G @ | TOGETHER

!{’\N i D/? L&y

=S~ vears | for a sustainable future
OCCASION

This publication has been made available to the public on the occasion of the 50" anniversary of the
United Nations Industrial Development Organisation.

’-.
Sy
B QNIDQI
s 77

vears | for a sustainable future

DISCLAIMER

This document has been produced without formal United Nations editing. The designations
employed and the presentation of the material in this document do not imply the expression of any
opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development
Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or
degree of development. Designations such as “developed”, “industrialized” and “developing” are
intended for statistical convenience and do not necessarily express a judgment about the stage
reached by a particular country or area in the development process. Mention of firm names or
commercial products does not constitute an endorsement by UNIDO.

FAIR USE POLICY
Any part of this publication may be quoted and referenced for educational and research purposes
without additional permission from UNIDO. However, those who make use of quoting and
referencing this publication are requested to follow the Fair Use Policy of giving due credit to
UNIDO.
CONTACT

Please contact publications@unido.org for further information concerning UNIDO publications.

For more information about UNIDO, please visit us at www.unido.org

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria

Tel: (+43-1) 26026-0 * www.unido.org * unido@unido.org


mailto:publications@unido.org
http://www.unido.org/

“\/ Ei@
() Doozrs *

LiMITs

ID/wi. 0/
20 November 04

ORTIGINAL: ENGLISH

~—_— - —

tnite t Nations industnal Development Organization

% ¥ .,
= vt Grooap eeting o the

ar e Coore  f Tnermicge by rermentation

AT Ay - Tecember |40

ETAL RECOVERY FROM LOW-GRADE ORES,
SULPHUR_RECOVERY VRO GYPSUM &/

by

J« 7. Beck
Brigham Young 'niversity
Provo, tah
United States of America

The Role of Thiobacillus ferrooxidans
in Mining of Copper and Uranium

and

The Role of Bacteria in Sulfur Production

-

l/ The views and opinions expressed in this paper are those of the author
and do not necessarily reflect the views of the secretariat of UNIDO.
This document has been reproduced without formal editing.

1d. 69=-5352




We regret that some of the pages in the microfiche
copy of this report may not be up to the proper
legibility standards, even though the best possible
copy was used for preparing the master fiche.




e,
v LA LA
LImprien
re . gy ~r
LIS M ae S uli{;
) ey LA
Y ] A2 Yr
DINNERS Fal FURINIS [ O T
. KIRRNISLLNNEY SR B I FLITYS o BN R UPE SEais SRR T
ST S Ve Iz TR Se ! il SPS N T E
‘T

GUVARY

farw P e e caactewr o et o
\iblt*"‘ﬂ.‘!\. PR SRR U SR L ,!f“.ff:.‘ L

P T
Brisham Young Miiiverrity

Frovo, itah
hited siates o Aneriea

The Bole of IMiioiacilles ferrosxidans

tn Vininge of Coppar and Urariwe

3 1. a Vi * . . ~ - e 2 - P
Tre haola ~¢ Jactaria a Solfer Production

/ . . . R - . . .
1/ ‘'ne views arc opinaove exprec:sed ia this oaper are those of the author

e docwrent haws bean ceprouduced Wi couw formal caiting.







Ma Fole of hicbasiliag Yerrcodidans

Lo Miniug Wf Copper and Uvarn oan

I Copper {rom sui{id: ores of low mineral content,

Ietrodaciicn

Historicad

A typicnd droas toachior eperation

Licaching of carious copper rninaerals

Ore nivcerment foo b b,

Leaonine aolution:

Collertion ¢ jeach woler uad col:pet recovery
Bactorin omd darop doaonning

Bacturial oodaiion el copper suinde minerals
Physiclo oy ot Thiouacillus ferionidens
Presonce o e actils oo leaching solutions
Conctue,on
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The ronivs avd o ecnvery of copper By leoobing from lov prade ores

have become =ieniticrint pirts o the copper indestiy, Studies have shown
that the bacioiora Shioiadiihus fereocvidins, oy reoidly oxid: zing and

solubilsoine olAde sotaevars, vlavs s s orore inwaste-ore leaching

Gperations. Comperetire aod anyoen corient o coges i the interior of

SUFZte 0re uiale oo dre o npativle with mdarobi o osetivity, bot o low

teraperalure Toaenin oo cnen i o en nf Bh tenmerabures, itas
FUugpesuee TP cocters g Sn b Lo s cluoilloetion pre ampor tiend,

Certainly, adistrwnt of cooudiions oo Teaehids o (o nere acequintely
acoornmodiate hacteri ] oroovih has credtly incressed the cfficiency of
waste-ore leeching,  cvrther feprovomoents in eiticiency may be
expected o5 nwre Kuewledes of the Lucterium ana ibs activity in lcaching

svsiems LUCcomes Ataitr i,

1I. ranium {ron: its arides when gasociated with iren pyrite.

Cheniical pro <-  lor uraniwinm entraction
Thiobaaiilve

A propesed

Cotsdans in o wraninem nine water

e -

cectevied leacking process for uranium

Retereinices
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A proposed bacterial leaching process for urarium

Although bacterial terching of urariur 1s of some economic importance,
the process is 1ot rapid encugh

LA r

for general nrenium predaction even ir those
cases where steps have been takiento tnercage its efticiercy, Recceutly a

reversce flow, sis tank corntinuous wysiom has heen probosed as a ineang of
rapid extraction of aranium f{ro; jte o

authors state that the laiter proce
to the conventional acid-oxidizer

,

e nrey by hacterial action, The
s may prove (o e ecovonicaidy competilive
methoed of urarniurn extraction.

