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[57] ABSTRACT 

Finely ground impure metal sul?des or pyritic ores, 
particularly coals, are upgraded by surface oxidation 
of the metal sul?de or pyritic material by selected bac 
teria to render the surface hydrophilic, followed by a 
particle separation step from an aqueous slurry e.g. 
selective agglomeration or ?otation. A suitable bac 
teria is selected from the Thiobacillus-Ferrobacillus 
group. 

10 Claims, N0 Drawings 
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BACTERIAL OXIDATION IN UPGRADING 
SULFIDIC ORES AND COALS 

This invention is directed to bene?ciating pyritic 
coals and other metal sul?de ores in which pyrite or 
other metal sul?de particles are ?nely disseminated. A 
limited bacterial oxidation of only the metal sul?de or 
pyrite particle surface or particle-particle interface is 
carried out, rendering the surface hydrophilic and en 
abling a good separation of the released and altered 
particles to be achieved. ‘ 

Pyrites occur as mineral impurities in a number of 
ores often as ?nely disseminated inclusions which re 
quire ?ne grinding to obtain release. For example cer 
tain copper sul?de ores contain pyrite impurities and 
some low grade coals have unacceptably high ash and 
sulfur contents primarily due to pyrites. After ?ne 
grinding to release the pyrites, bene?ciation of such 
systems has been attempted in a number of ways. Froth 
?otation has been investigated and in some cases has 
been satisfactory. However the surface properties of 
coal and pyrite, in particular, do not differ enough and 
the pyrite tends to ?oat with the coal. Flotation depres 
sants for the pyrite have not proved ef?cient. Chemical 
removal (reaction, extraction, etc.) has been tried but 
reagent costs, high reaction temperatures and other 
factors render most such operation uneconomical. 
Screening, gravity separation, and magnetic separa 
tions have also been attempted but ultimate grades and 
recoveries have usually been less than desired, particu 
larly where very fine grinding has been necessary for 
release. 

Bacterial oxidation or leaching has been developed 
where bacterial action directly or indirectly leads to 
solubilization of the value or impurity. lron and/or sul 
fur oxidizing bacteria have been used before in pyrite 
containing ores to convert ferrous to ferric iron and to 
oxidize sulfur including pyrite sulfur to sulphate. The 
iron and pyritic sulfur is thus rendered soluble in or 
leachable by acid media. In the past removal of oxi 
dized iron or sulphate has always been in solution i.e. 
the bacterial action is continued until complete dissolu 
tion is attained. Acid leaching is usually used to remove 
the oxidation products. When using bacteria for re 
moval of pyrite in this manner some of the dif?culties 
encountered are (a) the handling of both the very 
finely divided materials and the acid mixtures and (b) 
the disposal of the oxidation products (sulfuric acid 
and ferric sulphate). 
Decreasing the sulfur content of coal is becoming of 

great importance in view of the atmospheric pollution 
by sulfur dioxide (as well as ash and corrosion prob 
lems) on combustion. In coal the sulfur exists as sul 
phates. inorganic sulphides (primarily iron sul?des 
such as pyrite or marcasite) and bound organic sulfur 
(mercapto groups etc.). The sulphates are readily 
leached and the bound organic sulfur is by present 
techniques impossible to remove economically so that 
the main bene?ciation achievable is with the inorganic 
sulphides. " 

Bacterial pyrite leaching in coals has been investi 
gated recently. In one case about 25 percent of the py 
rite in coal was removed by Thiobacillusferraoxidans in 
30 days incubation. In another case the bacterium 
F errobacillus ferrooxidans was able to remove apprecia 
ble quantities of pyrite from ?nely ground coal in 3 to 
4 days. Removal was by dissolution in both cases. 
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2 
Bacterial leaching of other sul?de-containing materi 

als has been carried out but in many cases the rates of 
extraction were regarded as uneconomically slow e.g. 
5 to 55 or more days required. Uranium, nickel and 
copper have been leached in this way. 

