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ABSTRACT 2

The effects of Cr3t and Ml']l2+ on growth and oxidation of FeZt by

growing® cultures of Thiobacillus ferrcoxidans were studi‘ed. Crowth of the’

organism at pH 2.5'was inhibited by concentrations of Cry(S04)3 great"é“r"/:

than 1.5 x 1072M or by concentré‘tior;s of MnSOy grea‘ter' than 0.6M. -Feftous .

o

iron oxidaton was 175“3 sensitive than 'growth to the inhibitory effects of

“, . "

J o«

Cry(50))3 and MnS0,, an& these inhibitions were greater at the higher pH value
of 3.5/, émall .amounts of cell-associated Crl+ we.n\é found in cells growing
"at PH 2.5. These amounts increased at pH 3.5, up to an'estimat;d 12-p dbi?g
dry weight.“¢ The effects of Cr3t and Man2t on -:.indation of Felt .by

4

non-growing cell suspensior-ls"'of Thiobacillus ferrooxidans was studied mano-

metrically at two different FeSOy concentrations (33.8 mM and 180mM). .The

.

rate of FeS0, oxidation was gréater at the lower concentration but was more
' ‘ s ’ -,

severely affected by cr3t at this concentration., '~ The inhibition of growth

and iron ofidation’ by Mn50; appeared. to be .due to" general osmotle dffects

rather than to the specific ilonic concentration. Growth of Escherichia coli

~

was inhibited by 1074 KyCry07 or by™2.4 x 1072M MnSO-

Chromium concentrate from the Manitoba Bird River Deposit was leached

: ~ _
using Thiobacillu ferrooxidans. Chromium solubilization was en@ce,d_ in the

resence of ad}\é’d elemental sulfur. A maximum chromium concentratiowi of 140

. ~

mg/L, ‘which exceeded more than a thousand times that permissible In natural

{

Y A
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potable waters, was soclubilized by the béEfEria lby an indirectlAprocess,
through the action of Hp804.  Although this action may not be sufficlent
for commercial exploitation, it may be sufficlent for environmental concern.

The effects of some heavy metals on the oxidation of thiosulfate by

Thiobacillus thiooxidans (ATCC 8085)'were('studied. The rate of-~thiosulfaté
ox-idacién at 30°C and an initial pH of 4.5 by the organism was 55 * 3 mg/L/h.
~Heavy metal cations caused normal inhibition kinetics in the oxidatioen
thiosulfate by T. thic;oxidans. Ki:-‘x'vélues were-caICulated for copper (0.46
mg/L), lead (2 mg/L), chromium (Cr6+, 130 wg/L; Cr,3+, 187.50 mg/L),
mangaﬁese (182-8L1 mg/L) and iron (FeQ'*', 369 mg/L). Of the metals telsted,.
only 'lead is found in-tallihg pond syétéms in c;oncentrations that would cause
substantial inhii:ition of thiosdt oxidation. The feasibility of :‘.}sing the
organism as an ald to treat 1" effluents so as to render them

environmentally écceptable requires \further studies under  sub-optimal -

conditions resembling those of operating .blants.

.,




_ INTRODUCTION

P

g

The thiobaéilli}'a::;/a group of Gram negative bacteria capable of

™

. )
oxidizing elemental sulfu

and reduced sulfur compounds to Ffulfill cthelr
#
energy requirements. They are short rod-shaped, non-sporulating bactertia,

motile (with a éingle flagellum), occurring singly and occasionally'in palrs,

Many of them do not grow well, 1f at all, on sgﬁid wedia.

I3

J
o

Two species of the thiobacilli are represented in this investigation -

the acidophilic autotrophic bacteria, ) Thiobacillus thiocoxidans and T.

ferrooxidans. . A Y

LY

T. thiooxidanéfwas originally isolated EW:Z soil enriched with flowers

of sulfur (Waksman and Joffee, 1922)-, It is remarkable for its ability to
rapidly oxidize elemental Sulfuf-gpd.other partially reduced sulfur compounds
. ‘ . .

ip a pH range of 1-5 (London and Witteﬁberg, 1964).

"

————

'T. ferrooxidans, also previously known as Ferrobacillus ferrooxidans

(Kinsel, 1960} and Ferrobacillus sulfooxidans (Leathen and Barley, 1954), was

originally isclated from an acid mine drainage (Colmer and Hinkle, 1947). 1In
addition toe 1its abilities to oxidize sulfur ané sulfur ‘compéunds, this

organism oxidizes reduced iron at an optimal pH of ;pproximately 2. The
bac;eriu¥ oxidizes iron more rapidly than sulfur (Begk, 1960; Hargalith EE al,

N .
- 1966). Rates of sulfur o ‘idation were comparable with those of T. thiooxidans

{Beck, 1960). Thiosulfate is generally oxidized by T. ferrooxidans less’

H
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rapidly than sulfur (Silverman and Lundgren,, 1959). However at pH 5, Silver

(1970) obtainegvfaster rates ofroxidation of thiosulfate, tetrathionate and

S o= -

[

sulfide than BF sulfur by sulfur-grown T. ferrooxidans. The metaboliga‘bﬁﬂ\\ﬂ\

(

iron, sulfur and various sulfur compounds by the thiobacilli depends upon
oxygen tension, pH, rate of -growth, phosphate concentration, metal ions
concentration and posslbly other unidentified factors. ' Both T. ‘thicoxidans

and T. ferrooxidans are strictly autotrophic, in that they require an

inorganic electron donor, an Iinorganic -electron acceptor and use carbon
dioiide as their major carbon source. Organic carbon compounds are inhibitory
(ﬁonichewski, 1967; Margalith et al, 1966). Carbon dioxide is fixed through
the Calvin (reductive pentose phosphate) cycle and the oecondary carboxylation
of phospho-enolpyruvate (PEP) derived from the Calvin cycle (Aleem et al,
1963; Din et al, 1967; Eldsen, 1962, KeXly, 1971; Maciag and Lundgren, 1964).

Some specien oE thiocbacilli, commonly assumed to be strict autotrophs;
may be adapted to assimilate certain organic compounds under‘specific condi-

tions (Kelly, 1971). Adaptation to growth on glucose has been suggested to

result in an apparent loss of iron-oxidizing activity of T. ferrooxidans

(Shafia and Wilkinson, 1969); but Guay and Silver (1975) have shown this to be

due to the presence of a facultative autotrophic contaminant, Thiobacillus
acidophilugs. Although a process of metabolic .repression has Uggn*Suggeﬁfed
{Tuovinen et al, 1978), studies on the G + C ratio from such cultures strongly

suggest that cultures of T. ferrooxidans are hetefogenous {Guay and SiXver,

1975; Guay et al, 1976). _ ) : .

The thiobacilli are knownto be more tolerant to heavy metals than most

other microbes. For instance, a concentration of 2 x 1077 of diron is

required for growth of most bacteria, whereas 10734 is inhibitofy. Zine

(10™34) 1s required for growth of most fungi and 5 x 10734 is inhibitory.
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These values are far exceeded in cultures of the thicbacipii (Sadler and
| Trudinger, 1967; Cobet et al, 1971; Weinberger et al, 1977).| Table I _shdus

the tolerance levels of the more common metals as exhibited by T. ferrogxidans

i
during ferrous iron oxidation. ) Q

-

.-

The ability of the thiobacx1li to tolerate high concentrations of
heavy metals is not well understood. Tolerance to many.metals has been shown
to be substantially Iincreased by selective sub-culture (Duncan et al, 1967;
Duncan and Bruynesteyn, 1971) z;nd the tolerance 1is retalned after
sub—culturing in the absence of the heavy metals (Tuovinen and Kelly, 1972)
which probably 1indicates selection for resistant strains- Analysis of the
cell wall components qf these organisms revealed no essential structural
differences to most autotrophic Gram negative b;acteria (Lundgren et al, 1964;
Remsen and Lundgren, 1966; AWang and Lundgren 1968; VenCaesseele and Loes,
1969; Wang E-ﬂ, 1970). Resistance of varilous heterotrophic bactex:m to
- silver, mercury, arsenic and tellurium has been shown to be plasmid borne
(Hedge and Baumberg, 1973; McHugh et al, 1‘575; Smith, 1967; Summers and
Jacoby, 1977). It is likely that acidophilic thiobacilli carry resistance
factors for metals on transmissible plasmids (Davidson ﬁ’é' 1983; Dispirito
et al, 198l; Martin et al, 198l; Mao et al, 1980). A plasmid of &
'_uranium-—resistant strain of 1ron-ox1-dizing bacteria has, in fagt, buun

suggested to confer resistance to uranium (Tuovinen et al, 1981).

L)
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TABLE

I

" Heavy metal tolerance by Thiobacillus ferrooxlidans during iron oxidation.

Metal Max. Concentration Reference
Silver 1 x 10778 Norris and Kelly 1978
Hoffman and Hendrix, 1974
.,’J
Uranium 5 x 10~y Keenan, 1969; Duncan et al, 1967
Mercury 5 x 1077y Le Roux, N.W. Unpublished data
(Quoted from Brierley, 1978)
Molybdenum 3 x 1073y Duncan et al, 1967; Bhappu et al,
- ) 1965; Wyckoff, 1970
“Cobalt 1.7 x 1073y
c\wer 1.6 x 1071y Tuovinen and Kelly, 1974b
d
Nickel . L7 x 107 Ly Tuovinen et al, 1971
- -
Zinc iy 1.5 x IO'IM_ Tuovinen and Kelly, 1972
Aluminum 3.7 x 1071y T
- ) .
Manganese i;? x 1071y
" Arseniec + Tuovinen et al, 1971
Tellurtmn\ 2 x 107% to .
*‘ ~—
Selenium 9 x 10f§M
bt
- Cyoo-
A /S
y
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The effects of heavy metals on I. ferrooxidans have been extensively

studied (Tuovinen and Kelly, lélj[agb; Tuovinen et al, 1971), but very much
less so on T. thiooxidans (Sil er and Dinardo, 1980). 1Inhibitions by heavy

metals of iron and thiosulfate oxidations of Ii ferrcoxidans (Tuovigen and'

Kelly, 1971) and of both iron oxidation and carbon dioxide fixation by this

organism (Tuovinen and Kelly, 1974) were repq?tgd, suggesting that metals
‘affected enzymes and/or production of ATP or NADH in the thiobacilli.

e manner by which thi ﬁeavy metals exert these effects on the
thiobacilfi is not clear. Studies with other micro-organisms indicated that

heavy metals generally exert their Yoxic effects by binding onto cellular
. I : ’ B

.

surfajﬁsmgnd/or by accumulating inside the cells. The binding onto cellular

surfaées may be specific or non-specific. Non—spécific binding is typlcally
, %
rapid,mréversible and independent of temperature and energy m lism (Babich

N

and Stotzky » 1978). Tolerance of the thiobacilli to high concentrations &f _.

