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At the present time nickel oxide ores are refined by rcduction-
sulfidization smelting in shaft-type furnaces. The immediate melting
of the entire mass of ore requires a high quantity of coke (up to 40
tons for one ton of nickel) and gives a low yield of metal {on the order
of %5%)o Therefore, for the sake of economy it is expedient to utilize
for this purpose only comparatively rich ores, containing over 0.8% Ni.
For the economical refining of pocrer grade ores it is necessary to
benefitiate them beforehand.

However, basic investigations on the beneficiation of nickel ores
prove that these ores do not yield to the usuval methods of concentration,

Iaovestigations Z?, 5 §7 show that in such cres nickel orly occurs
in the form of isolated minerals (garnierite, nickel<bearirg minersls,
etes}o A considersble part of the nickel is replaced isomcrphically by
cther cations ir various silicates or is absorbed by them., On the basis
of @ study on the solubility of ores and their ingredients in various
solvents it was determined that nickel is chiefly comnected with iron-
and aluminum-magnesium compounds end only part of it is found in the
form of a free nickel silicate,

During experimentation with the beneficiation of ores Ai? the
nost diverse methods of flotation were tried, and many flotation
reagents tested. However, no positive results were obtained. Hydro-
metallurgical methods (with the exception of ammonium leaching of the
concentrated ore) were also not applicable, chiefly because of the high
consumption of the sclvent.

Because of this it was necessary to find other means of beneficiaw
tion of ores, One of the methods was beneficiation with a prelimirary
vyrometallurgic preparation of ore.
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As a preliminary operation in the teneficiation, raduction of “he
ores was undertaken [é, §7. The reduced material was then subjected to
nagnetic separation flotation, and leaching. Not one of these methods,
however, yielded a sufficiently high extraction of recovered nickel.

In his time, Ge A. Shakhov ZZ7 proposed a preliminary sulfidization
of nickel cxide ore with subsequent flotation of the sulfidized material,
Lowever, with the utilization of ferrous sulfide for this purpose in the
.absence of a reducing agent the degree of sulfidization amounted to 50%,
whereas with the utilization of the vapor of elemental sulphur all of
the iron was sulfidized completely along with the nicke. Therefore,
flotation indices were very low.

In 1952, in Mintsvetmetzoloto Zﬁoskovskiy Institut Tsvetnykh
Metallov i Zclota-=Moscow Institute of Nonferrous Metals and Golg/ along.
with Vo Ao, and A. V. Vanyukov, under the leaderchip of 4, V, Vanyukova ZZ/
we carried out a more detailed investigation on the sulifidization of
nickel oxide ore and its subsequent flotatione. The results revealed
that the preparation of the ore must not only include the transformation
of tane oxide compounds of nickel into sulfides, but the crystallization
of the obltained sulfides into sizes which insure their extraction during
flotation.

From a number of methods tried for the preparation of nickel oxide
ore for flotation, the most successful was the method of preliminary
requetion of the ore, with subsequent sulfidizabion with pyrite in a
cylindrical rotating kiln and coarsening /in sizg,/ of the ontained
sulfides.

The tests were performed with low-grade nickel oxides from +the
Aydarbakskien deposit, containing 0.74% Ni, in the laboratory with a
cylindrical rotating kilin.

The higher ferric oxide was reduced to fervous oxide with gasecus
(CO, + CO) and solid (coke dust) reducing agents.

The reduced material was subjected to sulfidization in a nitrcgen
‘atmosphere at 1000-12000°.

From microscopic investigations it was determined that the nickel
in ore sulfized in this manner rarely occurs in form of pentlandite but
is most frequently associated with pyrrhotite and metallic ore forming
. so0lid solutions. Complex sulfide mixtures are also encountered,

. composed of pyrrhotite, metallic iron, and megnetite.

The compcsition and structure of the treated material change
considerably, depending cn the conditions of the sulfidizatiocn. The
ratio of pentlandite to pyrrhotite changes with the size of ths inciusicns,



In the coarse particles pentlandite predominates; in the finer ones,
pyrrhoiite predominates. The degree_of coarseness of the sulfides
depends on the temperature and colding time. With the lowering of the
temperature from 1200 4o 10000 the extraction of nickel into the
concentrate is decreased; this is explained by the fact that sufficient
-mobility in the softened sulficde mass takes place only at 1200°,

The technological indices of flotaticn are influenced by the
consumption of pyrite during sulfidizatior, With an increased consumption
of pyrite (from 10 4o 15% of the weight of the initial ore) the extracticn
of nickel into the concenirate is increased, but the quality of the
concentrate drops.

