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ABSTRACT

Vanadium (V) is typically extracted from the titaniferous magnetite (titanomagnetite) ore using
either the V primary production and V and steel co-production process. The V primary
production process is the roast-leach process which involves roasting, leaching, precipitation,
and calcination of the titanomagnetite. The V and steel co-production process entails the
smelting of titanomagnetite in the presence or absence of the fluxes. In the presence of flux i.e.
the fluxed smelting approach, most of the V reports to the pig iron, whilst titania (TiO.) reports
the slag. This slag is discarded since the TiO> grade is considered too low for upgrading. Also,
this titaniferous slag has a complex phase chemistry such that the spinel and pseudobrookite
solid solution (ss) phase incorporate most of the V and Ti species. The objective of this project
was to investigate a roast-leach process that would maximize the extraction of V from the
titaniferous slag and remove high amounts of impurities from the water leach residue to

maximize the TiOz grade in the product residue.

The slag produced by the now-defunct EVRAZ Highveld Steel and Vanadium Cooperation
(EHSV) of South Africa (SA) was used as a case study. The EHSV titaniferous slag contains
about 0.9% V20s and 35.6% TiO». The best roasting conditions were investigated through the
variation of Na,COs: NaOH ratios, stoichiometric Na additions, roasting temperatures, roasting
times, particle size distribution (PSD), and Na reagents i.e. Na2CO3, NaOH, and Na>SOs salts.
The roasting stage is aimed at the conversion of V20s in the titaniferous slag to a water soluble
sodium metavanadate (NaVOs). The produced roast products were leached using water at
standard conditions of 70°C, 120 minutes leaching time, s:| ratio of 1:4, and agitation speed of
350 rpm. The produced water leach residue was further subjected to acid leaching using HCI
as a lixiviant with 20% acid concentration, at 110°C, 24 hours, s:| ratio of 1:4, and agitation
speed of 350 rpm. The acid leaching stage was conducted in order to remove impurities such
as Al, Ca, Mg, and Fe. The resulting acid leach residue was further upgraded through caustic
leaching for Si impurity removal. The standard caustic leaching conditions that were used
include 2.15 M NaOH solution as a lixiviant, leaching temperature of 100°C, leaching time of

3 hours, s:| ratio of 1:4, and agitation speed of 350 rpm.

The best roasting conditions were used to measure the best leaching conditions by variation of
the leaching time from 1 to 24 hours and acid concentration from 15% to 25%. The residue
from the best leaching conditions were subjected to standard caustic leaching conditions. The



high TiO2 grade that resulted from the removal of impurities was washed to remove the Na

present in the residue.

The best roasting conditions were 200% stoichiometric Na addition of Na>COs: NaOH ratio of
100:0 and 0:100, 1000°C, 120 minutes, PSD of -850+105 pum. The best V extractions of 75.7%
and 73.7% were attained when 200% stoichiometric Na,COs and NaOH were used
respectively. Na,COs salt was the reagent that was used for downstream upgrading of the
water-leach residue since it is cheap and used in industrial operations. The TiO2 grade of 68.7%
was attained in the caustic-leach residue when the best roasting conditions were used for
roasting the titaniferous slag. The phase composition results showed that pseudobrookite ss and
the spinel do decompose when excess Na was added. After this decomposition, the SEM
showed that the NasMgAISi>Og phase forms after roasting. This phase also decomposed during
water leaching to form the Na:MgTi2Os phase which contains high Ti and Si species and
several impurities. Acid leaching results showed the possibility of minimising Mg, Ca, and Fe
impurities. Al impurities in the acid-leach residue remained high in concentration. The phase
composition results showed that Al species were present in all the phases that formed after
acid-leaching. The caustic leaching process was a success since most of the Si impurities were
removed. The phase composition results showed that the minor Si species present in the
caustic-leach residue were in the rutile phase. The produced caustic-leach residue still

contained several impurities.

The best leaching conditions were 24 hours leaching time and 25% HCI lixiviant concentration.
Using these best conditions resulted in TiO2 grades of 71% in the caustic leach residue.
Washing of this caustic leach residue further increased the TiO2 grade to 79.6%. The phase
composition of the washed sample showed that the concentration of Na and Si impurities in
the residue decreased. The rutile phase also contained a variety of Mg, Al, Cl, and Ca

impurities.

The impurity extraction degrees showed an increase with increasing leaching time. The
extraction degrees followed the order of Mg > Fe > Al > Ca when leaching times were varied.
The R? values of Mg and Fe showed that the rate controlling mechanism is the surface chemical

reaction whilst Al and Ca are controlled by diffusion across product layer and interface transfer.



The evaluation of V and impurity extraction from the titaniferous slag was possible at the
attained best conditions. The impurities were not fully removed to their maximum, hence the
high TiO> grade product was still contaminated with impurities. The produced TiO> grade did
not meet the TiO> feedstock specifications as the MgO, CaO, Al>Os, and FeO impurities were

still high in the final product, therefore further optimization work is required.
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CHAPTER 1

INTRODUCTION

1.1 Background

Titaniferous magnetite (titanomagnetite/ TiMag) ore deposits are magmatic accumulations of
magnetite (FesOs) and ilmenite (FeTiOz) containing over 1% concentration of TiO>. Some
titanomagnetite deposits contain phases such as hematite (Fe203), rutile (TiO2) and perovskite
(CaTiOg) (Fischer, 1975). These ore deposits are established sources of iron (Fe) and vanadium
(V), and have the potential to be used as titania (TiO2) sources (Sadykhov & Karyazin, 2007).
Figure 1 shows the vanadium reserves throughout the world (Polyak, 2023).

