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ABSTRACT

Microbial leaching studies on a low-grads sandstone uranium ore from Baghalchur Ore
Deposits, D. G. Khan, Paklstan, containing 0.027 % U30g for extraction of uranium, were
conducted in columns. Baghalchur sandstone uranium ore which is alkaline in nature, con-
tained 5.0 % calcite [CaCOal, 2-3. % Fez203; and pyrite [FeSz] less than 0.1%. The ore
amended with sullur and/or sulfur slag as external energy source was found to leach with in-
digenous microflora mostly belonging to the genus Thiobaciifus which are present in the
uranium mine water. Column leaching studles revenled that when the ore was amended
with elemental sulfur and irrigated with mine water (pH 35) 53% U303z could be solubil-
. ized from it. However, when the natural mine water was used as such (pH 7.4) the solubiliza-
tion of uranium was decreased to 41 % U3Og in 90 dauys under similar conditions of percola-
tion rate and temperature. The addition of (NH4)25804 (3.0 g/L) in mine water was found
. to enhance the uranium leaching to 70 % U3Og from the columns containing ore amended

with sulfur slag.

INTRODUCTION

The applications of biotechnological principles to recover metals from low-grade resour-
ces offer a number of advantages over conventional hydrometallurgical techniques. The
major benclits perceived arc such as low-cost, casc of maintcnance and safcty of environ-
ment. Heap, dump and in-sifu lcaching operations for rccovering  uranium [rom ores are
presently being carricd out on mmmcrciar:ca]c in several countries (Torma 1986). These
lcaching processes are aided by natural populations of acidophilic iron- and sulfur- oxidizing
Thiobacillus bacteria which have readily been isolated from uranium mine waters and leach
liquors scveral years ago in the Elliot Lake Arca, Ontario, Canada (Gow et al 1971; Har-
rison et al 1966), where in-situ lcaching was practiced during the 1960°s (MacGregor 1566).

Uranium recovery by bacterially-assisted lcaching was began during the 1960‘s from acid
lcaching of mining wastes and of working and worked out stopes of mines (Fisher 1966 ;
Fletcher 1970 ; Duncan and Bruynestyne 1971). At the Stanrock mine, Canada, a monthly
recovery of 7.5 tonnes UsQOg was produced in this way {Sasson 1975) and rccently, over 0.84
X 10° Ibs of U30Og has been recovered from stopes of worked out mines at the Denison
Mincs Ltd, Canada (Marchbhank 1987). Exploitation of bacterial leaching cnables the
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recovery of uranium frem low-grade ores ( (L01-0.05%% UzOg), uncconomic to process by con-
ventional methods. The process can be applicd to cven poorer and of course to high grade
malerial, such as uranium rich pillars Supporting the roof of mine (Kelly 1976).

The well- established bacterial leaching techniques have been applied to sulfide ores or 1o -
the ores containing the iron sulfide mincrals, Since these ores forms of oxidizable sulfur and
iron, which can be used in degradation reactions carricd out by microorganisms. In contrast
the microbal degradation of silicate minerals required the availability of the cxternal encrgy
source (Ralph 1983). However, little informations arc available in literatures about the
biohydrometallurgy  of uranium from sandstone type bre deposits. Some work on sedimen-
tary typc uranium ores from Fortsua, Austria and Ningyo-Toge, Japan, have also becn
reporled (Bosecker and Wirth 1980, Tomiruka and Takahara 1972).

Uramium o oature does not exist as sulfides but usually occurs as insoluble teiravalent
oxides Uranium minerals are often associated with metal sulfides such as pyrite (FeSz ), pyr-
rohotite {FeS) and chalcopyrite (CuFeSz) Over 100 mincrals of urantum have been
described in literature, but minerals of cconomic importance include, among many others,
uraninite and pitchblende, which represent different crystalline forms of UO; in vein type
‘orc deposits (Elevatroski 1977 ; Gow et al 1971). According 1o the data published jointly by
the OECD Nuclear Encrgy Agency and International Atomic Energy Agency ([AEA) in
1983 the world's rcasonahl_\é assured resources of uranium which are recovcrable at US §
130/Kg U, to be 2.293 x 10" tonnes of U, with additional two and three million toanes es-
timated. The major vranium resources of the world can be assigned on the basis of their
geological setting to the following six catagorics of ore lypes are given in Table # 1 (Barthel
1980; Gow 1985), ‘