ln order to minimize liquid waste disposal problems, 
it would be desirable to remove most of the pyrites or 
metal sul?des as solids. It would also be desirable to 
obtain substantially complete metal sul?de or pyrite re 
moval in shorter processing times. A decrease in grind 
ing times or an accelerated release of components 
would be very advantageous. 
We have now found that by allowing the oxidizing 

bacteria to act for a limited time to effect only a surface 
alteration of the metal compound or pyrite to hydro 
philic form or to accelerate mineral interface separa 
tion, an ef?cient particle separation step can be carried 
out. Also by allowing the bacteria to act prior to or dur 
ing wet grinding a more efficient pyrite or metal sul?de 
liberation has been achieved. That the bacteria is act 
ing only to condition and/or separate the surfaces is 
shown by the fact that after the limited bacterial action 
the acid-insoluble sulfur content remains high but is re 
duced close to the organic-bound level after the parti 
cle separation. 
The process of the invention comprises the following 

steps (on impure metal sul?de materials): 
a. wet grinding to aid release of fine particles of the 

meta] sul?de or pyritic material from the non-pyritic or 
non-sul?de solids; 

b. subjecting an aqueous mixture containing the 
?nely divided material to the action of inorganic sul 
?de-oxidizing bacteria selected from the 
Thiobacillus-Ferrobacillus group until only the surface 
of the sul?de or pyritic solids is rendered hydrophilic, 
and the pH is below about 5 when at about 30-50 wt. 
% solids in water; 

c. adjusting the solids content to within about 2 to 
about 40 wt. % and providing that the pH of the result 
ing slurry is about about 5; 

d. conducting a particle separation operation on the 
resulting slurry to separate non-sul?de including non 
pyritic solids from the bacterial surface-oxidized sul 
?de particles, and 

e. recovering the bene?ciated values substantially 
free of the released impurities. 
Steps (a) and (b) can be carried out in inverse order or 
concurrently. 
For pyritic ores and coals a preferred procedure is 
a. grinding to release ?ne particles of the pyritic ma 

terial from the non-pyritic values; 
b. subjecting an aqueous slurry of ?nely divided ore 

or coal to the action of an inorganic sul?de-oxidizing 
bacteria selected from the group Ferrobacillus ferrooxzl 
dans and Thiobacillusferrooxidans until only the surface 
of the pyritic materials is rendered hydrophilic, and the 
pH is below about 4; 

c. adjusting the solids content to within about 2 to 
about 40 wt. % and providing that the pH of the result~ 
ing slurry is above about 5; 

d. conducting a particle separation operation on the 
resulting slurry to separate hydrophobic non-pyritic 
values, leaving the aqueous slurry containing the py 
rites as tailings; and 

e. recovering the desired values substantially free of 
pyritic materials. 
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Various sul?de or pyritic ores may be processed ac 
cording to the invention. Of particular interest are the 
low grade coals where ?nely disseminated inorganic 
sulfides are present. Other ores which can be treated 
include pyritic copper sul?de ‘ores (chalcopyrites, 
bornite etc.), nickel sul?de ores, zinc sul?de ores, arse 
nic sul?de ores and lead sul?de ores. 

In some cases the desired metal values occur as sul 
tides and the bacteria can be used to attack the mineral 
interfaces and free the sul?de particles. The bacteria 
may preferentially attack certain metal sul?de inter 
faces or surfaces where two or more metal sul?des are 
present and this preferential action can be controlled 
to effect a separation. Thus the metal sul?de surfaces 
on which the bacteria have been working will be ren 
dered relatively hydrophilic, so that different and less 
hydrophilic particles can be selectively removed. If 
there is not suf?cient natural difference in surface 
properties, a selective conditioner may be necessary to 
alter the surface of one component. In the case of cop 
per and nickel sul?des, promotors or conditioners are 
known which will be preferentially absorbed and be 
stow more hydrophobic properties to the surfaces. For 
instance selected xanthates or mercaptans can be used 
to condition copper sulfide, or nickel sul?de surfaces 
and permit a ?otation or agglomeration separation to 
be achieved. 
The bacteria are chosen from the group 