Titanomagnetite is mainly processed in China, Russia, South Africa, and Brazil. China
continues to be the largest producer of V throughout the world, followed by Russia. South
Africa is the third V producer in the world and the fourth place is occupied by Brazil (Polyak,
2022). Australia has large reserves of V as shown in Figure 1, however, there is no current
production. In South Africa, titanomagnetite deposits are mainly found in the Bushveld
Complex (BC) (USAID, 2021).

0.2% 0-3%
-‘ / China
13.7% Australia
™ Russia
37.2% South Africa
m USA
Brazil
28.9%

Figure 1: Vanadium reserves throughout the world (Vanitec, 2022; Polyak, 2022)



The major application of Fe is in the production of ferrous alloy products and steel. Fe can also
be alloyed with other elements such as carbon (C), nickel (Ni), chromium (Cr), and tungsten
(W) in the cast Fe and steel industries. The other applications of Fe as steel include the
construction, manufacturing, and automotive industries. Vanadium is used mainly in the steel
industry where it is added as ferrovanadium (FeV). Vanadium pentoxide (V20s) is an important
compound in catalysis industries as well as other chemical industries. Vanadium is gaining
popularity in energy storage systems where it is used as an electrolyte for vanadium redox flow
batteries (VRFBs) (Sutradhar, et al., 2020). Titanium is mainly used as titanium dioxide for the
production of TiO2 pigments used in many industries including paint, plastic, and paper (Wu,
2021).

Titanomagnetite is typically processed through two processes; namely, the vanadium primary
production and vanadium and steel co-production processes. Vanadium primary production
involves the roast-leach process, which includes roasting, leaching, precipitation, and
calcination stages. The roasting stage is conducted at high temperatures in the presence of a
sodium reagent or salt to convert the vanadium in the titanomagnetite to the water-soluble
sodium metavanadate (NaVOz). The sodium salts that can be used during the roasting stage
include NaCl, NaOH, Na>COs, and Na:SOs. These Na salts react with vanadium in the
titanomagnetite according to equations [1] to [5] (Nasimifar & Mehrabani, 2022).

2NaCl + V205 +0.50, — 2NaVvO3z + Cl chloride salt roasting in excess O>  [1]
2NaCl + V205 + H,O — 2NaVOsz + 2HCI chloride salt roasting with water [2]
NaOH + V205 — NaVOsz + H:0 caustic roasting [3]
Na;CO3z + V205 — 2NaVvOs + CO2 soda ash roasting [4]
Na;S0s + V205 — 2NaVO3z + SO3 sulphate roasting [5]

The industrial vanadium and steel co-production process typically involves the smelting of the
titanomagnetite in the presence of a carbonaceous solid reductant and flux, such as quartz
and/or dolomite, using electric arc or blast furnaces (EAFs or BFs). The smelting process
produces a V-bearing pig iron and a slag containing low grade of TiO.. The TiO2 content of
the produced slag ranges between 20% - 40%. This titania-bearing slag is typically referred to
as ‘titaniferous slag’ (McRae, et al., 1969; Lin & Guo, 2017). The V-bearing pig iron is
typically subjected to a converting process for the production of V slag and high-purity pig iron

for steelmaking.



Titaniferous slags are normally discarded in dedicated dumps. Table 1 shows typical chemical
compositions of titaniferous slags produced around the world. As shown in the table, the TiO>
contents in the titaniferous slags range between 20% and 40% TiO> (Hassell, et al., 2016;
Steinberg, 2008; Sui, et al., 2004). In addition, the titaniferous slag produced by the now-
defunct EVRAZ Highveld Steel and VVanadium Corporation (EHSV) in South Africa contains
a relatively high content of vanadium (~ 0.9% V.0Os) (Steinberg, et al., 2011). The total amount
of titaniferous slag produced by EHSV during their years of operation remains in a huge dump
located near the town of eMalahleni in South Africa. The slag dump is estimated to be about
45 million tonnes (Africa, Mining Review, 2017). The appreciable contents of TiO2 and V20s
in the titaniferous slag and that the slag is sitting above ground and requires no mining, have
triggered interest towards investigating metallurgical processes for the valorisation of this slag

for the extraction of vanadium and titanium products.

Table 1: Typical chemical composition (wt%) of some titaniferous slags that are produced

worldwide
Operation Condition | TiO2 V205 FeO MgO | Al:O3 SiO, Cao
EHSV* (SA) Fluxed 35.6 0.90 1.00 141 18.0 16.2 141
NMTK (Russia) and
CHMP# (China) Fluxed 8-10 | 0.18-0.30 | 0.6-1.0 | 11-13 | 14-15 | 28-30 | 30-32
NZS# (New Zealand) Fluxed 32.1 0.20 211 13.3 17.8 15.2 15.9
Pangang® (China) Fluxed 22.0 - - 7.00 14.0 22.0 27.0

(* Steinberg, 2008, # Hassell, et al., 2016, * Sui, et al., 2004), -not reported

1.2 Problem Statement

Titaniferous slags, including those produced by EHSV in SA and Pangang and CHMP in
China, make up huge waste dumps that are environmental nuisance. The land occupied by
titaniferous slag dumps is a significant source of pollution of air, water and soil. This pollution
can adversely affect human health, and the growth of plants. In addition, titaniferous slag
dumps, which sit above ground and require no further mining, are a potential secondary
resource for titanium and vanadium products, especially the EHSV titaniferous slag. However,
the exploitation of these slag dumps using conventional processes is hampered by their
complex phase and chemical compositions. V and Ti are typically distributed in at least three
phases in the slag, including in pseudobrookite [(Mg, Ti, Fe, V)30s, M3Os], perovskite
(CaTi03) and the chemically inert spinel [(Mg, Fe)(Ti, Fe, Al, VV)204, M304].




