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ABSTRACT

It is acknowledged that titanium and magnesium production wastes pollute the environment,
which in the sequence they create an environmental hazard for soils, groundwater and
vegetation. Meanwhile, these wastes can be considered secondary resources of rare and rare
earth metals. In recent years, the processing of industrial waste has been a new trend for the
extraction of rare and rare earth metals, which can partially cover the demand in case of their
disposal. This article is devoted to a review of the available literature and articles on the
extraction of rare metals from titanium-magnesium production waste using various processing
methods. Methods of their utilization are discussed with an emphasis on the extraction of rare
and rare earth metals. This review considered waste processing technologies of various
pyrometallurgical and hydrometallurgical processes. Technological schemes of various leaching
and extraction processes were presented to give a holistic view of waste processing and
extraction of rare metals contained in them. In general, the article contains an overview of the
works published on the extraction of rare metals, such as REE (rare earth elements), niobium,
tantalum and vanadium.
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Introduction

Rapid industrialization

bearing raw materials, there are massive amounts of
waste generated. These wastes are sent to special

influenced the landfills or sludge storage facilities and they pose a

demand for rare metals, in particular titanium and
titanium-bearing materials. Titanium is used for
different branches of the car industry, aerospace,
doping, petroleum engineering, and chemical
processing. However, during the recovery of titanium-

significant danger to the environment, polluting soils
and natural waters. Because they are released into the
atmosphere and acidic industrial wastewater s
discharged into water streams. It is widely known that
for the recovery of titanium, the Kroll process is
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commonly used. As a result, various residues, especially
such as titanium chloride residues, electrolytes, sludge,
and gases, residues are formed consisting of chlorides,
and oxychlorides of rare metals [1].

The complex recovery of waste in titanium
production has long been considered one of the most
pressing issues. The waste contains various valuable
components and rare metals. Considering that reserves
of rare metals are concentrated in the surface layer of
waste, in turn, it affects the fall in the cost of production
of rare metals. Niobium, tantalum and scandium oxides
with a total content of 0.6-1.5% are found in titanium
production waste [2].

It is acknowledged that the Kroll method based on
magnesium thermal reduction is used for processing
titanium concentrates. Therefore, a large amount of
waste is formed. For the process of producing 1 ton of
titanium, about 2 tons of chloride waste are formed. In
this regard, there is a need to neutralize chloride
residues [3]. Various chloride wastes (used electrolytes,
melts, sludge) are thrown into waste landfills and are
harmful to the environment because they are not used
as raw materials. In the production of titanium
tetrachloride, titanium-containing slag is used, which
contains a significant amount of rare metals-Nb, Ta, Sc,
V, Zr, etc. In addition, in large quantities, the additives
Fe, K, Na, Ca, Na, and Mg are irretrievably lost. During
chlorination, most of these impurities are converted
into chlorides and oxychlorides, and due to their
physicochemical properties, they are concentrated in
individual semi-products and production waste. This
leads to high chlorine consumption, additional costs
and environmental pollution [[4], [5]].

Sludge and waste are stored in special warehouses
and landfills at titanium-magnesium plants. In turn,
waste storage is an expensive service, as well as in the
event of an increase in the norms of the maximum
permissible concentration (MPC) in accumulated waste
and the enterprise will face fines and sanctions. [6].

The purpose and objective of the review are to
highlight existing technologies for processing
wastes that are generated in titanium and
magnesium production, as well as the survey of
methods of recovery rare and rare earth metals
from them.

Recovery of Nb and Ta from titanium wastes.
Niobium (Nb) and tantalum (Ta) are rare metals and
the qualities of both metals make them critical raw
materials. In nature, tantalum and niobium are
most often found together. In deposits, as in the

earth's crust, the concentration of Nb is usually an
order of magnitude higher than Ta. It is worth
noting that niobium itself has a high affinity for
titanium which in turn it affects the formation of a
wide range of niobium minerals with titanium. In
addition to this, these two mineral groups
(titanoniobates and tantaloniobates) are regarded
as economically viable options for niobium
recovery. Owing to this fact, titanium raw materials
and waste, by-products are considered one of the
sources of niobium production [7].

The chemical composition of spent titanium
chlorinator melts is presented in Table 1 [8].

