump sand, suggast that cety!pyridinium chloride is
unsuitable a5 an ichibitar far application to sand dumps.
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7. INHIBITION OF T. FERROOXIDANS BY SYNTHETIC CHEMICALS.
C. FOOD PRESERVATIVE ORGANIC ACIDS

7.1 Introduction

Benzoic and sorbic acid are commercially important antimicrobial agents, active
especially agzinst yeasts and moulds. They are widely used as food praservatives,
particnlarly in low acid foods {Jay, 1978). Both are pormally applied as either their
sodium or potassium salt, as the salts are more soluble in water than the acids. The
antimicrobial activity of benzoate and sorbate is related to pH, with the greatest activity
below pH 4 and pH 6, respectively. The antimicrobial activity of benzozte and sarbate
resides in both the undissociated molecule and dissociated anion (Eklund, 1980, 1933).
The structures of the acids are:

COCH HH H oOf

I 1 |
I'i-(I:-C=(i:-C=(I.".-C =0

H H H

+

Benzaic acid Sarbie acid

Onysks et al, (1934b) showed sodivm benzoate and potassiom sorbate at 10 mg/l ta be
jinhibitary 1o iron oxidation by T. ferraéixin‘am in pure cultura. According to Jay
{1578}, benzozte and sorbate act against heterctrophic microorgenisms by inhibiting
celiular uptake of substrate malecules such as amino acids, phosphate, organic zcids and
the like., However, Tutile and Dugan {1974} noted that relative alectronnegativity and
solubility in the cell envelope and nossibly the cell membrane, seemed to be major
factors cootributing to the inhibitary action of various mono- and dicarbaxylic organic
acids on T. ferrcoxidans (although henzaic zeid and sorbic acid were not tested). TChe
action of the inhibitory acids counld be due to the following:

fi) Direct inhibition of the iron-oxidizing enzyme system;

(i1} Interferance with the role af sulphate or phosphate in iron oxidation;

(it} Mon-selsctive disruption of the cell envelope or celi membrane, blocking iron
transport through the envelopa to the site of oxidation or electran transport in

the membrane.
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In support of mechapism (ii), Tuttle et al. (1977) showed by electrom microscopy
disruption of the cell envelope or membrane of T. ferrooxidans cells exposed 1o
inhibitory organic acids, The organic acids also caused the cells to release RNA, DNA
and other materials, providing further evidence of disruption of the cell envelope and
membrane. Tuttle et al. (1977} suggested that inhibitory organic acids might disrupt the
cell envelope and membrane by reacting with cations that contribute to their structural
mtegrity, Disroption of the permeability barriers could result in an influx of hydrogen
jons from the evironment, which could inhibit the cetl. - This theory was supported by
the results of Alexander et al. (1987), who showed that the toxicity of several organic
acids followed approximately tha efficacy of the acids in lowering the internal cell pH.
However, the toxicity might also be related to the accumulation of & high concentraticn
of anjons in the cytoplasm. Respiraticn of Fel* appeared to ba blocked by the organic
acids at the level of the respiratery chain cytochrome oxidase.

In flask experiments of Dugan {1987a), sodivm benzoate at 75 and 100 mg/] completely
inhibited pyrite oxidation in s 30% coal slurry for 22 and 18 days, respectively.
Thereafter, the 75 mg/l concentration permitted slower pyrite oxidation than the 100
mg/]l concentratipn, This unexpacted treod towards the end of the experiment was
ascribed to a variation in the coal refuse material (Dugan, F937h).

Pilot scale studies with sodium benzoate and potassium sorbate as ighibitors of iron-
oxidatioz in coal refuse ware conducted by Onysko et al. (1984a). The inhibitors were
applied in solution as they were shown to react with Ferric iron in synthetic mine water
to form sparingly soluble precipitates which disselved in an acid environment. Such
precipitates should therefore have served as sources of inhibitor in the coal refuse, with
liberation of banzoic or sorbic acid as acidity was generated. Coal refuse (200 kg) with
a pyrite sulphur content of ca. 5% was placed in barrels to a depth of 40 em. Scluticns
{24 1) containing 500 and 5000 mpg/]l of sodivm benzoate and potassium sorbate were
applied to the coal refuse and allowed to drain into the bottoms of the berrals. After 24
hours the leachate was removed and analysed. The coal refuse was subsequently leached
in the same way with 24 T of water weekly, When applied at the low doss {50 mgji:g
coal refuse}, sodium benzoate and potassium sorbate delayed acid formeation for,
respectively, 2 and 5 weeks more than the 7 weeks required for acidifcation of the
controf, The high dese (600 mg/kg coal refuse} of sodium benzopate and potassium’
sorbate delayed acid formation for & and 10 weeks, respectively. Costs for the
treatments calculated by Onysko et al. (1984a) showed sodium benzoate to be the maost
cast-affective treatmeant for the control of acid mine drainage in heavily leached coal
refuse.
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These promising results with benzoate- and sorbate-treated coal refuse indicated that the
two acids should be iccluded in ocur tests of potential inhibiters of T. ferrooxidans in
gold mine domp sand. They were therefore tested against T. ferrvoxidans ATCC 19859
end WLR in HIJ medium without or containing G35 sand.

7.2. Materials and Methods
7.2.1. Inhibitor; Sodium benroate

Sodium benzoate {99% pure, supplied by Saarchem, Muldersdrift, Transveal), was added
in duplicate at concentrations of 0, 5,0, 10,0, 15,0, 20,0 and 25,0 mg/1 to cultures of T,
ferreoxidans ATCC 19859 and WLR in HJ) medium not containing mine dump sand at
the start of the experiment, or during the exponential growth phase at concentrations of
¢, 10,0, 20,0, 30,0, 40,0, 50.0 and 60,0 mg/l. It was also added to cultures containing
G5 sand at 530 g/100 ml culture, at the beginning and during the exponential phase of
culture growth, to give comcentrations of @, 15,0, 20,0, 25,0 and 30,0 mg/t or 0, 20,0,
25,0, 30,0 and 350 mg/l. The cultures were incubated and monitored as in the
experiments with SLS (section 5.2.1).

7.2.2. Inhibitor: Sorbic acid

Sorbic acid {Analytical Reagent grade, supplied by E. Merck, Darmstadt, West Germany)
was tested as an inhibitor of T. ferreoxidans ATCC 19859 and WLR in the same way as
sodium benzoate, except for minor differences in the concentrations tested.

7.3 Resulis
7.3.1. Inhibitor; Sodium benzoate

The results of the sodium benzoate inhibition experiments are shown in Appendix Fig.

34 to 41. The concentrations of sodium benzoate needed to inhibit T, ferrooxidans WLR

and ATCC 9859 in HJJ medivm in the absence of mine dump sand were 15 and 30

mg/1 for inhibitor added at the beginning of the experiment and during the exponential
phase of culture growth, respectively {Appendix Fig. 34 to 7).

With 500 g/t mine dump sand G5 in the cultures, sodiom benzoata totally imhibited T.
ferrooxidans WLR at 25 mg/l and probably totally inkibited strain ATCC 19859 at 30
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mg/l, when added at the beginning of the experiment (Appendix Fig. 33 and 40). Wheo
added after 23 hours, during the axponential phase of cuiturg growth, 30 mg/l sodium
benzoate totally inhibited the growth of T. ferrooxidans WLR (Appendix Fig. 39) and 35
mg/1 tatally inkibited T, farrooxidans ATCC 19859 {Appendix Fig. 41).

7.3.2. Imhibitor: Sorbic acid

The results of the sorbic acid inhibition experiments are shown in Appendix Fig 42 to
49, The concentrations of sorbic acid needed to inhibit T. ferrooxidans WLR and ATOC
19859 in HJ] medium in the absente of mine domp samd were 15 and 20 mg/l,
respectively, when the inhibitor was added at the beginning of the experiment
(Appendix Fig. 42 and 44), and 20 mg/] for both strains when it was added during the
exponsntial phase of growth (Appendix Fig. 43 and 45).

With the mine dump G5 sand in the culturss, sorbic acid totally iphibited T
ferrooxidans WLR and ATCC 19859 at 20 and 25 mg/l, respectively, when added at the
beginning of the experimant (Appendix Fig. 46 and 48). When added after 23 hoers,
during the exponentinl phase of growth, 30 mg/l sorbic acid was required for complete
inhibition of bath tha WLR and ATCC 19859 strains (Appendix Fig. 47 and 49},

T.4. Discussion
7.4.1. Inhibltor Sodium benzoats

The zotimicrobial activity of sodium beanzoate is related to pH, with the greatest activity
at low pH (Jay, 1978). Inhibitor studies in the U5 A, with caltures of T. ferrooxidans
supplemented with benzoic acid indicated that 10 mg/T benzoic ackd effectively inhibited
bacterial ferrous irop oxidation (Onysko er al., 1984b). In the present studies, grester
concentrations of sodium benzoate than 10 mp/l were necessary for the complets
inhibition of T, ferrooxidans ATCC 19859 or WLR ic H)J medium, pamely, 15 mg/l
when the inhibitgr was added at the beginning of the experiment and 30 mg/l when it
was adted during the expenential phase of growth {Appendix Fig. 34 to 37). The higher
concentrations of sodium benzoate required for complete inhibition of 7. ferrcoxidans
ATCC 19859 and WLR when the addition was made during the exponential phase ol
growth, may be related to the formation of a sparingly soluble precipitate with ferric
iron {Onysko ef agf., 1984b), which would have been formed by the T. ferrooxidans
cultures in the sxponential phase by the time the inhibitor was added. However, such 8
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precipitate may serve 85 3 slaw-rélease source af benzoic acid for the control of 7.
ferrooxidans in mine wastas {Onysko et al., 1984a.b).

Differences of experimantal technique are possibly responsible for the differences in the
resulis ol Onysko e gl. (1984b) and those of our experiments. The inhibitory 10 mg/l
benzoic acid of Onysko er al. (1934b) equals 11,8 mg/l sodium benzoate, thus this was
not the reason. Differences in the T. ferrooxidans inocula are possibly the main reasons
for the inhibitory concentrations of beanzoate, added at the begianing of the experiment,
being higher in our sxperiments than in that of Onysko er al. (1984b). They used a
different T. ferrooxidans strain at an inoculation rate of 0,1% (v/v). Furthermore, the
jnitial pH of thejr medivm was pH 1,16 compared with our pH 2.0, and the
compositions of the mediz were not identical,

In the presence of gold mine dump sand (Appendix Fig. 38 to 41), the inhibitory
concentrations of 25 to 35 mg/! sedium benzoate were meinly higher than the 15 to 30
mg/! which were jnhibitery in the corresponding cultures containing no gold mine dump
sariu. Thus there appearsad to be a protactive effact of the mine dump send. Adsorption
of the inbhibitor could perhaps play a role, but this has not yet been researched. " The
formation of a precipitate, as postulated by Onysko e al. {1984b), between ferric iron
possibly present in the gold mine dump sand and benzoate, would increase the
concentration of banzoata needed for inhibition of the bacteria in the presence of gold
mine dump sand. As in tha case of the cultures without sand and possibly for the same
reason, both T. ferrooxidans straing appeared more rasistant to sodium benzoate when
the inhibitor was added during the exponential phase of growth than when it was added
at the start of the experiment.

In comparison with SLS, sodium benzoate is not a wvery effective inhibitor. In the
present study SLS was inhibitory to T. ferrooxidans ATCC 19859 and WLR at
concentrations of 4 and 2 mg/1 in the absence of gold mine dump sand and 8 and 4 mg/|
in the presence of the sand. However, Oaysko er al. (1984b) found benzoic acid to be as,
inhibitory and mare cost effective than SLS on coal refuse.