1.3 Focus of the study

This study focussed on the development of a technically viable integrated process flowsheet
for the extraction of V from titaniferous slags using a modified conventional V primary
production process, i.e. a roast-leach process, followed by beneficiation of the leach solids or
residue through a modified Upgraded Slag (UGS) process involving sequential acid and caustic
leach stages for the removal of impurities. The products of the integrated process flowsheet are
a V-pregnant leach solution that can be processed further using conventional processes to
produce many V products including V20s, FeV, and V electrolyte, and a marketable titania
(TiO2) feedstock.

The study of V extraction from titaniferous slag, using the EHSV as a case study, involved
investigating the best combination of roasting conditions for the decomposition of the V-
bearing phases and liberation of V for water leaching. The current study differed from the
conventional roast-leach in that the current study used excessive Na reagent additions to
stoichiometric requirements, during the roasting stage. Thus, the extraction of V was conducted
by roasting the slag in excess Na additions for the destabilisation of VV-bearing phases and the
formation of a water-soluble NaVOs. V was extracted through the water leaching process into

the solution. V extraction efficiencies were measured.

The produced residues were subjected to an acid leaching process with the aim of removing
impurities such as Al, Ca, Mg, and Fe. Acid leaching dissolved impurities into a solution,
leaving an upgraded residue with higher TiO2 concentrations. Since the raw titaniferous slag
contained significant concentration of SiO», it was crucial to remove these impurities through
the caustic leaching process. The residue produced after caustic leaching contained high TiO>

concentrations.

To study the extraction of V and the removal of impurities aimed at upgrading the concentration
of TiOz in the residue, the following objectives were formulated.
e Determination of the best combination roasting conditions by variation of Na;COs:
NaOH mass ratio, type of Na reagent between Na,COs, NaOH and Na>SOa,
stoichiometric Na addition, temperature, time, and particle size distribution (PSD) of

slag. The addition of Na reagents requires to be higher than 100% stoichiometric



addition since these additions resulted in lower V extractions and TiO2 grades, in
previous studies (Lekobotja, et al., 2017; Goso, et al., 2016).

Study the phase chemistry of the roasted material and residues water, acid, and caustic
leach residues to determine the phases that incorporate V, if any, and Ti and the phases
that contain impurities such as Al, Ca, Mg, and Fe. Phase chemical analysis was very
important to understand the phase chemical composition before and after each leaching
stage, for identifying the phases that might be containing the targeted species by
leaching.

Optimize the leaching conditions by varying the leaching time and acid concentration.
Study the phase chemistry of the upgraded TiO> products and determine the phases that
incorporated most of the impurities. Determine the kinetics of leaching the impurities
present in the water leach residue and measure the impurity extraction efficiencies and

rate-controlling mechanisms.



CHAPTER 2

LITERATURE REVIEW

The literature study involving the different deposits and extractions of V and TiO2 of

titanomagnetite is explained in the following sections.

2.1 Titaniferous magnetite deposit

Titaniferous magnetite also known as titanomagnetite, is explained as a magmatic
accumulation of ilmenite (FeTiO3) and magnetite (Fe3O4) ( Hosseinzadeh, et al., 2017; Yang,
et al., 2020). Some titanomagnetite contain hematite (Fe2Oz3), rutile (TiO2) and perovskite
(CaTiO3). Discrete vanadium minerals have not been reported to be occurring in
titanomagnetite deposits, except that some of the vanadium is found in ilmenite and other
titanium minerals, but it is mostly found in the magnetite structure and also associated with
iron oxide in the form of coulsonite (FeV204) (Nasimifar & Mehrabani, 2022). The
concentrations of V2Os in the titanomagnetite ranges from 0.2% to 1% and the higher grade
deposits have shown to have V20s content of above 2% (Boni, et al., 2023), whilst the TiO>
concentrations are more than 1% . Titanomagnetite is the principal source of vanadium
(Fischer, 1975; Boni, et al., 2023). The titanomagnetite deposits provides an opportunity to

extract iron, titanium, and vanadium from a single resource (Lv & Bai, 2019).

The titaniferous magnetite deposits are found throughout the world in countries (Fischer, 1975;
Technology, 2022; Polyak, 2023)such as:

* China — Lanjiahuoshan deposit, Panzhihua layered intrusion

» Australia— Jameson range, Barrambie, Buddadoo, Coates, Gabanintha, and Balla Balla

* Russia — Mount Kachkanar

» South Africa — Bushveld Complex

» Brazil — Rio Jacaré intrusion

* United States — Laramie range, Shanton, Taylor and different deposits located in

southeast Wyoming



Table 2 The titanomagnetite reserves in the world (Polyak, 2023; Gambogi, 2022).