Major economies of hactorial leaching lie in the decreased quantity of
acid requircd and in the Jower toaperature rocuiremernts,

Acid leaching
requirces 60-50 lhs,

of sullvric acid per tun ot vre, as compared to 25 lbs. /ton
In bacterial leoching which of course penerates considerable acid from pyrite

oxidatior. A wsmparsture of 70°C is e sential {or chemical leaching whereas

bacterial leaching occurs at amhient temperatures,




The Hole of Bacteria in Sulfur Proauction

Introduction

Bacterial forinavion of sulfides from sulfates

Use of aornestic ond industrial wastes for sulfate reduction
Other raetorials suitable for use in a sulfate reduction process
Descripltion of the Englizh pitot plant sulfur production process
Conciution

Peferences

Attempts to use sultale reducing bacteria for commercial production of

sulfur have been minde. The most successful of these, to my knowledge, was
deveioped in Uritaln throuyh o succesztul pilot plant stape with o daily sulfur

produaction oi about 209 Ihe, Cullare  Th 0 orooceet was anandoned avout

10 years aga, but 15 wow being revived,
T )

Arinteresting and signtiicant arpeet of the Britich project was the use
cf London raw sewape g the sourc s ol the wrparic substarce, I was hoped
thol the method would prove capable of removing much of the soluble organic
matter from doineastic sewige arc at the saine time produce valuable sulfur
[rom inexpensive gypsun:,
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OF THIOBACILLUS IDANS IN NINING OF COPPER AND

1. Copper From Salfide Ores of Low Mineral Content

Introduction

The cement copper yield from dump leaching operations of low grade ore in the
U.S.A. in 1967 was 250,000 tons (1). This was about 15% of the total domestic
production and represented an increase from leachng of about 0% since 1965
{1,2). Factors affecting the increased production from leacning were discussed
by Argall (3}. He suggested that an understanding of the micrabiological aspects
of the lvaching process waa in part responsible tor the incre:zsed copper

production.

It is the purpose of this paper to present the essential operstional details of
dump leaching practises and more particularly to consider the role of
Thiobacillus ferrooxidans ia leacking various types of copper ores. Although
microbiological aspects will be emphasized, some engineering and chemical
jtems will be discussed. Detailed treatment of the latter will be found in
published reports noted in the list of references.

Historical

Alchemists of the sixteenth century knew of the replacement of soluble cupric
ion by metallic iron (5). Also noted was the rapid corrosion of iron pipe by
copper containing water and the deposition of metallic copper. Nadkarni and
Wadsworth {6) state that the first economical application of copper precipitation
or cementation in the western world was the recovery of copper from leach
water at the Rio Tinto mines in Spain in the late sixteenth century. Heap
leaching at Rio Tinto, which is still being practised, yielded as early as 1833,
140 tons of cement copper per year. Heapleaching is the term applied to
operations where the ore being leached has a much higher copper content than
that encourtered in leaching of waste dump ore, and where the amount of ore
per pile is usually less than 100, 000 tons {7,8). Both rate of percolation and
aeration are subject to careful control. Dump leaching usually iovolves
millions of tons low grade ore (9).

In the nineteenthcentury, cement copper was produced in Ireland, England,
Germany and Hungary (6). The productive copper areas of western U. S. A,
recorded their first cement copper y‘eld about 1890. Apparently, copper was
recovered from mine water or from .tmospheric water flowing over or through
waste copper ore. Rights allowing processing of mine water at both Butte,
Mo:tana and Bingham Canyon, Utah, were granted by mine operatore ian the

f first decade of the twentieth century. About 2,300 tons of cement copper were
produced at Butte in 1910 (o).




Ferced leaching of copper ore at Tyrone, Arisona, was initiated follewing
ensouraging recovery of copper in leaching a 25 ton pile of mill tailings (7).

A 20,000 ton dump of 2 717, copper ore yielded about 407 of ite copper during
a three year leach period At Bisbee, Avizona, 45% recovery of copper from
8 10, 000 ton pile of ore wr ¢ achieved during A three yea: period of intermittent
lesching. l.ater « 70% recovery from 8.5 nullton tons of v, 7. copper ore was

reported

It is interesting that metallic iro. for cementation of copper has usually been scrap
iron and matnly used tin cana’ Read {10 stated ip 1914 that "a large (precipitation)
plant would quickly exhaust the scrip heaps of the world”

Cement copper at prescnt accounss tor over 25% of the total copper production at
Bingham Canyon, Utah wiereas in 1950 it accounted for about LY of the copper
produced The sire of leaching operations that are possible by todays methods
is shown by the datly production at Bingham Canyon of 200, (60 tons of waste ore
and the daily re-overy of 400 00C lbe of cement copper (11}

Studies on the origin of acid mine water in the eaatern part of ] 5 A resulted

in the discovery by Lesthien (12} and by C olmer and l'emple (1Y) of an fron-axidizing
bacterium in 1947 This microorganigm wase later 2howu te be able to oxidize

free sulfur and certatn metal sulfides, as well a8 ferrous iron, and was named
Thiobacillus ferrooxid. ne {14 15}  Its ability to oxidi-e certiin meiallie sulfide
ores explaine‘;i the enhanc.d oxidation rates of these orvs i achi g caperiments 13),
Nume: ous reports haw 2. soci ted Thiobacillue ferrooxide s sith the narucal
occurrence of sul lde cres (17,15 17,206, '1.22) and k‘mze.‘\*nt\';; Lcad coerrelation war
found between the numoess of this bacterium o certain parte of Lo oning operations
and the known chemic. ' reaction taking plice (23)  In spite of tucse reports, there
are still questions reyiraing the actual role of the bacteris in leaching sulfide ores.