7.4.2. Inhibitor Sorble acld

Sorbic acid is most effective 88 an antimicrobial agent below pH 3, wher more than 80%
of the compound is undissociated (Jay, 1978). Undissociated molecules are essential for
antimicrabial activity as they prevent growth by inhibiting cellular uptake of substrate
molecules, Onysko er al. (1984b) reported that 10 mg/] sorbic acid effectively inhibired
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the oxidation of ferrous iron by T. ferreoxidans. In the present experiments with 7.
ferrooxidans WLR and ATCC 19859, 15 and 20 mg/l, respectively, were necessary for
complete iphibitiop when the sorbic acid was added at the beginning of the experiment.
When the scchic acid was added during the exponsatial phase of growth, 20 mg/l
complately inshibited the ferrous iron oxidation by both the WLR and the ATCC 19859
strains,

As in the case of sodium benzoate, the presence of mine dump sand increased the
concentrations of sorbic acid needed for inhibition of the bacteria {Appendix Fig, 46 to
49) from the 15 to 20 mg/l that was inhibitory in the absence of sand to 20 to 30 mg/l,
The incraase is aboui as great as in the case of sodium benzoate. A protective effect of
the sand is therafore indicated, possibly involving adsorption of the sorbic acid or the
formation af a sparingly seluble precipitate as discussed for sodium benzoate,

Concentrations of sorbic acid required for inhibition of T. ferrooxidans ATCC 15859
and WLR wers mainly lower when the compound was added at the beginning of the
experiment than when it was added during the exponential phase of growth (when ferric
iron would be available to precipimate some of it). The resultzs also indicate that T.
ferraoxidans ATCC 19859 was more resistant to sorbic acid than T, ferrooxidans WLER.

When minimsum inhibitery concentrations are compared, sorbic acid (Appendix F::g. 46 to
_49] was Isss effective against T. ferrooxidans ATCC 19859 apd WLR than SLS
{(Conradie, 1984} in the absence or presence of goid mine dump sand. In the presence of
the mine dump sand, the overall performance of sorbic acid {Appendix Fig. 46 to 49)
was bettar than that of sodium benzoate {Appendix Fig. 38 to 41). Onysko & al, (1584b)
found sorbic acid to be the most effective inhibitor when comparsd to both S5LS and
sodium benzoste in coal refuse. The likely cause of the different SLS rasult in the two
studies i3 different adsorption behaviour of the SLS on the coal refuse and the gold mine
dump sand, However, on the basis of cost {Onysko ef al., 1984b), sodium benzoate
would be a better alternative to SLS than sorbic acid (or prevention of 7., ferrooxidans
growth in gold mine sand dumps.
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8. INHIBITION OF T, FERROOXIDANS BY SYNTHETIC CHEMICALS.
D. SODIUM LIGNOSULPHONATE AND POLYACRYLIC ACID

8.1 Iotroduction

Sodiuvm lignosulphonate is produced in large volumes as a by-product of the paper
industry and polyacrylic acid is & polymer that could be made available to the mining
,industry at reasgnable cost, MNone of these materials has been tested for its inhibitory
activity against cultures of ¥, ferreoxidany, although Dugan (1987a) reported little
activity of lignin sulphonates against acid-producing microarganisms cultured in a coal
refuse siurry. It was haped that the polymers might show some of the activity of the
jow malecular mass aromatic sulphonate and organic acid inhibitors congidered in
sections 5 and 7.

8.2 Materials and Methods
B.2.1. Inkibiter: Sodiuvm lignosulphonate

Sodium lignosulphonate was supplied by Sappi Fine Paper (Pty) Ltd., Enstra, Transvaal,
as a dark-brown, smelly liquid produet from their wood-pulping process, Initizlly the
effect of 0, 1,0, 2,0, 4,0, 8,0, 16,0, 32,0, 64,0 and 128,0 mg sodium lignosulphonaie
solutionf) on 7. ferrooxidans WLR and ATCC 19859 in HII medium without mine dump
sand was investigated as described For SLS {saction 5.2,1), with the inhibitor added
either at the beginning of the experiment or during the axponential phase of growth.
Subsequently, concentrations of 0,. 100, 200, 300, 400 and 500 mg sodium
lignosulphoaate solutionf] were tested against T. ferrooxidans WLE. in HF] medivm, with
addition of the lignosulphonate at the beginning of the expsriment.

g.1.1. Inhibitor; Palyaerylic acid

A 33,15% aquequs solution of polyacrylic acid (Primal A3) was sepplied by Dr. R.D,
Sanderson, Institute for Polymer Science, University of Stellenbosch. Inhibition of
duplicate celtures of WLE and ATCC 19559 mixed with 50 g mipe dump sand G35 in
100 ml HI} medium, by 0, 0,33, 0,66, 1,32, 2,65, 5,30, 10,61, 21,22 and 42,43 mg/]
poivacrylic acid (0, I, 2, 4, 8, 16, 32, &4, and 128 m) of the 33,15% solution/l) was
tested. The inhibitor was added at the begioning of the experiment as a 256 x 33,15/100
= 25 mg/l stock solution or during the exponential phase as a 1280 x 33,15/100 = 423
me/l stock solution, after 20 mi of culture had been removed. Appropriate volumes of
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stock solution and Fresh H)] medivm were added. The culteres were incubated and
monitored as pn the SLS experiments {section 5.2.1).

£.53. Results

8.3.1. Inhlbitor: Sodlum ligonosulphonate

ﬁu or only slight inhibitlon was observed when scdium lignosulphenate solution was
added to T, ferrooxidans WLR and ATCC 19859 cultures at concentrations to 128 mg/l,
either at the beginning of the experiment or during the exponential phase of culturs
growth (Appendix Fig. 50 to 52 show the results of three of the four experiments).
When higher concenteations of sodium lignosulphonate were added to WLR culcures at
the beginning of the experiment, growth of the bacteria was nat inhibited by 400 mg/l
and was oply slightly inhibited by 500 mg/] (Appendix Fig. 53). Mo further tests wers
conducied with these higher sodium lignosulphonate concentrations.

8.1.2. Iuhibiter: Polyacrylic acld

The tesulets of the experiments to test the inhibition of T. ferroxidans WLR and ATCC
1985% by polyacrylic acid are shown in Appendiz Fig, 54 to 58 Only slight inhibiticn
of the WLR cultures was indicated with polyacrylic acid concentrations 1o 42,43 mg/l
(Appendix Fig. 54 and 55). However, 21,22 and 42,33 mg/l had an inhibitery affect on
the growth of 1. ferrooxidans ATCC 19859 in the absmnce of mine dump send
{Appendix Fig. 56 and 57). The effect was most cleatly evident whea the polyscarylic
acid was added to cultures in the exponential phase of growth, but although the growth
was retarded, it was not completely inhibited (Appendix Fig. 57). When polyaciylic ecid
was added at the begioning of the experiment to ATCC 19859 culturss supplementad
with 50 g mir-dried mine dump sand G35, it had neglible or nc effsct on the Fe?t
oxidation {Appendix Fig. 58).

8.4. Discassion
8.4.1. Inhibltor: Spdium lignosulphonate
Concentrations of sodium [ignosulphonate i¢ 128 mg/! caused no or only slight inhibition
of T. ferrogxidans ATCC 19859 and WLER (Appendix Fig. 50 to 52). At 500 mg/l, but

not at 400 mg/l, sodium lignosulphonate had a slight retarding effect on the oxidation of
Felt by the WLR strain (Fig. 53). It therefors seems not to have potential as an
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inhibitor of T. ferrooxidans in gold mine sand dumps, which js unfortunate in view of
its availability as a by-product of the paper industry, Dugan (1987a) likewise found that
four lignin sulphonate formulations at ! g/l were ineffactive or had only low inhibitory
activity against shaken cultures of acidifying microorganismsm in 20% slurries of a high
sulphur coal refass, '

B.4.2. Polyacrylic acid

Polyacrylic acid st concentrations of 21,22 and 42,43 mg/l only partially inhibited the
growth of T. ferroaxidans ATCC 19859 and WLER. It had & greater effect on the ATCC
19859 sirain (Appendix Fig. 56 and 57) than ¢n the WLR strain (Appendix Fig, 54 and
35). M seemed to affect the ATCC 19859 strain only late in the exponential phase of
growth. In the corresponding ATCC [985% cultures to which mine dump sand G5 was
added at the beginning of the experiment, palvacrylic acid had a neglible effect on the
F=2+ oxidation, providing evidence that the mine dump sand protected the bacteria
against polyacrylic acid. The previously aobserved detrimental effect of sand G5 on the
activity of T, ferrooxidens was evident but not pronounced. Polyacrylic acid seems to
have no potential for use as an inhibitor of T, ferrooxidans in gold mine sand dumpfs‘
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9. DISTRIBUTION OF IRON-OXIDIZING BACTERIA IN GOLD MINE SAND
DUMPS

9.1 Inircduction

The demonstration that SLS and less effectively, LAS, Ceepryn, benzoic and sorbic
acids, could inhibit T. ferrcoxidens in the presence of gold mine dump sand {sections 5
to 7) raised the question of whether theae inhibitors could be used in the fisld to conrtrol
the bacteria and the formation of acid mine drainege in sand dumps. As the sand
reduced the effectiveness of the inhibitors, possibly by adsorption, it became necessary
to locate the target bacteria in the dumps, to determine to what depth in the sand the
inhibitors would have to move, against retaining forces of edsorption, in sufficisnt
concentrations to achieve the desired control,

Mo data on the distribution of iron-oxidizing bacteria In South African sand dumps
could be obtained, but Matic and Mrost (1%64) and Mrost and Lioyd (1970) investigated
their distribution in slimes dams. The bacteria occurred in high concentrations only in
the upper 2 to 3 m of the slimes dams, where acidification had taken place and pyrite
levels had been greatly reduced. The iron-oxidizing bacterial populations peaked at
depths of about } wm, in the vicinity of rusty layers that developed in the grey slimes
{Matic and Mrost, 1964). Both the presence of the bacteria in high nombers and pyrite
oxidation were therefore associated with the aerated outer zones of slimes dams. I the
same principles applied to sand dumps, high iron-oxidizing baeterizl populations would
be expected in the outer 1) m of dump material, this being the approximate depth to
which oxidation of pyrite in sand dumps has proceeded (Marsden, 1986). The
unexpected cited result of oxidation to ca. 30 m depth in the 3A8 dump it a
misinterpretation of our resmlts (Whillier, 1987}, as the ca. 30 m refers to horizoatal
distance into the dump. The 3A8 dump had a slope angle of 27° (Jones et al., 1988),
hence the distance of the sampling point from the surface was only about 13,5 m.

Our studies of the distribution of iron-oxidizing bacteria in sand dumps involved
sampling both the outer yellow or crange oxidized zone and the grey unoxidized inner
zone (exposed on a2 dump being excavated for extraction of residual gold), as well as the
boundary zone whare orange streaks occurred in the otherwise gray sand. Samples were-
also taken from seepage at the base of dumps, including samples from within a2 dump
behind the seepage outfall, along the line of fiow of sespage water from inside tha
dump, Samples were taken during both wet summer and dry winter periods.
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9.2. Materials and Methods

9.2.1. Sampling of dumps

Sand sample A3 was collected in April 1984 from the acid seepage area at the base of
the southwestetn cormer of the Nourse Mine 3A19 sand dump (from approximately the
same site as samples Gl te 4 and H] to 3 of section 3.2). At the same time, samples Ad
to AID were taken from the grassed top and sides of the 3A1% sand domp near its
wastern (A4) and eestern (A5 to I0) ends. Sampled sand was loosened by spade to <30
em depth and transferred by means of sterilized spatulas to sterile glass jars for transport
to Stellenbosch.

Sand samples M] to 9 and L1 to 5 were collected by auger from different depths to
almost 4 m an the esstern slope of the Cit}r Deep 3A17 sand dump at different distances
into the dump {rom the edge of an acid seepage pool. Depths and disiances are
indicated undar Results {section 9.3.1). The M| to 9 samples were taken in March 1985
and the LI to 5 samples in June 1985,

Sand samples J1 to 8 were taken by sterilized spatula from the foot of the excavated
face on the western side of the Crown Mines (Ra‘nd Mines Proprietary) 3JAS sand dump.
Sample J) was grey sand from the centre of the face; J2 o 4 grey sand, withoot or with
orange streaks, from near the orange-coloured oxidation fromt; J5, 7 and 8 orange-
coloured sand within 30 m (horrzontal distance) of the dump surface, and J5 a light grey
sand forming a streak in the orange-colomred outer zone. The sampling time was July
1984.