Country Reserves (thousand metric tonnes)
China 9 500
Awustralia 7 400
Russia 5000
South Africa 3500
Brazil 140
United States 45

2.2 South African Bushveld Complex
Bushveld Complex (BC) is one of the largest deposit of titanomagnetite in the world, with
layered intrusions estimated to be around of 66 000 km?. The titanomagnetite thickness in the
BC is approximately 9 km. The Rustenburg layered suite, which contains most minerals, is
divided into four zones namely; lower, critical, main and upper zone as shown in Figure 2
(Boni, etal., 2023; Cawthorn, 2015; Kinnaird, 2005). These zones are distributed in three major
mineral areas that are situated in the BC. These zones are known as the northern, eastern, and
western limbs. The minerals found in the lower, main, and upper zones are distributed in all
the limbs, whilst those in the critical zone only spread in the eastern and western limbs. The
upper zone host the V-bearing titanomagnetite deposits. The highest V-bearing titanomagnetite
deposit is situated in the eastern limb, in a layer known as the Main Magnetite Layer (MML)
The minerals present in the different zones (Kinnaird, 2005; Barnes, et al., 2004) are:-

e Lower zone — magnesium (Mg), chromium (Cr), nickel (Ni), precious metals (Ir, Rh,

Pt, Pd, Au)
e Critical zone — platinum group metals (PGMs), chromite
e Main zone — PGMs, chromite

e Upper zone — Fe, Ti, V, phosphorus bearing layers
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Figure 2 Geographical layout of the Bushveld Complex (Cawthorn, 2015; Kinnaird, 2005)

The Bushveld Complex has two types of titaniferous magnetite grades namely; MML and P-Q
magnetite zone. The MML has relatively high vanadium of approximately 1.48%V>0s when
compared with the P-Q with 0.21% V20s as shown in Table 3. (Bushveld Minerals, 2014)

Table 3: Typical chemical composition of the MML and P-Q deposits (mass %) (Bushveld

Minerals, 2014)

Deposit Fe TiO2 V205  SiO2  AlOs  P20s S
MML 447 9.70 148 11.2 8.30 0.01 0.01
P-Q zone 33.3 10.8 0.21 22.6 9.73 0.04 0.39

2.3 Metallurgical processing of titanomagnetite

Titanomagnetite is an important source of vanadium throughout the world. It accounts for
approximately 85% of the world’s V20s production. Titanomagnetite is mostly mined in China,
South Africa, and Russia (Vanitec, 2022).

The different metallurgical methods for extracting vanadium and iron from titanomagnetite are
V primary production process and V and steel coproduction process. The V primary production

process is basically a roast-leach process in which the titanomagnetite is roasted in the presence



of a sodium reagent to produce a water-soluble sodium metavanadate. The produced sodium
metavanadate is leached out into the solution using either water or acid. The solution is further
treated by impurity rejection, precipitation, and calcination processes for the production of high
purity V20s. The V and steel coproduction process involves the smelting of titanomagnetite in
the presence of a carbonaceous reductant and fluxes to produce a V bearing pig iron which is
processed further for V and steel production; and low Ti slag which is discarded as waste
material (Steinberg, et al., 2011). Recently, the Ti-containing slag is further processed for the
beneficiation of V and TiO (Vanitec, 2022).

2.3.1 V primary production process

There are three industrial companies that produce V through the V primary production process.
These companies include Largo Inc from Russia, Bushveld Minerals, and Glencore Plc both
from South Africa. The V primary production process accounts for about 17% of the world’s
V supply (Blue Project, 2022). V primary production process is essentially a roast-leach
process which involves roasting the titanomagnetite ore or concentrate in the presence of
sodium salt for the production of a water-soluble sodium vanadate. The V is then recovered
from the pregnant leach solution (PLS) by precipitation (Vanitec, 2022). This process results
in the extraction of V only from the titanomagnetite resource, both Ti and Fe form part of by-

product stream (Steinberg, et al., 2011).

The different stages involved in the conventional V primary production process (Vanitec, 2022)

include:
e Roasting
e Leaching

e Impurity rejection and precipitation

e Calcination

2.3.1.1 Roasting
The aim of roasting is to react the V2Os present in the titanomagnetite with the Na reagent for

the production of a water-soluble sodium metavanadate (NaVOs). The different sodium
reagents that can be used during this stage include NaCl, NaOH, Na,COs, and Na>SOs. The

chemical reactions of vanadium from titaniferous magnetite with these salts can be represented
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according to the following reaction equations (NKkosi, et al., 2017, Nasimifar & Mehrabani,
2022):

2NaCl + V205 +0.502 — 2NaVv03 + CI2 chloride salt roasting in excess 02 [1]
2NaCl + V205 + H20 — 2NaVv03 + 2HCI chloride salt roasting with water  [2]
NaOH + V205 — NavO3 + H20 caustic roasting [3]
Na2C0O3 + V205 — 2NaVv03 + CO2 soda ash roasting [4]
Na2s04 + V205 — 2NaVO3 + S03 sulphate roasting [5]

The use of the different Na reagents for the extraction of V from titanomagnetite resources has
advantages and disadvantages associated with them. The use of NaCl is cost-effective since
NaCl is readily available and require low operating temperatures. The disadvantage of using
NaCl in the roasting process is the production of toxic by-products namely HClg and Clyg).
Also, the use of NaCl in the roasting process produces low V extractions since NaCl selectively
reacts with V (Nkosi, et al., 2017; Mefos, 2006).