A typical dump leiching operation

A considerable literature cxieta that dcils with successful copper leaching operaticonas.
Sheffer and Evans (1) huve made a valuahl: contribution by surnmavizing the genarsl
leachling praciisen and by bringing together a comprebcusive compilation of refirercas,
Although th.ey record vuraerous variations in copper feachliiy oprrotioce. there are
certain practiscs which zro esuential to any dump leaching rrograry Tuzse aye the
application of the ieaciiing solution tn a lurge mass of ore, collection of the €0l tion
after percolaticn through the ore and renoval of copp. v irom the pregnant solu'.on

A flow sheet showiny these esscential oteps s sbhown i Flgure 1 C oo to Le learned
is moved from ibe mire to ¢ site where votar can be conventen'ly »npiyv ¢ to it 21d
where the effluent watcr can be casgily colleztod. Anc her roquirenent of a swinbla
site for placemen’ oi “he ore 1s that ai least SOY. of th: leach solut;on fed to the ore
is recoverabie (4 The tops o the dumps are preparod so that watexr may be 2pplied
either by flooding through a system of dikes or by sprinkling.
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The water percola et iirough the ore mass and is collected on the natursl or
artificially prerpared surface of the leaching site. It then flows by gravity to s
collection pond or directly into a collection system of pipes for delivery to the
copper recovery plant

The most ¢ o1 nou method for the recovery of metallic copper trom the scidic
cupric solution 1s srecipitation un metallic iron. In the cementation metnod
the pregnsnt solution i1s allowed to flow over i.on metal which replacea the
copper and precipitates 1l a8 cement copper acccrding to equation i

CuSCy v Fe—o v We sy 2 Cu 1.

Accompanying thie resction in the acidic solutior. is the release of Lydrogen and
the reduction ot ierric wwo~ to the ferrous form,

H, SOy + T'e - Hl'e 504 4 H., i

pa
Fep (504} + Fe y 3 Fe SU, 3

Efficient operatv + red e to a mimmum the loss of iroa by reactions 2 and 3 by
control of the (untact .ime between iron and the acidic solution.

Tailings from the precipitation Jant sre recycled and thus serve as the ma jor
source of soluliun for tne leaching nperaon, [his practi -« is necessary in
many areas brcaue 0 lack of varter ang bocease it rovides a soatanle mcans
for disposal oi the highly acidic. runcraiized efflueat » ter

The effluent water has a high level o! feovous aron anc « redaced acid concentration,
conditions considored rub-optimal fur econom leacty ap [he lert ous iron lev:l

is reduced by storage of the spept solutior 1o a4 large oxidatior pon: and the acrd
level {8 increased by wdoition of acid ta the water beang taken from the pond to the
ore dump. 'Lox cf water hy roopae inte the vadesiviog 501l snd by evaporatior 18
inevitable Such ioss may be partially v placa by aatural atmoapheric nr suriac e
drainagc water I natural additions ars intutitcient. replacement «ater must be
added to the eysten. This is usually done a the oxidatic . pond.

Leaching oi variots copper invrals

s o e e

Solubili~ation reactione toat occur during leaching depend an the aature of the
mineszis in the ors  Mo-t oxid: . carbonate and stlicaie minerals of cappes are
soluble in cilvie sattur ¢ id a. d vlow percolation of the .crdic leaci water throagh
the ore efiects theis relz o luto the solution  Sulfide minec s, o0 the other bhand,
are quife tasolupl - ve eusc v derge vad oo prioe ¢ olustidzatton,

The rate of the vridative reactivns which depend or o le ate dug ply of sxyge

may be grectly increased by catalysie and by alevated ictapy vatures Phe Bers iote)
sifect of the presence of {exric 10un leaching sointions is well recopbirt 11 ot
in acidic lixiviants to oxidize aad solubilize such ninerals as chalcocite 4] .
bornite (25).




Clzl + Fe, (80‘)3 4 zoz._._..-)z Cu SO, ¢+ 2 Fe 80, 4.

Equation 4 shown the nverall result of chalcocite exidation by the ferrous tea
and agrees wi'h reaults of laboratory studies (24).

Certair copper sulfide n:oerals such as chalcopyrite. which because of its wide
occurrence it nf (reat ecanomic significance, and covellite are only very slowly
soluble 1y actidilied suiutions of feretc tvean (29, 2¢). Therefore, leaching operations
involving cha copsrite ores must depernd on the use of elevated temmperatures or
littl underaiood cate Ay, elferts to be reonoinkcall: feasibl

It is vell estallished tat high temper tures cause the raptd axtdatzon of sulfide
miner:zls includirg creleapyrite (27, [8) Femperainres In stles of ore used in
heay leaching reach v- ry nigh ‘evels and probably account fur th- mineral exidation
which vccure  Even it dump leaching, iemperaturs levels of 60-.70%C have been
reported and | Lave ohe. roed efftient wat=r (o be S2%C  These temiperitizes are
high enough to cauve - ropid rate of cbalcopyrite axidation (29

Most sulfide o135 are mere risidly oxidi ed in the preisence of Thiobacillus
ferrooridans tha: i ais neence (1A, 04 %) In summary, e rate of s.lfide ore
o:,ldaﬂc;gwi’;dum; braching dep nds on the type of mneral presgent. the o ~ailability
of axygen. the prioacrce 34 ieriic iron, ‘he temperature in *hie interior of the dumg
and the activit; o hiobi~*}us ferrooxidaas.

A prercquidite 10 .oy teacn pregraa: iv that the copper miner.l be “cceantble to
well gerated leac  sciation  Among important factora whic'. affect accessibilitv
are the nature of the z. rgue, eize of the broken ore pieces :nd the =bility of at.
to penetrate the c.- 1© . . The ore pieces must be caally penetrable by the
leaching selutice. OL 10u.ly, ore gangue which ie alialine in nature mav
neutralize 8¢ much ac il . hat its leaching bacomes unecononiic,

Ore plzcement fo, lerct g

A number of factere 2wt be considared in deciding whether or not A certrin co3
body should be ve:d f r le:ching treatment (8). The nature. extent and met: 1
content aro ouvie:sly 1 vortant, but equally significant for the economicy af tae
Process are the 2vail b {iy of a convenient site for placement of the ore an
adequate water auppl, a o the rapability of recovering most of the perco.ation
water. Ore is ellier t . n from the mine to the leach area o1 it is pre~ared by
breaking, caviug or oths. means for leaching in situ. Ore helng moved irom the
mine to & ravine or other natural drainage Area may be crished below » certain
maximum size, tut in r.cst inctencen, ore brokan by block bLlasting ie taken
directly to the le.ch area

Untreated soil surfaces may be sufiiciently impervious in their natural state to

2¢cTve 28 the basc of the dratnage basin. In case the soll ia extensively penetrated

by water, it may require treatment to make it impervious. Mill sludge, hydrocarbors
or plastic materials have been used to prepars the suriace soll of a pruposed dump




sinil

ares for placement of ors (1), Treatments uscd must be able to withstand the
destructive effect of large masses of ore being dumped on to the treatad surface.