Thiobacillus-Ferrobacillus including Ferrobacillus fer 
rooxidans and Thiobacillus ferrooxidans and mixtures 
thereof. It is preferred that the bacteria be adapted to 
the particular ore or sul?de. Thus bacteria from mine 
tailings and naturally-weathered sources of the same 
ore have been found very effective and fast-acting. Ac 
tive bacteria can be recovered and recycled after the 
particle separation step if desired. 
A more detailed description of the bacteria 

susceptible sul?de ores, and of the bacteria of the 
Thiobacillus-Ferrobacillus group, is given in M.P. Sil 
verman and H.L. Ehrlich “Microbial Formation and 
Degradation of Minerals” Advances in Applied Micro 
biology Vol. 6 p. 170-197 (1964). 
Conditions favoring rapid bacterial growth in the sys 

tem will normally be used. Thus the temperature 
should be maintained within about 20°~37° C. Pulp sol 
ids content may range down to about 30 wt. %, suitably 
about 30-50%, although any wet system will do. Suffi 
cient time for adequate bacterial action and surface or 
interface alteration should be allowed without signi? 
cant leaching. Usually the time will be within about 12 
to 72 hours. Careful selection of bacteria and optimiza 
tion of growth conditions can reduce the time required. 

It is preferred that the ?nal stage of grinding to re 
lease size be carried out in the presence of water and 
the bacteria. It appears that the bacterial action aids 
cleavage or release at the mineral interfaces resulting 
in more effective release of pyritic materials for shorter 
grinding times. The ultimate particle size on grinding 
required for release will vary depending on the particu 
lar ore. The particle size is not critical for either the 
bacterial action or for the particle separation but usu 
ally will be -—l00 mesh or ?ner. 
The operative particle separation steps are those that 

exploit the newly hydrophilic surfaces of the pyritic sul 
?de minerals after the limited bacterial action. Thus 
the more hydrophobic-surfaced particles can be ag 
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glomerated, ?oated, retained on selected hydrophobic 
surfaces, by adhesion selectively transferred to a water 
immiscible phase etc. Combinations of these steps can 
be carried out for increased separation if necessary. 
The preferred particle separation step is agglomera 

tion by a water-immiscible organic (usually hydrocar 
bon) bridging liquid under good mixing or kneading 
conditions. For agglomeration the pulp solids content 
may range from about 2 to about 40 wt. % but is not 
sharply critical. The amount of bridging liquid will have 
some affect on the size of the agglomerates with a pre 
ferred concentration range being about 2-40 % by wt. 
of the agglomerated solids, preferably about 5 to 20%. 
It is usually desired to minimize the amount of bridging 
liquid so long as an acceptable separation is realized. 
Suf?cient agitation and mixing can be achieved in the 
grinding mill, or other forms of agitation and mixing 
such as high speed blenders, bladed agitators, ?otation 
cells without air addition, sump pumps etc. can be 
used. Modi?ed turbine, disc or cone impellers may also 
be used. An apparatus in which a zone of high shear is 
produced in the annular space between a solid coni 
cally shaped rotor rapidly rotating inside another cone 
has been found to bring about the desired agglomera 
tion quickly and also to serve as a blockage-resisting 
pump. After agglomeration, the values can be sepa 
rated by gravity, cyclones, screening, water-washing 
etc. If desired the bridging liquid can be recovered e.g. 
by distillation or extraction and recycled. 
With coal ores, the preferred bridging liquids are hy 

drocarbons such as kerosene, solvent mixtures such as 
Varsol (trademark), coal oil, and various light re?ned 
or semi-re?ned hydrocarbon liquids. 

In a further stage the agglomerates may be fed to a 
balling device, such as a rotating balling disc, together 
with balling nuclei which comprise coarse (coal) parti 
cles usually having an average particle'size of from 0.5 
to 10 mm. (diameter). A binding oil capable of forming 
a balled product is also fed to the system and a balled 
product formed in which substantially each ball in 
cludes at least one balling nucleus in association with 
a number of theprimary agglomerates. In effect the ag 
glomerates are layered onto the balling nuclei. A wide 
variation of properties in this final balled product by 
appropriate control steps is possible (for further details 
see Charles E. Capes et al US. Pat. No. 3,665,066 May 
23, 1972). . 

The bacterial action requires or will produce an 
acidic pH below about 4 but separation steps such as 
agglomeration and ?otation require a higher pH for 
good results (at least above 5). Thus the pH should be 
raised with alkali (or the solids diluted or redispersed 
in a neutral or alkaline medium). With pyritic coal ores 
the usual pH for agglomeration is about 5-10 prefera 
bly about 5 to 8. Lime has been found very advanta 
geous for raising the pH with these coal ores, and seems 
to aid in rejection of the pyrites from the agglomerates. 

F roth ?otation separations can work very satisfacto 
rily in some cases. Frothing agents including hydropho 
bic collectors will normally be used, as is known in the 
art. 