The NaxS0s salt is highly “selective” but it produces toxic SOz gases which are not friendly to
the environment. Nkosi et al (2017) confirmed that this salt requires relatively high operating
temperatures of 1200°C to achieve the typical V extraction efficiencies of >85%. (NKkosi, et al.,
2017). The widely used salt, Na2COs, is non-selective (such that the reaction of Na,COz and V
is favoured and may result in high V extractions) and requires moderate operating temperatures
of up to 1150°C. The environmental impact of using Na>COs instead of the others salts is
preferred as it does not produce toxic gases when compared with the other Na reagents. Also,
the Na,COs cost is generally lower as compared to the other Na reagents.

The use of NaOH reagent is thermodynamically and environmentally favoured as the
conversion produces H2O as a by-product when compared to the other sodium reagents which
produces toxic by-products. The only challenge with using this Na reagent is the low melting
temperature of NaOH (Gilligan & Nikoloski, 2020).

The V primary production process highly depends on the efficiency of the roasting stage, i.e.
conversion of V205 to NaVOs according to equation [1] to [5] above. The challenges that were
found during the roasting process include the availability of free CaO and SiO,. Regarding free
CaO, there is high possibility of formation of insoluble vanadates (CaO*V20s) which can be
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minimised by limiting the CaO concentration to <1% (Mefos, 2006). The challenge with free
SiOz is the possibility of forming low melting (Na,O*Fe>03*4Si0>) phase (Mefos, 2006). To
avoid the formation of this low melting phase, the free SiO> must be limited to <3%. Since the
roasting stage requires an oxidative environment, the available free oxygen must be >4% to

ensure maximum oxidation of vanadium (Mefos, 2006).

2.3.1.2 Leaching
The leaching process is conducted in order to dissolve the NaVVO3 formed during the roasting

process into a solution using a lixiviant. The different lixiviants that can be used for leaching
out NaVOs is either water (H20) or an acid such as H.SO4 (Yang & Yang, 2023, Nasimifar &
Mehrabani, 2022). Depending on whether water or acid is used as a lixiviant, the leaching

process can proceed according to the reaction equation [6] or [7].

NavOs; + H,O — HyVOs + Na* H,0 leaching [6]
NavO; + H* — VO;* + Na* + H»0 acid leaching [7]

The acid/ H2SO4 lixiviant is non-selective but effective. The use of H2SO4 lixiviant can dissolve
all vanadates that formed during the roasting process and can results in precipitation of many

impurities such as Ca and Mg as shown in equations [8] and [9].

MgoV207 + 3H;S0s — (VO2):S04 + 2MgSO4 + 3H20 magnesium vanadate [8]
CazV2:0s + 4H,S04 — (V02)2S0O4 + 3CaS0O4 + 4H,0 calcium vanadate [9]

The most commonly used lixiviant is H2O due to its selectivity and NaVOs dissolution
efficiency, it also costs less and is freely available (Nasimifar & Mehrabani, 2022; Mefos,
2006).

2.3.1.3 Impurity rejection and precipitation

The aim of the impurity rejection stage is to remove silicon (Si) and aluminium (Al) impurities
through the addition of aluminum sulfate (Al.SO4) as shown by the chemical reaction in
equation [10]. The Si and Al impurities precipitate as Al>SiOs and the NaVOs concentrate in
the solution with the removal of impurities. This process occurs at pH between 7 and 8.

A|2(SO4)3(S) + Na,SiO3; + 2H,0 — A|28i05(s) + Na2804(aq) +2H2$O4(aq) [10]
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The precipitation stage involves the introduction of ammonium sulfate (NH4)2SO4 for the
production of ammonium metavanadate as shown in equation [11]. Ammonium metavanadate
(AMV) (NH4VO3) is commonly precipitated from the purified PLS at pH 8.2 and above (Goso,
et al., 2016). Using AMV is problematic since it produces ammonia and this is an

environmental challenge (Nasimifar & Mehrabani, 2022).
(NH4)2$O4(5) + 2NaV03(aq) — 2NH4VO3(3) + Na2804(aq) [11]

2.3.1.4 Calcination

The aim of the calcination stage is the removal of H>.O and ammonia- (NHs) for the production
of high purity V20s. The calcination stage involves the introduction of heat to the produced
NH4VOs for the production of V20s through equation [12] (Gilligan & Nikoloski, 2020).

NHsVO;(s) + heat — V,0s(s) + H20(g) + NHs(g) [12]

2.3.2 'V and steel coproduction process

V and steel coproduction process supports about 70% of the global V production from the
processing of titanomagnetite. The co-production process mainly occurs in China and Russia.
China is the largest producer of V via the coproduction process. The industrial companies
involved in the coproduction process include; Pangang Group, HBIS Chengsteel, Chengde
Jianlong, SichuanTranvic, and Sichuan Deshang as the key players in V production. Russia is
the second largest producer of V through the coproduction process at EVRAZ. The 3" producer
of V in the world is South Africa which has declined in production since EHSV is no longer in
operation. The major players in South Africa that produce V are Glencore and Bushveld

Minerals The 4" V production company, Largo Inc, is situated in Brazil (Blue Project, 2022).