Leaching solitions

Acid solutions with or without ferric icn ars considered essential for dissolving

even the most soluble copper minerals. As already noted, copper precipitation
results in a loas of acid and reductien of the ferric to the ferrous form. Maintenance
of good leaching activity requires addition of acid to the systein and reoxidation of
the ferrous iron.

Sulfuric acid is produced by the oxidative activity accompanying the solution of
sulfide ores by microbial or purely chemical action. Leaching of ores low in
sulfides may require the addition of acid to the system to maintain the pH in the
optimuin range of 2.2 - 3. 5. At one mine acid is produccd by chemical oxidation
of sulfur. 1n cases where lron pyrite i3 present it may v.ell serve ae the source
of supplemental sulfuric acid. Thiobacillus ferrooxidans i able to rapidly oxidize
iroo pyrite wih the formation of sulfuric acid and ferric 1ron. Figure 2A shows the
rapid rate of iron pyrite oxidation tu @ laboratory leaching uxperiment using
Thiobacillus ferrooxidans. Figure 2R shows a similar effect of a heavy cell
lulpensm on iror Eyiite in a short term laboratory axperiment. ln each case
pyrite axidation resulted in for mation of acid aud ferric fon. Experiments from
which the data for Figure 2B were obtained showed goaqd eguivalence between
oxygen utilication and ferric plus sulfate lons formed, and also showed goed

agreament with values predicted by use of equation § {Table 1).

- -2
ZFe S, 4 802 e | PeZ(SO*)l + SO, s,

Reaxidation of ferrous 10n at the pH levels found in ieaching operations is dependent
on the oridative activity of Thiobacillus ferrcoxidans. This reaction requires some
time and <o adequate supply of oxygen. It takeo place primarily in the oxidation pond,
but occurs aiso in the shallow diked ponds {oimed to allow the leach water to peneirate
the orc dump. Oxidation in the ponds results tr covering of (he su~rface rock with a
heavy precipitate of a ferric compound that decreases the raie of vater input fuia the
durap 2nd necessitates nec hanical reinoval of th: surface lirers to restore rormal
input rates. Thus, it ia clear that microbial aciivity 1 ine axidatina pond encourages
the leaching opcration by maintaining the iroun tnhe ferric state and by racilitating
removal of excess iron in the oxidation pona rather than at tiie top o. ore dumps.

Collection of ieach wuter and copp.r recorery

Penetration of leach water. rate of percolation, use of intermittent or coatinuous
flow, control of acration, etc., are engincering problems which Bave been considered
in several publications (1.2.4,9).

Pregnant leach water from the ore dumpe is collected in a system of open channels or

in pipes and carried either ‘o emall collection reservoirs or directly to the precipitation

plant. The usual metbod oi copper recevery is precipitation Ly metallic iron, but
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other methods are used In some cases (30,31). The collected pregnant selution
passes over metallic fron in tanks called launders or in cone-type (11) precipitators
until the iron is completely dissolved. The cement copper is then flushed from the
launders with high pressure water and collected in a large pile where water s
allowed to drain from it. It is gubjected to further drying and then sent to the
refinery for further purification. Cement copper after drying contains 85-90%
copper.

The spent wat-r issulng from the precipitation plant may be recircuiated directly

to the surface of the leaching area or it may flow to the oxidation pond for treatment
ae outlined earlier. It is obvious that adecuate pumping facilitiea and a system of
acid resistant pipes are cssectial parts of a leaching system. The most frequently
encountered arrangement is the one in which water flows by gravity through the ore,
the copper recovery area and into the oxidation pond. The pumplag plant is located
at the oxidation poend. The choice of arrangement is dictated by the terrain, the size
and location of the ore dump, availability of sites for collection retcrvoirs, etc.

Microbial activity associated with copper leaching operations

Bacterta and dump leaching.

Following the report showing the presence of Thiobacillus terrooxidans in leach water
at Bingham Canyon, Utah (16), a number of workers from many parts of the world
(17,18, 28) reporied similar results. This organism seems to be universally associated
with areas of surfice exposure of sulfide minerals and no other rigorously identified
bacteria have been consistently found, There are several reporte (17, 20) purportiny
to show the presence of Thiobacillus thiouxidans in mine leach water. I question
whether or not Thiobacillue thiooxidans is present in leaching systems although it
may well be found in situ in sulfide ore deposits. In my experience all enrichment
cultures of aulfur*oxici_‘i;—ing bacreria even at high dilutions of (107 or 108) have been
aple to vapidly oxidize yerrous iron. The ponsible adaptation of Thiobac.llus
..tf’ii.&'f_‘gfﬂ to become capable 2 iron oxidation over long period‘-:m:aboratory
culture in the nresence of high ferrous iron conceatration has not been studied,

If such adaptation proves to be impossible, then our results tnust be taken as
evidence against the presence of Thiobacillus thiooxidans in leaching waters of
copper mines.

An extinction dilution method wa.s used to count the numbers of T, ferroaxidans

in various parts of several mine leaching operations (23). The numbers of bacteria
were observed to vary over a wide range from mine to mine and from point to point
in a single mine. More recently obtained results shown in Table 2 generally confirm
the earlier report There is noted 2 mirked decrease in the T. ferrooxidans count on
passage of the leach water through tank type precipitators. A less marked decrease
has been noted to result from passage through a cone-type precipitation plant,
probably because of the greatlv decreased contact time. Extensive growth of

T. ferrooxidans occurs in the oaidation pond, and bacterial counts as high as 10

or 109 have been observed. [ have been unable to obeerve any correlation between
the numbers f bacteria in the pregnant solution and either ite pH, copper or iron
content. As reported (23) there was noted a definite effect of the temperature on the
copper yleld and the bacterial count. Further studies of this relationship have not
been reported.
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Thiobacillus ferrooxidans has a low growth rate (32). This must be taken into
consideration in making bacterial counts and in attempts to understand leaching
phenomena. Bacterial growth ie mede evident in the extinction dilution method by
a rusty iroo cdlor and precipitate which appeare at a cell density of about 107 ceils
per ml. At a generationtime of 10 hours it requires about 14 days for this oumber
of cells to be produced from a single cell, Tharefore, the period of incubation of
dilution serles for courting should be coatinued beyond 15 days. The slow rate of
growth of T. ferrocxidans is of siguificance in establishing the perce’. tion rate
schedule and deczi*ng whether or not to u: ¢ an intermittent leaching program.