According to Table 1, the content of niobium in
spent melt of titanium chlorinators (SMTC) is on
average 0.025-0.030%, which is a good indicator,
given that rare metals are concentrated in a
scattered form. Another important feature of
niobium is its large smear on titanium and its ability
to heterovalent isomorphism. This affects the
formation of niobium impurities and the formation
of niobium compounds in titanium minerals. This
means that the higher the concentration of titanium
in raw materials and waste, the higher the niobium
impurities [[9], [10]]. The importance of niobium
and tantalum lies in their internal properties such as
corrosion resistance, conductivity, high electrical
capacity and biocompatibility. Both metals have
similar chemical and physical properties, which
makes them easier to separate and clean. However,
their content in the Earth's crust is very low, Nb-
0.002%, Ta-0.0002% [11]. Such limited availability
requires the processing of secondary raw materials
containing Ta and Nb, including titanium-
magnesium waste, as well as metal waste and
intermediates.

Recovery of pure titanium is a complex and
technically difficult process; as crude titanium ore
can not be recovered directly from its natural form.
Therefore, raw titanium ore is processed by the
Kroll method. As a result, titanium tetrachloride is
formed, which in turn is used for obtaining titanium
dioxide (TiO;) pigment and titanium sponge. The
titanium tetrachloride (TiCl;) contains substantial
amounts of niobium, tantalum and scandium due to
accompanying elements in titanium ore [12]. These
rare metals can not be recovered by traditional
methods because the slurry contains TiCl,.

Xiang et al. [13] developed a process flow sheet
(figure 1) for recovering niobium concentrate from
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TiCly slurry residue by evaporation and acid leaching

(HCI). According to their research, titanium
tetrachloride (TiCls), niobium concentrate and
solution of aluminium chloride (AICl5) were

recovered separately. The authors first evaporated
the slurry at 200°C for 60 minutes. As a result,
around 98% of titanium was recovered from the
slurry. Then, they leached the residue with HCI
(concentration -2.1 mol/l, L/S ratio of 6:1, T-80°C, t-
60 minutes) and washed it with an ammonia
solution (2 mol/Il, L/S ratio of 4:1 ml/g, t-30 minutes,
at room temperature). Their results after filtration
indicated that Nb concentrate content with Nb-
53,40% and Ta-5,57% was obtained.

In other studies, the authors investigated the
recovery of niobium from chloride residues
generated from the chlorination of titanium slags
[[14], [15]]. In order to recover two-stage leaching
process was suggested. The technological scheme

of two-stage leaching is shown in Figure 2 [15]. For
the first stage of leaching, water is used, whereas
4.0 M of HClI (Hydrochloric acid) is used in the
second stage. The leaching process was carried out
at 25°C, with an S:L ratio of 1:4 and a mixing speed
of 400 rpm. Cation exchange sorbents such as
Purolite-C104 and KU-2-8H were used for the
sorption of niobium from the leaching process
solution. After the leaching process with water, the
pulp was sent to the filtration process to separate
the pregnant leach solution and the niobium-rich
cake. Then, the leaching solution was sent to the
processes of obtaining scandium and carnallite.
When using Purolite-C104 ion exchange resin, the
sorption efficiency of niobium from solution with
the concentration of 2 g/l was around 71.0 % (0.071
g/g) in 3.5 hours. Meanwhile, in terms of KU-2-8 H
ion exchange resin, this indicator was about 89.0 %
(0.089 g/g).

Table 1 - Chemical composition of spent titanium chlorinator melt [8].

Composition Content, % Composition Content, % Composition Content, %
TiO, 1-2 MgCl, 6-12 MgCl, 4.5-5,0
Sio, 4-7 CaCl, 3-4,5 Criotal 0.8-1.55

C 3-6 FeCl, 10-12 Nb,0s 0.025-0.030
Sc,03 0.01-0.03 FeClz 1-3 Ta,05 0.005-0.006
AlCl3 5-6 KCl 22-47 Cl 45-50
V205 0.01-0.45 NaCl 14-18
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Figure 1 - Technological flow sheet of metal recovery from TiCls slurry residue [13].
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Figure 2 - Flow sheet of the two-stage leaching process [15].

Recovery of V from titanium wastes. lImenite
ore commonly contains titanium, iron, and
vanadium. Most of the vanadium passes into
titanium slag, during the reduction melting of
ilmenite concentrate. Throughout, the chlorination
of titanium slag, about 70% of vanadium is
concentrated in technical TiCl, mainly in the form of
VOCI; and partially VCls. The presence of vanadium
in titanium sponge significantly deteriorates the
quality of titanium [[16], [17]].

Purification of titanium tetrachloride from
impurities is a key stage in the production of
titanium sponges. Because TiCls contains a
significant amount of impurities in the dissolved
state and in the form of a fine mechanical
suspension. For example, SiCls,, VOCls, VCls, CCls,
SOCIl; and other chloride solutions are mixed with
TiClsin all ratios. As a result, it leads to the form of a
continuous series of solutions that is a hindrance to
further processing Titanium tetrachloride is purified
from impurities in various ways, such as
sedimentation, filtration, rectification, and
distillation [18].