’)

9

metals suggests that the sites for the binding of ferrous iron and other metal
~
oxidizing systems of the thiobacilli are probably cation specific. Thug?thesg
sifes mayhnot be readily availgble to other catiohs; this may proteét the
internal enzym;c'systems from other metals in the environment (Tuovinen et al,
1971). Studles on the thiobacilli cell wall suggeéted that the lipopolysac-
charides gunétion as the main ‘binding sites for ferrous iron tRemsen and
Lundgrep,-1966; Wang et gl,‘1970), while sulfhydryl groups of the membrane
proteins are the major binding gites for thiosulfate (Lees, 1960;Vishnia; and
Trudiﬁgér, 1962, Karavaiko, 1977). Studies with other bacteria on the anionic
ligands for cation abso;ption include phosphoryl, ca;boxyl, sulphydryi and

.hydroxyl groups of membrane proteins, lipids and cell structural components

such as bacterial peptidoglycan and teicholc acids. The electrophoretic

[
)
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behaviour of these organisms at varilous pﬁ\xvalues indicated that carboxyl

groups were the main anilonic sites at the ‘§grfaces .of Escherichia coli,

Micrococcus lysodeikticus and, together with some phosphoryl groups, of

S
~

Bacillus megaterium {(Neihof and Echols, 19735:

v

How metals bfhding on Fhe.sellular Surfack. exert \heir toxic effects

on the organism remains unclear. The following events ve been\?uggESted:

(A) Inhibition of-enzymes that are present on Fe cellzlar surfaces

(B) Changes in membrane permeability and the passive entry of metals into

\\ .
iflls“\thgs allowing interaction of the
/ — r\ )

components of the cell

‘metals with the internal

(Cy” Active uptake of the mefals through transport™sYstems-

(D) Inhibition of celluldr upfake) or metabolism of essential nutrients on

>0
the cellular~su;§dces ¢ -
. - [
Events (B) and (C) wilI/ﬁndoubtedly assist, at least in part,/;o\bp'ng
- . .
about g accumulation of heavy metals Anside the cell. It {s pdssible that
’

following pa§sive entry, metal lons may accumulate inside the cell against ‘a
concentration|gradient by theif new anociations, due to a change'in the pH.
The metal ions can then interact with cellular components such as enzymes,
nucleic acids, ribosopes, etc. A detalled. account of the interaction of
metals and microorganist?Jis glven by Weinberg (1977).

The enzymes concfolling eneréy generation of the thiobacilli have been
extensively studied.. Based ;n currently avallable data, a general s&heme for
the oxidation of sulfur and‘reduced sulfur compounds has been reviewed by

Silver (1978) and is represented in Figure 1. Most of the enzymes indicated

in the figure have been purified and charavterized ffom E:_thiooxida?s (Beck,
B !

A



1960; Suzuki, 1965; Moriarty and Nicholas, 1967; 1970; Kodama et al, 1975). N

Only a few of the enzymes have been reported from studies of T. ferrocoxidans

—

(Silvér, 1978). ~ However, it is likely that many, if not all, of the ¢

are also present in T. thiooxidans.

1
o

-



— FIGURE 2

'\,

Oxidation of ferrous iron by Thiobacillus ferrooxidans

via the cytochrome system
s

s g
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Sulfite i{s the central interm ifate of the metabolic pathway for the
oxidation of sulfur and reduced sulfuricompounds; it Is oxdized to éulfate,
elther by cyctochrome-c-mediated oxidation or via -adenosine phosphosulfate '

(APS) for the production of ATP. A sulfur oxidizing enzyme, in a particulate

system, catalyses the oxygenation of elemental sulfur to "sulfite (SO%‘).

2"‘ ] .
Thiosulfate (5,03), produced during sulfur oxidation, may be cleaved either by

‘the thiosulfate oxidizing enzysme or by rhodanase to sulfite (SOZ“) and a
sulfide moiety (RST), or oxidized sequentially to tetrdthionate (S 02'),

2~ 2-
trithionate (S304) and thiosulfate (S303) with the concomitant formation of ..

2_
sulfite (504).

The oxidation of ferrous iron by the thiobacilli is deseribed.by the
following equation:
& Fe2t 4 0y + 4HY ——=» 4 Fe3t 4+ 10 (1)

Studies indicate a simple electron transport system for the oxidation

of iron in T. ferrooxidans igure II). Co-enzyme Q has been detected byl
- '

Dugan and Lundgren (196&).'\Lazaroff (1963) and Less et al (1969) found that

sulfate was required’ for the oxidatio; of ferrous iron. It is postulated that
sulfate controls the entry of ferrous iron into the cell or that sulfate is
required* for the transfer of electrons for the iron oxidase system with
=enzyme Q, which acts as an intermediary electron carrier between the
ferrousg iron-sulfate—org;nic complex and the cytochrpome sfstem in tho cell
envelope (Dungan and Lundgren, 1964).

A membrane-associated enzyme which is responsible for the oxidation of
ferrous 1iron, ferrous—cytochrome c-oxidoreductase, has been purified and
characterized (Yates and Nanson, 1966;. Din -and Suzok}, 19674 Din et al,
1967). The mechanism of the reacgion has been descr%bed;as the "Ping Pong Bi

' /

/
\
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Bi" type (Din and Suzuki, 1967) and 1s represented in'Figure 3. An atom of .

[

ferrous iron bec?tqes oxidized by -binding onto the enzyme containing- one 'aca‘m
of ferric iron. The enzyme-bound iron becomes reducéd.and the oxidized iron
1s released. One molecule of the oxidized cytochrome ¢” then becomes b‘ound.by
the e}lzyme whose ferrous iron 1is oxidized while the ferriec iron of the cyto-
chrome ¢ is reduced. Another 'ferrié—enzyme complex 1is éubsequently formed and
the reduced cytochrome ¢ Is released. o ! |

With the exception of the crude_. preparation of the cell envelope-
assoclated 1iron oxidase systems of Imai et & d1‘972) and Bodo and Lundgren
(1974), which showed an optimal pH range of 3‘.‘5 - 4, all other internal
enzymes of tﬁe_: t‘hiobaci.lli, incl‘.gding the same but more purified iron oxidasec
system, showed pH optima ranging from 5-9 (Blaylock and Nanson, 1963; Din et
al, 1967; Silver and Lundgren, 1968a,b; Tabita et ﬂ, 1969; Howard and
Lundgrer{, 1970; Vestal and Lundgren, 1971; Adapoe and Silver, 1975). This is
signif‘icantlyr higher than the organism's external pH. Dewey rand Beecher
{1966) maintained that the\ acidophilic thiobacilli posséss a c;ell envelgpe
which is selectively impermeable t6 high concentratiom of H* ions. The ﬁaﬂe
of this selecﬁivity is not; clear. Beck (1960) su.gge;ted that this prc\:t.c.m
! .

barrier om the thipbaci{lli is of a passivé naturs, due to the fact that

resting cells of T. ferrooxidans wefg: able to tolerate long perlod of storage

at low pH valﬁes- Current studieé‘suggest that the barrier 1s more active.
Membrane~ associated ATPase was isolétéd and characterized (Marunouchi and
Mori, 1967; Adapoe and Silver, 19:/"4). ’I'}{-_nrc\:nle of such enzymes {n maintalaing

an alkaline pH inside the cell of the thiobacilli is still highly speculatrive.

Inglew et _é]___. (1977) and 4pal et al, (1978) suggested that a transmembrane pH’

gradient of T. ferrooxidans in acid medium, with an internal pH close to

neutrality to allow normal metabolism to function, could be used to conserve

{ o

/
/

9



- 14 - .

\\-
energy with the coupling of the gradient to ATPksznthesis via a chemiosmotic

i

ATPage reaction of HY lons with oxygen inside the cell matrix (equation 2)

-

with the other half-reaction (equafion 3) occuring outside the cell matrix.

2 e” 4+ 1/2 05 + 20t «———» 2 Hy0 . (2)

2 Fe?t ey 2 Fedt 4+ 2e~ : \ (3)

Thus HY lons are drawn into the cell matrix to maintain electric neutrality,
as.é result of electrons generated through the oxidation of ferrous iron. . The
hlgh concentration of ferrie iron bound in the cell membrane is thought to
contrtbute to Fhe proton barrier due to high electrostatic charge.

The abilities of «the thiobacilli to tolerate high concentrations of gt

lons and metallic cations have lent themselves to the application of the

»~

bacterial leaching of minerals, a process widely practiced since the early
. e

history of the Romans who were, of course, not aware of the role of bacteria.

It was not until the ‘last 30 years that the essential role of the bacteria has

v

been pfoved and large spalp operafions developed (Shaffer and Evans, 1968;
Fletéher, 1970; Sascoqy, 1975; Brierley, 1978). Much of the present Interest
in bacterial leaching has been generaged in part by a gradual depletion of
high-gradé ore deposits andrin.part by the enormous quantities of industrial
metallié Qastes that are accumulating. The in&uétries, with the ever increas—

ing demands for metals, and stringent govefnment regulagions on environmental

pollution control, are forced to examine moré economical and effifienﬁ ﬁéthods

to deal with their metéi extraction probleﬁs. Bacterial le .of many
low-grade ores and indusﬁrial wasE;s have béﬁn considered pracitical “and bene-
ficiaIT_’g;c only may valuable quantities gf.metals be recovered, butzfoxic
substaqces may also be removed from the industrial wastes. Sulfur dioxide

emission normally associgted iﬂ the convenéional smelting of sulfides is alseo

prevented.
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An extensive range of minetal sulfides are involved in the ieééhing of
minerals by the thiobacilli fBrierley, 1978; Silver and Lundgren, 1980), The
ﬁore importadt of these include pyrite (FeSq), chalcopyrite (CuFeSy), chalco-
citF (CugS), covellite (CuS), galena (PbS) and sphalerité (ZnS).' bxides of
minerals similarly leached by the thiobacilli include those of uranium {e?
uraninite(U03)], manganese [e.g. pyrolucite (MnO;)] and antimony Sby0j. The
potenéial commercial significance of these mineral leachings gests primarily
in the extraction of soluble metal values. The desired elements are recovered

- . i

through the dissolution of the metals from the mineral. At times, insoluble

preclious metals, dispersed within the mineral iéttice, such as go;d, may also
be freed from the mineral (Livesey-Goldblatt, 1983) while the microorganism
extract sulfide from the mineral lattice. The leaching of sulfide of copper
and uranium is of major industrial and economic significance. Some 11.5% to
15% (Burkin, 1971; Brierley, 1978) of the total United States copper produc-
tion comes from the leaching of low grade copaer wagte materials. Bacterial-
assisted recovery of uranium wa; practiced ;n Canada at éhe Stanrock Mine
(MacGregor, 1966; 1969) and Milliken Mines, Elliot Lake District (Fisher,
. in .