A pink yeast, apparcatly a species of Toru' . has veen reported frequently in mine
wuter samplea and in laboratory enrichme-t ¢ ltures. This yeagt, in my opinion

has no eisential role in ary part of the leaching proccss. Although it can remain
viable in strongly acidic ferric iron solutions, it does n.t grow unless T, ferrooxidans
is also present. The latter is known (33) to exc¢rete organic compoundl into the
medium in which it grows and the yeast probably takes adv.ntage of this for its

growth requiremenrts.

Bacterial oxidation of copper gulfide minerale

Significaatly increased rates of oxidation during leaching of several sulfide minerala
was attributed to the presecce of growing cuitures of T. ferrooxidansin the leach
solutions (16,17,19).

Typical leaching data is shown in Figure 2A. These resul*s clearly fmplicate

bacteria as important catalytic agents in sullide ore 30l int:ization. The activity

of the ferric Jon in solubilizing and oxidi:ing suliide minerals has long been known (1).
Therefore, when an iro:- oxidizing bacterfum was shown to increags the rate of
oxidation of sulfide widrerals, its effect vos agsumed to be o to the regueneraticn

of the ferric iron und not to a direct at*ack on the ore. More recenay (29) rerults

of laboratery studies using active bacterial cell suspern=icas suggee: ihal ", {errooxidans
does directly attack certain sulfide mincrals, oridiziuc suifides to . ulfatea, 214 iron

to the ferric state aod .olnbilizing the metals presen (34)

However, it can be seea i-om the date of Toble 3 thav ferric ion in the presenc: .f
active bacteria does stimuiate oxidative activity on acme, but not al! sulfide ores.

It eeems that successful dump leaching may be ascribed tu a combiuation of micrebial
and purely chemical exidation,

The latter becomes relatively more important s the temperature incrcases. Erymer
and Jones {24) shcwed that in leaching pyrite uuder controlled temperaturs conditions
there occurred a minimum rate of oxidation at about 50°C followed by an accelerating
rate up to 70°C which was the maximum studied. Data {29) obtained from cell
suspension studies over a temperature range of 359C to 559C showed a decreared
activity at about 50°C and 2 non biological oxidation which became significant at 550,
It will be recalled that in a pile of ore which is being leached, temperatures as high
as 802C have been recorded. At such temperatures it {s most probable that biological
activity has ceased and that the observed reactions are wholly chemical in nature.
Significant bacterial activity would seem to occur only 5t low temperatures. On the
other hand, bacteria may iuitiate oxidative processus which in well insulated areas

in ore dumps lead to production of high temperatures. In such areas, heat induced
orocesses mav account for the leaching phenomena.
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Pbysiology of Thiobacillua ferrooxidans

Thiobacillus ferrooxidans is an autotrophic bacterium. Its carbon requiremeants can
be supplied by carbon dioxide and its other requirements can be obtained from simple
inorganic salts which are supplied by the minerals present in most ore dumpe. The
possible exception to this 15 a source of nitrogen, usually obtained from the ammonlum
fon, It is likely that in biisting ore deposits with slurry explosives, sufficient
nitrogenous cormpernds for good bacterial growth are formed and remain in the ore.
Energy requiremerts are ‘uot by oxadizing activity using scifide niincrals and ox gen,
In certain instances, wher. inmcrobial Activity is intens., it may be possible for some
nutritional deficicncies to arive. The mo-t likely ores woald s2em to be carbon
dioxide, orygen and perhaps nitropen. tighly acidic water carcies but little dissolved
carbon dioxide, such a amall amount that it may he unzble to satisfy the carbon
required for growih of lary: number. of bacteria. It has been established that for
every mole of Q, utilized for bacterial growth, aboui 0. U< mole of cirbon dioxide

can be used (35). The curl! o dioxide 1o oxygen ratio ic air is less vy a factor of 10
than the 4. 02 value for the ¢ tio of CO,; (v oxygen requirad for growth o1 I'. ferrooxid: ns,
Since gau samples irom acliveiv producing dumps are devoid of oxveen. it seems
possible that not nrly oxygent t ales car'-ca dioxide may be firniting microbial
activity. The obaserved abser ¢ of oxygen in the interior of ore dunips is evidence

of the intense oxidative activit; cccurring there. Some operators inject pure oxygen
into dumps in an attempt to ircreise the rate of copper release. The results of

such treatments are not available,

Thiobacillus ferrooxidans is remarkably resistant to high concentrations of heavy
metals. Viable cells have been reported ir solutions containing over 2, 000 ppm cupric
fon, 10,000 ppm aluminium ion, 5,000 ferric ion and emaller amounts of several other
metallic ions such as manginese, zinc, nickel, uranium and cobalt.