The AR dump was sampled further by sterilized spatula on several oceasions. Sample
MI0, an orange sand, was collected in March 1935 from the drainage area on the south
side of the dump and samples L6 and 7 in June (983 from the northeastern side of the
dump, Sample L6 weas 2 white and orange slimes sample talien from an expossd aresa of
2 tlimes dam on which the 3A8 dump was sitvated aed L7 a yellow sand from
immediately above the slimes-sand interface. Samples FY1 to 1] were sand sampled in
February 1978 from the excavated face on the west side of the 3A8 sand dump and
from accumulations of material from collapsed parts of the face. Samples FY] to 7 were
from the ¢ore of the dump where the sand was grey or where it was grey-orange, either
bacausze its pyrite was partly oxidized or beczuse it had become mizxed with oxidized
otange sand that had slid from the upper part of the face. Samples FY8 to 11 were
grey- to orange-coloured sand {rom the boundary between the ipner grey and outer
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prange zones of the dump. The FY} to 11 samples were collectad on 4 February 1987, 2
days alter a heavy tain siorm during which 160 mm rain fell in 2 h; howsever, they
were from a face that was also kept moist by spray irrigation to control wind-blown
dust, The last samples from the 3A8 dump, MHI1 to 10, were collected on 30 March
1987 after excavation had proceeded 50 to 100 s farther into the dump since the
February sampling., Sampies MHI and 2 were collected hizgh on the fage just below ths
vegetation on the outside of the dumyp; they consisted of orange sand. Sample MH3 was
a red fine-textured sample from an old slimes deposit underlying the sand dump; it was
located about 200 m into the area where the excavated dump hed been and . was
underlain by grey slimes residues. Run-off water from the sand dump had formed
many erasion gullies across this basal slimes deposit. Samples MH4 to & were grey to
grey-orange sand from the inner zone of the excavared face and samples MH7Y w0 [0
grey to orange sand from the boundary betwean the inner grey and the outér oraags
Z0Des,

9.2.2. Aopalyses

Samples were transported by air o Swelienbosch on the day of sampling and analysed as
soon as possible, msually on the following day. However, samples FY1 to 7 were stored
at room temperature for 10 days before they could be analysed.

Moisture and pH of the sand samples were determined as described in saction 3.2.1.
Iron-oxidizing bacterial populations in the A3 to AID and J1 w J8 samples were
estimated by the MPN method described in sectipn 32.2 with five MPN tubes per
dilution, but with the incubation period exteoded to 93 days to permit the detection of
slow ferrous-oxidizing bacteria. Tron-oxidizing bacteria in all other samples were
estimated by an alterpative MPN method, in which $0-ml wide-necked conical flasks
were substituted for test tubes to ensure better aeration, the volume of medium was
increased to 15 ml and later {1987 semples) 20 m! to allow for greater svaporation from
the flasks, three flasks per difution were used and the duration of the axperiment was
decreased to 21 days after which no change in the results occurred in the initial studies
with this modified method.

9.3 Resulis

Figures 18 ta 22 show the location of sampling sites on sand dumps 3A1%, 3A17 and
3A8. Tables 5 to 9 show the moisture cootent, pH snd iron-oxidizing bacterial
populations of the respective samples.
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» Mo iron-oxidizing bacteria
# Iron-oxidizing bacteria [ound

FIG. 18. Topography of the Naurse Mine 3A19 sand dump showing positions of the
saepling sites and where iron-oxidizing bactarfa were found.

TABLE 5. Moisture, pH and counts of iron-oxidizing basteria for samples collected in
' April 1984 from the Nourse Mine 3A19 sand dump

Sample Maoistura - pH IrL Iron-oxidizing becteria
g/100 g watar
wet sand® MPN/g dry sand®
A3 22,53 2,34 5,6 x 109
Ad 5,19 4,12 0
AS . 4,20 4,57 0
A6 2,63 6,02 o
A7 1,89 1,61 2,0 x 107t
AR 1,00 4,27 0
A9 2,74 6,70 0
All 4,52 4,67 0

AMean of doplicate determipalionsg,

pr of 1:2,5 sandrwater suspensions: mean of duplicate determinntions.

“Determined from des Mzn (i983) MPN tables. Ses Whiltier (I1987) for statistical
catagorization of results and theoretical 95% confidence limits. 0 = no iron-axidizing

bacteria detceted in tubes containing vp to 1 g wet sand.
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FIG. 19.  Section through the City Deep 3Al17 sand dump showing positions of the
- sampllng sites and where iron-oxidizing bacteria were found.

TABLE 6. Molsture, pH and coonts of iton-oxidizing bacteria for samples collected in
Mgrch (M! to D semples} and June (L1 1o 5 samples} 1985 Irom the City
Deap 3A17 sand domp

Sample Moisture pH i Iron-oxidizing bacteria )
g/100 g wal
wei sand® MPM/g dry sand®
ML . 10,16 2,44 2.2 x 109
M2 2584 2,38 8.2 x 10°
M3 5,30 3.7 0
M4 21,96 2,49 12 x 102
M5 21,19 266 3,3 % 10°
Mé ' 4,46 3,57 0
M7 3,42 3,83 o
M2 1600 2,56 _ 18 x 104
M9 26,27 2,94 0
L1 21,37 2,76 3,7 2 to!
12 - 21,24 2,81 1,4 x 107
L3 3,50 4,04 0
L4 3,28 2,79 4,7 x 102
Ls 14,12 . 2,69 3,6 x 103

TMean of duslicate determinations,
: th of 1:2,5 sand:water suspensiony; mean of duplicate determinstions.
“Daterminad from da Man (1983) MPN tablas, Ses Whillior (1587} Tor statistical
categorization of resultr gnd the theoretical 55% confidepce limits. 0 = noa iron-

oxidizing bacteria detected in Flasks cantaining wp o 1 g wet sand.

Height above dump
base Im)
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FIG.20. [Excavated wesiern end of the Rand Mines Proprislary A8 sand dump
showing posilions of the 1984 and [985 sampling sites aod where won-
oxjdizing bacteris were [ound. ) '

TABLE 7. Moisiure, pH and counts of iron-oxidizing bacteria lor samples coflected
from the Rand Mines Froprigtary 3AE sand dump in July 1984 (samples J|
ta 8), March 1985 {sample M13) end June 1985 (semples L and 7)

Sample  Sample position® Maizture pH in  Iron-oxidizing bacteria
and sand or g/100 & waier®
slimes colonr wei san MPM /g dry almd
or slimef or siimas
JI 120 m ioto dump; grey sand 7,34 3,59 0
J2 40 e lnte domp; grey sapd 5,27 304 1]
I3 30 m inte dump; grey zand 51 2,92 . 0
J4 30 m intzy dump; giey sund,
orange sireak 5,57 2,83 g
J5 30 m into dump; oraoge sand 4,03 362 i
I& 25 m into dump; light
grey gand 1,46 4,05 Q
1?7 2 m into dump; orange send 5,76 1,69 1,2

I# 4 m below grassed surface;
grange sandg 4,84 31,57 a

MI0 South drainage ares, M cm
deep: oranges sand 6,56 1,15 24 x 102

LG Marth~east siopa; 20 cm deep;
while and grange slimes 13,43 7.27 1)

LT HMarth=east slopg; 50 em
desp; yallow sznd 1,01 4,58 o

SApproximate horizontat distance from south cdge indicated for samples 11 to £.

Brtaan of duplicare determinstions.

SpH of 1:2.% sand or slimes:water suspensions; mean of duplicate dsterminarions.

UDstermined {rom de Men (1983) MPN iables., Sz Whillier (1987) for statistical
categorizatjon of results and ihe theoeeticel 95% conflidence Limits. 0 = po jrop-
oxidizing bacieria detacied in tubey dontaining vp to 1 g wet sand or slimas,

2tome [ungal growth in MPM tubes. L
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FIG, 21,  Exeavated western end of the Rand Minesﬁ Pn:-_prietary 3A8 sand dump
showing positions of the February 1987 sampling sites.

TADLE B. Source, description, moisiure, pH and counis of iron-oxidizing bactecin [or samples
collected from the Rand Mines Proprietary 3A8 sand dump in Fabruary 1987

Sample Source of Coleur and Moisture ~ PH b Tron-oxidizing
sample natore of g/100 g in water bacteris
sampla wel sand?
MPN/g dry sand©

FYIl Core of dump grey sand 2.00 3,04 471 %107
FY2 " grey sand 9,00 2,75 264 x 10°
FY23 " grey sand 12,00 2,57 0

FY4 - grey-arange sand 5,00 2,66 9.7% x 106
EYS . grey sand £0,40 2,13 2.68 x 107
FY6 " grey-orange tand 5,40 2,67 9.83 x 10%
FY? " grey-grange sand 7.60 2,52 227 x10°
FY§ Boundary between grey-orange sand 12,00 3,21 4.89

FY9 grey core and gray=oranga sand 5,50 d,02 2.44 '
FYD outer orange grey-orangs sand 9,40 4,43 103 x 10°
FYII zone of dumps grey-orangs sand . 5,00 4,07 9.79 x 10°

Fhtean of duplicate determinations.

Pa11 of 1:2.5 sand-water suspensions; mean of duplicate determinations.

“Determined [rom de Man (1983) MPN tables. See Bosch (1990) Tor statistical coiegorizarion of resulls
and theoretical 95% confidence limity, 0 = no iron-oxidizing bacteria detecied in flasks containing up
ie ] § wet sand.
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FIG. 22, Excavated western end of the Rand Mines Proprietary 3A8 sand dump
showing positions of the March (987 sampliag sites.

TADLE 9. Source, deseription, moisture, pH and coents of iron-oxidizing bacteria for samples
collected from the Rand Miaes Proprietary 3A8 sand dump in March 1987

Sample Source of Colaur and Muisture pH Eron-oxidizing
tample nature of g/100 g in water bacteria
sample wet sand
or slimes? MPN/g dry sand® -
‘MHI Below vegetation on orange sand . 2,70 4,05 ]
MH2 owtside of dump orange sznd .40 3,23 2,51
MEI Surlace of slimes red slimes 5,20 2,29 2,43

deposit, previously
below excavated dump

MHA Core of damp grey sand 6,60 3,00 225 X 107
MHS " grey sand 5,60 2,48 17 x 307
MHE . . grey sand 1,40 300 464 x 10°
MEHT Boundary between orange sand 6,20 2,67 7.90 x 10°
MH3 grey core and grey-orange sand 6,50 2,27 7,21
MH9  arange ooter grey-orange sand 5,50 3,20 2,43
MHID zona of dump grey-orange sand 7,60 4,00 2,49

“Mezn of duplicate determinations

L1:3.5 sand or slimes:water suspensigns; mean of duplicate determinations,

“Determined from de Man (1983) MPN tablas. Sea Bosch (1990) for statistical categorization of results
and theoratical 95% confidence limits. 0 = no jron-oxidizing bacteria detected in Flosks containing up
lo 1 g wet sund or slimas,
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The study oo the 3A1% dump {Fig. 18, Table 5) showed 3 high population of iron-
oxidizing bacteria oanly in sand sample A3 from the acid seepage area where high
papulations had been recorded previously in spil and water samples'{section 3.2). This
sample was saturated or almost saturated with acid draipage water, as indicated by the
high wmoisture content (22,93% m/m} and low pH (2,34). The other samples showed no
or (sample A7) almost ne iron-oxidizing bacteria. These samples were all orange or
yellow sand from the vegetated surface fayer {(0-30 cm deep) of the dump (non-
rhizosphere samples); they were well-drained, rather dry {moisture 2,63 to 5,19% m/m)
and with pH ranging from pH 3,61 to 6,70, much lass acid than sample A3, Sample A7,
which showed a very low level of iron-oxidizing bacteria, was taken from 8 small hollow
which collected rain water and peossibly retsined moisture for lopger periods than the
other sampling sites on the dump.