The V and Fe coproduction process, also known as the smelting process, involves smelting the
titanomagnetite concentrate in a blast or electric arc furnace (BF or EAF) for the production of
vanadium-bearing pig iron and titanium-bearing slag (commonly known as the titaniferous
slag). The pig iron produced in the furnace oxidized to produce a V-rich slag and high purity
iron, which is used in steelmaking, by blowing air through it. The produced V-rich slag is then
subjected to the roast-leach process for the production of V20s. The smelting of titanomagnetite

can be conducted either in the presence (fluxed) or absence (fluxless) of fluxes.
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2.3.2.1 Fluxed smelting of titanomagnetite

The smelting of titanomagnetite has been conducted in blast furnace (BF) and electric-arc
furnaces (EAF) by mixing the ore with the reductant and fluxes such as dolomite or quartz to
lower operational temperatures. Addition of fluxes, enables the TiO- to be fluxed out into the
slag and also minimize the crystallization of the spinel phase. The use of the BF requires
excessive reductant addition that will aid in the reduction of FeO to its metallic state. The use
of blast furnace requires good management of the feed composition when the feed has high
concentrations of TiO (Taylor, et al., 2006; Steinberg, et al., 2011).

Fluxed smelting of the titanomagnetite, requires high reducing condition for the reduction of
Fes04 and V205 as per equations [13] and [14] (Maphutha, et al., 2017; Sitefane, et al., 2017).
The demands of high reducing conditions can cause challenges in the furnace as high melting
titanium compounds form. These compounds may result in an increased viscosity of the slag.
The other challenges that were reported with high reducing conditions include poor burden
permeability, a decrease in productivity and foaming of the slag. These encounters can be
resolved by diluting the feed material with high grade iron ore, or fluxing, or through physical
separation process aiming at lowering the TiO2 content. These solutions also have an adverse

influence on the recovery of elements of interest (Steinberg, 2008).

The produced titanium bearing slag is discarded as the TiO> concentrates are relatively low at
~35%.

FesOs + 3C — 3Fe + 4CO [13]
V205 + 5C — 2V + 5CO [14]

Figure 3 shows the flowsheet used by the now-defunct EHSV (Steinberg, et al., 2011). From
the flowsheet it can be seen that the first stage involve the mixing of the titanomagnetite, with
a carbonaceous reductant, and fluxes. The fluxes that used include dolomite and quartz. These
are subjected to a pre-reduction stage using the kiln. Pre-reduction is conducted at temperatures
of 1140°C. The pre-reduced material is then introduced into a hot furnace for smelting at
1350°C. The smelting process produces a Ti-bearing slag which, is discarded, and V-bearing
pig iron. The pig iron is then transferred into the shaking ladle furnace and the oxygen (O>) is
blown in order to remove the V. The ladle furnace is kept at temperatures above 1400°C, and

this is done to maximize the V oxidation. The iron is then transferred into the basic oxygen
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furnace (BOF) for further processing and production of steel products. The V-rich slag
produced from the ladle furnace is further processed through the roast-leach process for the
extraction of V (Taylor, et al., 2006, Steinberg, et al., 2011).
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Figure 3 Typical flowsheet of the fluxed smelting technology from EHSV (Steinberg, et al.,
2011)

2.3.2.2 Fluxless smelting of titanomagnetite

The fluxless smelting approach of the titanomagnetite is basically aimed at Fe extraction in the
absence of fluxes. The iron oxide is reduced by a carbonaceous solid reductant into its metallic
Fe. The fluxless smelting normally takes place at temperatures of 1650°C (Boyd, et al., 1993).
Fluxless smelting results in high Fe in the slag. The residual FeO in the fluxless smelting act
as a self-fluxing agent. This process produce a TiO.-bearing slag and metallic Fe. Majority of
the V reports to the slag since the process is less reducing. The produced V-rich slag is further
processed for V recovery. The possibility of producing Ti-bearing slag with a higher TiO-
content (i.e. TiO2 grade above 48%) through the fluxless smelting approach is possible if the

impurities are minimised.

Figure 4 shows a typical flowsheet of the fluxless smelting technology. From the figure, it can
be seen that the titanomagnetite is reacted with a reductant in an arc furnace. The resulting
products include the Ti-bearing slag which is further processed for the production of sponge

Ti. The produced metallic Fe is further processed for the production of pig iron.

14



Titanium coencentrates
(TiO>=45%)

Coke >

Titaniferous slag arc fumace

v v
Titaniferous slag Liquid iron
4 A 4
Preparation of TiCl: Iron casting machine
Sponge titanium Pig iron

Figure 4 Typical flowsheet of the fluxless smelting technology

2.4 Beneficiation of titaniferous slags

A number of investigations have been conducted for the valorization of titaniferous slags for
the extraction of V and TiO2 present (Goso, et al., 2021; Goso, et al., 2016; Hassell, et al., 2016;
Van Vuuren & Tshilombo, 2011; Pistorius, 2011; Xiao-hua, et al., 2008; Zhang, et al., 2007;
Fouad, 2005; Becker & Dutton, 2002). The different approaches/techniques proposed by some
of these studies are discussed in the following sections.

V extraction from titaniferous slags has been investigated using the V primary production
process. The major modifications have been conducted in the roasting and leaching stages. In
the most recent study, Yao, et al. (2023) investigated the direct roasting approach to determine
the effect of temperature and time on the phase transformation of the spinel and fayalite phases
from the V-Cr slag. The direct roasting process involved roasting their VV-Cr slag in the furnace
without the addition of salts. The study showed that at high temperatures of 900°C and 1.5
hours, the spinel that was present in the investigated slag was completely destroyed. The V
extraction of 97% was achieved after leaching using H.SOg4 as a lixiviant. Lee, et al. (2021)

explained the aim of direct roasting process as breaking of the iron phases that surround the
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spinel phase in order to enable the Ca and Mg to form vanadates that are leachable in acid. This
approach is commonly used for slags with high CaO/ MgO ratio. These results agree with those
of Li & Xie, (2012) who investigated direct roasting on a high calcium vanadium slag. Their
results showed the complete decomposition of the spinel phase at 800°C. Also, the highest V
leaching rate of 90.6% was obtained when the slag was roasted at 850°C for 60 minutes (Li &
Xie, 2012).