Presence of rare metals in leaching solutions

Studies in our laboratory, field observations and discussions indicate that certain
elements which are not periodically removed from leach water acecumulate until

a certain, apparently ecuilibriura concentration is reached. Large quantities of
aluminium and smaller quantitiea of anickel, cobalt and manganese have been found

in all leach water sampies examined. Periodic removal of these ions by an
inexpensive resin adsorpticn method may prove to be an economic operation, Other
metals of greater cconomic value also occur in leack water systems (36,37), Although
the concentration cf these ions may not exceed a few parts per million, the amount

in a fifty million gallon leaching operation would be significant,

Conclusion

The mining and recovery of copper by leaching from low grade ores bave become
significant parts of the copper industry. Studies have shown that the bacterium
Thiobaciilus ferroaxidans, by rapidly oxidizing and solubilizing sulfide minerals,
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' plays a major role in waste -ore leaching operations. Temperature and oxygen content
" of gases in the interior of some ore dumps are incompatible with microbial activity,

but in low temperature leaching, and even in cases of high temperatures, it is suggested
that bacterial oxidation and solubilization are important, Certainl, adjustment of
cordi‘ions of lcachig te more adequatel'r accommodai=~ bacteriil yrowth has gr:atly
increased the efficisncy of vante-ore leccbhing, Further improvements in efficiency
may be expected as mair2 knowledge of the bacteriurn and its activity in leacuing
syttems becomes available.
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B.

23} ® INOCULATED 31SY DAY
® INOCULATED 28 TH DAY
AUTOCLAVED 63 RD DAY
2 0}  INOCULATED 35TH DAY
MERCURIC CHLORIDE
ADDED TOTH DAY

Heavy suspension of intact cells in manometric apparatus

with 200 mg pyrite.




Table 1 Oxidatien of iron pyrite by a cell suspeasfon
of Thiobacillus ferrooxidans
Oxygen consumed Products formed
ferzic ion sulfate fon
K mole k mole 4 mole
control 1 0 0
culls 63 18 29




Table 2 Thiobacillus ferrcoxidans in copper mine
leaching waters

Mine No, Sample Precipitation Plant Oxidation Pond
Taken Input Effluent
nﬂ-l ml-} ml"l

1 1969a 100 10, 000 100, 000
1969b 10,000 1,000 1,000, 000

2 1968 1,000 - 800,000
1969 10 100 50,000

3 1966 1,000 10 -
1969 50,000 1,000 5,000

4 1969 1, 000,000 5,000 1,000,000

5 1968 100,000 100, 000 10, 000




Table 3 The effect of ferric ion on the rate of oxidation of pyrite
and chalcopyrite by suspensions of intact cells of
Thkiobacillus ferrooxidans

Ferric ion added Sulfide mineral oxidized
pyrite chalcopyrite
4 mole/ml pl O2/hr ul O2/hy
0 initial* 375 200
final®* 375 100
12. 9 initial* 380 600
final¥* 380 200

*  initial 30 minutes
=t final 60 minutes of 4 he experiment

Warburg flask contained 200 mg mineral, 0,5 mg
Cellular pitrogen, 2 mi Total volume, pH = 2.8, T « 35°C
Aerobic conditions
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B, Useslum From B Oxides When Associated With Irea Pyrites

Chemical process for ursnium sxtraction

Uranium (s obtained from its oxide ores by leaching the finely ground (-400 mesh)
material with acidic oxidizing solutions. The lixiviant is a dilute solution of sulfuric
acld (pH 2.0 or below) some soluble iron and 1o additional oxidising agent. Several
specific oxidizing agents have been used, but most frequently employad is sodium
chlorate. !'he axidizing sgent maintains the iron in the axidized farric state, which
then effectively converts the tnsolable tetravalent uranium oxide to the hexavslent
state as» shown in equation 1.

2

+4
Uo, + 2ret? UO, " + 2Fe’ 1

Hexavalent uranium forms an acid soluble sulfate complex which is separated from

the gangue by filtration snd 10 then removed from the solution by ion-exchange
reactions (1,2, 3),

The ore is removed from the mine, crushed and ground to the required particle sise
and placed in large tanks to be lsached.

Thicbacillus ferrooxidans in uranium tine = ater

The extensive uranium axide ore deposita of Ontario, Canada, coasist of brannerite,
uraninite, etc. in a porous conglomerate mixed with substantial amounts of iron
pyrite. The mines are subject to considerable water and shortly after mining
operations began it was poted that the water wae becoming acidic. The incrsasingly
bigh acid content of the water finally began to cause extensive corrosion of *ne water
removsl system of pipes and pumps. It was also aoted that the acidic wuter contained
ferric foc. Chemical oxidation of the pyrites inthe ore was assamed to be the cause
of the acid and ferric iron in the effluent mine water. Further consideration and
observation led to the {dea that the pyrite oxidation occurring in the mines was biological
Thiobacillus ferrooxidans has been found (4) tn lerge numbers in mine watere of the
Lake Elliot, Ontario are2, and undoubtedly is responsible for the observed iron pyrite
oxidation. As the acidity of the effluent mine water increased, there was noted an

increased uranium content which finally reached levels satisfactory for economic
recovery.

At present most mines in the Lake Elliot area obtain all their uranium from mine
efiluents (5). Such effluents (6) contain in excess of one million Thiobacillus fer rooxidan
per ml, and even afier removal of the uranium by ion exchange reactions, the bacterial
count may exceed one hundred thousand per ml. The barren solution is recycled into
the mins wkere it slowly moves downward to the pumping station. In paasing through
greas of ore in old stopes or through broken ore in situ the lixiviant oxidizes pyrite

and dissolves uranium oxide ore. The pregnant solution in the mine usually contains
seme forrous ion which is axidized as the solution is moved to the surface or as it s
treated at the surface.
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Thivbicillus ferroaxidiue bae a remarkable capocity to rapidly adapt to high
concentrations of heavy metal ions. Bryner et. 1. in 1954 {7) reported that cultures
maintained in the alhaence of copper for some fitne were unable to grow in a medium
contobning 00 ppim copper ion. Cultures that had heen freshiy obtained from the
copper mines, o1 »lich had becen vxoped 10 L todasing Cnpper ion concantration
through a verles of fransfern, siowed rapid oo d immediate growth at 500 ppm
copper. Syiuilar reculte were repo-t=d by Trueaell et, al, (8} which show that
although "untiar ed cultures of T. ferroexidans nave 4 low uzanium tolerance,