1966). The former mine commercjally produced more fian 10,000 1b of Uy0g per
month.during 1966. The Agnéw ake uranium mine was operated for seven years
using iron-oxidizing 'bacteria for the recovery of uranium {Guay and Silver,
1981). '

‘The principles, practices and applications of bacterial leachings have
been extensively discussed {(Duncan and Trussell, 1964; LeRoux, 1@h9; Fletcher,
1970; Duncan and Bruyns, 1971; Tuovinen and Kelly, 1972; 1974; Dutrizac and
MacDonald:’~l974; Kelly, 1976; Karaviako, Kunzneststov and Golomzik,. 1977;
Schwartz, 1977; Torma, 1977; Murr, Torma and Brierley, 1979; Kelly, Norris and
Brierley, 1979; Lundgren and Silver, 1980). Essentially, bacterial action on

Y
the minerals 1is either direct or indirect. Direct! action on the mineral

A
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<  FIGURE 3

Enzymatic mechanism of ferrous-cytochrome c

oxidoreductase of Thiobaclllus ferrooxidans
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occurs mainly through the blological oxidations.of iron and sulfide moities of

-

the mineral lattice. The indirect mechanism involves the generation of ferric .

iroh_and/or sulfuric acid through the oxidations of external iron,. sulfur or

reducdd sulfur compounds Lnd the chemical inte ric iron or
su ric acid with the minerals. Some authoritiks spetulated that bacterial

//’\lﬁaching may be explhined by an indirect attack onethe crystal lattice by

ferric iron and sulfuric acidﬁ'(Stumm-Zallinger, 1972). However, insoluble
sulfide minerals have been shown to be degraded in the absence of ferric iron
- (Mizoguchi et al, 1976; Silver, 1970; Kingma and Silver, 1973). Present

ence by scgnning électron mwmicroscopy also strongly indicates that

bacteria are capable of direct oxidative attack by attaching themselves on;;
the sﬁrfapes of cr}stals (Briérley and Murr, 1978).' / The production of
metabol}tes that assist.the dissolution of mine;al lulfides was also suggested
(Bennett and Tributchi, ; Agate et al, 1969). iundgren andHTano (1978)
have presented a TMédel to [ explain iron‘ and sulfide ofﬂdations where two
membrane systems, utilizing a chemiosmotic ATPase reaction, aré\needed for thes
oxidation of;iron and sulfur in aﬁ acid environment. i

In general, bacterial leaching of mineral sulfides may be represented

£

by the following simplified equation:

o
‘ \/—\ :
MSe+ 2 0y  —mmmmm——e -+ M50, , (4)

Where M is a bivalent metal. A typical example of direct bacterial attack of
¢

this type 1is the leaching of .chalcocite (CupS) which is oxdized to copper

sulfate with digenite (CugS5) and covellite (CuS) as intermedites:
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¢
10 CuyS + 2 HZSl 4t 0 bacteria -
2 .CugSg + 2 CuS0; + 2 H0 (5)
2 Cu955 + 8 H,80, + 4 0y bacteria .
10 CuS + 8 CuS0; + 2 Hp0 _ (6)
".10 CuS + 20 Oy bacteria . 10 cuso, ' N
10 Cups + 10 HpSO4 + 25 03 --—— 20 CuSO; + 10 Hy0 (8)

' )
The indirect leaching of mineral s(fiides involving ferric iron 1is

s
generally represented as:

2-
FeS + 2 Fe3* + Hy + 2 0, _geroble _ me2+ 4+ 2 FeZtt S0, + 2 H* (9)

Fep(S04)3~+ Fes, _ 8naeroble . |3 peso, + 2 S | (10)

In a leaching system in which iron is present, a combination of direct
and indirect attack generally occurs. -The oxidation of chalcopyrite for

instance:

»

48 CuFeSp+ 204 0y + 24 HoSO, _ bacteria

48 CuSO, + 24 Fep (S04)q + 26 uzo}/, (11)
- e
12 CuFeS + 24 Fep(S504)3 ——-=—- —>
60 FeSO4 + 12 CuS0; + 24 S ' L 12)

60 Fe504 + 30 Hp50, +'15 0y bacteria

v

30 Fen(S04)3 + 30 Hy0 (13)
24 S + 24 Hy0 + 36 09 bacteria _ 24 u,yS0, : (14)
30 Fez_(804)3 + 120 H90 ==r=—=—m .

20 [H[Fe(504)7-2F&(OH)3}] + 50 HySO0, (15)
60 CuFeS + 255 0y + 90 Hy0 ~———mm—m—m—e -—

60 CuSO, + 20 HpS04 + 20[H[Fe(S04)3-2Fe(0H)]] (16)

e
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The ogidation of uraninite 1is mainly'an indirect process, ferric iron

being generated from the oxidation of pyrite normally present in the uranium

ore. Thus:

4Fesy + 15 0y + 2 hzo bacterla . 3.Fe, (50;)3 +2°H350;  (17)
U0y + Fep(504)3 —===—==—-- -»U0,80, + 2FeS0, (18)
Additional ferric 1ron 1s generated from bacterial oxidation of
ferrous sulfate (equation 1). Recent Iinvestigations by colorimetrie (Soljanto

-

and. Tuovinen, 1979) and respirometric (Ivarsdh: 1980) techniques indicated the

L4

oxidation of insoluble tetravalent uranium to the soluble hexavalent state by

T. ferrooxidans according to the following equation:

2 U0y + 0y + HpS0, _bacteria | 5 yo,50, + 2 HyO (19)

Applications in the area of mineral extraction, particularly from

\.
e

low-grade nonrenewable waste-ore dep&sits were generally investigated in
laboratories and small scale pil&t§%T§hE experiments. Sﬁgll'scale laboratery -
experiments we;e primarily geared tow rd{ the establishment of the optimg}
leaching conditions. This.encompas § such parameters as temperature, pH,
pulp density, composition of leachfng medium and metal toxicity. Each of
these factors has recently been discussed (Lundgren and Sil;er, 1980) and the
last of these factors forms part of this investigation. Laboratory experi-
ments, to determine the rate and extent of alteration of mineral in ore, are
best performed with vessels agitated by itirring (Duncan et al, 1964) or
shaking (Duncan et al, 1967) and respirometer vessels (Razzel and Trussel,

1963). Heap and dump leaching are the preEBEInant commercial operations used
-~ .

in the bacterial extractions of mineral ores. They are generally simulated

with filled columns with or without solution percolations (Brynmer et >

1954); Malouf and Prater, 1961; Fletcher, 1970). Large scale tanks n&
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fermentors are also used (Corrick and Sutton, 1965; McCreedy et al, 1969). 1In
dump leaching, solutions are allowed to percolate throggﬁ large ntities of
low grade ores or waste rocks, deposited on impermeable grouﬁd;\usually in
valleys. The pregnant solution containing the soldblé metal valu sT':s then
collected for concentration of metal values. . Heap 1eqchi g 1Is practiced on a
smaller scale with finer and higher grade ores, to juﬁtify the cost of the
_ operazion, mounted on prepared drainage pads. Leaching solutions are brought
in cqptaét with the.ores by percolation (Gow et El"1971)' alternate flooding
anq dewaggggng (Wadsworth, ¥975), spraying and hosing (Sheffer and Evans,
1968; MacG?égor, 1966; 1969). Metals of vé&ug are also extracted from under-
gfound mines by injection.of leach solutions'(Wadsworth, 1975).

Two important.aspects of bacterial leaching are investigated in this
study. The first; forming the major section of the study, was related to the
leaching problems of c:ude ores, particulariy that of manganese {(pyrolucite)
and chromium (chfomité). The second was related to work undertaken at the

CANMET laboratories, Ottawa and dealt mainly with industrial waste treatments

and their environmental considerations.

-

Attempts were first made to examine iIn detail the t;i;rance to
ng

cultures

manganese and chromium of a strain of T. ferrooxidang in both gro?
and resting cell suspensions. Although the effects of crbt on t%: growth of

ferrooxidans to chromium has not yet been established. The tolerance of

T. thiooxidans has been studied by Zajic et al, (1980), the sensi

growlng cultures -of T. ferrooxidans to soluble manganese has been examined

previously, but with conflicting results. Zimmerly et al, (1958) found that 3
g/litre was inhibitory, whereas Tuovihen et al, (1971) found that as much as

10 g/litre did not inhibit growth. Sensitivity to the above two metals
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becomes of practical concern 1in connection with the possibility that

thiobacilli might be used in the treétmenc‘Sf manganese and chromium ores.

Most manganese ores are oxldes. The most common 1is pyrolucite‘

'(Mﬁoz). - Although ﬁnoz is ﬁot soluble in sulfuric acid, thiobacilli are able
to dissolve this compound through the ackion of the intermediate compounds of
sulfur metabolism (Imai, 1978). Ehromium ores.usually exist in nature as
impure chromite mineral (Fe,Mg)O(Cr,Al,Fe)203,f instegd of pure cgromite
(FedCr,05), which contains 68% of Cry03 and 32% FeO. Sometimes-calcium,
phosphorous ;nd sulfur are also present in the ecrystal structure (Raicevic,
1979; 1977). An important factor 4n the mineral chromite of metallurglical ahd
chemical grades is the chromium to iron ratio (Cr : Fe). Genera11§ Canadian
chromite deposits have a low Cr;iFe ratio which is unfavourable for commercial
exploitation. Metgllurgicéi grade chromite requires a Cr:Fe ratio of 2-3
1. Between -1971 - 1977, the Ontario Research Foundation and CANMET reported a
combined physical and chemical ﬁethod of producing chromium additives sui;able
for the steel Industry in the production of chromium metal and sédium
dichromate, from the‘ﬁanitoba Bird R;vef chromite deposit. The methed 1is,
nevertheless, economica ly unfavourable in compeﬁition with natural chromite
ores of foreign sources on whic Can;da now wholly depends (Ralcevic, 1977).
It would thus be of prime econoigs_and industrialf;dvantage, especially when
foreign sources become unavallable during times oﬁ'political instability, to
examine the possiBility of a biohyd:ometallurgical meghod of producing
metallurgical grade chromite conceptraée. To determ;né.the extent to which
both Fe and Cr could be brought intngolution th&ough direct or in&i?ect

bacterial action, samples.from the same Bird River chromite deposit were used
> -

in this study.