Cn the basis of these laboratory inves%igations this Institute,
along with the workers of the Yuzhuralnikel Comhine Tuzhno=-Ural’skiy
vikelevyi zavods, -~ South Ural Nickel Plant in Orsk/, carried cut
semi-cemmercial investigations to sulfidize ore with yrite and reduce
it divectly with coke dust and Kuznetsk coals in the presence of
rhesphate rocks and Na¥; and aiso withous them, and the svbszquent
refining of the prepared rroduct.

In crder to carry out these tests, the experimental refining furnace
of the Orsk-Khalilovskiy Metallurgic Combine Z%as usal/ composed of two
feparate parts: +the reduction part (7.85 x 1.04 m) and *he refining
part (2.5 x C.96 m), linked by a reloading attachment. The kiln was
heated with coking gas. The temperature in the reduction zone was
900-950°, in the suifidizing zone, from 1160-1180°,

Because of the absence of a constantly working coersening
concentration apparatus the medium sized samples cof the'preliminary
raterial were subjected 4o testing for concentration undex only
wiberatory conditions.

A comparison of the teet methods of pyrometallurgical preparation
i3 shcewn in Teble 1, First o all, the reducing sulficdizing roast wes
tested, which in principle can be done during the ertraction cf +the
highly metalized phase with minimum sulphur content, as well as during
the extraction of the sulfide phase, which scarcely contains any matel
et allc This is achieved by the change of the ratio of %he reducing agens
and the sulfidization agent in the feed, Basically, these two methods
were tested.

Hy

The tests were carried out with submarginal ores of the Aydarbakskiy
Ceposit, as well as with ores taken from Kimpersaysk, Akermanovsk, and
e Burukiallsk deposits with a commercial nickel content.




Taple 1,

A Comparison of the Method of Pyrometallurgic Preparation of Ores

Type of ore Working Composition Method of Yield in %
Method of matte Oxidation
Inclusions Concentrate* Residue
Kimpersaysk Coke dust Pentlandite magnetic
Deposit 10-15%  70-85% separa- 1438 15,43  84.57
pyrite Metalic tion and 745 7
10-15%  Phase flotation
5~15%
Kimpersaysk Coke Pentlandite Flotation
Deposit dust 3%  20-40% and 1310 4y T4 85,26
pyrite pyrrhotite magnetic 2.43 5, °c
15% 50T separation
Metallic
phase 5-15%
Akermansk Coke Penté;ndite magnetic
Deposit dust 30~50 separa- 14,82 ;
30-40%  pyrrhotite tion and 11,56 § 26.38  73.62
Pyrite 5% 10-70% flotation -
Limestone metallic
5% phase
30-50%
Burvkialisk Coke Metallic Wet
Deposit dust phase magnetic
(Magnesia)  20% 60T4=T01% separa~
Ni tion on a 11.91 88.09
magnetic
separator
Buruktalisk Coke Metallic Dry
Deposit dust 20% phase magnetic
(Magnesia) phosphor 10.95- separation 9.73 90,27
5% 16.37% Ni on a disc
separator

* Upper figure is the sum of concentrates and flotation —- lower the
intermediate product.




Tatle 1 (Ctatinued)
Type cf ore Working Composition Method of Yield in %
<o Method of matte Oxidation
Inclusions : Concentrate® Residue
Buruktalisk Coke Metallic Wet
Jeposit dust phase magnetic
(Magnesia) 20% 8.83-2% Ni  separation 157 84.30
Nad 4% on drum
type
geparator
Buruktaltsk Coal Metallic Wet
Deyposit Kuznetsk phase magaetic
(Magnesia)  25% 11.25 = separation 1877 91.10
Phosphate 14.65% or drum
rock 5% i type

separator
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Table 1. (Continued)

Pype of ore Content in % Extraction in % Remarks
Sinter Concentrate* Residue Concentrate* Residue
Kimpersayek 4 cq 14.40 1 \ T4e32 . 98 14.02
Deposit > 2.36w38°4 0.25 11,66/ 85-9 402
Kimpersaysk 1,37 9¢5%7.57 0430 T7032'.81.35 18,65
DePOSit 1 ‘61 ,/} 4005;"
Akermansk 1,06 10:9017 1 0.12 82,38 .51 i
Dsposit 7 2.24}7 13,13/ 7> 4ot
Buruktal'sk Thickness
Deposit 1.05 8,21 0,088 92.85 7.15 of initisa
(Magnesia) material -
0.53 mm
strength
of
magnetic
fieid
765
oersteds
""""""""""""""""""" Size of
Buruktaltsk initial
Tepogit 0.92 8,%6 0.122 88.1 11.90 material
(Magnesia) 1 mng
H c¢f basic
separation
2038

osrsteds

H nrocess-
ing 640
oersted.
Wet
separation’
on drunm
Sseparator
of the
given
example
we3 ne
carvied