Table 1: Majnr types of uranium ore deposits in the World

Deposit . ' Distribution
Type of Uranium
(%)

Sandstone 19
Quartz-pebble Conglomerate 17
Proterozoic Unconformity Related 15
Disseminated 14
Vein 7
Others: 8

a) Uraniferous shales
b} Phosphates

c) Calcretes

d) Porous limestones.
e) Lignites.

The solubilization of metals depends on the activity of Thiobacillus ferrooxidans and
Thiobacitlus thivoxidans. Both species are chiemolithotrophic bacteria which derive their ener-
gy from the oxidation of inorganic compounds. Thiobaciilus ferrooxidans oxidizes both,
reduccd sulfur or iron compounds, whercas Thiobacills thiooxidans oxidizes elemental sul-
fur and reduced sulfur compounds ( Tuovinen 1986). In the case of metal sulfides, the
production of sulfuric’ acid and soluble ferric iron is onc of mcchanism by which T. fer
rooxidans indirectly accelerates the leaching of uranium ores :
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FeS; + 7502 + H20 = 2Fe’* + 4804 + 2HY [1]
U0z + 2Fc®t = U0P* + 2F* 2
2Rt + 0502+ 2HY = 2F3Y + H0 |3

Reactions [1] and [3] arc catalyzed by the 7. ferrooxidans at low pH valuc. The ralczof
bioleaching of uranium is directly related to the rale at which the bacterium oxidizes Fe

“to provide energy for its growth requirement (DiSpirito and Tuovincn 1982; Ferroni et al

1986). Many laboratory studics have been demonstrated that these acidophilic bacteria can
accelerate, with varying success, leaching rates and can increasc the uranium recovery under
controlled conditions (Lundgren and Silver 1980). Extraction in columns, cither with or
without circulation of the leaching medium, simulates heap and dump leaching (Derry et al
1976: Manchce 1979). ‘

Present studies were  aimed to find out the possibilities of microbial leaching of low-
grade sandstone vranium ores, overburden andd waste residues, and to ascertain the role of
microarganisms in this process,

MATERIALS ANDD METHODS

Sandstone Uranium Cre

A 1000 kg sample of low-grade sandstonc uranium orc was collected from mine site
Baghalchur, Dera Ghazi Khan and was well mixed with by repeated coning and quartering
technique. The homogenized ore was separated into different size fractions by screening and
cach fraction was weighed to determine the particle size and uranium content distribution at
different fractions. Dilferent fractions of minerals were obtained using heavy liquid scpara-
tion technique. Heavy minerals were separated by Frantz Isodynamic Magnctic Separator.
Mincral identification was carricd out by examining polished grain mounts in reflected light
using a petrographic microscope and loose grains were examined under a binocular micro-
scope. Grain mounts of bulk samples and of mineral separates were prepared and  cxamined
by Frantz Isodynamic Magnetic Scparator and Heavy Liquid Separation techniques.

Externat Energy Source

‘Elemental sulfur and sullur stag ( a waste of sulfuric acid plant) containing 20 -40 % sul-
fur and iron contents were uscd as external energy source for acidophilic Thiobacillus bac-
tcria.

Microorganisms

Indigenous miceoflora closcly resembling 1o Thiobacilius ferroaxidans and Thiobacdlus
thiooxidans present in minc water  and orc samples were isolated by standard cnrichment
techniques, For columa leaching experiments, no extra inocutum was made and only these
bactcria present i the leaching system,-were propagated and employed further in these in-
vestigations.