The decomposition of the spinel phase of the titaniferous slag has been proved to be possible
by using the conventional salt roast leach process. The aim of using sodium salt is to form the
soluble vanadates that can be leached out. Lee, et al. (2021) reported Gibbs free energies for
using different salt. The results showed that the formation of sodium vanadates were favourable
provided the roasting temperature is sufficient to form these sodium vanadates (Lee, et al.,
2021). Lekobotja, et al. (2017) also investigated the effect of Na salt addition on V extractions
of the titaniferous slag. Their results showed an increase in V extractions with increasing Na
salt additions. The highest V extractions of 27% were attained at 100% stoichiometric Na
addition, also the decomposition of the spinel phase was achieved. The chemically inert phase
was replaced by the formation of the nepheline phase (Lekobotja, et al., 2017).

The lime roasting approach has been specifically aimed at high Cr containing slags. The main
aim of lime roasting is to acquire leachable calcium vanadates. These reactions have been
proven to be spontaneous as the Gibbs free energies were favorable at temperatures between
400°C to 1000°C (Lee, et al., 2021).

Tawane, et al. (2021) showed that the extraction of V using sulfation roasting was also possible
on the titaniferous slag. The V extraction efficiencies attained by Tawane, et al. (2021) were

generally low at 12%.

Goso, et al., (2021) demonstrated the possibility of upgrading the titaniferous slag to a synthetic
rutile with TiO2 grade >90%. The titanifeorus slag was upgraded using a modified UGS process
aimed at removing the Al and Mg impurities that were present (Goso, et al., 2021). The UGS
process is aimed at removing alkaline impurities through five stages namely; sizing, oxidation,
reduction, leaching, and washing and calcination. The modified UGS process involved the use

of the leaching stage for the removal of alkaline impurities.
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Van Vuuren & Tshilombo, (2011) proposed the beneficiation of the titaniferous slag by
nitriding the slag at high temperatures of 1300°C and an excessively reducing environment.
The produced titanium nitride was further subjected to the chlorination process for the
production of titanium tetrachloride. The produced titanium tetrachloride is an important
intermediate product for production of TiO2 pigment or Ti metal (Van Vuuren & Tshilombo,
2011). Zhang, et al., (2007) aerated the molten Pangang titaniferous slag with compressed air
in order to oxidize Ti and Fe. The dispersed Ti was enriched in the perovskite phase, which
was further upgraded for the production of TiO»-rich material (Zhang, et al., 2007). The
upgrading of TiO2 from the perovskite phase was proved possible through alkaline roasting

followed by leaching conducted to remove impurities (Wang, et al., 2010).

2.5 Titanium mineral concentrates

TiO> is the main source of Ti and about 90% of the world’s consumption of TiO> originates
from ilmenite resources. The most common minerals where Ti-bearing ores generally occurs
include the primary ilmenite (FeTiO3), rutile (TiO2), and leucoxene (weathered ilmenite), and
some substitutes that compete as TiO> feedstock. The concentration of TiOz in ilmenite ranges
from 40% to 65%, whilst in rutile it is restricted to roughly 95% in nature and leucoxene TiO>
content remains above 95% (Subasinghe & Ratnayake, 2022; Gambogi, 2022; Moitse, 2008;
Ngugen & Lee, 2019).

The major Ti reserves in the world are situated in China, Australia, India, Brazil, Norway,
Canada, SA, Mozambique, and Madagascar as shown in Table 4. In SA, Ti mineral resources
are mainly found along the coasts in beach placer sands. Figure 5 shows the mine production
of TiO2 per country. China has the highest reserves and is also the world first producer of TiO>
and consumer Ti mineral concentrate with 36% reported in 2021. The second world best Ti
mineral consumer is Mozambique at 12%. SA is placed third country for Ti mineral
consumption ranking at 10% (Statista , 2023; Gambogi, 2022).
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Table 4 Titanium mineral reserves in the world (Gambogi, 2022)

Country Reserves (thousand metric tonnes)
China 230 000
Australia 160 000
India 85 000
Brazil 43 000
Norway 37 000
Canada 31000
South Africa 30000
Mozambique 26 000
Madagascar 22000

- Rest of world 8%

- Kenya 3%

- Madagascar 4%

- Ukraine 4% ™~

+ China 36%

« Norway 5%
Senegal 5%

- Canada 5%

« Australia 8%

- Mozambique 12%
South Africa 10%

Figure 5 Mine production of TiO2 by country (Statista , 2023)