Sampie M1, From the acid seepage area of dump 3A17 {Fig. 19), also showad {Tabile §} a
high moisture content (30,16% m/m), low pH (2,44} and high population of irom-
oxidizing bacteria (2,2 x ]05_4"3}. Most of the lower samples from the suger holes in the
dump contained high populations of iron-oxidizing bacteria ronging from 2:1!)3 to
1x10% cells/g sand. Samples M4, M8, L1, L4 and LS, with relatively high moisture
~ contents, were {rom a distinct coarse layer of rust-coloured sand containing detectable
clay. Samples M3, M6, MT and L3, from the npper regions of auger holes in the 3A17
dump, showed no deteciable iron-oxidizing bacteria, These samples also showed lower
moisture levels and higher pH than the other 3A17 samples. Sample M9, from the
bottom of an avger hole, had a low pH and high moistore content, but no iron-oxidizivg
bacteria were detected. However, the general pattern was that the pressnce of iron-
oxidizing bacterin in larpe numbers corresponded to high moisture and low pH in the
samples,

Among the samples collected in July 1984 from the excavated face of sand dump 3A8
{Fig. 20, Table 7), only one sample (J7) close to the grey-orapnge tramsition zone
contained irom-oxidizing bacteria, but the count was low (1.2 viabla cells/g dry sand).
Both the moisture contents {4,03 to 7,46 % m/m) and pH (2,83 to 4,09) of thess samples
were low. Sample M0, collected alongside dump 3A8 soon after a rain storfa in March
1985, showed 2.6x10% jron-oxidizing bacteria per g dry sand, but samples L6 and L7,
collected in June 1985 from and just above the intarface with the old slimes dam on
which the 3A8 dump was constructed, showed no iron-oxidizers,
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The resuits for the February and March 1987 samples from the 3AR sand dump are
recorded in Tables B8 and 9. Ten of the 11 February (FY) samples and f{ive of the 10

March (MH) sampies showed populations of iron-oxidizing bacteria, The highest
I populations (::-mﬁfg} in the FY samples were in the highly acid {pH «3.04) grey or grey-
orange samples from the inner regioms of the dump, whils the less acid (pH =391}
orange samples from the boundary between the inner gray and outsr orangs regions
antained iower populations. The MH samples with iron-oxtdizing bacteria were all
highly acid {pH <3.0), grey or grey-orange samples from ths inner region (MH4 t¢ 6) or
orange samples from the boundary betwesn the grey and orange regions (MHT and 8).
However, in the MH samples also, the MPN counts of iron-oxidizing bacteria were
higher for the samples from the inner uroxidized core of the dump than for those from
the boundary between the core and the outer oxidized zone of the dump. Samples FY3,
MHI to 3, MHS and 10 showed no detectable iron-oxidizing bacteria, svan though FY3
and M3 were highly acid. There was no obvious relationship between the maisturs
content of the sand and the presence or absence of iron-oxidizing bacteria: however, all
the sand samples with these bacteria were moderately moist {(at least 5.0% m/m
moistare). The FY) to 7 samples were kept at room temperature for [0 days between
sampling and analysis, providing considerable apportunity for the multiplication of irun-
oxidizing bacteria in the samples during that time. By contrast, the FY8 to 11 and all
the MH samples were at room tempetature for only | day before they were apalysed.

2.4 Discussion

The high MPN count of iron-oxidizing bacteria in sample Ad from near the drainage
pool below the Mourse Mine 3A19 sind duomp confirmed the results of section 3.3.2.
The presence of oxidized irop was evident from the orange~-brown colour of the water
and the sand sample, which was also highly scidic (pH 2,34). The obssrved high
mpisture content and low pH of sample A3, which probably alse had a high initial
{arrous iron substrate content (Kleinmann et al., 1981; Thompson, 1980), would have
provided good growth conditions for iron-oxidizing bacteria such 28 T. ferroexidans
{Conradie, 1984). However, conditions wera quite different in the shallow samples (A4
to 10) collected from the top and sides of the 3A19 dump. The moisture content of all
samples was low (<5,1%% m/m) and the pH variable (pH 3,61-6,70), probably as s result
of the extensive liming that preceded vegetation of the dump., Low moisture content
during periodic drying, the relatively high pH and =specially lack of farrous irom
substrate (from oxidation of the pyrite shorily after establisment of the dump) in the
surface sand, coupled with the demonastrated growth-retarding properties of the sand
{sactiurj 4), would have been wnfavourable conditions for T. ferrocxidans and could
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explain the very low population of iron-axidizing bacteria in the A7 sample and its
absence from the athets.

Among the samples from the City Deap 3A17 sand dump, samples ML, M2 and M3,
with high iron-oxidizing bacterial populations, were from a saturated layer at the base of
the dump. As these March samples were collected within 12 hours of a large rain storm,
this saturated layer may have represented an elevated water table, or the normal water
table., Lack of irom-oxidizing bacteria in sample M9 from the base of the dump but
farther from the cuter edge, may have been the result of limited gas exchange nearly 3
m below the surface in a saturated environment. Samples M4, M8, L1, L4 and L5, with
relatively high moisture contents and iron-oxidizing bacterial populations, were from a
higher level within the dump in a distinct coarse laver of rust-colovrad sand containing
detectable ¢clay. This layer may have been the uppermost level of the water table in the
demp, or a water channel c¢arrying subsurface drainage water through the dump, or &
layer of deposited material leached from the sand above, similar to the compacted
* sediment which may form an "oxygen barrier® below the surface layer of coal piles
{Dugzn, [975). Studias on desert sand have shown that clay compacis below the surface
in a B horizon (Zaslavsky and Sinai, [98f). This supgesis that there could be "B
horizons" within mine domps, exemplified by the rust-coloured layer of clay-containing
sand sampled at the 3A17 dump. Betwesn this layer and the saturated sand at the base
of the dump lay vellow sand from which samples M5, L2 and L5, also with a high
moisture centent, were taken. Moderate populations of iron-oxidizing bacteria in these
samples sugpest that the rust-coloured layer was not impermeable to oxygen diffusion,
j.e. that it did oot form an oxygen barrier. Samples M3, M6, M7 and L3, which
contained no iron-oxidizing bacteria, were vellow sand from abave the Tust-coloured
layer. They were drier and tended to have a higher pH than the deeper samples from
the rust-coloured layer and the base of the dump. Owverall our observations suggest that
pyrite oxidation was no loager progeeding in the portion of the 3A17 dump which was
sampled, but that the iron-oxidizing bacterial populations in the rust-coloured and
desper samples were growing in acid effluent water containg farrous iron formed deeper

in the dump.

Samples were collected along the freshly exposed face of the excavated Rand Mines
Proprietary 3A8 dump in ap attempt to study acidification and the presence of iroa--
oxidizing bacterial populations deep within the dump. Surprisingly, iroa-oxidizing
bacteria were detected in only very low numbers in just one of the J1 to 8 samples from
the face. The pH of these samples was acid (pH 2,92 to 4,09), bot the moisture conteats
were less than 7,5% {m/m), The pH was thus suitable for T, ferrooxidans, but moisture
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and oxygen may have been limiting (the latter before exposure af the face), July, in the
middle of the dry season, may have besn = completely unsuitable time to have taken the
samples.

The outer zone of the 3A8 mine dump was orange in contrast o the geey sand of the
central core region (Figure 20). The orange colour was shown, during the course of this
study {see secticn 10.3), to be correlated with loss of sulphur, which can be ascribed to
pyrite oxidation and the loss of oxidation produects by leaching. The presence of crange,
oxidized jron does not necessarily imply the presence of iron-oxidizing bacteria, as they
may long since have disappeared. It may also be possible for ferric ions produced pear
the dumyp surface to leach into the dump with acid and to chemically oxidize pyrite in
regions where bacteria are not present {(Dugan, 1975). The J1 to 8§ samples were taken
meinly from the orange to grey transition zome in the dump where the possibility of
finding- iron-oxidizing bacteria should have been greatest. Notwithstanding the almost
camplete absence of these bacteria from the J1 to 8 samples and the absence of acid
drainage pools around the 3A8 dump, acid drainage from the dump seemed to be
oecurring, as indicated by the high MPN count of iron-oxidizing bacteria in sample MID
of March 1985. The close proximity of a storm water drain to the M10 samplicg point
was probably responsible for the lack of drainage posols in the area and the low moisture
~ content of the MI0 sample. Acid drainage from the 3A8 dump was apparent on the
north-east slope of the dump where vegetation below a sand-slimes interface showed
signs of acid burn. However, the L5 and L7 samples taken in June 1985 at this
interface contained no detectable iran-axidizing bacteria. The slimes sample, L&, had e
relatively high moisture content {13,43% m/m) and small pore spaces which affect gas
diffusion, as well as a pH of 7,27. This high pH was probably responsible for the
absenca of jron-oxidizing bacteria and appears to contradiet the kuggasﬁnn that the
sand-slimes interface was ap area of acid seepage. However, water might seep from the
sand and run down the slimes slope with minimatl infileration, becavse of the low
permeability of the slimes. Sample L7 was sandy with a not too unfavourable pH for T.
ferrooxidans, but with a low moisture content {3,01% m/m) that may have influenced
the bacteria detrimentally, A fureher slimes sample (MH3) taken in March 1987 from
the surface of an old slimes dump on which the 3A8 dump had lain before being
axcavated, also showed no iron-oxidizing bacteria in spite of having a pH of 2,29.

The suggestion that the taking of samples J1 to 8 in the middle of the dry season may
have been responsible for their general lack of iron-oxidizing bacteria is supported by
the finding of considerable populations of these bacteria in many of the Febrmary (FY)
and March {MH) 1987 samples (Tables & and 9), particularly in the grey and grey-
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orange samples whare unoxidized pyrite substrate would have been available as an
oxidizable anergy source, The six populations of :»lﬂﬁfg among the FY1 to 7 samples
were considerably higher than the populations detected in the FYE to |1 and MH4 to &
samples, possibly because the )0-day delny with their analyses would have given the
bacteria the opportunity to multiply in the sample bottles, The size of these FY
populations at the time of sampling is thus wacertain, as is the size ol all the iron-
axidizing bacterial populations in the dump befort excavation of the (ace, which would
-have improved the supply of oxygen and created favourable conditions (or growth of the
aerobic T. ferrooxidans. WNonetheless, the ability of the bacteria to develop to high
populations in dump sand containing unoxidized pyrite if the necesssry moisture and
oxygen are present, has been established, This finding, and the absence of iron-
oxidizing bacteria from seven of the eight J1 to 8§ samples collected in July 1984, suggest
that the bacterial oxidation of pyrite in gold mine sand dumps s seasonal, occurring
when moist warm conditions prevail in summer but not during the dry cold winters
when these bacierial populations almost completely disappear. However, it is surprising
that the samples from the boundary between the core and outer oxidized zone of the
dump, i.= {rom the ‘oxidition front', feemed {0 comtain lower and more spu_radi:
populations of irop-oxidizing bacteriz than samples of the grey core material. FPossibly
m the former samples the more readily oxidizable pyrite had been oxidized and only
more resistant pyrite matarial was available as a substrate for bacterially catalysed
oxidation.