P

they rapidly adapt to concentrations E?ﬁﬁ“{;ﬁ?&"“ujoa‘

A proposed baclerial leaciing process

Although nacterial leachdrg ot ove iu gitu in the mine is of economic importance, the
process ;s not capid enouglh tor mejor uenanium preduction, Studles have been made
therefor: to dev.lop bacter.al leaching procedures on ¢ large acale. Such a process
develop:d to the pilot plant stage has been praoposed (9) The :nethod uses a reverse
flow o/ the finely ground or- i1nd ligiviant In o 8% tank continuous system

Major economiea of the has cerial procr s nre statad io recvide o the decreased

qua .tity of acid roquired end in optimuam rec yveries at lower temperitures (hemical
acid leaching reanres 6)-80 Ih of sulfuric acid per 10+ of ore at about 70°C, whereas
in bacterial leacling on.y 25 1b of acicd 19 needed 2nd the bacteria are active at

amr bieot tempezatures. The authors state ‘hai the micrebial process is competitive
wiih the conventional acid-oxidizer method of uranium -xtraction.
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THE ROLE OF BACTERIA IN SULFUR PRODUCTION

Sulfur and its conversion product sulfuric acid are major items of the chemical
market (1). Sulfur productioa in the U.5.A. in1968 was 9. 7 million tons (1).

This was produced by the Frasch mining process and by recovery from petroleum
ard natural gas.

The world demand for sulfur fluctuates considerably (2). This results in alternating
periods of excess and of tight supply. In times of scercity there have been atterapts
to exploit other sulfur sources. Perhaps the greatest reservoir of sulfur is in the
form of sulfate that occars most abundantly as gypsum. Maassive deposits of this
mineral occur in all p.rts of the world, The development of economically
competitive methods for the mass production of sulfur from gypsum would enable
almoet every area of the world to be self sufficient with s egarde to this moaet
important chemical product.

Methods for the recovery of sulfur by reducing sulfates to sulfides have long been
considered. Some of these have been develaped to the pilot plant stage and at
least one to industrial production level (3). The details of the latter process are
not available but it probably is a purely chemical process uning natural gas as the
reducing agent for reductio of the sulfate ion.

Biological reduction oi sulfates to the sulfide lavel makes possible the biosynthesis
of the sulfur containin; amino acids in all green plante and many becteria and fungi.

Another function of bivlogical sulfate reduction became apparent following the
description of the sulfate-reducing bacteria by Beijerin<k in 1895 (4). These
bacteris utilize the sulfate ion as the primary electron acceptor and produce as

the reduced product hydrogen sulfide. Discovery of dissimilatory sulfate reduction
by ba:teria led tc new concepts regardirg the origin of sulfur deposits and the
micwobial erigin of many ma jor sulfur deposits {s now widely accepted (5). The
occurrence of hydrogen sulfide in certain lakes (6) and {n other areas of anaerobiosis
recults from microbial activity. Naturally occurring hydrogen sulfide eventually

is converted to free elementary sulfur (S° by chemical and/or biological action.

Conditions essential for microbial sulfate reduction are now known and 2 number
of atterapts have been made to develop economically feasible methods for sulfur
production using bacteria. One such idea using natural gas as the reducing agent
wan suggested in 1967 (7). Details of this process are not available.

Characterietics of the sulfate-reducing bacteria and a general review of the proposals
that bave been made for their use inasulfur production will be presented in this paper.

Characteristica of lulhtc—roducingactarh

The sulfate -reducing bacteria have been adequately described and their physiology
discuseed in a monograph by Postgats (8) and in an extensive work by Ivanov (5).
In the metabolism of these bacteria the sullate ion 1o raduced to hydrogen sulfide.




The erganisms are strictly anaerobie and they utilize the sulfate ion as the hydrogen
and electron acceptor for the oxidation of organic rubstances or of hydrogen (8).
Beijerinck (4) first described this phenomenon and showed the responsible bacterium
to be a small curved rod. Later Van Delden (9) was able to isolate pure cultures of
the sulfate-redu~ere. He confirmed Beijerinck's earlier observations. In 1936 (10)
the genus name Desulfovibrio was proposed. An earlier observation that seme
Desulfovibrio culturee possessed remarkable heat resistance was cosrectly assumed
to indicats the presence of apores (11). The anomaly of a spore-forming vibrio was
explained when Campbell (11) succeeded in isolating a t-pical peritrichously flagellated
spore-forming bacterium from cultures of Desulfovibrio, The spore-former was
originally named Clostridium unigrificans but this has been changed to Desulfoto-
maculum nigrifiicans and two other well characterized sulfate-reducing bacteria
bhave been placed in tke ge~us Desulfotomaculum .

Earlier reports that secme sulfate reducers are ther mophilic must now te interpreted
in terms of impurs cul urcs consisting of a mixture of Desulfotomaculum nigrificans
and Desulfovibrio desu furicans. Postgate (12) stztes that there arc probably no
thermophilic Desuliovibrio strains, although some relatively more heatl resistant
atrains have been deve‘ﬁ;;d by training procedures. None of the latier have
temperature optima above 50°C.

The non-sporogensus sulfate-reducers are recognized as belonging to the genus
Desulfovibrio. A new specias was described by Le Gall (13). This ts a mueh larger
member of the genus and has been named Desulfovibrio gigas whereas the most
frequently isolated types have been identified as Desulfovibrio desulfuricans .

Sulfate -reducing bacte.ia oxidize a va riety of organic subatances (12) and thereby
obtain electrons, most of which are vaed to reduce the sulfate fon to hydrogen
sulfides. The half reactions for the oxidation and reduction steps are shown in
equationa | and 2 'wing sodium lactate as the energy source.

2CH3CHOHCOON:. + 2H,0 -—— 2CH,COONa + 2CO, 4 8H 1

NazSO‘ + 8H —_——— NaZS + 4HZO 2.

Althougir most physiological studies of the sulfate reducers Lave used Desulfovibrio
strains, it is bulieved that the 8porogenous types have similar metabolic activities.