The following Examples are illustrative. 
The coal used in this work was from the Minto NB. 

coal?eld. A two hundred pound sample of this run-of 
mine material was ?rst rif?ed into approximately lO-lb. 
samples which were subsequently reduced by manual 
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crushing to minus Vs inch size. Small samples for use in 
the experiments were extracted from the l0-lb. sample 
by rif?ing. The approximate analysis of the coal was as 
follows: 

% by wt. 
(dry basis) 

Ash 16-20% 
FezO, 8.3-9.0‘72 
Total sulphur 66-80% 

Sulphate Sulphur 01-03% 
Pyritic sulphur 60-64% 
Organic sulphur l.4-l.7% 

A second coal sample was used, referred to here as 
“Avon,” and was a fine wash plant slurry with virtually 
the same analysis as that above, except that the mate 
rial has been weathered, and approximately 50% of the 
pyritic sulphur had been oxidized to sulphate sulphur, 
at least partly by the action of 
Thiobacillus-Ferrobacillus bacteria. 
The liberation size of the pyrites in these coals is ex 

tremely ?ne (believed to be about l-2 microns) and 
further grinding was necessary during bene?ciation. 
This was accomplished using stainless steel balls in 
water slurry in a procelain mill*(*(unless otherwise 
stated).). Although the grinding time varied from ex 
periment to experiment, typically the coal was ground 
to 100% minus 50 microns and 70% minus 22 microns. 
Agglomeration of the fine coal was carried out in a high 
speed blender, usually with a loading of 500 cm“, using 
a 10 wt. % slurry*(*(unless other stated).). Varsol was 
used as a bridging liquid at the 20 to 40 wt. % level*( 
*(unless otherwise stated).). Mixing in the blender gen 
erally lasted 10 minutes, following which the load was 
dumped and washed on a 100 mesh screen to recover 
the bcncliciated coal in the form of 0.5 to 2 mm. ag 
glomerates *(*(unless otherwise stated).) Combusti 
bles recovery was normally greater than 90%. 

In evaluating these experiments it should be remem 
bered that the organic sulphur in the NB coal is not ac 
cessible, so that l.4—l.7% sulphur represents the ulti 
mate bene?ciation attainable. In addition, if generally 
the ash content of the coal is reduced to about 5% dur 
ing agglomeration, then the organic sulphur content of 
1.7% in the original coal becomes about 2.0% simply 
due to the concentrating effect of this ash reduction, so 
that 2.0% sulphur represents 100% pyrites removal. 

One hundred and ?fty grams of the coal ore was 
ground for 22 hours in water, with various chemicals 
added prior to the grinding (0.1 g chemical was added, 
corresponding to about 1.3 lb/ton of dry coal). The 
chemicals added were those reported to be depressants 
for pyrites during ?otation (and also agglomeration) of 
the coals. The chemicals used included glycerine, chlo 
rinated lime, ferric sulphate, pyrogallic acid, sodium 
cyanide, sodium carbonate, dextrine, manganese diox 
ide, potassium ferricyanide, potassium ferrocyanide 
and ferric ammonium sulphate. The slurry from the 
grinding mill was split into 3 equal parts, and the coal 
was agglomerated at the natural pH of the slurry (pH 
7.5 to 8.5), and in the basic (pH 10 to 11) and acidic 
(pH 2 to 3) ranges for each depressant, using HNO3 
and NaOH as pH adjusters. 
The best results from these experiments may be sum 

marized as: 
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6 
pH during depressant % ash % S 
agglomeration used 

8.4 sodium cyanide 5.8 4.9 
9.2 sodium carbonate 5.5 4 to 5 

8.5 to 12 potassium ferrocyanide 5.8 to 7.3 4 to 5 
8.2 to 10.2 potassium ferricyanide 4.8 to 5.7 4 to 4.5 

This example thus illustrates that by using common 
pyrite depressants, the best results obtainable are in the 
range of 4 to 5% sulphur. (See also blank run in exam 
ple No. 7 below). It should also be emphasized that the 
sample of coal used in this example contained only 
6.6% sulphur and 15.3% ash, compared with higher 
starting ash and sulphur levels in the examples below. 
This is due to the difficulty in obtaining a truly repre 
sentative small sample from a larger quantity. 