‘l-o
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The eéffects of manganese and chromium were also studied on the other

bacteria, namely Escherichia coli and Thiobacillus thiooxidans. E. coll can

accumulate high concentration of manganese through a transport qg}tem (Silver
et .al, 1970). Since the thiobacilli tolerate high concentrations of
manganese, this ralses the question whether manganese might similarly

accumulate in the thiobacilli.

Duriné the milling and flotation of sulfide ores, part of the sulfide

undergoes oxidation to yleld sulf?te ion, elemental sulfur and partly oxidized
sulfur &ni;ns such as thiosulfate, trithionate and tetrathionate (Rolia-and
Barbeau, 1978). Under .alkaline conditions frequently present, sulfide Is
formed from sulfide minerals;’ such as pyrite, according to the following
: .

equation (Scott and Bragg, 1975):

2 FeSz'f 4 OH ————— 2 Fe§ + 282- 4 qu + Qé . (20)

The sulfide and residual*sulfite from various ore flotation operations exert -i
nucleophilic attack on the elemental sulfur moletules'(chmidt, 1965), whigh
result 1in the formation of linear polysulfides; these hydpolizg épohtanously

to  thiosulfate (3-5023‘), trithionate (o3s-s—so§')., tetrathlonate

(03S~S-S-SO%'), and other po%ythionates (03S—Sn—50%;). A portion of these
P . -

partly oxidized " anlons, collectively known as thiosaltg)-pass through

‘conventional tailings ponds and liming operations, which is then d{schargéd to -
¢ ‘ .
, S

the natural water systems (Schmidt and Conn, 1971). ' 4

the initial thiosalt concentrations are
- .'

ith the result that the thiosalt levels

In most talling pond sy

-low and the retention times are long,

are reduced to negligible valués

e .
some operations, however, thlosalt concentrations are higher. These high

efore liming and subsequent discﬁarge. In

7

\
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‘thiosalt levels, combined with tailings ponds with a low retentioﬁ time, can
give rise to environmental problems assoclated with the “oxidation of the
thiocsalts to sulfuric *.E‘C'ida-after being discharged to the natural water
systems. The presence of dissolved heavy metal ions in tﬁe tailings ponds
could exacerbate this problem by inhibiting the bacterial oxidation of

thiosalts. Silver and Dinarde (1981) investigated the inhibition of this

process by the metallic cations cadmium, copper, lead, silver and zinc. As an

—

extension of this study, the Inhibitory effects of Mn2+, Cr3+, Cr6+, Fe2t and

‘Fe3* on this process were investigated.

Sevggzl questions are thus-inves;igated in this thesis. With respect

to the inhibitori”effects of chromium and manganese on T. ferrooxidans, these

- -

are: -

1. What conceﬁfration of chromium or mangadese will T. ferrooxidans
tolerate during iron oxidationﬁ

This 1s especially important,. if-the-feasibility of using the

organism for' the leaching Ef chromium or manganese ores 1s to be

studied. IF could be very desirable to select a strain of T.

-ferrooxidans that could tolerate high concentrations of chromium or

manganese.

z. Is chromium or manganese accumuléted by T. ferrooxidans during growth?

This question 1is of interest both for the physiology of

transport In these ~bacteria and also in relation to the relative
toxicity of chromium and manganese: presumably, toxic effects are

caused by ions that enter or are closely associated with the cells.

Ly . .
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3.  What effects will different pH and substrate concentrations have on - -

the oxidation of ferrous iron by T. ferrooxidans in presence of

]
chromium and manganese? . _

This i3 important 1if different leaching conditions are to be

employed for chromium and manganese ores.

Questions investigated with respect to bacterial leaching of chromium

ores 4dre:

1. Will chromlum ores be successfully leached by T. ferrooxidans?
- -

The objective here 1s to use the organism either to bring the
chromium into solution or to upgrade the chromium ores to the desired

Cr : Fe ratio -of £:3\: .

2. Is the leaching process due to ‘the bacterial oxidation of the chromium

and/or iron moities of the mineral lattice or to an indirect bacterial
activity? f )
- It 1s 1mportant to determine, ghring leaching, 1f bacterial
growth occurs, as well as the extent to which the ore's body is being
{ altered.
3. Does the additlion of oxidizable substrates increase the rate of
leaching by the organism? . | .
& . *
Finally, with respect to the feasibility of using T. thiocoxidans for
the removal of thiosalts from blostabilization ponds, the queséiogras to wﬁug

metal catlions are likely to limit the oxidation of thiosulfate and other

thiosalts is investigated.
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CHAPTER IIL

MATERIALS AND METHODS

s

(A) Maintenance of Culture - SR g_‘

<

Thiobaclllus ferrooxidans

Thiobacillus ferrooxidans was isolated from acid mine waters in

Northern Quebec. The bac%f%fgm was a generous glft of A.E. Torma, formerly of

F-J
the Centre de Recherche Mineraux, Complexe Scientifique du QuEbégl\f:i-Fiiy

Quebec, Canada. Physiological,ggggmorphological characteristics are mitlar

to those of T. ferrooxidans described in the eighth edition of Bergey's Manual

{Vishniac, 1974).

The organism was propagatéd at 30°C in 12 litres glass carboys using
ferrous sulfate-9K medfum of Silverman and Lundgren [(1959) 9000 h@? Fe2+, pH
2.5, with or without 10~3M MnSOa-HZO'or K20r507] under forced aeration an
harvested after 38-42 hours. Harvested cells were washed twice and

resuspended with 9K basal salt solution (pH 2.5) to obtain a 10% (w/v) cell

suspension. Yields per litre were usually 120-130 mgxtwegkﬂgéght7.

Thiobacillus thiocoxidans

Thiobacillus thicoxidans was a generous gift of Dr. I Suzuki presently

in the Department of Microbiology, University of Manitoba, Winnipeg,
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" Manitoba. ‘ Physiological and morphological characteristics are similar to

those described in the eighth editions of Bergey's Manual (Vishniac, 1974).

-

T. thiboxidans was propagated at 30°C in S00 ml Erienmeyer flasks

containing 200 ml of the following growth medium.

Ingredients : Concentration (g/litre)

"NagSp03 - . \4.4 (2000 ppm)  ..... Solution (A)

KHy POy

CaClsp

)

)

) .

Y+ei. Solution B
Mg30,, 0.002 }

)
(NH;) 950, 0.094 (16 ppn) 3
pH 4-5 (\ t o

Generally five fold concentrations of solution (A) and (B) were prepared and
. PRl .
autoclaved separately as stock solutions.

Escherichia coli.

E. coli K-12 was a generous gift of Mr3. Rebecca Wallace formerly of
0 o )
the Laboratory Centre for Disease Control, Ottawa. The organism was

maintained 1in nutrient agar slants and subcultured twice into_appropriate

growth medium prior to each experiment. {
f

(B) Effects of Chromium and Manganesé on'IronJOiidation by T. ferrooxidans

-

¥ -, -
T. ferrooxidans oxidation of ferrous ]Eron» andf:ggg//;;owth in the

absence and presence of chromium or manganese we\eﬁinves’igated by Inoculating
4 . .
20 pl of a 10% cell suspension to each of SO0 ml Er g?myer {{iifs contalhiag
- i

125 ml of ferrous sulfate-9K wmedium (pH 2.5 and 3.5). ritrol flasks

Lol ? / e
contained 1% (w/v) thymol in (2% (v/v) methanol which completely inhibit
T, .

~
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- growth. Stock solutions of chromium and manganese were prepared in 9K basal °

medium at pH 3.5. The solutions were filtered through a milipore mbrane
filter (0.45 pm pore .size) Rnd.the éoncenfrations of chromium ané{jgiggnese
were determined colorimetriéally. Flasks were agitated on a recip?ocating
sqgker (120 cycles/min) at 35°C. Periodically, 1 ml aliqu;t of growth~medium
wasremoved’ for ferric iron dete;minatiod‘andfmicroscopic cell count. ‘Where

indicated (e.g., Filg. 4) 3 gm ofuﬁolid ferrous sulfate was added to each

-~

flagsk. The experiments werg’perfo;méﬁ in duplicates and repeated at least
_ i

/

once with similar resultsJ’ Vs

(C) Effects of Chrom%ﬁL and Manganese on The Growth of

Escherichia c?li K;12
The effécts of chromium and manganese on this organism were
investigated by_ié}culati&g 1 ml of an actively growing culture (late log
phase) into 500 m%igjde arm fiasks contalining 125 ml éf/ghe growth medium with
or without addition of these metals. 'The medium used to study the effect of

manganese on the growth contained:

Ingredients . Concentration

KCl - " 2.4 x 1073

NaCl . 1.3 x 1073

FeS0,. 7H,0 . b;OOSg/litre

HgSO4-7H20 /”””\\Hx//g.OSg/litre R
NH,NO4 ' - \ 1.0g/litre

Bacto peptone | 0.5% . ' .
Glucose 0.5% \
pH 6.5

For experiments on the effect of chromium, this medium was

supplemented with 0.42 g/litre KoHPO,; and 0.18 g/litre KHoPO,.
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.

Flagks were shaken at 45 cycles/ﬁin and incubated at 37°C. The
optical density of the medium was monitored at 600nm with a Coleman Junior II

spectrophotometer. - The experimedts were performed in duplicate and repeated

“

at least once with similar results.

(D) " Bacterial Action on Chromite Ores

s

‘A chromite ore concenérate of pé?ticle gize minus 10 mesh (less than
1.68 mm) ;btained from the Bird Rivgf deposit, Manitoba, Canada, was washed
extensively with distilled-deionized water and dried. "The effect of -T. ferro-
oxidans on these low grade ores at various pulp densities (weight in grams of
ore per 100 ml of medium) 1n presence and absence of eleﬁental sulfur and
ferrous sulfate was investigated by igoculatiﬁg 0.5 ml of a 10% cell suspen-
~ slon, previously grown in-ferrous sulfate~9K medium in presence of 10-3M of
Crﬁ*; into 2L flasks containing 1L of 9K basal medium. Control flasks
contained the same ingredients as other experimental flasks plus 5 drops of
KCN (1%) added_frém a Pasteur pipette. The surface levels of the solutions on
these flasks were marked and the flasks were agitated on a reciprocating
shaker (120 cycles/min) at 30°C. Distilled-delonized water was added to each
flask'to compensate for the loss of water through evaporation prior to ench.
sampling. The Iinitial pH of the culture's medium were adjusted to 3.2 with
concen;rated Hy804. In both experimental and control flasks, pH values
increased and were ro;tinely ad justed to‘apé;okimately 3.2 with concentrated
Hy80, (see Fig.*ll).. At various time intervals, the flasks were removed from
the shaker and the suspended materials allowed to settle before pH was measur-
ed and samﬁles taken. A4 10 ml aliquot in an acid washed 15-m1 Zlass centri-

fuge tube was centrifuged at 20,000 x g for 15 min. and the supernatant used

for chromium determination. The pellets obtained from the 12% pulp density
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flasks were washed twice with 5 ml HCl-acidified distilled water (pH 2) and

resuspended in 5 ml distilled water for protein determination. In order to
@

stop ‘bacterial action on the ores, 5 ml of 10% (w/v) thymol in 2% (v/v)

methanol was added at times shown (see Fig. 12).