Table 1. (Continued)

Type of ore Content in % Extraction in % Remarks

Sinter Concentrate¥* Residue Concentrate* Residue

Buruktalfsk ' Size of
Deposit 0.83 4687 0.08 91.91 3,09 initial
{Magnesia) material

' 1 mmg
E = 765
oersted
Buruktaltsk .
Deposit 0.87 4.24 0.096 91.10 8.9 H = 765

(Magnesia) oerst.




The ccnsumption of coke dust changed from 3 to 40% and pyrite
from 3 %o 156, of the weight of the original ore., In individual
batches 5% limestone was added in order to decrease the temperature
of the smelted ore in the fead.

Microscopic investigation Zﬁee Not§7 revealed that in all ore samples,
including those fired with various admixtures as well as those not
containing admixtures, and #n the beneficiation products, two sharply

different components are found: the slag and the matte. The first one
has the principal amount of cllnkerlng capacity and has a re]atlvely
ronstany composition, depending little on the makeup of the kiln. Tn
it glass and pyroxenes, (Fe, Mh)SiO~, precominates also, white quartsz,
chrome spingllides, and coke are foind. In the second componsnt all
elements are found which comprise the metallic phase and tho sulfides.
In -2 number of cases the sulfides are generally avsent in ths sinter,
The mafte part consists of ferronickel (Fe,Ni) with a variable content
of iron and nickel, pyrrhotite with an admixture of nickel, and
pentlandite in the form of separate depcsits or thin blades which are
formed during the decomposition of pyrrhotite. (/Notq/ Micrescopic
1rvest1gat10ns were carried out by A. Yu. lolevsxy.)

In carrying out +he process for the obtaining of the sulfide
phase, even with a minimum consumption of the reducing agent ( coke 3%),
in the matte comprising the sinter, from 5 to 15% of the metallic
bhase is combined, therefore a combined method of beneficiation was
acdopted; flotation and magnetic separation. Depending on the ratio.
of pyrite and coke in the feed, the magnetic separation is u#ilized
either in the beginning of the test or at the end.

With the consumpticn of 10-15% coke and the same amount of pyrite
in the matite, the metallic phase occurs in the form of large butions
which are difficult to extract by flotation; therefore, in this
particular method magnetic separation preceeded flotation. In such
sequence of the cperaticns approx1mate1¢ 43/ nickel is extracted into
a magnetic concentrate containing 14. BA Ni. About 31% nickel is
extracted into 13% nickel flotation concentrate. The Hotal extraction
of nickel in the concentrate and intermediate product with a mean
weight content of 8.4% Ni amounts to approximately 86%.

Magnetic separation was carried out with the aid of a hand magnet,
whereas the flotation was done in a laboratory flotation machine 750 cm
in voiume, solid : liquid ratio = 1:3, in two stages. The finess of
the millings before the first stege is 50»60% less than 0.074 mm; before
the second one it is 90-9&% less than 0,074 mm. The consumption of
butyl xanthate amounts to 2@0-300 and pine oil 120-130 O*/t,. Such an

increasad consumption of reagents is conditioned by the presence in the
sinter of coke dust.
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In lowering the coke dust content cf the feed 4o 5%, a finexr
impregrnation of matte particles is obtained, and therefore flotation
has to be utilized as the principal methed of bensficiation. The
quality of the flotation concentrate with such a consumption of coke
dust is lowered somewhat (9.5-10%) apparently as a result of the
lowered pentlandite content in the matte comprising the sinter, 70-85
to 20-40%. With such a method of preparation almost the entire
metallic phase changes into o flotation concentrate, and the extraction
of nickel increases to 77.3% in this. However, the magnetic separation
remains &s a controlling operation and is used for cabching coarse
piccess In most experiments the magnetic concentrate comprises an
intermediate Zﬁiddling7~producﬁ containing approximately 2% Ni, The
thtal extraction of the concentrate with an average weight content of
7.57% Ni amounts to 81.3%.

