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Abstract. Titanium raw materials are widely used for the synthesis of various functional materials — sorbents of radionuclides
and rare earth elements, various additives, filler pigments, etc. Since most of titanium concentrates are imported,
in line with the import substitution program, production of titanite concentrate from apatite-nepheline ores of the Khibiny
deposits is a promising trend for supplying national industry with titanium raw materials. The article presents the results
of laboratory studies of flotation separation of titanite concentrate from apatite-nepheline-titanite ores extracted from the upper
ore horizon of the Koashvinskoye deposit, where titanite-enriched ores are concentrated. Recovery of titanite concentrate was
accomplished using two reagent modes — a mixture of alkyl hydroxamic and carboxylic acids with the addition
of distilled tall oil and a mixture of tall oils with the addition of polyalkyl benzene sulfonic acids. The results of the research
showed that the first flotation mode, which allows a selective recovery of titanite into the concentrate (titanite content in the
concentrate was 93.5 %) is the most efficient. It was shown that flotation separation of titanite concentrate is preferable com-
pared to the chemical method based on sulfuric acid leaching.
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Introduction. Complex apatite-nepheline ores of the Khibiny deposits are a source for ob-
taining several valuable products. One of them, titanite concentrate, is considered as an alternative
replacement for the traditional titanium raw materials in the synthesis of various functional
materials — sorbents of radionuclides and rare earth elements [1-3], additives to polymer mem-
branes [4], bipolar plates [5] and electrodes [6, 7] in fuel cells, catalysts [8], filler pigments for
accelerating the hydration rate [9], changing the microstructure [10] and physical and mechanical
properties of cement [11], etc.

Russia has large own balance reserves of titanium-containing ores; however, this mineral raw
material is mainly extracted as a by-product [12, 13], most of titanium concentrates are imported. In
line with the import substitution program, production of titanite concentrate from ores of the Khibiny
deposits 1s a promising trend for supplying national industry with titanium raw materials. Mineral
titanite is a calcium titanosilicate (CaTiSi10s) containing about 40 % TiO;. It is known that from the
current [14, 15] and stored wastes of processing apatite-nepheline ores [16], it is possible to recover
titanite concentrate with 28-34 % TiO> content applying the flotation-magnetic technology. Studies
have shown that such titanite concentrate can be used to produce sorbents [17, 18], tanning agents
and sealants [19, 20], composite electrode materials [21], and other inorganic materials that are in
demand on the Russian market [22].
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Titanite content in apatite-nepheline ores of the Khibiny deposits is generally low, amounting to
3-5 %. An exception is the Partomchorr deposit, the upper layers of which are apatite-nepheline-
titanite ores with titanite content of 15-17 % [23]. In addition, there are areas at the deposit with an
abnormally high mineral content, the so-called “titanite housing” extending for 5 km and to 50 m
thick, where titanite content varies from 30 to 80 %. A peculiar occurrence of this type of ores
allows considering a possibility of selective extraction and separate processing of ore rich in titanite
[22, 23]. Direct acid leaching without preconcentration by physical methods was proposed as
a method for beneficiation of such ores with a high content of titanite [24]. The method included
successive dissolution of apatite and nepheline from finely ground ore (—0.04 mm) with sulfuric or
hydrochloric acid. Thus, from a sample of apatite-nepheline-titanite ore taken from the apical part of
the Koashvinskoye deposit, titanite-aegirine products containing about 80 % titanite, 28-32 % TiO»
were obtained using sulfuric acid leaching [22, 25].

However, it is not possible to consider such a method in terms of its applicability on a large-
tonnage scale. Fine grinding of ore to the required particle size less than 40 um, a long-term contact
with acid (from 1 to 4 h), use of an aggressive acidic environment are the reasons that limit
the use of this beneficiation method by the laboratory scale. Beneficiation by conventional physical
methods remains the most attractive procedure for obtaining titanite concentrate compared to
chemical cleaning.

This paper presents the results of flotation concentration of apatite-nepheline-titanite ore using
two reagent modes: hydroxamic acids and polyalkyl benzene sulfonic acids with addition of
tall oils.

Methods. Studies were carried out on the material of apatite-nepheline-titanite ore from the
upper horizon of the Koashvinskoye deposit, at which the experts of ICT KSC RAS
recovered titanite concentrate by acid leaching [22]. To conduct the research, ore was crushed
to a fineness of —1.6 mm successively on the laboratory jaw and roller crushers. Grinding
of an ore sub-sample weighing 360 g to flotation fineness was carried out in a laboratory ball mill
at S:L:B ratio = 1:0.8:6. After grinding, the content of —0.071 mm class in ore was 35.2 %, that of
+0.16 mm class — 28.0 %.