EXAMPLE 2 

A Ferrobacillus ferrooxidans sample was obtained in 
an acidic concentrate from Dr. K.C. lvarson, Canada 
Dept. of Agriculture. This bacteria had been isolated 
from a uranium ore. 

One hundred and ?fty grams of the run-of-mine coal 
was mixed with 300 cm3 of Silverman 9K nutrient solu 
tion, whose composition, per litre, was as follows: 

(NH,),so, 3.0 g. 
KCl 0.1 g. 
lei-[P0, 0.5 g. 
Mgso,~7|-i,0 0.5 g. 
came“), 0.01 g. 
Feso,-7H,0 44.2 g. 
ION 11,50, 0.: ml 
pH~3.0 

This mixture was ball-milled for 72 hours, after which 
the pH was 6.5. After dilution to 1,500 cma total vol 
ume with distilled water, and pH adjustment with 
HZSQ, to pH 3.0, three c.c. of the bacteria concentrate 
were added. The mixture was stored in a large bottle at 
30° C while being sparged continuously with air. 
After 16 days, samples of the mixture were agglomer 

ated at both the pH of the bottle (pH 2.6) and at pH 
7.1 obtained by adding NaOH solution. The following 
respltsxvete qbtainedl . . . _ 

ln Agglomerates 
pH during agglomeration % ash % S % S(A.W.) 

2.6 7.0 6.3 9.3 
3.5 _ ‘ _ 2.4 9.3 7:1. 

The % S(A.W.) values given above indicate the 
weight per cent sulphur remaining in the samples be 
fore agglomeration after being digested with hydro 
chloric acid. This procedure for determining sulphate 
sulphur in coals (“Standard Methods of Chemical 
Analysis,” FJ. Welcher (Editor), Vol. 2, part A, p. 
1,198, 6th ed., 1963, D. Van Nostrand Co., Inc.) was 
used to remove acid-soluble iron; hence, these anaylses 
indicate that a negligible amount of the original pyrite 
has been oxidized in the processing. In addition, an 
analysis of the tailings from some experiments showed 
that the major proportion of the iron rejected was in 
the form of pyritic iron, i.e. non-sulphate iron. Thus, 
this example shows that agglomeration following the 
bacterial treatment, is capable of rejecting quantities of 
pyrites considerably greater than that actually oxidized 
to sulphate by the bacteria. 

EXAMPLE 3 

The presence of bacteria of the 
Thiobacillus-Ferrobacillus group in the Avon coal sam 
ples mentioned above was con?rmed. ‘These bacteria 
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were apparently responsible for oxidizing about 50% of 
the pyrites in this coal to sulphate, and this source of 
bacteria was selected in our work to treat the virgin 
coal. A series of experiments was done in which a pro 
portion of Avon coal was mixed with the Minto coal, 
and the mixture was ground in a ball mill in water for 

. 72 to 96 hours. Following agglomeration, the following 
results were obtained: 

pH of 10% slurry % ash % S 
Mixture during agglomer- (avg) (avg) 

anon 

20% Avon 6.8 to 7.0 7.0 2.7 (3 runs) 
40% Avon 5.9 to 7.3 5.5 2.5 (5 runs) 

Previous work had shown that Avon coal after grind 
ing and agglomeration with Varsol, has a sulphur con 
tent of 2.7%, so it is readily seen that the virgin coal 
component of the 40% mixture has actually been bene 
ficiated to about 2.3% sulphur. As noted above the or 
ganic sulphur content of the virgin coal was about 2.0% 
after correction for the ash removed in the agglomera 
tion indicating that greater than 90% of the inorganic 
sulphur was removed in these experiments. These ex 
periments also show that the weathered waste ?ne 
coals present at the mine site are a very suitable source 
of bacteria for use in our process. 

EXAMPLE 4 

A further series of four experiments were done in 
which Avon coal was ?rst suspended (as a 15% slurry) 
in 9K nutrient solution described under Example 2 
above. This suspension was stored at 30° C with air 

20 

8 
EXAMPLE 5 

This series of experiments was the same as that de 
scribed for example 4, except that the coal was pre 
ground to about minus 100 mesh in a Wiley mill and 
the mixture of virgin and Avon coals ( 10% Avon) were 
subsequently ground for only 24 hours in a ball mill. 
The pH during agglomeration was adjusted to 7.5 to 
7.8, and 2.8% total sulphur was obtained in the ?nal 
product (duplicate experiments done). This sulphur 
level is not quite so low as that obtained with longer 
contact time in the ball mill, but the experiment does 
indicate that reasonably good results can be obtained 
at times shorter than 72 hours in the ball mill if some 
initial size reduction is done. As noted above, even 
shorter contact times should be possible under opti 
mum incubation conditions. 