Media Used
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Mincra! salts medivm 9K as deseribed by Silverman and Lundgren (1959 ) was used for
isolating Thiobacillus ferroaxidans. The medium contained ( g/L ), (NH3)2504 3.0 ; KH2PO4
(0.5 ; MgS0O4 .7 H20 0.50 ; KCL 010 ; Ca(NO3)2 0.01; FeS04.7 H20 44.20. pH was adjusted
to 2.0 with 5 M H2504. Mcdium uscd for isolating  Thiobacilfus thiooxidens was 9K mincral
salts medium in which ferrous sulfate was replaced by clemental sulfur (10g/L). For isolating
Thiobacillus acidophiius the medium described by Guay and Silver (1975) was used. It con-
tained (g/L); glucose 10.0 ; KH2PQ4 and MgS04.7H20 0.50 and pH was adjusted to 4.0 -
4.5 with dilutc H2504. Mcdium uscd for isolating Thiobacilfus thioparus was Mcdium # 36
as described in the DSM Catalouge of Strains (1989).

Growth of Bacteria

Isolation of Thiobacillus ferrooxidans and Thiobgeillus thicoxidans was carried out in 250
mL Erlenmeycr flasks containing 90 mL of 9KFc“" and 9KS°media respectively; with 10
mL of minc water was used as noculum. The flasks were incubated at 30°C on an orbital
shaking incubator at 108 rpm for scveral days. Mine water samples from various scepage and
draimage al dilferent locations in the mine arca were examined for the presence of bacteria
growing on ferrous ieon (Thiobacilius ferroavidans) or sulfur (Thiobacillus thiooxvidans and T,
Serrooxidans) or on glucose at pH 4.0-4.5 (T, acidophiluy) and thiosollate (Thiobacillus
thioparus) at pH 6.6. Mine waler samples were centrifuged at 12000xg at 4°C for 10 min (o
obtain ccll pellet, which was resuspended in 10 mL of awtoddaved distilled water. It was used
for isolation of diffcrent types of bacteria.

Column Leaching Studies

Four polyvinyl chloride (PVC) columns 25 ¢m in diameter and 2.0 meter height, were
used during these studies. The columns had flat acrylic bottoms which were fitted with 10
mm dia outlets in the centre and were labeled as AB,C and D. The orc was manually
charged in the columns. Each column was loaded with 100 Kg of low- grade sandstone
uramum ore ( 0.027 9% UsOg) amended with 5- 7 26 w/w clemental sulfur except column D
in which sulfur slag 10- 1295 w/w was uscd as oxternal energy source for acidophilic
Thiobacillus  bactena.. Each column was [ed from separale reservoirs which contained 200
L minc water with and without certain treatments as lixiviant. The column A was  only fed
from minc wiater as collected from mine sile without any treatment |, while column B was
from minc water whose pH was adjusted with H2804 (o a value of 3.5. Other two columns
(C and D) were fed with mine water of adjusted pH 3.50 and containing 3.0 g/L (NH4)2504
as nitrogen source for hacteria as well. The minc water was circulated at a rate of 1.5 L/hr in
each column. Periedically, the column cffluent samples were taken from each column and
analyzed for pH, U30g solubilized and iron content. Autotrophic sulfur and iron- 0)§idizing
bacteria in the column ciluents, were also cnumerated by employing the liquid 9KFe*™ and
9KS°media as described by Silverman and Lundgren (1959°). The presence of some
heterotrophs like Thiobacillus acidophilfus were also monitored by using liquid and solid
media described by Guy and Silver (1975). Bacterial population was deterrmned by direct
count using bacterial count ing chamber ( Pettroff-Hauser Bactgrial Counter \Arthur and
L Thamas Company, Philadelphiag depth 002 mm, area 004 mm= ). Total bactenal popula-
tion was caumerated by placing the chamber under phase-contrast microscope.

Analytical Techniques

Uranium content of the ore was analyzed by spectrophotometric method using dibenzoyl-
methane as chromogenic rcagent (Nagi ct at 1974). The concentration of solubilized uranium
content was dcterminced using arsenaro-111 spectrophotometric method (Bhatti et al 1989)




333

Microbial leaching of uranium

and 1otal iron content Ey using 1,10-Pheaanthroline spectrophotometric method (Christian
1986).