At the end of the experiments the residual oreé were exteﬁsively
washed with distilled-delonized water and driled before analyzing for ferrous
iron, chromium and carbon.

¢

Leaching experiments on the chromite concentrate with or without

-

..__,‘—/.
T. ferrooxidans were done in duplicate. The chromium analysis values from the

two flasks were found to vary not mqge than 5% from the mean value.

’

(E) Effects of Hedvy Metals on Thiosulfate Oxidation

The bacterial oxidation of sodium thiosulfate in the presence
and absence of heavy‘meﬁal wag Investigated by inoculating 5 mi of an actively
growing culture (48-54 hours) which was previously adjust:d asceptically to pH
4.5 with 1N NaQH, into gach of 500 ml Erienmeyer flask containing 125 ml of

4

I;'thiooxidans growth medium (pH 4.5). Control flasks contained ho bacteria;

-

f%stead 5 ml of sterilized distilled water was added. Flasks were agitated on
fed

a reciprocating'shaker 6120 cycles/min) at 30°C.. At 'various time intervals, a
3 ml aliquot of>.growth medium was removed from each flask for'pH and thibsalt
determinations.
(F) Techniques Utilized

(L) Ferriec Iron Determination

The methed of Schnaitman, Korczynski and Lundgren -(1969) was adapted

for the determination of ferric lron. Fifty pl of the growth medium was added

directly to test tubes containing ‘5 ml of 2N HCl which was then made up to 10
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ml with HpS04-acidified distilled water (pH 2.5), and the optical density was
qetermihed at 410nm. Ferric sulfate was used as.the standard. Appropriate
blanks consisting of 50 ul of ferrous sulfate-9K medium, with or without
chromium or manganese were prepared. All readings were takeq'at'30°c.

(II) Manganese and Chromium Determinations

Mangénese and chromium were determined colorimetrically by the perio-
date and permanganate methods respectively (Rand et al, 1975). Each deter-
mination of cell associated manganese and chromium consisted of cells from two
flasks (total v91ume of sample ; 250 ml) which were removed from the shéker at

various time interval's. Samples were immediately filtered into an acid washed
<o

glass centrifuge tube through a Whatman No. 1 filter paper. In this process

more than 507 of the cells passed through the filter paper. Cells from the

filtrates were separated by centrifugation at 20,000 x g for 15 min. with 5 ml

9K-basal solution (pH 2.5) and treated with concentrated sulfuric acld at

fuming temperature for at least 60 mins. prior to metal analysis.

(III) ThiosaLts'Determination e

During the investigation of the effeets‘of various heavy metals on the
oxidation of thiosulfate by T. thicoxidans, the disappearance of thiosalts was
determined by acidometric titrations (Makhija and Hitchen, 1978) with pH 8.2
as the end point. Duplicate results which do not deviate more than 2.5% from
the mean were obtained for each determination consisting of a 0.5 - 2 =l
sample. Samples were mixed with 2 ml ofrﬁﬁrmaldzhyde before ecach tltration.

.The thiosulfate concentrations are expressed as mg/litre. This method can

detect total thiosalts in samples containing as little as 0.10 mg in as much
. &
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as 30 ml. All ratea of thlosulfate oxidation were calculated with a

regression analysis computer program. The same program was -used to fit the

lines of the semi-reciprocal plots and to calculate the V,, and K; values.

(IV) Tyndallization of Elementa]’Sulfur

Tyndallization was accomplished by placing 10-20 g of elemgntal sulfuf
in aluminium foll packets and exposing them to flowing steam at atmospheric
pressure for approximately one hour on three successive days.

(") Cellular Protein and Cell Count

Cellular protein was determined using the colorimetric method of Lowry
et al (1951) with bovine serum albumin as the standard. During the investi-

{?'gation on the actions of T. ferrooxidans on chromite (12% pulp density) with

1% elemental sulfur (Tyndallized) the method of Proteau and Silver (1977) was
employed. Benzene (2 ml) was added to the 5 ml cel] suspension and vigorously
shaken. Cellular proteln was determined from the water phase after hydrolyz-
ing with Iﬁ NaOH.
© Microscopic «cell counts were obtalned with a Petroff-Hausser
hemocytometer. Cells were diluted with methylene blue solutidn (1%) to obtain
10-15 organisms per field. ° \
Generation times during growth on ferrous iron were calculated from
the exponential phase of the growth curve using the expression: 1 / K

Wwhere K = LogioNy - LogioNg

' 0.301-% a
t = elapgsed time

Ny and N, = number of cells at time t and o
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"(VI) ‘Respiratory S;pdies

Conventional mahoméffic techniques (Umbreit et al, 1964) were employed
to measure oxygen utilization. Each vessel contained the following in 3.7 ml:
10 pmole of B-alanine~S80; buffer (pH 2.5) prepared by adjusting a 80 Qtion of
the aminc acid with IN ﬁ2804, a cell suspension (0.1 ml) containing 375 * 10
pg of pro;ein, ferrous iron, and chromlum sulfate or manganese sulfate as
indicated. The centre well contained 0.2 ml of 10% (w/v) KOH. The vessels
were shaken ;t 148 oscillations/mih in a 30°C water bath. After 15 min of
equilibration the cells were tipped into the main compartment from the side
arm. The rate of oxygen consumption was caleulated from the linear portion of
the curve (between 5 and 25 min). The experiments were performed in duplicate
and the mean wvalues obtained. The two values were found to vary not more than

2% from the mean.

{(G) Chemicals
o

All chemicals used were of the highest purity grade commercilally
available.' Bovine serum was obtained from Sigma Chemicais Ltd., St. Louls,
Mo. Chromite ore from the Bird River of Manitoba, was supplied by CANMET,

Ottawa, Canada.

:

—



CHAPTER III : _,)
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RESOLTS

s
(A) Effects of Chromium and Manganese on Growth and

Ifon Oxidation of Thiobacillus ferrooxlidans

Figures 4 and 5 Ahow the effects of Cr2(564)3<TK§Cr207 and MnSO} on

the autotrophic growth of T. ferrooxidans at pH 2.5 wz;H)Fesoa as an energ§
source. Grqowth was measured both by cell counts and Fe3+‘formation; in most
cultureg there was a close correlation between these two indices of growth.
Attempts were also made, but without success, to fqllow the growth . of bacteria
during 1iron ‘oxidation by analyzing for cellular protein, using the Lowry
(1951) and Bradford (1977) methods; and‘DNA content, using Setaro and Morley
(1977) method. _Ferric iron was found to interfere with all thesé methods.

Growth of single colonies on solid media was also not successful.

Concentrations of Crg(S04)3 and KpCrp07 of 1.5 x 1072M and 1073y,
respectivel;\ did not affect growth and ferrous iron oxidation although higher
concentrations “caused part;;E_;r complete inhibition. Growth and ferrous iron
oxidation were not inhibited by 0.5 MnSO;, but higher. concentrations (O.éh
and above) did cause inhibition. This inhibition may not be due to MnZ*t ion,

' Y

but rather to the high osmality since 0.6M K950, inhibited growth and ferrous

iron oxidation more than 0.6M MnS04. Growth and ferrous iron oxidation were
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completely inhibited by 1M MnSO,;. The concentration of cr3* jons which

N

completely inhibited growth could ﬁot, be determined, due to the  limit of
solﬁbility of Crp(S04)3. A GZIM‘;oncentration of Cry(80,J)3 inhibited growth
strongly of completely. It_fﬁgnld be noted thaé K9Cry07 can oxidize FeSOy
_according to the reaction:
ch::zq; + 6FeSO, + 7HyQ — KpS04 + Cro(80,)q + 7Hy0 (21).

This reaction is probably responsible for the appehrance of Fe3+, when
Fe?t is added to culture at 48 hours (Fig. 4a), even though cell ;rowth does
not always contiﬁue (Fig. 4b) . Chaﬁges in pH before and(aiter the addition of
ferrous iron were betvggnv2nﬁ3 - 2$7& in flasks conta;ﬁing 1M KoCry07 anq/i:iB
~2.18 in all other 'f_iféske.xg E

I L

Cr3+ and %nzf igglﬁ;t%}ygrowth_(as measured by Fe2* oxidation) more
strongly at pH S-EHfhaﬁ R%JiCS (Figs. 6 and 7; compare to Figs. 4 and'S)(L
Cells may be more sensitive to these ions because they bind considerably more\\
cr3t yhen growing at pH 3.5 than at pH 2.5 (Table II). Slight, i{f any,
oxidation of FelT was caused' by any of the concentrations of Cr3t or Mp2t
used,‘at elther pH 2.5 or 3.5.

The effect of Cr3* and Mn2% on oxidation of Felt by non-growing cell

suspension of T. ferrooxidans was studied manometrically at two different

FeSO; concentrations (Table IiI).' The rate of oxidation was slightly lower at K
the higher concentration. Oxidation was not sgrongly inhibited by the metals

‘s\t@ed, only slight inhibition being caused by 7.4 x 1072M cr3t. Mnoz"'-had
relaéively little effect; even 1M MnS0; irhibited oxidation only 6ozfr Little

change in the patfern of inhibition was caused by changes in the FeS0O,; concen-

tration, or by previous growth in the presence of Ce3+ or Mn2*+.



—

K-
I‘\‘\\’) | - 3 -

Morphological changes were observed on exposure .to chromium. The
cells. were found mostly in pairs and were both longer and wider than untreated

cells.

(B) Inhibition of Growth of Escherichia coli

The effect of Cf6+ (K9Cro07) and ¥n2t (MnS04)3 on the growth of E.
ég;i were examined. The effects of Cr2(804)3ron growth could nbt be measured,
since on adjusting the pH values of ‘the medium in this compound to those
necessary for growth of E. coli, precipitation occurred. As Fig;{ 8 and 9
gshow, growth of E. coli was inhibited by 10~ KoCrs07 and by 2.5 x 1072
MnS04- These inh}bi&ig?s were observed in a complex medium, which probably
had censiderable éinding power for the inhibitérs studied, at least for MnZt,

Thus E. coli, for reason still unknown, seems much more) sengitive to these

compaunde—than T. ferrooxidans

(C) Accumulation of Cr and Mn by T.j}ferrooxidans

T. ferrooxidans growing on FeZ*-9% medium in presence of 7.35 x 10™2M
Cry(804)3 was found to accumulate cedt {(Table TI). More cedt (about 10 times)

was accumulated by cells growing at pH 3.5 than at pH 2.5. Ferrous iron

. oxidation was also inhibited to a greater extent by Cr3* at the higher pH.