These wastes as a form of pulp represent a
mixture of TiCls, TiCls, and AlCls. When mixing pulps
of lower chlorides with titanium tetrachloride

titanium trichloride interacts with vanadium
oxytrichloride and converts it into an insoluble form
of VOCI,. The precipitate containing VOCI; is sent to
the extraction of vanadium [[19], [20]].

Sidorenko et al. proposed (figure 3) [21]
vanadium recovery by the method of liming
aluminium vanadium cake with further processing
of lime cake. The authors suggested washing lime
cake with water. After that, the compounds of
vanadium, aluminium and titanium passed into the
dechlorinated cake and the chloride ions and the
main part of calcium into the solution. The
dechlorinated cake is easier to treat during
oxidative roasting without adding special additives.
The optimal temperature for roasting was between
700-750°C. After roasting, the cinder was leached
by soda between 70-80°C. Hence, vanadium
pentoxide is converted into the soluble form of
NaVOs. Whereas, insoluble compounds formed the
cake that contained aluminium and titanium.

The concentration of the soda solution
fluctuated in the range of 33-100 g/dm3, and the
leaching time was between 1-4 hours. According to
the authors, evidence leaching proceeded better in
denser pulps. The highest degree of vanadium
extraction was observed at a solution concentration




Complex Use of Mineral Resources. 2023; 327(4):64-73

ISSN-L 2616-6445, ISSN 2224-5243

[ Lime cake |

hlorocalcium solution

Cl
H,0 y
- [ Neutralization

Deschlorinated sludge

Oxidative roasti

ng

¢ Cinder
Na,CO3+H,0

—— | Leaching —» aluminum titanium

cake

Mother liquor

H,SO, *

—®|Precipitation

— | Neutralization

* Preci

pitate

Dehydration

Y

Vanadium production

Figure 3 - Technological flow sheet for recovery vanadium from lime cake [21].

of 50 g/dm3. An increase in the leaching time at this
concentration led to an increase in the degree of
extraction of vanadium from 90 to 96.5%.

Recovery of REEs from titanium wastes.
Rare earth elements (REEs) are a group of 17
elements, including scandium (Sc), yttrium (Y) and
15 lanthanides [22]. REEs are almost not mined
from primary ore deposits, because of their
economic feasibility and effectiveness. Owing to
this, the urgent demand has prompted many
organizations to evaluate alternative sources of REE
[[23], [24]].

As elucidated above, Sc is a less abundant
element and it is a related group of REE. According
to the latest works, scandium recovery from
secondary sources has been accelerated from
different by-products (tailings, waste acids, and
solid residues, residue streams) in the production of
other metals including REE, titanium, aluminium,
iron ore, and uranium [[25], [26], [27], [28], [29],
[30]].

Scandium is the solid residue generated in
Titanium dioxide (TiO;) production [31]. Titanium-
bearing ores contain high content of scandium and
are the most important resource for their extraction
[[32], [33]]. For instance, in China, the ilmenite ores
on average contain 0.002-0.004 Scandium oxide
(Sc203) [34]. Scandium resources are accessible in
the form of liquid wastes of TiO, pigment

production, and industrial production volume is
estimated to be 8.4 million tons around the world
[35].

One of the resources of scandium is hydrolyzed
sulfuric acid, which is generated in the production
of titanium dioxide [[36], [37]]. The authors studied
the separation and recovery of Sc and Ti from the
hydrolyzed sulfuric acid waste of titanium dioxide
[32] by using the solvent extraction method. This
method is based on using a mixed solution of
NaszPO4 and H,0; to selectively scrub titanium over
scandium from the loaded organic solution bearing
scandium and titanium. Then, NaOH solution (4
mol/1) is added to strip scandium from the scrubbed
solution. Authors, scandium stripping was 93% and
after elaboration results, the final product of
scandium was 83,9%.

E. Mikeli etal. studied [38] the absorption
process of scandium by ion-exchange resins from
acidic iron chloride solution (FeCl,) that generated
th titanium industry. The authors used two types of
exchange resins VP OC 1026 and TP 260
respectively. Among them, VP OC 1026 was more
suitable for Scandium extraction and column
capacity was 1.46 mg/ml in the experimental
conditions. This study also demonstrated the
presence of Zr, V, and Ti in the initial solution as
they coextracted both resins tests. These metals
have more capacity values in the loaded resins,
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Figure 4 - Technological flow sheet of recovery concentrate of REE from spent
melt of titanium chlorinators (SMTC) [40].

however, particularly in VP OC 1026, an
improvement in Sc concentration was better than
the other metals. It demonstrated that VP OC 1026
resin showed a higher affinity for Sc.