In carrying on the process for obtaining the metallic phese, the
coke-dust amounted to 20-45% but pyrite was 5%, In order tc lower the
smelting temperature of ore in the feed, 5% of limestone was added.

The sinter thus obtained differed in the variability of composition
of the matte inclusions, ths metallic phase amounting to 10-16%;
pyzchotite 10~7C%, and pentlandite 20.-50%.

With such a regimen of ore preparation, the combined method
(magnetic separation and flotation) yields good technological results,
Sixty~five to 82% of %he nickel is extracted into the magnetic
concentrats, containing 8-11% Ni. Additionally, 13-25% nickel is
extracied, yielding a conceatrate containing 3-4% Ni. The tailings
convain 0+10-0-15% Ni, while the sinter contains 1¢3-1.5% Ni. The
total extraction of nickel into the cencentrate and middiing which kes
vo be returnsd to the furnace, smounts %o 90»93%0

In addition a dried reduction of tha ore without the addition of
vyrite with a 20% of consumpiion of coke dust and 5% of limestone was
trieds The conceniration of the sinter was carried out by magnetic
separations. The controlling flotation of the residue by magretic
separation did not give positive results. The extraction of nickel in
the magnetic concentrate amounted to 80-87% at a 9~12% Ni content. [The
nickel content in the sinter was 0.8-1.5%.

Tests have shown that in‘changing the consumption of the reduction
agent a considerable yield of the metallic phase with a high cobals
content may be chbtained. :

Taking into account completely satisfactory indices of magneiic
separation of the sinter, obtained without the addition with sulfides,
further investigations were carried out with the object of selecting
the optimin means of reduction). method of teneficiation and tyne of
maguetic separation. The contents of the tested feeds are shown in
Table 2o



Table 2,

The Contents of the Feed, % of COres

Coke Dust Kuznetsk Coal Phosphate Rock* Sodium flouride*
20 - - -
20 - 5 -
20 - » - 5
- 25 5 -

* Phosphate rock and sodium fluoride were usca in order to improve
conditions for enlarging the metallic particles,

During the pyromatallurgic preparation of ores without a sulfidizer,
the sinter particles are composed only of a ferronickel solution with
variable contents of iron and nickel. The inclusions in the slag phase
are differentiated in size as follows: large residues 0,35 -~ 5 mm in
size, and smell inclusions from 0.02 mm and smeller (the average size
of inclusions was 0.003 - C.010 mm)a The fine inclusions are concentraied
in small arcas 0.15-1.5 mm in size, where its density reaches 5-10%.

In the rest of the slag single inclusions occur, the quantity of which
on the whole does not exceed 1-2%. The large grains from O.1-5 mm. i.c.,
the basic mass of metal (90-95%) are rounded (Figure 1). Such
inclusions are localized chiefly near the large pores and closer to the
surface. In samples which were fired without additives, the metallic
inclusions have a dendritic, worm-like form (Figure 2). Sinmilar
separations are closely connected with slag and are frequently
reminiscent cf graphic intergrowth.

During the thermal preparation of ores without pyrite additives,
a great quantity of iron is reduced, in connection with which the
nickel conten’t in pure metallic residues fluctuates within the wide
limits of 2g16.§%o Therefors, with the high ccntent of iron in the
ore and the application of this method for thermal preparation it is
not possible to obtain a high nickel concentrate,

In examining the technological results of the concentration of ths
irdicated samples on a wet magnetic drum-type separator {ses Table 1)
it follows that the reducing roast with the application of coke dust
only of 20% quantity, gives approximately the same technological
results as a reducing-sulfidizing roast, with a 5% addition of pyrite.
The addition of phosphate rock into the feed almost doubles the nickel
content in its metallic phase, however, it does not better the
technological resultse. In exchanging phosphate rock with sodium

luoride (5% consumption) the extraction of nickel increasses with a
simultanecus lowering of the quality of the concentrate by about half.
The replacement of dust (coke) with Kuznetsk coal increases the
extraction of nickel by 2%, but its ccntents drops to 4%,

- 10 -



Tahle 3.