-

No cell-associated Mn was detectable during ferrous 1ron oxidation by

I; ferrooxidans growing in the presence of 0.IM, 0.6M and 6;8M of MnSd4-

*



FIGURES 4a AND 4b

—— i

/

R

Effects of chromium on the oxidation of Felt (9,000 ppm, pH 2.5) and cell

growth at 300c with T. ferrooxidans. At 48 hours. (arrow) 3g solid FeSQ, was

added.

(0) inoculated\ control

(8) in presence SR 1073M ﬁ25;207

(v) in presence of 10~2M KyCro07

{(0) in presence of 10~ 1y KyCry07

(m) in presence of 1.5 x IO‘ZM'Crz(SOA)g-
(a) in presence of 7.35 x 10~2M Cr2(504)3.

‘\
;,_\/
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FIGURES 5a AND 5b

4

EfféEEE\nE:Mn2+ on the oxidation of Felt (9,000 ppm, pH 2.5) and cell growth

at 30°C with Thiobacillus ferrooxidans.

(0)
(v)
(ag)
(&)
()
(4)
v)

-~ ((.)

[

inoculated control

uninoculated control \\\\g

in presence of 10~1M of Mn 04-H50

in presence of 5 x 1071M of MnS04.Ho0
in presence of 8 x 10-IM of MnSOA-HZO
in pregence of 1M of MnSOy.Hy0
in prdsence 10~lM of K75
in presence of 6 x 107fM of K950,

4?\
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TABLE III

Rate of oxygen consumption by i1ron, chromium and manganese grown T. ferro-

oxlidans with ferrous sulfate as substrate in the. presence or absence of

chromium and manganese.

Inhibitor
Chromium. (Cr3t)

None (Control)
1.50 x 10™2M
7.35 x 10724
ﬁanganese

none (Control

1 x
X
X
X%
X
X

X

Ln N - - T + L R W, B R

1034

1072y

10~ 1M
10" 1n
10~ 1y
10~ 1u
107 1M

Molar

; 59.
*.0

Potassium sulfate

6.7 x 10-1y

Sodium sulfate

1 Molar

Figures show

activity in pmole min~l.mg protein

33.778uMFeS0,

Tron

Grown Cells

Inhibitor

Grown Cells

Iron

Grown Cells

180mMFeS0,

Inhibitor

Grown Cells

100(2.63)
100.7
71.9

100(2.63)
al00
100
98
89.
65.
64.

[ e

68.4

36.1

of control activity.

100(2.87)
100
56.5

100(3.13)
106.7
101
98.7
74.5
66.1
" 55.2
43.8
36.8

-1 ~

100¢2.21) 100(2.44)
97.3 97.6
' 72.8 ;713
100¢2.21) ° 7 100(2.57)
105 102.3
94.1 99
89.1 94
75.6 79.9
60.2 66.9
59.3 60.3
43 47.4
33.9 39
61.5 -
34.4 -

Figyres in paranthesis show control

nhibitor grown cells indicate washed

cell suspensions previously grown in the presence of 10734 Mn2t and ceb+.

S
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{D) Action of Thiobacillus ferrooxidans On Chromite/ére \\

Because oxides of antimony, uranium ;ﬁgﬂggnganése were found to be

solubilized by T. ferrooxidans (Lyalikova,( 1972; Torma and Gabra, 1977;

Brierley, 1978; Ivarson, 1980; Imai, 1978), and because chromite ore contain
oxidizable ferrous iron and sometimes sulfué;LRaicevic, 1976; 1977), it was
thought that chromite ores could possibly be leached by this organism. This

was made more probable by our finding, described above, that T. ferrooxidans

is able to grow in high concentration of chromium.

When T. ferrooxidans was agitated in a flask at“an initial pH of 3.2

in the presence of 6% pulp density chromite ore,; about 40 mg/litre chromium
was released into solution within 48 days (Fig. 10). In the presence of FeSO,
(10 g/litre), only about half this amount of‘ chromium was released 1into
solutionﬁ In the presence of 127 pulp density chromite ore, similar amounts
of chromium were found in solution after 60 days incubation (Filg. 11). When
1% elemental sulfur was used as substrate for bacterial growth; 130 to 140
mg/litre chromium was found in solution after 84 days in the presence of 6%
pulp density chromite ore and after 60 days in the presence of 12% pulp
density chromite ore.

The chromite ore contained alkaline gangue material that caused the pH

to rise {n the absence of T. ferrooxidans. Adjustment of the pH to 3.2 with

H9504 during the first 30 days of the experiment did not result in further
soYubilization of chromium (Fig. 11). Ad justment to pH values less gthan one
caused an Increased chromium solubilization to a maximum of approxidgately 40
mg/litre. Addition of thymol, a bacteriostatic agent, at 37 days jdecreased

thé rate of chromium solubilization.
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Analysis of the residue ores at the end of th;é} incubation processes

e . . .
showed that little, if any, changes dn their Cr:Fe ratios had occurred (Table

-

IV). Because of the high initiR1-Fg

“content of the co?centrate {approximately

2% a substantial amount of Fe would have to be released to make a measurable

- .‘1& ,
difference 1n the Cr:Fe ratio of the residue ores. Thé absolute amount
- Y ’ - .
" ‘released was proﬁgbly very small.
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TABLE IV

Cr and Fe content of Chromite concentrate after treatment with

T. ferrooxidans.

Expiremental Conditions ' Total %

P.D. ] FeS0, _ . Cr EE?+ Carbon Cr:Fe
6% none none . 25.04 22.16 0.03 1.14
6% 1% none \ 24.69 21.03  0.06 1.18 :
62" none 1% _ 22.68 21.86  0.06  1.04 :

127 1% none o 24.69 | 21.92 0.05 1.13 :

Unleached Samples 7 21.86  21.03 - 0.17 1.04 :
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(E) Effects of Heavy Metals on Thiosulfate Oxidation by

Thiobacillus thiooxidans

The amounts of thiosulfate gnd polythionates are generally détermined
individually. Earlier analytical methods were complicated by the presence of
" gulfite and sulfide. Howevér, sultable methods for the#determinations of
thiosulfate and polythionates concentration were developed by Makhuja and
Hitchen (1977) and Cotton and Johnson (1976). Using these methods, the rhteé
of oxidation of thiosalts by the thiobacilli in conditions similar to the mill
circuits and talling ponds were determined 1in the absence and presence of
heavy metal cations.

Figure 13 illustrates the oxidation of thiosalts in the presence and
absence of manganese (MnSQ;). The results are typical of the effect of metal
‘cations on the oxidation of thiosulfate by T. thiooxidaﬁs. The pR of the
medium was glways found to increase initially. This was due to an alkalfl
producing reaction of thicsulfate to tetrathicnate (Sinha and ngdeﬁ, 1966} .

2 NaySp0q + HyO # 1/2 0 =—mrme > 2 NapS;0q + 2 NaOH (22)

Thé above reaction, however, eventually proceeded less rapidly than
the acid production by the combined bilological and chemical oxidation of

thiosalts to sulfate according to the following reactions:

5,07 + 20 _ chemical , Hy5503 | . (23)
HyS703 _ chemical _ Hq0 + S0 + S (24)
H,5,02~ _blological, HpS406 + 2HT ' (25)
5,087 0y + Hy0 _ biologleal $,02~ + 503~ + 2 ' (26)
5402~ + 0p + Hp0 _ biological | §,02~ + 503~ + 2 HF @1y

NapSp03 + 2 0y + HpO0 _ biological _ NapS0, + H9S0, (28)
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Ferrous iron at concentration up to 0.5M had no inhibitory effect on
the oxidation of thiéﬁﬁlfate by T. thiocoxidans. . Concentration of ferrous iron

_higher than 0.5M were not. investigated since the total concentration of iron

~
'

in most tailing pond systems where thiosalts are present, is generally no
greater than 40 mg/L (Schmidt and Coqn, 1969). Under similar conditions, all
other metal tested (cadmium, copper, chromlium, ferric iron, lead, manganese,
silver and zinc) exerted normal inhibition kinetics on the oxidation of
thiosulfate by T. thiocoxidans. Increasing the concentrations of these metals
1gngthened thé lag period of thiosulfate oxidation from 24 hours to as much as
%LO hours. The extended lag period was presﬁmably used for adaptive changes
41n the cellular structure that would enable the bacteria to tolerate these
heavy metéls (Sadler and T;udinger, 1967).

The inhibitor constant (Ky), was caléulated by plotting the reciprocal
of the oxidation rate versus metal concentration. This constant 1is the
inhibitor concentration at which the reaction would proceed at half the
maximum rate (Vgay}. Table V shows the Ky values of the metals studied on the

oxidation of thiosulfate by T. thiooxidans, which are obtained from plots

shown In Figs. 14 to 17. From these wvalues ‘EJ metal toxiclty series 1is

obtained:

Cu2t > pb2* 5 gt 5 cd?t s zn2ts crfts wnlt s Cr3'*" » Fedt 5 Felt
With the exception of copper, the toxicity incregses with incréasing atonic
weight. Silver and Dinardo (1980) have carried out similar zxperiments under
similar conditions and have shown that the inhibitory effects of the metals
are not additive. They found that thiosulfaté oxidation rates in thé presence

of combinations of different. metals were only slightly lower than would be

-} expected if each of the metals were present individually. The metals that

Qere not included in the Silver and Dinardo study (chromium, manganese and
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iron} were shown in this study to exert a lower degree of inhibition on

thiosulfate oxidation by T. thiooxidans. All metals were shown, 1in both

studies, to have an average V., value of 52.56 mg/L/h for the oxidation of

thiosulfate by T. thiocoxidans.
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TABLE V¥

Ky wvalues of metal cations of thiosulfate oxidation by Thiobacillus

thiooxidans. :

EERN
Metal Ky (mg/L) 7
Cult 0.46 : Y
Pb2+ 2.00
Rgt 3.10
cd+ ; 16.00
Zn2+ 33.00
crbt  130.00 N
182.81
187.50 X
) 1 369.00 ¢
v b .
p .
)
.
. —
5 ‘
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CHAPTER IV

DISCUSSION

(A) Effect of Chromium and Manganese on Iron Oxidation and

-

Growth IL ferrooxidauns.