RESULTS AND DISCUSSION

Mineralogy of Ore

Sandstone uranium ore deposits occur in the foothills of the Sulaiman Range tn the Dera
Ghari Khan District, Pakistan, and the best cxposure of uranium mincralization containing
0.05 - 030 % UsOg content, is at Baghalchur. The nature of uranium minerals are
(yuyamunite, carnotite and uranophanc in the oxidized zonc and uraninite, pitchblende and
coffinite in the unoxidized zones. The unoxidized ore is grey to black in color. It is present
below the waler table while the oxidized ore which is of ycllowish to brown color, exists
above it. The uranium mincrals ace irregularly mixed with the matrix and occursmainly as a
thin coating on pehbles, grains and clay balls (Moghal 1974). About 40 % proportion of the
worldsreasonably assured resourcesof uraniom of exists in the sandstone type ore deposits
(Table # 1) and wranium mincrals in such deposits occur in the grain-binding material and
usually upto 5% calcite and minor mmounts ol pyrite are present { Gow F985 ).

The orc loaded into the columns had an average uranium content of 0.027 % UsOs on
dry mattee basis. The Baghalchur sandstonc is light grey, mostly medium to fine grained, soft,
friable and poorly sorted. Erratic pebbles and cobbles occur sporadically throughout the sec-
tion. These can be quartize, limestone or calcareous clay balls. The sandstone also contains
abundance of heavy mincrals which frequently outline cross-bedding. The major constituents
of the orc were quartz, clay, calcite, feldsper, hornblende, chlorite, epidote, muscovite and
the refractory fragments while the pyritc was among minor constitucnis. Magnitite con-
stitutes the major portion of the heavy mincrals. Urantum mincral is present as black coated
grains. Clay and calcite were found to be the major acid consuming matcrials of the orc
(Table#2). The particle size distributions of the orc charged in the columns arc given in
Table #3. Sicve analysis results revealed that it contained about 50% of ore fraction of par-
ticle size + 250 microns and the ore grade increased in the finest range. It was higher ( 0.032
2 UsOg) in the particle sive of -64 microns and lower in the + 250 microns and above
(Table # 4). Evidently it contained a little amount of pyrite content which is the main source
for bacterial leaching process. So the ore has to be amended with clemental sulfur and suk-
fur slag as external encrgy source for Thiobacillus ferrooxidans and Thiobacillus thiooxidans
for bioleaching process.

Leaching of Ores

During the microbial keaching of low-grade sandstonc uranium ore, the clemental sulfur
and sulfur slag supplicd as external cnergy source oxidized to sulfuric acid and ferric sulfate
solution by the action of iron- and sulfur-oxidizing acidophilic thiobacillus bacteria. Both me-
tabotites sulfuric acid and ferric spllie solution act as lisiviants for hydrometallurgical
Processes.

28 4+ 4 4210 = 2 H2S04 [4]

Y4050+ 2 HY = 2FT + H:0 [5}
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Table 2: Stercomicroscopic mimeral analysis of Baghalchur low-grade
sandstone uranium ore. : .

. .
Minerals Mineral present Minerals Mineral present
- (%) , (%)
Quartz ‘ 59.00 Epidote 3.00
Feldspar ~5.80 Limonite 0.05
Calcite 3.10 Rutile 0.02
Pyrite 0.10 Hematite 0.50
Chlorite 2.90 Zircon Traces
Muscovite ‘ 2.00 Magnetite 0.21
Biotite ‘ 1.82 Clay 4.83
Actinolite 0.16 Black coated grains 3.21
- Hornblende 3.17 Refractory fragments 9.14
: Tourmaline Traces Black Uranium
P Pyroxene 0.50 bearing grains 2.60

Table 3:Particle size distributicn of uranium loaded into columns

Fraction ASTM Weight of Ore
Size Size Fraction
Ko {um) (%)
+30 +500 5.32
- 30 to + 60 +250 - 46.90
- 60 to + 80C +177 19.14
~ 80 to + 100 +149 8.68
=100 to + 120 +125 5.04
=120 to + 200 + 74 3.00
=200 to + 230 + 63 2.30
=230 to + 300 + 53 1.92
=300 -+