From the commercial perspective, the
composition of the rare earth elements in the spent
melt of titanium chlorinators (SMTC) is attractive,
as the proportion of dysprosium is 57%,
neodymium 8%, and cerium is 13% [[39], [40]]. The
authors of this work [41] studied the recovery of
REE concentrate from SMTC. Thus, the authors
proposed technological flow sheet recovery of REE
concentrate from SMTC (figure 4). The results of
chemical analysis showed that the content of REE
oxalates was 96.0%, while the overall content of
the main impurities such as barium and iron
oxalates accounted for 3.1%. The recovery of rare-
earth elements from REE from SMTC into the bulk
concentrate reached 66% [42].

Conclusion

Rare metals are widely used in many strategic
industry objects. Rare metals are generally found in
ores of other metals as concomitant elements and
recovered from their slurries and residues.
Different metallurgical processes of niobium,
vanadium and REEs recovery from titanium and
magnesium production, such as spent titanium
chloride wastes, titanium dioxide wastes, tailings,
and residues are reviewed. Specifically, niobium
and tantalum are mainly concentrated in the spent
melt of titanium chlorinators (SMTC), sludge,
whereas, scandium also is concentrated in SMTC.
When it comes to vanadium, it is mainly
concentrated in aluminium vanadium
cake. Considering, the rare metals and rare earth
elements distribution and content, titanium
industry residues might be prospective rare metal
resources. According to the literature survey,
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hydrometallurgical methods such as ion exchange,
solvent extraction, and leaching are now applicable
for the recovery of rare metals from wastes,
slurries, and residues, but most of them have not
found their method for effective application in the

industry. In summary, despite the aforementioned
challenges requiring further research, the recovery
of rare metals from titanium waste continues to
show significant prospects for the foreseeable
future.
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TUTaH XXoHe MarH1Mi eHAIPICiHiH KanablKTapbliH KaliTa eHAey apKbl/ibl CUPEK KaHe

CUPEK XKep MeTanAapbiH any TEXHO/IOTUANAPbIHA LWOAY

Toitwbibek A.M., V'Baiirenkenos 0.C., 2Typan M.A., *Kyp6aHosa b., ‘Mepki6aes E.C.

1Cam6aes yHusepcumemi, Aamamel, Kazakcmax
2 ®oipam YHusepcumemi, 3na3eie, Typyus
3 Hazapbaee yHusepcumemi, Acmaxa, KazakcmaHx

Makana kengi: 04 »enmokcaH 2022
CapantamagaH eTTi: 23 kaHmap 2023
Kabbingangpl: 22 aknaHd 2023

TYWIHAEME

TUTaH XaHe MarHwii eHAJpIiCiHIH, KanabIKTapbl KOpLWafaH OpTaHbl N1IacTan, 3KOMOMMANbIK Kayin
TyAbIPaTbIHbl 6enrini. ByHbIH canfapblHaH, TOMbIPaK, ¥Kep acTbl Cynapbl MeH eCiMAiKkTep 3apaan
weregi. CoHbIMeH KaTap, 6yn KanablKTapabl CUPeK Ke3AeCeTiH KaHe CUPEK Kep 3NeMEHTTEPIHIH,
(C¥3) kalTanama pecypcTapbl peTiHae KapacTbipyfa 60nagbl. COHfbl XKbliAapbl TEXHOrEHAIK
OHEPKICINTIK KaNAblKTapabl KalTa eHAEeY CUPEK Ke3[eCeTiH KOHE CUPEK Kep 3N1eMEeHTTepiH
(C¥3) anyaplH, kaHa TeHaeHumAcbl 6osbin Tabbinagbl. Byn makana apTypai eHaey aaictepiH
KO/MAaHa OTbIPbIN, TUTAH XaHEe MarHuMi eHAIpICiHiH, KanAblKTapblHaH cUpeK meTangapabl any
Typanbl 3aebueTTep MeH Makananapfa WOy KacayFa apHanfaH. MaKanaga cupek KaHe cupek
KesgeceTiH anemeHTTepai (CHK3) anyra b6aca Hasap aygapa OTbipbin, 0napApl Kajere Kapaty
ONgapbl TaAKblnaHagpl. apTypAi
KanabikTapapl
KaliTa eHAey XoHe KypamblHAAfFbl CMPEK MeTangapabl any Typanbl TyTac TYCiHiK 6epy ywiH
apTYpAi Wwalhimanay, copbuma KaHe ISKCTpaKUMA MNPOLECTEepPiHiH, TEeXHOMOrMANbIK Ccbi3banapbl

ofapblga KenTipinreH Kalta eHnaey TexHOMorManapbl
NUPOMETANYPIUANDBIK, KIHE TMAPOMETANNYPIUANbIK NpouecTepai KamTuabl.