A Comparison of the Concentration Methods of a Sample of the Buruktal'skiy

Ore
. » Stravgth
Yield, % _- _Content rates % Extraction, % -of-

. ;» B magnstic
Method of Concen- Resi- Oin-' Concen- Resi- Concen- Resi- .field
Enrichment  trate dues ter  trate dues  trate Gues  oresteds.
Jigging® 3,04 T2.45 0,58 13.3 0.7 69.9 213 -
Concéntration

on the

table 13,96  86.04 0.85 5.29 0,126 &7ex 12,80 ==

- Wet,magnetic

separation

cn-a Toller »

ceparator ' :

AX-1 19,44 80.56 0.84 3.95 0,096 90.85 9.14 700
Wet magnetic

senarasvion

on a drui-

type S : ' -
gepaietor 15,70 84,35 0:83 4.87 0,08 G151 8,03 7ty

Div magnetic
ceparation
o o2 dise

separator  16.45  83.55 0.84 460  C.i01 89,97  10.03 11590

¥ The middlings contain 0,21% Ni, The nickel extraction in it amounts
to 0.83% (with the middlings comprising 24.5%)

Finally, it has to be pointed out that from the investigated methods
of pyrometallurgic preparaticn the highest technological indices were
ottained with a reducing sulfidizing roast (the ccnsumption of coke
dust j¢ 30%, pyrite 5%, end limestone 5%). It should be pointed out
that dvring such experiménts a slightly higher nickel bearing sinter
was cbbained, containing 1.96% Ni. Along with this method 2% is
poszirzle to employ ore reduction processes which involve tho use <f
ccke-dust only-consumption up to 20% -- or a mixture of coke Gus’ with
prospliate rock of sodium fluoride,

« 11 -



During investigation of beneficiation of the samples, fired with
or without additions of phosphate rock and NaF, the possible application
of various methods of concentratipn were studied: jigging, concentration
on a table; megnetic separation and a combination of these methods-

Comparison of the beneficiation methods for samples of magnesium
ores of the Buruktal'sk deposit, roasted with 20% coke dust and 4% NaF,
and samples of ores from the Kimpersaysk deposit, roasted with 5%
phosphate rock, is illustrated on Table 3.

Data in Table 3, as well as tests carried out with other samples,
show that the most effective way (method) of concentration of the
reduced ore is wet magnetic' separation on a separator with a weak
magnetic field (H = 765 oersteds).

~ In coarse material ~-- 1 mm -~ a high extraction of nickel, about
91% with a 4.8T% concentration in its contents, was obtained. In the
direct magnetic separation without supplementary operations more than
8¢% of waste residues were obtained with a 0.08% Ni content. The
extraction of cobalt by such a process amounts to 82% with a 9.3%
concentration in its content.

Concentration on a concentration table and jigging on a reciprocating
jig yielded a lower extraction, since with the gravitational method of
concentration a richer residue is obtained due to the free metallic
pariicles 0,02-0,03 mm in diameter and 0.01 mm thickness which are
extracted through magnetic separation. Besides, during magnetic
separation slag particles with finely dispersed inclusions of the metal
are extracted, due to the increased magnetic attraction. In the
gravitational method such particles are not extracted, since the finely
dispersed inclusions do not influence the specific weight of the slag.

Conclusions

1. The possibility of beneficiating nickel oxide ores has been
determined by the flotation method and magnetic separation, with
preliminary pyrometallurgic preparation either by a reducing-sulfidizing
roast with the addition of coke dust and pyrite, or by a direct rsduction
with coke dust in the presence of phosphate rock or godium fluoride.

In utilizing the reduction sulfidizing roast it is necessary to
enploy a combined method of concentretion -- flotation and magnetic
separation. In carrying out the reducing roast without the addition of
pyrite, the basic process of concentration is wet magnetic separation.
Utilizing this scheme in order to separate coarse residues up to
12,5 mm liberated during the refining, it is expedient to include
jieging or hydraulic classification.

- 12 -



2. Enriching the nickel oxide ore with a content of 0.8 - 1.5% Ni,
prepared according to the pyrometallurgic method, a concentrate with a
7-8% Ni content may be obtained with an exiraction of 88-95%. With
lower extractions on the order of 75-82%, a concentrate of 11-14% Vi may
be obtained,

%3, 'The nickel content in the concentrate basically depends on the
quantity of the reduced iron in the sinter. The more iron found in the
sinter, the lower is the nickel content in the concentrates the higher,
however, is its extraction. '

The investigations carried out permit us to affirm that the problem

of the refining of lean nickel oxide ores may be solved in a positive
Way o
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FIGURE APPSNDIX

Figure 1. Inclusions of large grains of ferro-nickel {white) in
ailicats ( grey) ' ’

Figure 2. Peneiration of ferrc~nickel {white) in silicates (gre".
& _ \ /
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