EXAMPLE 6 

About 150 g. virgin coal were smeared with 100 ml. 
of nutrient solution contaminated with Avon coal con 
taining the bacteria. The system was ball-milled with 
?int balls for 2 hours. Then 40 ml. water was added and 
ball-milled for 26 hours. About 40 ml. water was added 

, and the paste was ball-milled for 22 hours. The suspen 
25 

30 

sion was diluted with water ?ltered and used as a paste. 
The coal particles were ground to —400 mesh. 
About 25 g. quantities of the paste containing about 

12-14 g. coal were agglomerated using heptane and 
Varsol over a wide range of pH values. 

The results obtained are shown below: 

pH 
Natural during 
pH. of agglom- Percent Percent 
paste eration Reagents to adjust circuit ash S 

2.9 3.8 Water .............................. .. 5.2 4.‘) 
2.9 5.8 Javex bleach*+NaOH ....... .. 2.2 2.2 
2.9 9.0 Javex bleach ..................... .. 2.2 2.0 
2.9 6.5 .... ..do ............................. .. 2.7 2.1 

7*Trademark for NaClO solution, 5.25% 012 pH 11.5. 

V sparge for 2 weeks, and was used to inoculate'the coal. 
The amount of suspension used in inoculation was 
equivalent to 10% Avon coal in the mixture with virgin 
coal. After grinding for 72 hours, the mixture was ag 
glomerated and the following results were obtained: 

pH during % Ash % S 
agglomeration 
6.2-6.7 4.7 2.6 
7.3-8.0 4.1 2.3 

These very good results show that a large proportion of 
Avon coal in the mixture was not essential in accom 
plishing sulphur removal. Although these examples 
show that good results may be obtained, even better re 
sults (in the sense of shorter treatment times, grinding 

50 

It is noted that the sulphur left in the coal is virtually 
organic sulphur, after agglomeration at substantially 
neutral or higher pH values. ' 

EXAMPLE 7 
The virgin coal was ground for 72 hours in aqueous 

suspension in a ball mill. After ?ltering, about 150 g. of 
the coal paste was smeared with 20 ml. solution con 
taining Ferrobacillus ferrooxidans by ball-milling for 1 
hour using ?int balls. The suspension was diluted with 
100 ml. water and ball-milled for a further period of 20 
hours. The suspension was diluted with water and fil 
.tered immediately. 

55 About 25 g. paste was dispersed in 500 ml. water and 
0.2 ml. of 1% K3Fe(CN)6 was added as a depressant for 
pyrites. Another experiment was conducted in the‘ 
same fashion, but NaOH was used to increase the pH. 

7 w I V The suspensions were agglomerated using 8 ml. hep 
times, etc.) using more active or concentrated bacteria 60 tane and 2 ml. Varsol. 
sources and optimized conditions, should be possible. _ H iberssults are 2191119910?!" 

pH 
Natural during 
pH of agglom- Percent Percent 
paste eration Reagents to adjust circuit 0.1 lb/Ton ash S 

3.6 5.3 K3F€(CN)3 ................................... .. 3.3 2.7 
3.6 9.6 0.1 lb/T K3Fe(CN)a+NaOH 2.7 2.3 
5.2 8.3 6.2 *3.9 N212CO3+0J lb/T K3Fe(CN)5 ........ .. 

*Untreated with F. ferrooxidans. 
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EXAMPLE 8 

Avon coal which contained the bacteria was ball 
milled to —400 mesh in aqueous suspension. About 20 
parts of the ground Avon coal at pH 2.0 was mixed with , 
80 parts virgin coal ground to —400 mesh in water at ' 
pH 6.2 and ball-milled together for 19 hours. The slurry 
at pH 2.6 was ?ltered and used as a paste. On agglom 
erration the results were as follows (TABLE 1). 