yCbiHbINAbI. TyTactait anfaHaa, makanaga CH3, HMOBMIA, TaHTaN KaHe BaHAAMMN CUAKTbI CUPEeK
MeTanaapabl any XYMbICTapbIHa LLOJY KOPCETIMEH.

TyliiH ce30ep: TUTaH KanAblKTapbl, CUPEK MeTanaap, HMOBWUI, BaHaAWM, CUPEK Kep MeTanaap,
warmanay, xnopnay
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0630p No TexHoNOrMAM NepepaboTKU 0TX0A40B TUTAHOMArHMeBoro NPou3BoACTBa
W U3B/IGYUEHUIO PeaKUX U peAKO3eMe/IbHbIX MeTaN/10B

Toiwbibek A.M., 'Baiirenkenos 0.C., 2TypaH M.A., 3Kyp6aHosa b., ‘Mepkubaes E.C

1Satbayev University, Anmamesi, KazaxcmaH
2YHusepcumem ®oipam, 3aa3vi2, Typyus
3Nazarbayev University, AcmaHa, KazaxcmaH

AHHOTAUMA

M3BeCTHO, YTO OTXOAbI TUTAHOMArHMeBOro NPOM3BOACTBA 3arPA3HAIOT OKPYMKAIOLLYIO NPUPOLHYIO
cpedy, Cco34aBadA  3KOJIOTMYECKYHD ONaCHOCTb: CTPagaloT Mno4Bbl, W TPYyHTOBble BOAblI WU
PacTUTENBbHOCTb. B 10 ke Bpemsa 3TN OTXoA4bl MOryT 6bITb PacCMOTpeHbl B KayecTBe BTOPUYHbIX
pecypcoB peaKux U peakosemenbHbiX meTannos. [locnegHue rogpl nepepa60TKa TeXHOreHHbIX
APOMBbILWNIEHHbIX OTX0A40B ABAAETCA HOBOW TeH,D,eHLJ,Meﬁ ANnA  U3BNeYeHUnA peakux U

Moctynuna: 04 dekabpa 2022 pefAKo3eMesibHbIX MeTasn0B, KOTOPble MOTYT YaCTUYHO NOKPbITb CPOC B CAYYae UX YTUAU3ALMUMN.
PeueHsnposaHue: 23 aHeapa 2023 [aHHas cTaTbs noceslleHa 0630py MMeKLWUX AUTepaTypbl U CTaTeill Mo U3BNEYEHUIO PeaKuX
MpuHATa B neyatb: 22 gpespana 2023 MeTaN/IoB U3 OTXOAO0B TUTAHOMAarHWEBOro MNPOWM3BOACTBA C WCMO/b30BAHWMEM PA3/IUYHBIX

cnocobos nepepaboTku. Ob6CyKaaloTca Cnocobbl UX YTUAM3ALMM C aKLUEHTOM Ha M3BJEYeHMe
peaKux u peaxkosemesibHbIX MeTannos. lpuBedeHHble TeXHONAOTMM nepepaboTKM OTX0A0B
BK/IIOYAIOT Pas/IvyHble MUPOMETANYPruYeckue U rmapoMeTannypruyeckme npoueccsl. bbiav
NpeAcTaBNeHbl TEXHONOTMYECKUE CXEMbI PA3NINYHbIX MPOLECCOB BbILLENAYMBAHUA U U3BNEYEHUS,
4TO6bI AaTb LLENOCTHOE NpeacTaB/ieHne o nepepaboTke OTXOL0B M U3BNEYEHUN COAEPKALIMXCA B
HUX peakux meTannosB. B uenom, B cTtaTbe coaepxutca 063op onybanKoBaHHbIX paboT no
M3BNEYEHMIO PeAKNX METANNOB, TaKMX Kak P32, HNOBWIA, TaHTan U BaHaguUM.

Knroyeeblie cnoea: TUTaHOBbIE OTXOAbI, PeaKkue MeTaasibl, HUOBWiA, BaHaguii, peaKo3emenbHble
3/1EMEHTbI , BblLLLENAYMBAHME, XIOPUPOBaHKE
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