45 4.20

Table .4: Distribution of uranium content at diffrent size
fraction of uranium ore loaded inteo columns

ASTM ~ ASTM U 08
Fraction Particle Size (%)
No. {um)

Ore . - 0.027

+30 +595 0.024
- 30 to + 40 +420 0.023
- 40 to + 60 +250 0.022
- 60 to +100 ’ +149 0.025
=100 to +150 +105 0.029
=150 to +200 + 74 0.032
-200 to +230 + 61 0.032
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MICROBIAL LEACHINC OF SANDSTONE URANIUM ORE
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Figure 1. Microbiul leaching of sundstone uranium ore in PVC columns.

UO: + 2Fe™ = U02T + 2F3Y 1]
UOz + 2HT 40502 = UOAY + H0 (7]

Rcactigs [4] and |5] arc catalyzed by the aclxon of bacteria. The solubilization of uranium
from orcs involves its oxidation from U'* to U®Y which is generally affected through in-
dircct action by bucteria forming acidic fcrnc sulfate solutions (Guay ct al 1977; DiSpirito
and Tuoevinen 1982),

The results of the column leaching experiments on low grade sandstone uranium ores are
presented in Figure # 1 . The maximum amount of uranium was lcached out 66.50% and
70.0% from columns C and D respectively in 90 days. In bath these columns initial pH 3.5 of
the feeding  mine waler  {(inoculum) was adjusted wilh sulluric acid and 03% wiv
(NH4)2804 was dissolved as nitrogen source for chemolithotrophic Thiobacilius. ferrooxidans

. The recovery of uranium from Baghalchur saudstone ore was correlated to a substantial

) L‘nnsumplion ol sulfuric acid due to the high CaCOj3 content which is present as limestone

and dolomite in the ore matrix. The iron oxides mincrals present in the ore also consumed
Has0y. Therelore, the first sulluric acid producced from biochemical oxidation of sulfur

‘and/or sulfur slag react with these minerals according to the following reactions:

CaCOs (Calcite) + H2804 = CaSO4 '+ CO2 + H0 [8]
(Ca,Mg)Cy (Dolomite) + Ha2804 = (Ca,Mg)504 + COz+ H20 9

{Ca,MEpOLALOS55100.0 HaO(Clay) -+ HaSOy =
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Al2(SO4)3 + (Ca,Mg)S04 + 5 H3Si03 + (n-1) HXO  [10]

\

Calcium carbonate is thc major acid consuming constituent which is rcsponsible for,

generation of CO; as well as the formation of very finc precipitate of CaSO4 {Equations 8 &
9). Therefore, the pH values of the columns cffluents continuously increased and CO2 thus
produccd could be utlized by the chemolitrotrophic bacteria. The calcium sulfate formed
blocked capillarics of liquid percolation to some extent. The cotloidal suspension passed out
of the columns into the collection reserviors. Similarly, the acid also reacts with the clay
mincral present in the ore matrix [Equation 10]. The watcr soluble sulfates are leacbed out
with the formation of colloidal silica and alumina. Their behaviour is similar to that of cal-
ciam sulfatc. Tron that is present both in ferrous and ferric states in the ore mincrals also un-
dergo a chemical reaction with sulfuric acid and produced ferrous and ferric sulfaie solutions
according to the following equations:

Fc( (Oxides) + HaSOs = FeSO4 + 120 [11)
FeaOs (Oxides) + 3 HzSO4 = FeafSOu)3 + 3 HO 17
Fe (Hydroxides, chlhilc) + H2804 = FcSO4 + H20 [13}

FeSOs produced in equations [11], {12} and [13] arc oxidized Lo Fea(SO4)3 at low pH by
the action of iron-oxidizing thiobacilliresulted as lixiviant for uranium solubilization.
However, somctimes when tron bearing solution recycled and percolated through columns,
colloidal iron is precipitated as ferrous or ferric hydrated oxides, where CaCO3 content of
the ore matrix was not completely neutralized [Equation 18]. Thesc irons hydrated oxides are
gclatinous in nalure and responsible for rendering the sections of the orc bed totally imper-
vious.