The requirement of the iron-oxidizing bacteria for unoxidized pyrite, indicated in the
present study, makes chemical ichibition of pyrite oxidation catalysed by these bacteria
in gold mine sand demps a dauwnting prospect. The pyrite in the old sand dumps has
been oxidized to depths of ca, 10 m (Marsden,1986) and to treat the sand dumps at these
depths with adequate concentrations of inhibitor in the face of adsorption by the sand
requires the development of a suitable delivery system which is unlikely to be theap.
Possible delivery strategies in refation to SLS adsorption receive attention in section 12.4.
The fact that the sand domps are being reprocessed for exwaction of residual pold and
converted to slimes renders questionable the spending of large amounts of money o
alleviate a pollution problem which in any case will be solved by the demp reprocessing.
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10. ANALYSIS OF TOTAL SULPHUR IN MINE DUMP 3A8 SAND SAMPLES
10.1 Introduction -

In the studies of section 9 on the distribution of iron-oxidizing bacteria in gold mine
sand dumpsg, we assumed that the pyrite in the guter orange- ta vellow-colourad sand
had been oxidized, but remained unoxidized in the grey sand in the cores of the dumps.
This concept was based on the analyses of many borshola samples from sand dumps
{Marsdan, 19%86) showing sand through much of the outar ca. 10 m of dumps with
sulphur contants much lower than the 0,35 to 1,60% (m/m) recorded for a range of gold
orgs, Desper in the dumps the sulphur contenn were mainly within this range. The
data indicate that with the oxidation pf pyrite in the cuter regions of dumps, the pyrite
sulphur is lost, presumably a3 leached sulphate. To confirm the assumed relatioaship
between sand colour and residual pyrite, our range of J1 to 8§ samples, comprising sand
from the grey core and orange outer zone of the sxcavatsd 3AS sand dump, pius a
further core sample {(J9) and the G5 send used in the inhibitor studies (sections 5 to 8),
were subjected to total sulphur analysia.

-18.2. Materlals and Methods

The J1 to JB sand samples from the Rand Mines Proprietary 3AB sand dump, a further
grey sand sample (J%) from the excavated face oezar the J) site in the core of the dump
and the yaflow G35 sand from the base of the Nourse Mine 3A19 dump (section 4) were
anelysed for total sulphur using the LECO suiphur determination spparatus and method
{LECO Corp., 5t. Joseph, MI 49085, US.A.). The sand samples were pulverized for §
min and weighed in the combustion crucibles. The sampla had a mass calculated to
require 8 to 9 ml of titrant and did not exceed the recommendad maximom mass of 0,5
8. An ignitor, vanadium peatoxide (V,Os, LECQ), wss added to each crucible;
spproximately thres-quarters of a pellet was used for each sample. The crucible was
covared with a porous lid and placed in tha LECO induction furpace. A solution
consisting of 50 ml 2% (m/v) HCI and 15 ml 0,] N KI-1% (m/v) sodium glycoilata-
starch solution (LECO) was tapped into the titration veasel, The titrant was 1,1125 g/l
potassium jodate (K1O4). Approximately 50% of the expected titrant volums was added
to the titration vessel. The oxygen flow rate was adjusted to 0,4 1/min. Combustion
was initiated after the previcus steps had been carried out; its durstion was sat at &
min. When the titration end point was reached and the furnace had switched off, the
sample was removed from the furpace and the titrant volume recorded. Onoe ml of
KO, titrant = 0,0005 g sulphur.



82

1.3, Results

Table 10 records the total sulphur values for sand samples J1 to 9 from the axcavated
face of the 3A8 sand dump, and G5 from the east side of tha 3A19 dump. The gray-
colourad sands {samples J1 to 4 and J9) had sulphur contents ranging {rom 1,11 10 1,87%
(m/m}. The orange and yellow sands (samples J5, J7, J8 and G35) had sulphur sontanis
fram 9,08 te 0,19% (m/m). The light grey sand (J6) had 8 sulphur sontent of 0,13%
{m/m), falling wichin the range of cthe orange sands, Thus, the outer, oxidized orange
layers of the 3A3 dump were characterized by sand with a vary low towl sulphur
content, while the desper, unoxidized or largely unoxidised grey zope ¢ontmined sand
with a much higher sulphur conteat,

10.4. Discussion

South Africap gold bearing orves contain ca. | to 3% sulphur {van Staden, 1979), with
values often berween 0,35 and 1,60% (Marsden, 1986). The sulphur contents of the grey
sand samples from the 3A8 dump corresponded with thesa values, In view of the
observation of Atkins (1978) that the pyritic sulphur contant of seven pyritic ores from
the British Isles and Spain averaged 95,6% of the total silphur, it is not unressonable to
assume that most of the sulphur in the gold orea and dumps was pyrite solpbur.
Oxidation of pyrite produces, with ferric iron, sulphuric acid which lsaches out of the
sand dumps a5 acid draipage water, The result is a decrease in the amount of sulphur in
the dumps. Ferrous suviphate oxidation by 7. ferrooxidans in the laboratory can be
monitored by the development of jarosite deposits and a deep orange colour in the
medinm. The change of colour in the sand from grey to orangs, that correlated with a
decrease in total sulphur, 15 therefoce ascribed to pyrite oxidation.

Earlier analyses of material from a mine demy in South Africa by Hahne et al. (1976)
produced results in conflict with these observations. Three sand samples ware analysed,
namely, a yellow and a grey sample from the dump and a brown sample from the
drainage area at the base of the dump. Although the highest iron concenmation was
found ja the prey sand, in keeping with tha results reported here, the sulphats
concentration in this sampls was found to be tenfold greater than in the yellow and
brown samples, If the analysis value for total sulphur had been used as an indicater of
pyrite sulphur, this sulphate would have been registered as high unoxidised pyrits. The
high sulphats concentration was no indication of a high degres of pyrite oxidation in the
grey sampla, as sulphates may have collected in this srea through incomplets leaching.
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TABLE 1}, Colowr and total sulphur analysis of ten mine dump sand samples

Sample Colour § in SO, Total &
(%) (o)

Il gray 1,35 1,39

I2 grey 1,07 1,I1

I3 gray 1,79 1.87

J4 grey 1,59 1,66

15 crangs 0,16 0,16

Jé light grey 0,12 0,13

n orange 0,19 0,19

IR orange 0,13 0,14

J% Erey 1,18 1,22

Gs yellaw 0,08 0,08

ACanversion from 50,-5 to total 8 required compensation for 503. This calibeation
factor was determined at tha start of the experiment using 2 MINTEK 16/8] Sulphur
Standard containing 1,15% S (SD 0,0)). The calibration factor was §,044,
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However, this study raises the questioonm How much of the total sulphur in Table 10 was
pyritic and how much was in the oxidised sulphate form?

Sample 16, a light grey sand, did oot fit the pattern of high sulphur in the grey samples,
Its sulphur content was in the range shown by the orange sands, but its colour was closer
to that of the grey sands. This result becomes interesting when the samples are related
to their positions in the mine dump. Samples J2 to J7 were close to each other in the
transition zone between the grey core and the orgnge outer zone. Samples J2 to J4 were
grey, or grey with orange streaks, J5 was urangé, J6 light grey and J7 omange. The
presence of a light grey area in the orange region may be explained in two ways. The
light grey sand had a vary low sulphur content, so it may be the tailings of an ore seam
that was criginally low in pyrite. Run-of-mine ore is processed in a continuouvs flow
system so it is reasonable to suggest that tailings from successive seams wers deposited
with a degree of order. Alternativaly, it might be a zone where pyrite was oxidized
with the resulting orange deposits being subsequently Ieached from the sand. Why
deposits would leach so0 completely from one zons and not another is not clear, but this
light grey area may have formed a waterway through which rainwater was channelled,
therehy enhancing leaching. This idea is supported by the moisture content of this
sample (7,56%), which was margiaally higher than that of the other samples from the
exposed face.

The determinations of total sulphur in the J1 to 9 samples show that the interiace
between oxidized and uwnoxidized pyrite was about 30 m (horizontal distance) from the
side of the dump, where the transition from orange to grey sand occurred. According to
Mrost {£970), air in sand dumps is believed to be stagnant, ie. diffusion is severely
limited, at depths greater than 3 to 5 m. No data were presented in support of this
suggestion, bat if it is correct, the oxidation of pyrite would not be axpacted below this
depth, However, core samples {rom sand dumps on the Witwatersrand have shown
varying depths of oxidation down to 1§ m {Marsden, 1586), which suggests that air is
not always stagnant below 5 m. As air diffusion is a function of a number of factors,
including pore size and atmospheric pressure, it may not be unusual for pyrite oxidation
to occur below 5 m in sand dumps, Calculations recorded in section 9 suggest that the
samples taken 30 m (horizontal distance) into the dump at the oxidation front were
within ca. 13,5 m of the dump surface, hence within the range of previously recorded
oxidation zone depths.
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11. EFFECT OF MINE DUMFP SAND DRYING ON THE VIABILITY OF
¥. FERROOXIDANS AND IRON-OXIDIZING BACTERIA FROM
MINE DUMP SEEPAGE

11.1. Imtroduction

The gbservations reported in Section 9 on the occurrence and distribuwtion of imn-
oxidizing bacteria in gold mine sand dumps, suggested that these bacteria developed only
when moisture was adequate {in ssepage zones or during the wet season} and where
reduced iron was avajlable as a subsirate (dissolved farrous iron in effluent water in
seepage zones or iron pyrite in the unoxidized grey sand in the centre of a dump). Our
studies of section 4 indicated a detrimental influance of oxidized mine dump sand on T
ferrooxidans, even where it was growing undar favourable moisture and substrate
conditions in HJJ medium.

In analogous studies with coal wastes, Qlson ef s), {1981) reported the disappenrance of
iron-oxidizing bacteriz from acid coal spoils in Meontana with change of sesson from wet
gpring to dry summer, while Brock (1975) showed partial inhibition of iron oxidation by
T. ferrooxidans at a water potential of ~23 bars and complete inhibition at -32 bars. In
the study of Belly and Brock {(1974), declines in iron-oxidizing baciterial numbers and
autotrophic fixation of CO, in 40-year-old coal wasts from maximum levels in 3-year-
old coals wast: possibly reflected - exbaustion of epergy-vielding substrate or the
accummulation of toxic materials over the years,

With such indications that dry oxidized mine dump sand might be a highly stressed
environment for chemolithotrophic iron-oxidizing bacteria such ss T. ferrooxidans, we
investigated their viability in an oxidized and an vnoxidized sand oo drying.

11.2. Materizls and Methods

A 20% {v/m} incculum of n 3-day-old culturs of T, ferrocxidans ATCC 1985% in HIJ
medium was inoculated inte 150-ml] PYC breakers containing 100 g J9 {5,4% moisture:
mainly unoxidised) or G5 (0,7% moisture; highly oxidised) sand (3ee sections 4 and 10).
The beakers were incubated at 26°C. After 0, 10 and 34 days, MPN counts of T.-
ferrgoxidons, moisture and pH determinations were performed on the contents of
duplicate beakars. An jdentical experiment was conducted uging an inoculum consisting
of 2 mixed population of iren-oxidizing bacteriz from acid seepage, prepared as for the
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experiment on the effect of SLS on these organisins {section 5.2.1), but readings were
taken Bt 0, 4, 9 and 17 days, to obtain datz at shorter time intervels,

In crder to compare the effect of the two sands, J9 and G35, with high and low pyrite
conteats, respectively, on a 7. ferrpoxidans papulation in the presence of adequate
moisture, the sxperiment using T. ferreoxidans ATCC 19859 was repeated with the
moisture in the beakers replenished after 4, 7, !l and 14 days by adding 10 ml sterile
distilted water. Duplicate samples were analysed at regula.r intervals as for the previous
experiments.

11.3. Resolts

The effect of drying at 26°C on the viability of T. ferrooxidans ATCC 19859 in the two
mine dump sands is illustrated in Fig. 23. Similar total fosses of moisture were observed
from both sand types during the firest 10 days. At this siage the G5 oxidised sand was
dry and the J? unoxidised sand almost dry; however, moisture loss from the J9 sand was
negligible during the next 24 days. No viable T. ferrooxidans cells wers detected in the
G5 sand on day 10, but only a small decrease in the MPMN count in the J9 sand was
observed by that time. At day 34, no viable T. ferrcoxidans cells were detected in the
I3 sand.