Nonfrothing flotation in Halimond tube was performed on a monomineral fraction of titanite
isolated from apatite-nepheline-titanite ore and nepheline crushed to —0.16+0.1 mm; flotation
pH — 10.1-10.3. Agitation time of the mineral with the regulator (0.1 % solutions of sulfuric acid or
NaOH) is 1 min, with the collector — 2 min. Flotation time is 3 min, air flow rate 5.3 ml/min. The
assessment of the strength of reagents fixation on titanite was carried out by flotation in a Halimond
tube under desorption conditions. After agitation of the mineral with a reagent, 50 % of the liquid
phase was replaced with distilled water with addition of NaOH (pH = 10.1-10.3), stirred for another
2 min, and then floated.

Ore flotation was carried out in a laboratory flotation machine in an open cycle on fresh water.
The apatite cycle included rougher (RoF), recleaner (ReF) flotation and two cleaning flotation
of the froth product of rougher flotation. Liquid glass depressant (LGD) was fed into grinding; pH of
apatite flotation was maintained at 9.6-9.8 by adding the required amount of caustic soda to
the pulp.

The cycle of titanite flotation included the rougher, recleaner flotation and two cleaning flotation
of the RoF froth product. To activate titanite at the stage of titanite flotation, CaCl, was added to the
pulp in the amount of 25 g/t, pH of titanite flotation, equal to 10.3-10.4, was created by
adding caustic soda solution.

561
This is an open access article under the CC BY 4.0 license



O %400 Journal of Mining Institute. 2022. Vol. 256. P. 560-566 DOI: 10.31897/PMI.2022.81
% © Galina V. Mitrofanova, Valentina V. Marchevskaya, Anastasiya E. Taran, 2022

Chemical analysis of samples was accomplished by spectrophotometric method using a UNICO
spectrophotometer (P20s, Ti02) by volumetric titration (Fe, A1O3).

Mineral composition of feed ore and products obtained as a result of its beneficiation — concen-
trate and tailings — was determined by the X-ray phase method with a D2 PHASER powder X-ray
diffractometer manufactured by Bruker AXS GmbH (Germany).

Discussion of results. Content of the main components in apatite-nepheline-titanite ore, wt. %:
22.48 TiO2; 6.42 ALO3tot; 5.45 ALO3 acisol; 4.59 P20s; 2.39 Feor.

Mineral composition of apatite-nepheline-titanite ore, wt. %: 58.54 titanite; 11.25 fluorapatite;
14.01 nepheline; 2.19 pyroxenes; 1.55 amphiboles; 4.58 feldspars; 0.60 cancrinite; 1.14 sodalite;
2.16 natrolite; 0.18 ilmenite; 0.19 magnetite titanian; 0.35 lamprophyllite; 3.26 micas.

In the well-known technology of complex beneficiation of apatite-nepheline ores [26], titanite
flotation occurs at the stage of separation of nepheline and dark-coloured minerals, when the main
amount of titanite and aegirine passes into the froth product. The reagent regime used at the operating
production for the separation of nepheline concentrate is a mixture of pine and deciduous tall oils;
flotation is carried out at pH ~11. However, higher efficiency and selectivity in flotation of dark-
coloured minerals is recorded when using alkyl-, aryl benzene sulfonates [27] or a regime based on
hydroxamic acids as an additive to tall oils [28, 29].

Dependences of floatability of titanite and nepheline with oleic acid (Ol), polyalkyl benzene
sulfonic acid (PABSA) and pelargon hydroxamic acid (CsHi7CONHOH) on pH (Fig.1) show that the
optimum titanite flotation for oleic and pelargon hydroxamic acid lies in the alkaline region at
pH = 8.5-9 (Fig.1, a); for nepheline, the region of maximum interaction with oleic acid is at pH = 8-8.5,
and for pelargon hydroxamic acid it is shifted towards pH = 6 (Fig.1, b). The maximum efficiency of
PABSA action with both minerals lies in the pH~6 region. In the case of nepheline, the concentration
of reagents is several times higher than that required for titanite flotation.

Traditionally, flotation separation of dark-coloured minerals and nepheline is carried out
in an alkaline environment (pH~11), which is due to both natural pH of crushed ore suspension and
pH = 9.8 of apatite flotation at the first stage of beneficiation. In the region of pH > 9.5, there
is a difference in the floatability of titanite and nepheline with pelargon hydroxamic acid (Fig.1).