The assoctation of sulfate -reducing bacteria and bydrogen sulfide with crude ofl

led to studies on the ability of these bacteria to utilize hydrocarbons as the elgctron
source tor sulfate reduction. Crude oil contains a number of substances in addition

to saturated hydrocarbons, and in view of several unsuccessful attempts to demonstrate
growth under strictly unaerobic conditions on paraffin hydrocarbon and sulfate {15)
media, it seems most unlikely that such substances 2re attacked.

Most strains have hydrogenase activity and are able to effect the reduction of sulfate
with hydrogen gas. Carbon diaxide fixation by certain strains was reported (14).
and although some radjoactive carbon dioxide can be shown to be used for cell
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subatance formation, the amount so fixed is no greater than that absorbed by the
typical heterotrophic bacterium, At pzesent, sulfate-recducing bacteria are not
considered to be autotrophic.

There is a ganeral agreement that growth and hydroge- sulfide formation are increased
by the addition of yeast extract or other sources of bacterial growth factors and

saminc acids. The cause of the enhancement effsct may be direct, that is metabelic

use of the additive materials, or it may be a result of the additions making certain
nutritional ingredienta such as iron more readily 1vailable to the cell. At any rate
growth response is encouraged by media rich In organic rutrients which in natural
conditions a'loo contribute to establishment of suitable redox values. The latter must
be no greater than -0.200 V (5) for growth of the sulfate reducers. Failure to provide
these low Rh conditions may be the cause of difficulties reported in the culture and

maintenance of Desylfovibrio straina.

Growth rates of Desulfovibrio are usually linear with time. Postgate (8) suggests
that this response is due, at least in part, to the removal of the necessary ferric
lon {rom the culture medium by the hydrogen sulfide whict te formed. The lowered
level of ferric fon concentration reduces the rate of cell growth from the exponential
to linear. Reduction of growth rate affecta the rate of hydrogen sulfide t rmation
and becomes an important consideration in establishment ot an industrial process.

Sulfur production from sulfate takes place in 'wr slieps. the reduction of the sulfate
ion to form hydrogen sulfide and oxidation of tie latter to {ree sulfur. The reductive
step requires the expenditure of considerable energy the ccsi of whic. makes chemical
reduction econon:ically non-competitive at the currert p-i-« »f about 2¢/1b for sulfur.

The conditions required for microbial sulfate reduction may be nasily - stablisbed

and maintained with but little cost beyond capital investment {or plar’ coiatructiscn

and operation. Sulfate ln the form of gypsumis readily ava.lable. The rxidizable
material which supplies energy for biological sulfate r>ductiva nuy he any of @ large
nteaber of substances 18 hae been demonstrated in many lebcraory stuajes 1}, Most
nf these. of course, could not be used in a large scale industrial ;- sy - rause of
their coa® Sevaral low cost industrial materials including hyircge:. aewage and
sewage sludge, yeast plant weot., sulfite liquor waste, crude oil, »r anic coinposts
and cow dung have been used. Waste from potato processing plants, whey from buttar
manufacturiag, molasses and other waste organic matter could conceivably be used.
For many of these substances the mineralization of tre waste nvaterial under controlled
conditions, thus facilitating waste disposal, may make an otherwise ureconernic sulfur
process sufficiently attractive for subaidy by government or industrial agencies.

Large ncale studiea using most of the possible organic matter eources for sulfur
production have not been reported. Subba Rao (15) has described so called "sulfur
tarming", Schulman (13) and others {15) have given detailed reports on the use of

yeast plant waste liquors and Butlin {15,16) has described the London County Council
pilot plant study using sewage sludge. Details beyond those given by Postgate (15)

for the former two methods are not available to the writer. The British method will
be presemnted in some detail, although it would be unprofitable to attempt to summarise
the extsnsive reports that are available concsrning this project (16,17).
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The London County Council sulfur production project

Addition of amal! amounts of sulfates to the sludge digestion tanks of sewage works
causes a greatly increased production of hydrogen sulfide. Thus, it seemed possible
to develop a sewage di; 2stion procedure which would produce economic amounts of
sulfur from the hydrogen sulfide formed. Laboratory studies were encouraging

and pilot plant studies were undertaken using a 50 gal. digestion tank containing
sewage sludge with 8% gypsum added.

Several problems became apparent in the early work. The inhibitory effect of
hydrogen sulfide prevented formation of methane aad in high concentrations
completely inhibited further sulfide formation. After considerable study it was
decided that an economic process could not simultaneously produce methane and
hydrogen suiiide. Further work was therefore directed towards methods for
maximal sulfide production at the expense of methane formation. High yield

of sulfide wae achieved by sweeping bydrogen sulfide from the digestion fluid with
a2 mixture of 70% methane and 30% carbon dioxide. A special extraction procedure
was adopted using an external stripping column maintained at 409C which was found
to be the optimum tem erature for sulfide removal.

The residual sludge cuntained sulfide to the extent of about 50 mg per cent even

after the most efficien: removal of hydrogen sultide gas. This amount, although
small, caused the residual sludge to have an offensive odor and to be highly corrosive.
Treatment of the sulfice sludge with activated sludge and continuous aeration yielded

2 product free of suliide, which settled readily and yielded a low water sludge residue.

Sulfur formation from hydrogen sulfide in nature may be biological, a chemical
oxidation or a more complex series of reactions involving carbon dioxide, and
ylelding a carbonate salt plus sulfur. Industrial sulfur production processes have
apparently employed a direct chemical oxidation of dissolved hydrogen sulfide (8)
with subsequent purification by filtration.

A process using a 25,000 gal, fermenter was designed which was to yield 1.5 to 2 lba.
of sulfur per 100 1b. of 4-5% raw sewage sludge. As far as I can determine, such z
plan’ was never built, the sulfur project having been abandoned prior to initiation of
construction

Descriptions of other jirocesses for fermentative sulfur production are either
inaccessible or so lacking in detail that it would seem inadvisable to attemnpt to
discuss them. The list of references should be of some value in starting a serious
study of this interesting and perhaps economically important process.




1
2.
3.

4.

16.

i1,
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