FeSO4 + CaCO3 + HxQ = Fe(OH):z + CaSQO4 + CO2 [14]

Fea(SO4)3 + 3 CaCO3 + 4 HiO = 2 Fe(OH)3 + 3CaS0s + H20 + COz  [19]

UO: + 2Fc™* = U2 + Fet? [16]
U022t + S04% = U080y [17)
UOz + 2H™T + 6502 = UO22* + H20 {18]

Fea(504)3 + FeSOy 4+ CatOa + UONO4 + HzO = Co-precipitate [19}
hydrated oxides

It was obscrved during the microbial column leaching studics that when uranium bearing
solution was recycled through the columns, when calcitc was not completely neutralized, co-
precipitation of uranium and iron occurcdsomctimes resulting in the loss of uranium in the
column ore bed. Sulfuric acid added to adjust the pH 3.5 of fecding mine water provided bet-
ter conditions for the growth of Thivhacillus ferrooxidans and Thiobacillus thioaxidans. This
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was the reason, that more uranium was leached out from columns B,C and D as compared to
column- A (Figurc I). It was found that about 41% U3Os was leached out from column A
which was loaded with ores amended with clemental sulfur and irrigated with mine water
(pH 7.4) as inoculum of indigenous microflora of thiobacilli. However, when the initial pH of
this minc watcer was adjusted to 3.5, the uranium leaching was found to have increased to
53% U30s, after 90 days. Since a further fortification of irrgation medium by ammonium sul-
fate (3.0 /L) could also augment the uranium lcachability from 53% to 66% U30Os, it indi-
cated thal with minc water the process operated under nitrogen limiting conditions. The
physical appcarance of the bacterial lcach liquors was also found to be turbid and dark ycl-
low in column C. In addition, soluble and as well as Fe(111)-precipitate was also noted in the
column effluents. The column containing ore amended with sulfur slag {column D) and ir-
rigated with mine walcr of initial pH 3.5 and containing ammonism sulfate (3.0 g/L) as
nitrogen sourcc for Thiobasilhic ferrooxidans and Thiobacillus thiooxidans , exhibiied 70%
U303 lcachability ‘which was the highest. The presence of soluble ferric tron as well as
Fe(111)-precipitate (Jarosite) was also observed in the column cffluents. .

Table %: Variations of pH at various depths in columns after 100
days of leaching process

pH of ore slurries

Depth : Column No.
{cm)

A B (4 D
0-30 2.4 2.2 2.1 2.0
30-60 S 4l 3.0 2.9 2.2
60-90 6.6 4.7 4.6 3.2

Furthermore, a drastic change in pH of the orcbed at various depths in all columns was

. observed (Table # 5). It wvas less than 2.5 at 0-30 em depths in all these columns, which was

probably duc to the availability of maximum oxygen at the top surface of column. Thus bac-
terial activity cnhanced the rate of biooxidation of clemental sulfur and sulfur slag to
produce H;S04. As the depth of the ore bed increased the availability of air/oxygen was
limited. The color of ore in columns A and B was similar to the ore fecd (grey color). It was
light yellow in column C, whereas dark brown/brick red in the column D. The pH values of
orc was found to increase with the increase of depths in all the columns. Similarly, the pH of
the cfflucnts obtained fram cohmmn oaching studics was found to be not less than 3.0 an any
of the columns thronghout these studics, 1 was due to the formations of microcysts in the
Jeaching systems in which bacteria produced the sulfuric acid, reuling the solubilization of
uranium at low pH but increasd as it passed through the un-ncutralized portion of calcite of
the ore matrix, thereby increasing its pH which was flushed out as column’s clfluents.
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i
|
CONCLUSIONS |

This study has indicatcd that uranium can be leached vut, microbially from sedimentary
type-silicale ores. This process is simple, cconomically viable and free of -environmental

hazards. Initial results are very encouraging, yielding high recovery from thesc ores. 1
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