The effect of the drying of the sands on the viability of a mixture of iron-oxidizing
bacterial populations enriched from acid mine seepage is illustrated in Fig. 24. By using
shorter intervals between sampling times, no decrease or even an incregse in the iron-
oxidizing bacterial count after 4 days was shown., On day 9 the moisture in the G5
oxidised sand had decreased to 1,16% and the iron-oxidizing bacteria count to less than
0,1% of the initial count, while the count in the Y9 unoxidised sand, which still
contained 6,08% moisture, was only slightly lower than the initial count. By day 17 both
sand types contained less than 1% moisture and no detectable viable iron-oxidizing
bacteria,

That the viahility of T. ferrooxidans ATCC 19859 was maintained when the sands were
not subjected to drying, was shown in the experiment in which the moisture in the
beakers was replenished for the first 14 days. The bacterial counts remained high:
during this period (Fig. 25), decreasing anly after the moisture was allowed to evaporate.
The decrease in viable bacterin was Faster in tha 35 oxidised sand than in the J9 sand
containing residual pyrite; there was a slightty faster moisture loss from sand (G5, which
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Effect of sand drying at 26°C on moisture and log MPN of T. ferreoxidans
ATCC 19859 in G5 oxidized and J9 vooxidized mine dump sand.
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FiG. 24. Effect of sand drying at 26°C on moisture and log MPN of iron-oxidizing
bacteria, from a mixture of enrichment culture populations from sand dump
seepage, in G5 oxidized and J9 unoxidized mine dump sand.
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had a coarser texture than the J9 sand. The pH of the sands remained fairly constant
during the experiments, within the range pH 2,2 t0 2,9,

11.4. Discussion

The distribution of iron-oxidizing bacteria in samples from sand dumps {secticn 9,
Tables 3 to 9) indicated that a low moisture content of the mine dump sand might
adversety affect iron-oxidizing bacterial concentratioms. This was suggested by the
consistently low moistura fevels (less than 6% m/m) of sand samples that showed no
iron-oxidizing bacteria,

Rapid dying of T. ferrooxidans ATCC 19859 and che mixed iron-oxidiricg bacterial
populaticn was observed in drying sand by day 10 (Fig. 23 and 24), Bacteria in J9 sand,
containing unoxidized pyrite, showed a slower death rate than these in the oxidised G5
sand. This result suggested that die-off may be related to a lack of energy source as
well as to loss of moistera. When moisture was maintained in the sand, the viability of
the bacteria in the oxidised sand remained high up to day 14, after which the moisture
leval was aliowed to drop (Fig. 25). As the moisture evaporated, the viability of the
bacteria in the oxidised G5 sand also fell rapidly, confirming that moisture is important
in determining the presence of T. ferrooxidans in mine dump environmeats, In the J9
sand, where pyrite substrate was apparently available, the viability of the bacteria was
still high at day 26, when the moisture in the sand had dropped to 3,64%. This
observation is a further indication that substrate availability may be an important factor
determining iron-oxidizing bacterial viability in the mine dump sand, but as the two
sands may have diffsred in other characteristics, this suggestion requires further
investigation.
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12. ADSORPTION OF 5LS BY GOLD MINE DUMP SAND
12.1. Introduction

Qur studies on the distribution of iron-czidizing bacteria in gold mine saed dumps
{section 9) indicated that they required unmoxidized pyrtite and wmoisture For their
deve]opﬁent, bhence would multiply and produce acid at or deeper than the pyrite
oxidation front at ¢ca. 10 m depth (Marsden, 1986). Their development in seepage water,
involving the oxidation of farrous iron, would be secondary and dependent on the
production of these jons during pyrite oxidation deeper in the dump. Inhibition of the
bacteria causing acy] drainage in sand dumps by application of an antibecterial chemical,
such as SLS, will require its movement through 2t least the outer 10 m of dump sand to
the sites of pyrite oxidation. Adsorption of the inhibitor to the sand is an important
factor determining whether an adequate concentration of the chemical can be delivered
to these sites,

Kleinmann and Erickson (1983) found considerable adsorption of SLS to coal waste (43
mg SLS/kg waste). They also noted that about 10 times more suefactant was required to
kill T, ferropxidans in coal refuse than in the 9K medium of Silverman and Lumigreﬁ
{1959a). In ocur inhibition experiments (sections 5 to 7}, higher concentrations of
inhibitors were required to prevent irom oxidation by T. ferrogxidans in HJJ medinm
containing gold mine dump sand than in the medium without sand. In the case of SL.5,
the minimum inhibitory concantration was doubled when sand was included in the
medium (section 5), The analogy with the coal waste resulis suggested that adsorption of
the SLS by the gold mine dump send might lower the effective conceatration of the
inhibitor in the medium, thus raising the apparent minimum inhibitory concentration.
Adsorption of SLS by the mine dump send was studied quantitatively to provide data lor
assessing the effect of the sand on the SLS dose required for the inhibition of irom-
oxidizing bacteria in gold mine sand demps.

12.2. Materials and Methods
12.2.1. Adsorptien experiments
Adsorption of SLS by 100 g G5 sand from the Nourse Mine was investigated by the
solution deletion procedure described by Parfitt and Rochester {1983}, The SL5 was

dissolved in distilled water to concentrations of 100, 500, 1000, 2000 and 3000 mg/l.
The gold mine dump sand was shaken with 100 ml of the SL5S solutions in 250 ml
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Erlenmeyer flasks for 3 hours at 120 r.pm. at 26°C. The flasks were then allowed to
stand until the supernatants were clear, when 1 mi samples were removed for aoalysis of
the SLS in solution as described in zection 12.2.2. The adsorbed SLS was caleulated. In
further adsorption experiments, 50 g gold mine dump sand was tested with a similar
range of SLS concentrations, as well as concentrations of 40, &0, 80, 200, 400, 600 &nd
BOD mg/l.

12.2.2. Analysis of SLS In solutlon

The SLS in the samples was determinad by the colorimetric measurement (648 nm) of
methylene blue-SLS extracted into chloreform (Abbott, 1962) according to a
modification of a procedvre developed by the Chamber of Mines {D.D, Marsden,
Pollution Control Division, Chamber of Mines, Johannesburg, personal communication).
In this modifiad procedure, a stock solution of methylene blue was prepared by
dissolving 100 mg methylene blue {May & Baker Ltd,, Dagenham, Eogland) in 106G ml
distilled water. A working methylene blee solution was prepared by adding 50 g sodium
dihydrogen orthophosphate dihydrate and 6,8 ml concentrated sulphuric acid to 500 ml
distilled water in a 1-1 flask; 30 ml methylene blue stock soletion ware than added and
the fTask filled to the I-I mark with distifled water. A washing sclution was prepared in
a similar way but without the methylens blue stock sn;ilution. A phenolphthalein solution
was preparad by dissoiving 80 mg in 100 mi absolute methanol, A separating funne] was
rinsed three times with distilled water and 8 i-ml sample added, (ollowed by 99 ml
distilled water. A drop of phenolphthalein was added and the pH adjusted with IN
sodiem hydroxide to pH 10. The solution was decolourized with IN sulphurie acid until
it was just colourless, when 25 ml of methylene blue working solution and 10 mi
chlorofarm wers added. After shaking for 30 seconds, the chloroform layer was
separated into & clezn separating funnel; the aquecus layer was then extracted twice
more with chleroform which was added to the first extract. The pooled ghloroform
extract was washed with 50 ml of washing solution and drained into a 60 ml Flask. The
washing solution was extracted again with 10 ml chloroform, which was added to the
poaled extract. The voluma of the extract was adjusted to 100 ml with chioroform and
the absorbance read at 648 nm on a Varian 634 spectrophotometer {(Varian Techtron
(Pty) Ltd., Perth, Australia). For the preparation of a standard curve, 100 ml volumes
of agqueous solutions containing 10 to 400 ug SLS {corresponding to a | m] sample diluted
to 100 ml) were treated with methylene bloe and extracted in the same way.
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12.3. Resulix

Figures 26 to 28 show the adsorption of SLS from 100 ml water in shaken flasks
supplied with 100 or 50 g gold mine dump sand, If the SLS concentretions supplied and
adsorbed are expressed as mg SL3/g sand as ia Fig, 26 to 28, the adsorption ¢urvas from
the three experiments approximately coincide, There was a high lavel of adsorption
{62% to 94%) of the SLS supplied at concentrations of 1,0 to 6,0 mg/g sand, but at
coacentrations below ca. 0,1 to 0,6 mg/g sand, more SLS remained in solution than was
adsorbed. However, although the latter trend was evident, the variation in analysed SLS
concentrations in solution, at equivalent SLS doses, was high from ooe experiment 1o
another at these low SLS levels,

12.4, Discusslon

Adsorption of SLS to gold mine dump sand is clearly an important factor influencing the
possible usefulness of this inhibitor for the control of acid mine drainage in sand dumps,
In respect of the imhibiton experiments of section 5, it can explain the increased
concentrations of SLS needed to inhibit T. ferrooxidans ATCC 19859 and WLR in the
cultures containing 500 g/i sand. The doubling of the concentrations of SLS needed o
inhibit the bacteria in the presence of the sand suggests that not more than 50% of the
SLS was adsorbed from the 100-ml culgures: in fact, considerably less than 30% way
probably adsorbed, as the inhibitory SLS doses of 4 and 8 mg/] are equivalent to only
0,008 and 0,016 mg/e sand, thus within the concentration range at which more SLS
remains in sclution than is adsorbed. Even the SLS concenirations of 10-20 mg/]
required to inhibit iron-oxidizing bacteria from sand dump acid sespage in 100-ml
cultures with 50 g sand (0,02 to 0,04 mg SLS/g sand) fall well within that concentration
TANge,

On account of the wide variation amorg experiments in the percentages of 5LS adsorbed
and in solution at the low SLS coacentrations, it i3 not possible to relatz apparent
minimum inhibitory concentrations in cultvrés ¢containing sand (section 5) to & calculated
ELS soncentration in solution, nar to prediet acevrately the dose of SLS required for
dump treatment to inhibit iron-oxidizing bacteria, However, the experiment shown in
Appendiz Fig. 13 demonstrated that more than 20 mg SLS/] were required to inhibit T,
ferrooxidans in 100 ml Liquid cultures containing 100 g mire dump sand. This result
can be used to calculate a dose of SLS which, assuming the SLS to be distributed avenly
through the ounter zone of the sand dump, will have to be exceeded for inhibition of
iron-oxidizing bacteria 10 m deep in the demp, The volume of sand beneath 1 ha of
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dump surface to a depth of 10 m is 100 000 m>. The mess of this sand is sbeut 113 000
t. Under dryish conditions the moisture contant af the sand is about 5%, while under
saturated or near saturated conditions along a seep, it is about 20% (=ection ). At these
moistute contents, 115 000 t sand hold 5 750 000 and 23 QO0 Q00 1 water, respectively.
If this water in the sand contains 20 mg/l SLS, 115 000 t sand will contain 115 and 440
kg SLS, respectively. Dosages of SLS to provide more than 20 mg/[ to 2 depth of 10 m
:-'-rnuld therefore have to be greater than [15 and 460 kg/ha, respectively, under the two
sets of conditions. Most sand in the dump does not ¢ontain a5 much as 20% molsture
{section 9), so 460 ke/ha 5LS will provide more than 20 mg/m!, but whathar thiz will be
adequzte to inhibit the tarzet bacteria requires Further experimeantal evaluation,

The ealculation in the previous paragraph assumes 2 dalivary systam which gives sn even
distribution of SLS through the dump profile. Whether such 2 distribution can be
achieved, for example, by continued input from @ slow releass system, such ms SLS5-
rubber pellets (Immelman, 1987; this report, part 3) and whether this approach would he
the best method of treatment depends on the behaviour of the SLS as it ieaches through
the sand profile. Thus, if a dose of SLS showld move through the sand as a band,
treacment providing pulses of SLS at suirable intervals, giving waves ol a bacteri.cidal
concentration of SLS at the site of pyrite oxidation, might be a batter approach. Studies
of SLS leaching behaviour in gold mine sand dumps, necessary for a full evaluation of
SLS a5 a potential acid drainape inhibitor, have yet (o be performed.
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13. CONCLUSIONS

The sespage of acid water from Witwatersrand gold mine sand dumps, which released an
estimated 50 000 t of salts into the catchment of the Vaal Barrage during 1983 (Jones et
al., 1983}, shows the characteristics of acid drainage from mine waste depasits elsewhere
in the world. The pH of the water was below pH 3, sulphat® comprised a large
proportion of the tonnage of salts in the acid drainage (Jones &t al., 1988) and the brown
colour of the seepage water and precipitates in and around seepage pools indicated the
presence of oxidized iron. That bacterially catalyzed iron oxidation was occurring in the
seepage was indicated by the presence of populations of chemolithotrophic iron-
oxidizing bacteria of ca. 109 to Iﬂ?{ml in drainage water and ¢a. 107 to Iﬂﬁﬁg in the
brown-colourad goil of a seepage area {section 3). It is presumed that the bacteria were
T. Jferrooxidans or coptained a large proportion of T. ferrcoxidans in a mixed
population, Thesa bacteria are the major iron-oxidizing bacterin of acid drainage
elsewhare and the HJJ growth mediem and condition: of incubation for the MPN
estimates of the iron-oxidizing bacteriz in sand dump seepage were selscted for their
suitability for T. ferroaxidans (section 2)..