Concentration dependences of floatability of minerals with various reagents are shown
in Fig.2. In view of very weak collecting properties of polyalkyl benzene sulfonic acid as
a monoreagent in an alkaline environment, this collector was used as an additive to oleic acid
(80% Ol + 20 % PABSA). Flotation was accomplished at pH = 10.1-10.3, since at a higher
alkalinity of the environment the yield of the froth product of flotation with all the reagents under
consideration was very low.
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Fig.1. Dependence of titanite (¢) and nepheline (b) floatability on pH by different collectors

1 — C3H,;7CONHOH: C = 0.0001 mol/l (a), C = 0.001 mol/I (b); 2 — Ol: C = 0.00003 mol/l (a), C = 0.00035 (b);
3 —PABSA: C =0.00003 mol/l (a), C =0.00007 mol/l (b)
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Fig.2. Concentration dependences of floatability of titanite Fig.3. Results of nonfrothing flotation of titanite
(1, 17, 1") and nepheline (2, 2', 2"") by collectors under normal conditions (1, 2, 3) and desorption
CsHi17CONHOH (1,2); OI(1/,2"); OI+PABSA (1", 2") conditions (1', 2, 3") using collectors

CsH;CONHOH (1); Ol (2); OI+PABSA (3)

An increase in the consumption of collectors led to intense foaming, which violated the
methodology and the course of the experiment. A high tendency of silicate minerals to hydration [30],
especially in an alkaline environment, apparently, determines a low degree of fixation of
hydrophobic reagents.

From the results obtained (Fig.2) it follows that the use of pelargon hydroxamic acid allows
almost all titanite to be converted into the froth product, while for the regime with oleic acid, the yield
of titanite is limited. At the same time, at low concentrations of reagents, a higher hydrophobization
of the mineral is achieved, as expected, with using of oleic acid. It is known that at high pH values,
insoluble carbonates and hydroxo complexes form on the surface of calcium-containing minerals,
which leads to screening of active sites for interaction with the carboxyl collector [31]. Probably, this
effect manifests itself during flotation with oleic acid — an increase in reagent concentration does not
result in a growing yield of the froth product.

Pelargon hydroxamic acid contains a functional group able of complexing with atoms of transi-
tion elements [32], including titanium. Formation of a strong compound with the functional group in
case of hydroxamic acid makes the predominant contribution of the functional group to
the overall stabilization of the reagent-mineral system and ensures the necessary selectivity and
efficiency of this collector, even though the length of the hydrophobic radical in it is much less than
in oleic acid.

The strength of reagents fixation on titanite was evaluated from the results of flotation under
desorption conditions. A higher hydrocarbon radical of oleic acid and PABSA determines a slightly
lower “washing” degree of these reagents at high concentrations. However, the prevalence of pelar-
gon hydroxamic acid is also recorded in this case. Froth product yield of 95 % during flotation
under desorption conditions was obtained by increasing the concentration of pelargon hydroxamic
acid by ~20 % (Fig.3).

Analysis of mineral composition of feed ore sample (Table 1) showed the need for apatite
extraction at the first stage. Previous studies demonstrated that at low content of apatite, it is reason-
able to use a mixture of a fatty acid collector (FAC) and polyalkyl benzene sulfonic acids as
a collecting mixture (CM). This reagent mode during flotation in an open cycle with rougher, control
flotation and two cleaning operations makes it possible to obtain apatite concentrate containing
39.0-38.7 % P20s and reduce its content in the feed of titanite flotation to 0.52-0.61 %. Indicators
of the apatite cycle are reproduced in all laboratory experiments with a slight deviation. Table 1
presents an example of the results of apatite flotation in one of them.
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For titanite flotation, HA reagent was used, which is a mixture of specially synthesized
C7-Cs-alkyl hydroxamic and corresponding C7-Cg-carboxylic acids in a mass ratio of 3:1. Moreover,
acids with different hydrocarbon radicals were taken in equal mass amounts: C;H;sCONHOH
(C7-HA):CsH17CONHOH (Cs-HA) = 1:1 and C;H;sCOOH:CsH17COOH = 1:1.

Table 1
Indicators of apatite-nepheline-titanite ore beneficiation
Content, % Recovery from ore, %
Flotation product Yield, %
P.0s | TiO, | ALO, | Pos | Tio, | Avo,
Apatite cycle

Reagent regime: 90 g/t Lgl; rougher flotation 100 g/t CM (70 % FAC + 30 % PABSA);
control flotation 30 g/t CM, pH =9.8
Froth product of control flotation 1.9 6.06 1.05 0.77 2.5 0.1 0.2
Flotation tail of the I cleaning 7.6 19.64 | 14.15 0.39 324 4.8 0.5
Flotation tail of the II recleaning 3.0 37.17 2.74 0.40 242 0.3 0.2
Apatite concentrate 3.7 38.8 0.97 0.78 31.1 0.2 0.4
Apatite flotation taili feed of titani 1

patite flotation tailings (feed of titanium cycle) 838 | 054 | 2534 | 760 | 98 | 946 | 987
Feed 100 4.60 22.44 6.45 100 100 100