Studies on the effects of heavy metals on growing cells of the thio- )

bacilli have often been complicated by lack of specific technique in the

L)

' enumeration ofvfhe organism. Ferric iron produced during oxidation of ferrous

iron by Il'ferrooxidans was found, Iin this study, to interfere with the usual

’

methods of measuring bacterial growth by cellular protein or DNA. At best,
the activities of growing cultures of the thiobacilli are measured indirectly.

Thiobacillus ferrooxidans derives 1its energy from the oxidation of

Felt to Fedt according to equation 1 (p. 12). The rate of iron oxidation was

s "~
shown to be directly associated with cell .growth (Silverman and Lundgren,

1959). In the preseht study an adapted method of Schnaitman et al (1969) was

conveniently used to follow the Fe2+-oxidfzing activity of the bacteria.

Again we showed a close correlation existed between ferrous oxidation and cell?

growth. Generation time (6.5 + 0.5 hoprs) during growth on ferrous sulfate

was In clase agreemen% with those previously reported (7 hours), with growth
. W
similarly measured by cell count (Silver he method

studies

when the pH value eﬁployed iz suffic entl epric iron



In contrast to most heterotrophic bacteria, the iron-oxidizing
thiobacilli are 10 to 100 times less sensitive to the inhibitory effects of
. L Ty

. Id o M
heavy metals_(Weinberg et a 977; Cobet et al, 1971; Sadler and Trudinger,

’ &
1967). T. ferrooxidans is inhibited by 0.1 - 1M concentrations of aluminium,

cobalt, nickel and zinc ions (Tuovinen and Kelly, 1974a, b; Tuovinen é& al,

1971). The present study showed that growth of I::ferrooxidans was inhibited
by manganese ion con;entrations of more thaﬁ 0.5M; respiration of Aéakgrowing
cell suspensions was inhibited by “equece rations of more than 1M. ?ﬁe oxlda-
tion of ferrous iron and gr.owl:h was inhibited 30-40% by 7.35 x 10724 of Cu3™.
Other metal lons (Norris and Kelly, 1978; Hoffmaa'gi él: 1967; Tuovinen and
Kelly, 1974b; Bhappu et al, 1965) exert a greater inhibition on iron-oxidizing
thiobacilli; these ions include Agt (inhibitory at 10™7M), Hg3t (5 x 1077M),
Mo0Z= (3 x 1075M) and U0Z* (5 x 1073M).

In the present study,/a small amount of Cr3T was found to be cell
associated. This amount'in eased at higher pH levels and was thought to be

responsible for greater chromium sensitivity under the 1latter conditions

(Table If?. Norris and Kelly'(1978) found that T. ferrooxidans accumulated 50

pmolé AgT per gram dry weight. Calculations from Table II, assuming that

cells are about 50% protein, gives 12 pmole per gram dry weight as the highest

~

amount observéd. The mechanism of chromium accumulation in the thiobacilli Is

not clear. Accumulation of chromic ions and growth inhibition by these lons

have been studied in other microorganisms'.(Schroll, 1978; Nelsen and Evans, -

1965; Crowin et al, 1965). In aqiieous solutions; chromium probably exists

usually in the oxyanion configurafion~ﬁCr042'), whose binding and uptake may

. ‘ - |
be quite different from that of heavy metal cations. An energy-dependent

»

-5
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o

uptake of Cr042' ih-Néﬁrohpora crassa via a sulfate (5042“) perméase syéteﬁ

was repdrted‘by Robert and Marzluf (1971). A similar sulfate permease system
has ifft been reborted in the thiobacilli. .

The degree of inhibition of Fe2t oxidation by cr3* 1s less at higher
Fe2t ion concentration (Table II), suggesting that cr3t jons may bind to the
cell surface in competition with Fe2¥ fons, thus affecting the iron-oxidizing
s}stems of the cell. Yates and. Nason (1966) found that 10™3M chromium

inhibited the activity of 1iron-cytochrome ¢ réducﬁp’e of T. ferrooxidans by

-
18%. This enzyme, comprising part of the iron oxidase system, is thought to
o

be membrane associated. Therefore, it could be inhibited bj Cr3+ without tﬁis,f

cation entering the cytoplasm. Inhibition of the irom oxidase system might

also inhibit respiratory mechanism of eTiminating the protons from the cells

via the transmembrape pH gradient coupled to a chemiosmotic ATPase reactiom .

r

{Ingledew et al, 1977).
The morphological changés of the cells exposed to high concentrations

of Crdt may be due to an interference by this cafion 'with the normal processes

of cell wall synthesis and cell division. Alternatively, these changes could

be due to a response to reduced oxygen tension in the {nvironment'(SiIVéimaﬁ
and Rogoff, 1961). (; ‘
Mutants of E. ¢oll with damaged iron cransport<systems were relatively

4 . . .
sengitive to chromic fons (Wang et al, 1969); the addition of iron during

. % : '
growth appreciably relieved this inhibition. The effects of Cr3* on the iron

- oxidizing thiobacilli were not relieved by the addition of iron during growth
(Eigé. 4a and 4b). However, these damaged cells, when subcultured to

& . A
chromium-free 9K medium, were observed (result not shown) to resume their

normal rate of iron oxidatiqt\ind revert to their normal cell morpﬁology.

y

w

- . f‘
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The effects of Cr®* and Mn2* are unclear. Much of “the fertous iron
will bé oxldized according to the following equation:

KoCrp07 + 6FeS04 + 7H20 —-———- - Crp(804)3 + 7Hp0 (29)'-
when the concentration of KpCrp07 }eached 10~2M. Mdrphological changes were
not observed in the presence of either Cré* or Mn2+.

In E. coli, manganese was shown to Pe actilvely transported and accumu-
lated by the cells without any adverse eéfects on the growth of the orgunism
and the'manganesé uptake systém- This manganese transport system is,never—

theless, chpetitively inhibited by iron (Wang et al, 1969).

| s
Thé\presence of a similar transport system in T. ferrooxidans was not

™,

demonstrated\in this study. Essentially no. accumulation of manganese by the
l

growing iron—oxidizing thiobacilli was detected. In aclidic media, tolerance
/of the acidophlies to most metals probably results from the effective competi-
tion of Ht ions for negatively-charged sites at the cell surface. Oxyaﬁions

.of arsenate, selenate, tellurate and molybdate' are more toxic than most

cations of T. ferrooxidans (Touvinen et al, 1971) perhaps through the relative
g S - .
f%ase of excess,\without Kt ions competition, to cells. The results from the

LN,
present study indicated that the relatively low toxicity of mdgganese and

——
opls

chromium on E;«fer?ooxidans may, in part, be due to the high concentration of

ut competing EQr the negatively~charged sites at the cell surfaces. Congider-

ing that sodium sulfate (o 1M) and potassium sulfate (6.7 x 1071M) inhibited
. —TN

_onn oxfdation by non-growing cell suspensions of T. ferrooxidans to about the

-

_!same level (60%) as did manganese_ sulfate (Table III), the effect may have
’ ’ 'y .
also been partly due to 1its high 1onic concentration rather than to a

.

specific Mn2+ effect. Indeed,, sodium sulfate (IN) will reduce COp solubility

by about 327 {Glasstone, 195;§;- This will eventually slow down the process of
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"blosynthesls and the rate of ferrous iron oxidation as the demind for energy

decreases.

(B) Leaching of Chromite Ore by T. ferrooxidans

Chromite has & cubical spinal ecrystal structure. The maln consti-
tuents of this mineral ore are FeQ (32%) and Cr203l(682). Manganese, alumi-
nium, sulfur, phosphorous and'large amounts of alkaline gangue mate?ials are
normally present in the ore (Ralcevic, 1977, 1976)f Since the qufur and irom
molecules in the chromite structure are not associated as sulfides, any direct
bacterial action on the chromite mineral 1is questionable. Direct oxidationg of

the metallic moitles of minerals by T. ferrooxidans have been suggested.

These moities include: antimony as in SbySq and Sby03 (Lyalikova, 1972; Torma
and Grab;, 1977); copper in CugS (Beck, 1977; Imai, 1978) and-uran un In U0y
(Ivarson, 1980; Spljanto and Tuovinen, 1879). However, the results\ﬁzre do not
\ ‘ . :
suggest that bacterla oxidize chromium ore directly. Rather, they. probably
act on the ore through H,50, formation. -The.following reactions may occur:
FeO +HS0, ----- -+  FeSO; + 3 Hy0 (30)
c:éo3 + 3 HpS04 —~-———+  Crp(S04)3 + 3 Hy0 T (31)
Thus in the absence of irgg oxldizing bacteria, as observed in the control
flasks, solubilization of chromlum depends mainly on the added HyS04. In the
pregsence of iron—oxidiéing bacteria, .the FeS04 formed (equation 3d) was
éxidized (equatisn 1); and additional Hy,S80;, formed (equation 35). " Hence,
there was a slight increase of chromium solubiiized in the Iinoculated tlask.
The addition of elemental sulfur increased the metal solubilization process,

mainly through the formatton of more acid upon its oxidation by iron-oxidizing

thiobacilli (equation 32) and possibly through oxidation:-of HyS (equation 33)

-
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since H2S was produced in gultures of thiobacilli (Imai et al, 1962; Starkey,

1937).
SO + Hy0 + 0y —=mm- -+ H,50, “ (32)
HoS + 2 09 ~————=»  Hy50; (33

Sulfide may be produced by the oxidation of thiosulfate, which 1s formed
during sulfur oxidation (Silver and Lundgren, 1968) by the following reaction:

5203' + 2 GSH (reduced glutathione) thiosulfate reductase _

S04~ + HpS + GSSG (34)

Although ferrous sulfate is readlly oxidized by the iron—oridizing
thiobacilli, its addit;on to the growth medium did not enhance the leaching
, : > .
process. This may be explained By the fact that both secondary ferric sulfate
minerals, such as jarosite, and sulfuric acid are formed according to the
equation: | |
3Fey(804) + 12 Hy0 ——~=—- -»> 2[H[Fe(S04)-2Fe(0H)3]] + 5 HpS04 . (35)

The secondary ferric iron minerals tend to coat the mineral surface dnd thus

, lmpede action of H,50,; on this surface.

That bacterial growth influenced the leaching of chromite ore was
demonstrated byréhe ﬁecrease,in the‘rate of chromium solubilization-(Figs. 11
and 12) in the presence of thymol, an inhibitor Qf iron-oxidizing bacteria.