The gold mine sand dumps appear to be 3 not very fevourable growth environment for
T. ferrooxidans and other possible iron-oxidizing chemolithotrophic bacteria of acid
seepage. Increasing concentrations of an oxidized sand (i.e. in which the pyrite had been
oxidized) increasingly retarded the growth of T. ferrooxidans in HJ medium (sectioa 4).
The drying of mine dump sand resulted in the rapid destruction of large inoculum
populations of T. ferrooxidans and iron-oxidizing bacteria from acid seepage, the
destruction being more rapid in an oxidized sand than in an upoxidized sand containing
pyrite substrate (section 11), Howsever, high populations of T. ferrcoxidans were
maintained when the sands were kept moist.

Of the compounds tested in Jaboratory cultures as possible inhibitors of T. ferrooxidans
and mixed populations of chemofithotrophic iron-oxidizing bacteria from sand dump
acid drainage, the anionic detargent SLS was the most &ffective. Inhibition of the most
resistant cultures was achieved with 8 mg SL%/l in cultures containing no mine dump
sand and with 20 mg SLS/] in cultures confaining mine dump sand at 500 g/l (section 3).
However, when the sand concentration was raised to 1000 g/l, 20 mg SLS/1 only
retarded ferrous iron oxidation by a less resistant T. ferrooxidans strain. Adsorption of
the SLS by the sand {section 12) can explain, or partly explain, this result. The sand-
inhibitgr interaction must receive further atiention as a major factor determining the
inhibiter doss and methad of application for the conttol of acld drainage from sand
dumps.
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The anionic detergent LAS was almost a5 effective as SLS as an inhibitor of T.
ferrooxidans and iron-oxidizing acid drainage bacteria in cultures without mine dump
zsand (LAS at § mg/l1 inhibited all cultures), but with 500 g/l sand i the cultures was
less effective than SLS in that not all cultures were inhibited by 30 mp/1 LAS (section
3}. This result provides no grounds for considering LAS as an alternative inhibitor w
SLS for the control of acid drainage formation in sand dumps, but attention has not
been given to economic considerations, which would also pecessitate Torther comparison
of the effectiveness of LAS and SLS.

Among the caticnic surface-active campounds tested (section 6), the low pH
antimicrobial quaternary pyridinium compound Ceepryn was more effective tham SL5
against 7. ferrooxidans ATCC 19839 in cuitures without sand (2 mg Ceepryn/] inhibited
all cultures), but was considerably less effective in cultures containing 500 g/l sand, with
20 to 40 mg/l the minimum inhibitory concentration (in contrast to 8 mg SL5/] for the
same T. ferrcoxidans strain). The queternary ammonivm formulation Hyamine 3500
showed only partial or temporary inhibition of T, ferreoxidans and the ecid drainage
bacteria at the highest concentration tested (128 wmg/1}, even in cultures without mine
dump sand. Howewer, acidity is known to be highly detrimental to the at:tivify of
guaternary ammonivm compouvnds (Hamilton, 1%71). Adsorption to surfaces is a general
characteristic of the quaterpary pyridinitm and ammoniuvm compounds, reducing their
antimicrobial activity (Sykes, 1965), thus the reduction of the aifectiveness of Caepryn
“shown in the cuitures with 500 g/1 sand would likely be greatly enhanced in a sand
dump. Evidence available to ‘date provides no grounds for considering Ceepryn as a
possible alternative to SLS for the combatting of acid draingge in sand dumps.

The food pressrvative organic acid inhibitors, benzoic and scrbic acid, are inherently
less effective inhibitors of T. ferroexidons in respect of minimum inhibitory
concentrations than the surface-active chemicals, SLS, LAS and Ceepryn. The minimum
inhibitory concentrations of sodium benzoate und sorbic acid in cultures without mize
dump sand were 15 to 30 and 15 to 20 mg/l, respactively; these concentrations inﬂraasau:!
to 25 to 35 and 20 to 30 mg/l when 500 g/l mine dump sand was included in the
cultures (section 7). The limited reduction of their effectivenass in the presence of the
sand indicates that they have the advantage of little edsorption to the sand. 1t appears
that doses of benzoic or sorbic agid to inhibit T, ferrooxidans in sand dumps would need
i¢ ba about four times that of SLS, making even the chesper benzoic acid probably not
an economical alternative inhibitor ta SLS.

Sodium lignoselphonate and potyacrylic acid had such limited activity against T.
ferrooxidans (section 8) that they cannot be regarded as possible inhibitors of acid

dreinage formation in sand dumps,
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Investigations of the distribution of chemalithtrophic iron-oxidizing bacteria in sand
dumps (section 9) showed large populations only in wet regions where acid drainage
water was seeping through the sand at the base of the dump and emerging at the surface
or in the interior grey-coloured sand exposed on excavated faces where the pyrite had
not yet been oxidized to sulphate and yellow or orange oxidized forms ol iron. The
outer orange-coloured layer of sand dumps away from seepage zones contained almost
_ho irop-oxidizing bacteria nor sulphur {section 10}, both observations indicating that the
pyrite substrate on which the bactzria grow had been lost from this part of the dumps
during more than holf a century of oxidation. As this process has proceeded to depths
of ca. 10 m in sand dumps (Marsden, 1926), the Jron-oxidizing bacteria must be
catalysing pyrite exidation at or beyond this depth. Bacterial iphibitors to control acid
production in the dumps must therefore be delivered in inhibitory ocncentrations to at
laast this depth. The absence of iron-oxidizing bactetia from most winter samples from
the axpozed face of the excavated 3A8 dump, in contrast to their abundance in similar
(but moister) grey-coloured samples in summer, suggests that pyrite oxidzicn is seasonal.
It is possibly nagligible in winter as drying of the dump sand results in rapid death of
the iron-oxidizing bacteria (section 11). '

The delivery of an inhibitor such as SLS to the sites of pyrite oxidation at least 10 m
deep in sand dumps and the =ffectivensss of the inhibitor in the presence of the sand
wili be influenced by adsorption of the inhibitor to the sand. Although mine dump sand
{50 or {00 g) adsorbed most of the SLS supplied in 100 ml water at concentrations of 1,0
to 6,0 mg/g sand, |ass than half che SLS supplied at below ca. 0,] to 0,6 mg/g sand was
adsorbed. Inhibitory SLS concentrations in laboratory cultures were below the latter
concentrations, thus in the presence of sand at 500 g/1 were only about double the
inhibitory concentrations in the cultures without sand. Inhibitor delivery strategy will
have to take intn account adsorption and movement of the inhibitor in the sand dwnp.
Continvous dosing of the dump from a slow-release formulation {Immelman, 1987; this
report, part 3) is ome possible strategy and dosing in repeated pulses another.
Continuons dosing with SLS would require an estimated tota! application of more than
115 kg/ha mine dump surface and possibly mere than 460 kg/ha (section 12}. The cost
of the SLS as priced in 1990 {locally preduced formulation with 28% SLS, transport and
application excluded) would be et l=sast R9,68 x J15 = R1113/ha and possibly greater
than R3, 68 x 450 w R4453/ha.. Whether such applications are justified in view of the
probable complere reprocessing of the sand dumps during the next 20 years, is
questionabie. However, more research is needed on the adsorption and movement of
potential inhibitors in sand dumps for a reliable comparstive essessment of the two
strategies for any specific inhibitor.
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15, APPENDIX: COMPLETE RESULTS OF LABGRATORY STUDIES OF CHEMICAL

Appendlx Fig.
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APPENDIX FIG. I. Effect of increasing concenirations of SLS on-the growth of T,
ferrooxidans WLE in HII mediam, he SLS was added at the beginning of the
experiment. Vertical bars indicate Fe<? metabolism in duplicate flasks; graph lines
cognect the means.
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AFPENIMX FIG. 2. Efiect ol increasing concentrations of SLS on the growth of 7.
Jerrooxidans ATCC 15859 in HJ]J medivm. The SLS was gdded at the beginning of the
experiment. .
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APPENDIX FIi5. 3. Effect of iocreasing concentrations of SLS on the growth of T,

ferrooxidans WLR in HIY medium. The SLS was added during the exponential phase of
caltura growth {25 h).
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APPENDIX FIG. 4: Effect of increasing concentrations of SLS on the growth of T,
ferrooxidans ATCC 19839 in HIT medium. The SLS was added during the exponentizl
phase of culture growth (25 h).



bk 2 b s 11

Log %Fe?t metabolised
!
I
I
I
i
|
H
|
I
|
1
|
;
i
|

0 - _ 100 200
Time {hours)
APPENDIX FIG. 5. Effect of increasing concentrations of 5LS on the growth of a

mixed T. ferrooxidans population, enriched from acid seepage samples, in HJJ medium
when the inhibitor was added at the beginaing of ihe experiment.
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APPENDMX FIG. 6. Effect of increasing concentrations of SLS on the growth of a

mixed T. ferroexidans population, enriched from acid seepage samples, in HJJ medium
when the tnhibitor was added during the exponential phase of culture growth (23 h}.
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AFPENDIX FI1G. 7. Eflect of increasing concentcations of SLS on the growth of T,
Fferrooxidans WLR in 100 ml H)J medium supplemented with 50 g air-dried mine demp
sand G5, The SLS was added at she beginning ol the experiment.
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APPENDIX FIG. 8. Effect of increasing concentrations of SLS on the growth of T
ferrooxidans ATCC 19859 in 100 mi HIJ medinm supplemented with 50 g air-dried

mine dump sand G5. The SLS was added at the beginning of the experiment.
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AFPENDIX FIG, 9. Effect of increasing concentrations of SLS on the growth of T.
ferrooxidans WLR in 100 ml HYJ mediem supplemented with 50 g air-dried mine dump
sand G5. The SLS was added during the exponential phase of culture growth (25 h).
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APPENDIX FIG. 10. Effect of incveasing concentvations of SLS on the growth of T.

ferrooxidens ATCC (9859 in 100 ml H1J medium supplemented with 50 g air-dried

mine dump sand G5. The SLS was added during the exponeatial phase af culture
growth {24 h),
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APPENDIX FIG. 1l. Elfect of increasing concentrations of SLS on the growth of a
mixed T. ferrooxidans population, enriched from acid seepage samples, in 100 m! HIJ
medium supplemented with 50 g air-dried mine dump sand G5. The SLS was added at