10 
one batch containing no added bacteria and a second 
containing the equivalent of about 10% Avon refuse 
coal which had been held for some time in a suspension 
under temperature and nutrient conditions to favor the 
growth of F errobacillus and Thiobacillus bacteria. Vari 
ous concentrations of the ground suspension were then 
treated by flotation, with some also being done by oil 
agglomeration for comparison, giving the results in the 
accompanying Table 2. 

TABLE 1 

Natural pH during Pyritic 7 
pH of agglom- Percent Percent Percent Percent percent Organic 
paste eration Reagents ash FeZOJ S S(SO4) S percents 

2.6 6.7 Na2co.+0.i lb/T K3Fe(CN)s .................. .. 2.2 0.93 2.55 0.18 0.30 2.07 
2.6 6.7 NazCOa ................................................ .. 2.1 .87 2.58 .18 .28 2.l2 

EXAMPLE 9 TABLE 2 

a. In one case 100 g. of New Brunswick virgin coal Run g. solid % Ash in % Recovery 
containing about 9.0% total sulfur was moist milled Number 2" 1092- A lFrOIh (or _ of 
with 10 ml. of mother liquor extracted from wet Avon uspenslon gg Omerates) COmbusnbles 

coal, containing the bacteria. After milling for 1% Bacteria Present (average ash in feed = 21% 

hours, about 420 ml. of distilled water were added; the g 3:? :33? pH dropped from about 7 for the virgin coal to about 3 8.8 17.7 74.4 
- . 1.! 

4.4. The pH dropped to 3.7 after 4 hours ball milling 4 ' "'9 '61 69-6 
and to about 3.1 after 26 hours ball milling. N‘afozimn" P'mm (ave'age as“ "‘ feed " 

b. In another case 6.5 g. (30% moisture) of Avon 5 3.3 22.9 319 
coal and virgin coal from the same area in New Bruns- ‘2 35.5 
wick 93.5 g. (100 g.‘total_) were ground together in a 8 ‘is 22:0 82:2 
moist porcelain jar with ?int balls for about 1 hr., then Bazlerlia Present and Treated by 

. . _ gg omeration (approximately 25% Varsol 
about 410 ml. distilled water were added. The suspen used as bridging liquid and Mk6) 
slon was ball milled for 29.5 hours. The pH of the sus- 9 4.3 3.4 > 90 

pension decreased from about 7 to 3.0 — 3.3 in the pres- Kl) if: 9;; 
ence of the weathered coal. 

Aliquot quantities of suspension from (a) and (b) 
containing about 10 g. coal were treated with NaOH 
solution to about pH 8.3 and the coal was reconstituted 
by agglomeration with 5 ml. heptane and 5 ml. Varsol. 
The dried reconstituted coal (agglomerates) contained 
about 3.3% ash and 3.8% total sulfur. The original coal 
contained about 19.3% ash and 9.0% total sulfur. 

EXAMPLE 10 

Flotation tests were done in a small experimental ?o 
tation cell, consisting basically of a 150 ml. Buchner 
funnel with a coarse fritted glass bottom. A number of - O 
“screening" experiments were ?rst done to attain suit 
able operating conditions of air rate, solids concentra 
tion, frother concentration, etc. The following condi 
tions were used in the comparative experiments as 
being reasonable conditions, although not necessarily 
optimum: 

coal slurry volume: 150 cm3 
frother: 0.1 lb/ton of a mixture containing equal parts 

of methyl isobutyl carbinol and kerosene 

air rate: approximately 8 cms/min per cm2 of cell area Y 

aeration time: l0 minutes. 
pH = 5—7. 

As in previous Examples, virgin N.B. coal was ground 
wet in a ball mill with stainless steel balls for 72 hours, 

0 

f" sulphur analysis done in these runs (see text). 

One striking result is the much lower ash and higher 
recovery obtained by agglomeration compared with 
that in the froth from flotation. For very ?ne coal, oil 
agglomeration results are much superior to ?otation._ 
Comparing ?otation with bacteria (runs 1-4) and 

without (runs 5-8), there is a small improvement in ash 
rejection in the former case compared with the latter. 
This can be linked with improved pyrite rejection in thé 
presence of the bacteria. Spot checks of total sulphur 
on runs 4 and 7 showed 6.0% and 6.7% total sulphur 
respectively, (with 6.8% total sulphur in the feed in 
each case) consistent with greater pyrite rejection in 
the presence of the bacteria. In the case of the agglom 
erated product (run 9), the total sulphur was 2.6%, 
again showing the superior results with agglomeration 
in the case of very ?ne coals. However conditions were 
probably near optimum for agglomeration but not for 

Iflotation. 
These tests give an indication that the bacteria are 

able to depress pyrites in the case of ?otation as well. 