In this work the amount of Cr solubilized by bacterial action khighest
concentré{iz? -measured - 140 mg/L) was ~not suffickent for commergial
exploitation on a large scale, which required approximately 0.3 g/L Cr. Tﬁe

Cr:Fe ratlo of the ore was not increased to the required commercial value (2

to 3: 1). However, ;his hacteria1 action 1s certainly of enuiromental
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concern. The recommended upper concentration of chromium in raw waters is 0.1

]

mg/L (Environment Canada, 1969). Our results showed that actipn of iron-

oxidizing bacteria on chromite could result in concentr-tions of 'cjomium to

be more than a thousand times that of the permissible level.

-

(C) ﬁeavy Metal inhibition of Thiosulfate rOxidation by T. thiooxidans$.

The inhiBition of thiosulfate oxidal::.[on .in T. ‘thiooxldans by some
heavy metals was also studied. During milling and flotation of sulfide <':res',
high concentr."ations of thlosulfate and pollythionates are formed." Much of the
thiosalts will oxidize abiologically to.sulfuric acid 1in the mil%ing'circuits
or tailing ponds, which can-tﬁera be neutralized with lime before dischai'gin'g
to rivers (Rolia and Barbeau, 1978; Scott and Bragg, 1975.). This.oxidation 1s
slow and seldom cﬁmplete before discharging into‘_the Burface ﬁater of the
reéeiving st:'reéms. Sulfuric acid will contim;u.a to be generated resulting i{l
the formal;ion of wvery-acidic conditions deleterious to f:i:_sh, heterotrophic
bacteria and other aq"atic 1ife.. At. Brﬁnéwick M:!;ning and Smelti‘ng, for
inst‘an;e,h i:H values .Of approximately 3 develope'd in the recelving streams

. . ‘

20 Km fr?:m the ;iischarge: point, although the ph ‘on” the tailing ponds "éyst:em.
was adjusted to api:roximately 10 before their dispharge-—(&chmidt and Conn,
1969). Since. T. -thiooxidans “oxidizes thio’sul{afe and polythionat}as to
sulfuric acid, this Amicroorganism'might‘l.:e .use{:i' to acce e;'at:e and complete the
oxidation of these compounds in the treatmen.t pond's before the neutralizatg
process. Toxic ~met:_als that are¢likely to lhimfg: suc.h method are examined in

this study.

. " . .
Under optimal conditions (temperature 35.5"0, pH 3.75), T. thiooxidans

"ATCC 8085 oxidizes thiosulfate at ‘the rate of 55 i‘/ 3n}g/L/h '(Silver'and

-~

[
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'Darnido,~1981). _Cadmium, dopper, lead, silver and zinc are inhibitory; rhis
inhibition {s. not cumulative .in the presence of combinations ' of these

cations. The almost indiscriminate inhibition of‘ﬁhese‘heavy metél cations on

thiosulfate oxidatiﬁp;/brobably resulted from their competition with thio-
sulfate for the_ sgme active site$) which are located at the cell‘ membrane *
(Ostrowski and Krawczyk, 1957). These may consist of di-sulfide groups which ° -

could react with thiosulfate té form sulfepyl—fhiosulfate KLees,

L

and Trﬁdinger 1962)-

™~

R=S=8-R + $3027 ——s——p Rz~ s- 503 + RS™

3

by

Sulfhydryl groups may also . participate by aliffleOphilic reaction, breaking

the R-S-S—R bond. Trudinger . (1965) showed that SH binding,agents inhibited

the oxidation of thiosulfate in T. neapolitanus. Heavy metal cations may

combine with SH groups and catalyse the breaking of” §-§ bonds, thus inter- "
. . ©
fering with thiosulfate oxidation. Among the metals tested in ‘this. study,

- cadmium has the highest affinity-towafds.;SH groubs. However' copper lead
and silver are more toxlc towards iosulfaﬁe oxidatig%rby T. thiooxidans- .
- \ - ~

Silver (Norris and Kelly, 1978) and chromium are accumulated by cells

of T. ferrooxidans. Lead, silver and cadmium also accumulate in cells of E. : -
. ' - . - -

coli (Ulmer and Vallee, 19 9} Bragg éﬁa Rainnie, 1974; Mitra and Bernsteﬂﬁ oo

v

“ [ -
1977). Similarly, heavy metal accumulation in T. thicoxidans is possible and

’\ -
may be the reason why thiosulfate oxidation in T thiooxidans is more severely
:affected by silver and lead despite the.higher_hffinity to -SH gfoups of

‘ . _ ¢ :
cadmium, since accumulated.silver and lead have had a more permanent effect on

"

E. coli. Cadoium-in E. coli interacts dithleA and ‘causes single strand

cells .eventually resumed {growth .at the normal-\iatq.'(Mitra and . Berhsteln, -
A . ) - ) N . X

4

breaks. Tﬁese breaks were eventually repaired during a long lag phask\:nd the N
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1977). Toxicity due to lead and silver on the same orgénism ‘was more

perman:;t.. Lead inhibited amino acid incorporation into tRNA by inhibiting

the synthesizing enzyme and/or by binding to and h&drolyzing tRNA (Ulmer and’

Vallee, 1969), and silver disrupted the respiratory chain (Bragg and ﬁainnie,

1974). The most sehsitive sites to iﬁhibition were in the oxidative phoaphol
4

rylation system between b-cytochrome and cytbchrome ag.

The presence- of plasmids confgk;ing partial resistance to cadmium

toxicity was reported iIin Staphylococcus aureus (Perry and Silver, 1982).9

-~
.

These plasmids carry genes for a cadmium efflux system which decreases cadmium
Toxlcity by decreasing ;admium accumulation. Plasmid-determined resistance to
metals 1in the thicbacilli 1is Jalso possible {(Tuovinen and Kelly, 1974;
Dispirito et al, 1981), but proof of 1its actual presence must awalt more
definitive studied.

Chromates and dichromates were shown to penetrate cell membranes to a

much greater degree than Cr (IIL) compounds (NAS, 1974). This may possibly

explain why Cr (VI) was more toxic than Cr (III) to thlosulfate oxidation by
1]

T. thiooxidans.

Altbough mifing and pH are nét controlled, the tallings pond system is
similar to a large chemostat, with thiosalts, present QPstly as thiosulfate,
normally being added at concentrations of'ébout 1 g/L'gnd a pH of approxi-
mately 11:5 (Schmidt and Conn, 1969; 1971). The usual concentratlon ranges of
various metal cations are: copper (0.01-0.75 mg/L), zinc (0.04-2 mg/L), lead
(0.3-11 mg/L) and iron (0.5-4 mg/Lj. 0f all the 'metals tested, oniy lead fis
found 1in the tailings pond system in concentrations which could cause
substantial inhibition %g\ thiosalt oxidation. Silver _and Dinardo (1981)
estimated that about 65% Qf the thiosulfate—oxidizing activity would remain at

lead concentration of about 11 mg/L.
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‘Concluding Remarks

From the standpoint of this investigation, recommended future studies
on the acidophilic thiobacilli may be briefly outlined. |
v ° The effects of heavy metals on the thiobacilll are usuflly
investigated with Heavy non-growing cell suspéﬁsions in Warburg apparatus
(Tuovinen et al, 1971, 1972, 1974). Due to the lack of specific techniqueg
for enumerating the organism in the presence of ferric iron, metal toxicity on
growing cultures of the tﬁiobacilli was little studied. _Sihce metai'szicity
_is prabably influenced by the-physiological state of the organism, much can be

L]

accomplished if future studlqg will include a comprehensive comparations on

e ha
’,phe response to Heavy metals by growing and non-growing cells of the
thiobacilli. The present study showed that ferrous iron oxidation in growing

cultures of T. ferrooxidans was more semsitive than the growth of the organism

to the inhibitory effects of chromium and manganese. This inhibition was

-+ d

greater at higher pH values. This 1is comparable to the findings on

(non—groying bacterial suspension of T. ferrooxidans in the Warburg apparatus,
in which carbon dioxide production was found to\@e more sensitive to metals
than was ferrous iron oxidation (Tuovinen and Kelly, 1972).

In the present study, the toxicity of chromium on T. ferrooxidéns

appeared to be related to the accumulation of the chromium by the cells. This
accumulation was greater at higher pH values up to an estimated 12 pmole/ g

dry weight at pH 3.5. The possibility of T. ferrooxidans having an active

manganese transport system similar to that of E. coll was not‘ihvestigéted.

No accumulation of manganese by the cells of T. ferrooxidans during iron

———— - oxldation has been detected. The mechanismé of chromium accumulation has not

been inveétigated. Since metal accmutetion in most microorganisms frequently
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occurs through specifie transport paEhwaya, féture studies to evaluate the
mechanism of accumulation of toxic metal cations 1ﬁ the thiobacilli, should
include specific inhibitors or competitors of cation transport.
The key to the leaching mechanisms of minerals. by the thlobaciili‘
rests primarily on the availability of sulfur or oxidizable metals and the
chemiézl form and valence state of metals in.the mineral 1attice. Studies of

the susceptibility of mineral sulfides to bacterial attack have been

restricted to two main groups of, mineral structure - cubic and hexagonal with
their sub?éyisions of a limited number of basic structure (Kelly et al,
1979). The present study suggests that chromite ores, with cubical spinal

crystal structures, are leached H§ T. ferrooxidans by an indirect process,

through.the action of H9S804. Although chrémium concentrations as high as 140

~

«mg/L were solubilized from the chromite ore, the benefication of chromite ore

by T. ferrooxidans did not appear to be economically feasible. However, the
.present economic t;ends'and envfromenéal_resirictions dictate that blohydro-
metelluréical process will be competitive with other recovery metheds.

The acidophilic thiobacilli, like various heterotrophic Hacteria, are
likely to carry resistant factors éor metals on transmissible plasmids.
Substantial progress to fIncrease the leaching rates of‘specific minerals 1s
likely to come thfough the-‘genetic selection -and manipulations of these
organisms. The ‘development of solid differential mediaito obtain growth of
single colonies of the thiobacilli will doubtless contribute immensely to the
long awaited progress 1in the biotechnology of the thiobacilli.

-

The feasibility of using T. thiooxidans for the treatment of

—_—

~
e

thiosulfate and polythionates 1in "controlled biostabilization ponds 1s very
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encotraging because of this organism 8 insenaitivity to heavy metals. Of the

metala tested, only lead could be found in concentr;S:ons that would cause

*

substantial inhibition of thiosalt  oxidation. Further studies under -~

suboptimal conditiqns likely to be present in opelrating plants are required; (

Complex mutalistic relationships of the’thiobacilfk and oéher-heterotrOph££:

bacteria or fungi are likely to exist‘%hich would enhance (or inhibit) the

oxidation process. Studies on the interactions of these orghnisms with the‘

LE Y

thiobaciliTNshould also be encouraged. ) -

N

———
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