» the beginning of the experiment.
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APPENDIX FI5. 12. Effect of increasing concentcations of SLS on the growth of a

mixed T, ferropxidans population, enriched from acid seepage samples, in 100 m] HIJ
medium supplemented with 58 g air-dried mine dump sand (G5, The SLS was added
during the exponential phase of culture growth {26 h).
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AFPPENDLX FIG. |3. Effect of iocreasing concentrations of mine dump sand G35 on the
inhibitory effect of 20 mg/l SLS on the growth of T. ferrooxidans ATCC 19859 in HIJ
medium. The SLS was added at the beginning of the experiment.
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APPENDLIX FIG. t4. Effect of increasing concentrations of the LAS, NANSA HS 80/5,
on the growth of T. ferrcoxidans ATCC 19859 in HYJ medium. The LAS was added at
the beginning af the experiment.
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APPENDIX FI3. 15. E{fect of increasing coocentrations of the LAS, NANSA HS 80/5,
on the growth of T. ferroexidans ATCC 1985% in 100 ml HIJ medivm supplemented
with 50 g air-dried mins dump sand GS5. The LAS was added at the beginning of the
experiment.
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APPENDIX FIG. 16. Ef(ect of increasing concentrations of the LAS, NANSA HS 30/5,
on the growth of a mixed I, ferrpoxidans population, enriched [rom gcid seepage
samples, in HJJ medium when the inhibitor was added at the beginning of the
experiment.
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APPENDIX FIG. 17. Efflect of increasing concentrations of the LAS, NANSA HS 80,8,
on the growth of a mixed 7. ferrooxidans population, enriched from acid seepage
samgiles, in BJJ medium when the inhibitor was added during the expomentia] phase of
culture growth {23 h).
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APPENDIX FIG. 18, Effect of increasing concentrations of the LAS, NAMNSA HS 80/5,
on the growth of a mixed T. ferrooxidans populaicn, enriched from acid seepage
samples, in 100- mt H)} medium supplemented with 53 g air-dried mine dump sand G35.
The LAS was added at the beginning of the experiment.
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APPENDIX FIG. i9. E(lfect of increasing concentrations of the LAS, NANSA HS 83/ S,
on the growth of a mixed T, ferrcoxidans population, enriched from ecid seepage
samples, in 100 ml H)) medium supplemented with 50 g air-dried mine dump sand G5.
The LAS was added during the exponential phase of culture growth (24 h).
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APPENDIX FIG. 20. Effect of incressing concentrations of Hyamine 3300 on the
. growth of 7. ferrooxidans WLR in HJJ medium, The Hyamine 3500 was added at the
beginning of the experiment.
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APPENDIX FIG. 21. Effect of increasing concentrations of Hyamine 3500 on the
growth of T. ferrcoxidans WLR in HJJ medium., The Hyamins 3500 was added during
the exponential phase of growth {12 h),
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APPENDIX FIG, 22, Eflect of increasing concentrations af Hyamine 3500 on the
growth af T. ferrooxidans ATCC 19859 in HIJ madium. The Hyamine 3500 was added
at the beginning of the experimeant.
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APPENDIX FIG. 23, Effect of increasing concentrptions of Hyamine 3500 on the
growth of T ferrooxidans ATCC 19859 in HN mediom. The Hyamine 3500 was added

during the exponential phase ol growth {23 k).
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APPENDIX FIG,. 24, Eifect of increasing concentrations of Hyamine 3500 on the
growth of T, ferrpoxidans WLER in 100 mf HJ] medium supplemented with 50 g air-
dried mine dump 3and G5 The Hyamine 3500 waps added at the beginning of the

experiment.
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APPENDIX FIG. 25. Eiffect of increasing concentrations of Hyamine 3500 on the
growth of T, ferrpoxidans WLR in 100 ml HJJ medjum supplemented with 50 g air-
dried mine dump sand G5. The Hyamine 3500 was added during the expanential phase

of growth (24 h).
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AFPENDIX FIG. 26. Effect of increasing concentrations of Hyaming 3500 on the
. growth of T. ferrooxidans ATCC 19859 in 100 ml HJJ medium supplemented with 50 g
air dried mine dump sand G5. The Hyamine 3500 was added at the beginning of the

experiment,
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APPENDIX FIG. 27. Eifact of increasing concentrations of Hyamine 3500 cn the
growth of T. ferreoxidans ATCC 19859 in 100 ml HJJ medium supplemented with 50 8
air-dried mine dump sand GS5. The Hyamine 3500 was added during the exponential
phase of growth (25 h),
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APPENDIX FIG. 28. Effect of increasiog coacentrations of Hyamine 3500 ltm the
growth of enrichment cultures of T. ferrooxidans, derived from soil G4 (07" MPN
cultures, in [00 ml HIJY medivm supplemented with 50 g air-dried mine dump sand G35.

The Hyamine 1500 was added at the beginning of the experiment.
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APFPENDIX FIG. 29, Elflect of increasing concentrations of Hyamine 3500 po the
growth of enrichment cultures of T. ferrooxidans, derived from =oil G4 107" MPN
cultures, in 100 ml HIJ mediorm supplemented with 50 g air-dried mine dump sand G3.
The Hyamine 3500 was added during the exponential phase of growth (25 h).
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APPENDIX FIG. 30, Effect of increasing concentrations of Ceepryn on the growth of

T. ferrooxidans ATCC 19859 in HJJ medium when the Ceepryn was added at the
beginning of the experiment.
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APPENDTX FIG. 31. Effect of increasing concentrations of Ceepryn on the growth of

T'. ferrooxidans ATCC 19859 in H)J medivm when the Ceepryn was added during the
exponential phase of growth (25 h).
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APPENDIX FIG. 32, Effect of increasing concentrations of Ceepryn on the growth ol

T. ferrooxidans ATCC 19859 in 10{ m] HM medium supptemented with 50 g air-dried
mine dump sand G5, The Ceepryn was added at the beginning of the experiment.
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AFPENDIX FIG. 33, Effect of increasing concentrations of Ceepryn on the growth of
T. ferrooxidans ATCC 19359 in 100 m]l HIJ medium supplemented with 50 g air-dried
mine dump sand G5. The Ceepryn was added during the exponential phase of growth

(25,5 h).
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APPENIMX FIG. 34. Efifect of increasing concentrations of sodium benzoate on the

growth of T. ferrooxidans WLR in HI) medium when the sodium benzoate was added at
the beginning of the experiment.
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APPENDIX FIG. 35. Effect of ipcreasing concentrations of sodium benzoate on the
growth of T. ferreoxidans WLR in HIJ medinm when the mhibitor was added during
the exponential phase af culturs growth (21 h).
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APPENDIX FIG. 35. Effect of increasing concenirations of sodivm benzoate on the
+ prowth of T. ferrpoxidans ATCC 19859 in H)J medium when the inhibitor was added at
the beginning of the experiment.
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APPENDIX FI1G. 37. Effect of jncreasing concentrations of sodium benzoate on the
growth of T ferrooxidans ATCC 19859 in HIJ medium when the inhibitor was added
during the exponential phase of eulture growth (2] h),
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APPENDIX FIG. 38. Effect of increasing concentrations of sodium benzoate on the
growth of T. ferrooxidans WLR in 100 mi HIJ medium supplemented with 50 g air-
dried mine dump sand G35. The sodium benzoate was added at the beginning of the
experiment.
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APPENDIX FIG. 39, Effect of ingressing concentrations of sodium benzoate on the
growth of T. ferregoxidans WLR in 100 ml HJJ medium supplementad with 50 g air-
dried mine dump sand G5. The sodium benzoate was added during the exponential
phase of citlture growth {23 h),
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APPENDIX FIG. 40. Effect of increasing concentrations of sodium benzoate on the
growth ol T. ferrooxidans ATCC 19859 in §00 ml HJJ medium supplemented with 50 g

air-dried mine dump sand G5, The sodium benzoate was added at the beginning of the
experiment.
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APPENDIX FIG. 41. Effect of ineréasing concentrations of sodium benzoate on the
growth of T, ferrooxidans ATCC 19859 in 100 mi HIS medium supplemented with 50 g
dir-dried ming dump sand G5. The sodium benzoate was added during the exponential
phase of culturs grawth (23 h).
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APPENDIX FIG. 42. Eflect of increasing concentrations of sorbic acid on the growth
of T. ferrooxidans WLR in HI] medium when the sorbic acid was added at the
beginning of the experiment.
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APPEMDIX FIG. 43, Effect of increasing concentrations ol sorbie acid on the prowth
of T. ferrooxidans WLR in H)J medium when the inhibiter was added during the

exponential phase of culture growlh (21 h).
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APPENDIX FIG. 44. Effect of increasing concentratians n.:.:f‘ sorbic acid on the growth
of T. ferrooxidans ATCC 19859 in HIJ medium when the sorbic acid was added at the
beginning of the experiment, ' o
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APPENDIX FIG. 45. Effect of increasing concentrations of sorbic acid on tha growth
of T. ferrooxidans ATCC 19859 in HIJ medium when the inhibitor was added during
the exponential phase of culture growth {21 h).
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APPENDIX FIG. 46. EfTect of increasing concentrations of sorbic acid om the growth
af T, ferrcoxidans WLE in 00 ml HJJF medium supplemented with 30 g air-dried mine
dump sand G5. The sarbic acid was addad act the beginning of the axperiment,
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APPENDIX FIG, 47, Efflect of increasing can¢entrations of sorbic acid on the growth
of T. ferrooxidans WLR in 100 ml HIJ medium supplemented with 50 g air-dried mine
dump sand GS. The sorbic acid .was added during the exponential phase of culture
grawth (23 h).
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APPENDIX FIG, 48, Efflect of increasing concentrations of sorbi¢ acid on the growth
of T. ferrooxidans ATCC 19859 in 100 ml HJJ medium supplemented with 39 g air-
dried mine dump sand G5. The sorbic acid was added at the beginning of the
experimsant,
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APPENDIX FIG. 49, Effect of increasing concantrations of sorbic acld on the growth
of T. ferrooxidany ATCC 19852 in 100 ml HIJ mediom sopplemented with 50 g air-
dried mine demp sand G35. The sorbic acid was added during the exponential phase of

cuiture growth {23 &}
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APPENDIX FIG. 50. Effsct of increasing concentrations of sodium lignosulphonate on
the growth of T. ferreoxidans WLR in HIJ medium, The sodium iignosuiphonate was
added during the exponential phase of growth (30 h).
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APPENDIX FIG. 51. Effect of increasing concentrations of sodium lignosulphonate on
the prowth of T. ferreoxidans ATCC 19859 in HIJ medium. The sedium
lignosulphonate was added at the beginning of the experiment,
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APPENDIX FIG, 52. Effect of increasing concentrations of sodium lignosulphonate pn
the growth of T. ferropxidans ATCC 19859 in HIJ medium. The sodium
lignosulphonnte was added during the exponzntial phase of growth (27 h).
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APPENDIX FIG. 53. Effect of increasing concentrations of sodium lignosulphonate on
the grawih of I, ferreoxidans WLR in HJJ medium, The sodium lignosulphonate was
added at the beginning ¢f the experiment,
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APPENDIX FIG. 54, Effect of increasing concentrations of polyacrylic acid on the

growth of T. ferreoxidans WLR in HJJ medium. The polyacrylic acid was addad at the
beginning of the axperiment.
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APPENDIX FIG. 55, Effect of increasing concentrations of pelyacrylic ecid on the

growth of 7. ferrooxidans WLR in HIJ medium. The polyacrylic a¢id was added during
the exponential phase of growth (24 h).
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APPENDIX FIG. 56. Effect of increasing concentrations of polyacrylic acid an the

grawth of T. ferrooxidans ATCC 19859 in HIJ medium. The polyacrylic acid was
-addad at tha beginning of the experiment.
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APPENDIX FIG. 57. Effect of increasing concentrations of polyacrylic acid on the

growth of T ferreoxidans ATCC 19859 in HIJ madium, The polyacrylic acid was added

during the axponentinl phase of growth (24 h).
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APPENDIX FiG. 58. Effect of increasing concentraiions of polyacrylic acid on the
growth of T. ferrooxidans ATCC 19839 in 100 ml HIJ medium supplemented with 30 g
nir-dried mine dump sand G5. The polypcrylic acid was added at the beginning of the

experiment,
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