The examples illustrate a variety of ways of contact 
ing the bacteria and coal. One which is not illustrated 
but which may prove the most practical is by storing 
the mixed coal in above-ground dumps, irrigated with 
water (mine drainage) containing the bacteria. This in 
fact is essentially the way in which the Avon coal, a 
waste, was stored, and the bacteria acted to reduce the 
pyritic iron. 
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Similar rejection of the surface-modi?ed pyritic par 
ticles can be expected from other analogous particle 
separation techniques. 
Advantages for the partial (surface only) bacterial 

action-plus-particle separation as against more com 
plete dissolution due to bacterial action (leaching) in 
clude: 

a. shorter processing time and decreased costs to at~ 
tain substantially complete pyrite removal; 

b. more ef?cient grinding or less grinding needed 
where bacterial action precedes or is concurrent with 
the ?nal grinding; and 

c. rejection of some siliceous or other acid-insoluble 
hydrophilic impurities as well. 
We claim: 
1. A process for bene?ciating impure metal sul?de 

containing materials comprising: 
a. wet grinding the impure material to aid release of 
?ne particles of the metal sul?de from non-sul?de 
solids; 

b. subjecting an aqueous mixture containing ?nely 
divided material to the action of inorganic sul?de 
oxidizing bacteria selected from the 
Thiobacillus-Ferrobacillus group until only the sur 
face of at least part of the sul?de solids is rendered 
hydrophilic and the pH, when at about 30-50 wt. 
% solids in water, is below about 5; 

c. adjusting the solids content in water to witliiri 
about 2 to about 40% wt. and providing that the pH 
of this slurry is above about 5; 

d. conducting a particle separation operation se 
lected from agglomeration, ?otation, and retention 
on hydrophobic surfaces by adhesion on the result 
ing slurry to separate hydrophobic non-sul?de and 
n0n~0xidized sul?de solids from the hydrophilic 
and bacterial surface-oxidized sul?de particles; and 

e. recovering the bene?ciated values substantially 
free of the released and oxidized sul?de impurities. 

2. The process according to claim 1 for bene?ciating 
pyritic ores and coals containing pyritic materials com 
prising: 

a. wet grinding toaid release of ?ne particlesof the 
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12 
pyritic material from the non-pyritic values; 

b. subjecting an aqueous mixture of the ?nely divided 
ore or coal to the action of the selected bacteria 
until only the surface of the pyritic materials is ren 
dered hydrophilic, and the pH is below about 4 to 

c. diluting with water and raising the pH of the slurry 
to above about 5, and near neutral; 

d. conducting said particle separation operation on 
the resulting slurry to separate out hydrophobic or 
non-pyritic values, leaving the aqueous slurry con 
taining the pyrites as tailings; and 

e. recovering the desired values substantially free of 
pyritic materials. ' 

3. The process of claim 1 wherein said bacteria is 
added and allowed to act prior to or during ?ne grind 
mg. 

4. The process of claim 1 wherein (d) comprises an 
agglomeration with hydrocarbonaceous bridging liq 
uid. > 

5. The process of claim 1 wherein (d) comprises a 
froth ?otation. 

6. The process of claim 1 wherein weathered pyritic 
coal or ore containing the active bacteria is used to 
seed the system. 

7. The process of claim 1 wherein the incubation with 
the bacteria is carried out for not more than about 72 
hours, with the ?nal pH being about 2.5-4. 

8. The process of claim 1 wherein low grade pyritic 
coal is bene?ciated and in (d) agglomeration with hy 
drocarbon bridging liquid is carried out at a pH of 
about 5—-] 0 with a pulp solids content of about 240 wt. 
% and coal agglomerates containing substantially re 
duced sulfur are recovered. 

9. The process of claim 1 wherein the solids content 
during bacterial incubation is within about 30 to 50 wt. 
% and this is adjusted to within about 2 to 40 wt. % for 
the particle separation step (d). 

10. The process of claim 1 wherein low grade pyritic 
coal is bene?ciated and lime is added in (c) to raise the 
pH just before an agglomeration or ?otation in step 
(d). 