Titanite cycle

Reagent regime 1: 25 g/t CaClz; rougher flotation 200g/t HA+20g/t DTO;
control flotation 50 g/t HA + 20 g/t DTO, pH = 10.4
Froth product of control flotation 9.0 0.40 6.40 21.41 0.8 2.6 29.9
Flotation tail of the I cleaning 12.5 0.77 11.00 | 15.39 2.0 6.1 29.8
Flotation tail of the II recleaning 16.9 0.46 29.04 2.35 1.7 21.9 6.1
Titanite concentrate (froth product of the II cleaning) 37.6 0.40 37.80 0.39 3.7 63.3 2.3
Tailings 7.8 0.96 2.08 25.31 1.6 0.7 30.6
Feed of titanite cycle 83.8 0.54 25.34 7.60 9.8 94.6 98.7
Reagent regime 2:25 g/t CaCly; rougher flotation 400 g/t CM; + 120 g/t PABSA;
recleaner flotation 100 g/t CM; + 30 g/t PABSA, pH =10.4
Froth product of control flotation 4.5 0.34 29.03 2.80 0.3 5.9 1.9
Flotation tail of the I cleaning 5.1 0.52 17.56 | 10.16 0.6 3.9 7.8
Flotation tail of the II recleaning 14.6 0.53 30.56 0.93 1.7 19.9 2.0
Titanite concentrate (froth product of the II recleaning) 343 0.89 34.30 0.30 6.6 52.6 1.6
Tailings 25.8 0.36 8.72 21.60 2.0 10.0 84.2
Feed of titanite cycle 84.3 0.61 24.53 7.66 11.2 92.2 97.5

The collecting HA mixture with addition of distilled tall oil (DTO) produced, as a result of two
cleaning operations, a titanite concentrate with 37.8 % TiO: content with 63.3 % feed ore recovery
(Table 1). When using a mixture of tall oils as a collector (CMi: 70 % deciduous tall oil + 30 % pine
tall oil) and PABSA, as a result of two cleaning operations, titanite concentrate was obtained with
34.3 % TiOz content at recovery of 52.5 % of feed ore. It should be noted that in this case an attempt
to improve the quality of the resulting concentrate by an additional cleaning operation leads to
a significant decrease in product yield.

Mineral composition of beneficiation products obtained using reagent regime 1 is shown in Table 2.
It is seen from Table 2 that the main titantum-bearing mineral of the Khibiny massif, titanite (39.3 %
Ti102), is mainly concentrated in the titanite concentrate. The other minerals, practically free of
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titanium — nepheline, feldspars, and secondary minerals (cancrinite, sodalite, natrolite, fine-flake
micas) as well as those containing titanium in smaller amounts — magnetite titanian (17.2 % TiO2),
micas of the annite-phlogopite series (2-3 % TiOz), pyroxenes (1.3 % TiOz) [23], are concentrated
in tailings.

Table 2
Mineral composition of beneficiation products during production of titanite concentrate
Content in products, wt. % Content in products, wt. %
Mi 1 Mi 1 itani -
et Titanite concentrate Tailings et Titanite concen Tailings
trate
Titanite 93.51 5.07 Sodalite 0.25 1.37
Fluorapatite 0.76 1.30 Natrolite 0.31 3.72
Nepheline 0.51 69.80 IImenite 0.43 0.10
Pyroxenes 0.96 1.43 Magnetite titanian 0.06 0.40
Amphiboles 0.67 1.65 Lamprophyllite 0.21 0.47
Feldspars 0.78 6.63 Micas 1.34 4.46
Cancrinite 0.20 3.59 Total 100 100

Concentrate obtained by flotation method contains a significantly higher amount of titanium —
93.5 % titanite (37.8 % TiO2) compared to the concentrate obtained by acid leaching — 80 % titanite,
32 % TiOz. The content of other minerals in flotation concentrate is negligible, which allows using it
without preliminary acid treatment [33] for further decomposition with sulfuric or hydrochloric acid
to obtain precursors of various functional materials.

Conclusion. Mineralogical features of apatite-nepheline-titanite ores forming “titanite housing”
in the Khibiny massif, make it possible to recover high-quality titanite concentrate from them
by flotation. Specific features of interaction of reagent with the hydroxamate group and titanite
surface ensure the highest efficiency of flotation separation of titanite concentrate. The use of
the most efficient flotation regime with a mixture of alkyl hydroxamic and carboxylic acids with
addition of distilled tall oil ensures the production of titanite concentrate with titanite content
of at least 93 % with extraction of 63 % TiO; from the feed ore. The advantage of flotation separation
of titanite concentrate in comparison with the chemical method based on sulfuric acid leaching
is shown.
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