2.6 Processing of ilmenite

IImenite has low TiO> grade and therefore requires upgrading in order to be a suitable feedstock
for TiO2 pigment production. This upgrading of the ilmenite ore generally occurs through the
smelting process (Maphango, 2013). lImenite ore normally contains TiO2 and FeO with
impurities such as Mg, Ca, Si, Cr, V etc. to name a few. llmenite smelting involves a
carbothermic reaction of C with FeO and TiO,, as per equations [15] and [16], for the
production of a primary TiOz-rich slag and pig iron as a by-product at temperatures between
1650°C - 1700°C (Murty, et al., 2007). Since all the impurities reports to the slag, the produced
TiO»-rich slag can either contain high or low impurities depending the ore grade and type of
reductant used during smelting. The amount of CaO and MgO present in the TiO-rich slag

determine the downstream hydrometallurgical process for TiO, pigment production. The
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hydrometallurgical processes involved in TiO2 pigment production include the sulfate and

chloride processes and these are shown by the flowsheets in Figure 6 and Figure 7 respectively.
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The chloride process, which is the preferred TiO2 pigment production, is sensitive to impurities
present in the slag. The slag with high CaO and MgO impurities normally contains about 80%
TiO2 and require further upgrading through the sulfate process. Low CaO and MgO impurity
containing slags generally have a TiO, content of >85% and can follow the chloride process
for TiO2 pigment production (Murty, et al., 2007; Pistorius, 2008; Gazquez, et al., 2014). Over

the years, the chloride process has been the preferred process for slag upgrading.

FeO + C — Fe + CO [15]
TiO, + C — Ti,03 + CO [16]

2.6.1 Competitive TiO2 feedstock requirements

According to Stanaway, 1994, the TiO> feedstock requires to have the properties shown in
Table 5 for the concentrate to be accepted as a competitive feedstock. Chloride process is
conducted in the fluidized bed reactor and it involves the reaction of TiO feedstock with a
carbonaceous material and in the presence of chlorine gas. This reaction is conducted at 900°C
and follows equations [17] and [18] for the production of titanium tetrachloride (TiCls), carbon
dioxide (CO»), and other metal chloride impurities. The next step involves condensation and
purification of TiCls by cooling down the gas stream such that other metal chlorides
precipitates and separated as impurities. The final stage involves oxidation of TiCls for the
production of TiO2 and Cl> as per equation [19]. (Kitsara, et al., 2023; Stanaway, 1994).

2C + 0, — 2CO [17]
TiO, + 2Cl; + 2CO — TiCly + 2CO; [18]
TiCly + O, — TiO, + 2Cl; [19]

The required specification in the chloride process include the:-

e Grain size and bulk density of the TiO> feedstock. The grain size and bulk density are
important since the chloride process is conducted in a fluidized bed reactor. These will
minimise the blow-over of the material in the reactor.

e Low MgO and CaO impurities in the feedstock. At the reaction temperature, the
alkalines form liquid chlorides that normally prevent fluidization of the material.

e Low FeO concentrations in the feedstock. Chlorine reacts with Fe to produce iron

chloride and this minimize the amount of the ‘required’ reagent which is chlorine.
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e Low SiO; as it has the possibility of coating the mineral grain and preventing their
reaction with chlorine.

e Minimum radioactive elements as they accumulate in the waste and product streams.

The basic requirement in sulfide process is for all impurities present in the TiO> feedstock to
dissolve in concentrated sulfuric acid (H.SO4) (Borowiec, et al., 1998). The sulfate process
involves dissolution of TiO2 in concentrated H2SO4 to produce titanyl sulfate (TiOSOs), iron
sulfate (FeSO4), and H2O as shown in equation [20]. The solution is then precipitated and
hydrolized to produce hydrated TiO> as illustrated in equation [21]. The hydrated TiO> is
separated through filtration before removal of water and acid through calcination as shown by
chemical reaction [22] (Kitsara, et al., 2023; Stanaway, 1994).

FeTiO; + 2H,SO, — TiOSO4 + FeSO4 + H,0 [20]
TiOSO4 + H,O — TiOnH20 + H,SO4 [21]
TiO.nH,O — TiO, + nH,0 [22]

For the success of the sulfate process, the required specifications include:-

e Fine grains as they favour the reactivity of TiO2 feedstock with H2SOa.

e Low Fe content in the TiO2 feedstock. Fe forms FeSOs in the dissolution stage and must
discarded as waste. The lower the Fe content, the minimal the waste that must be
disposed.

e Low Cr, V, and Nb content as high amounts change the TiO- pigment color.

e Minimum Caand P because they prevent the crystal development above a certain level.

e Low radioactive materials since they become concentrated in the waste and product

streams.
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Table 5 Competitive TiO, feedstock specifications (Stanaway, 1994)

Characteristic Value

TiO; >90%

SiO; <1.5%

Al,O3 <1.0%

MnO; <1.0%

Cr03 <0.1%

P20s <0.05% (required by sulfate process)

Nb,Os <0.1%

CaO <0.2% (required by chloride process)

MgO <1.0% (required by chloride process)

U+Th <100 ppm (prefer <50)

Size: 100 mp +50% (required for chloride process)
40 mpu +95% (required for chloride process)

Bulk density +2 kg/L (required for chloride process)

2.6.2 Upgraded titania slag (UGS) process

In 1998, Borowiec, et al., developed a method for the TiO.-rich slags and naturally occuring
ilmenite that contain high alkaline oxides. This method is aimed at the removal of alkaline
impurities for the products to be used in the preferred chloride process as opposed to be
restricted to the sulfate process. This process comprises of five steps, namely;-
i.  Sizing of the TiO source
Since this process uses the fluidized bed reactor, the particle size of the TiO> material
is crucial to prevent the blockage. The particle size of the TiO2 source was maintained
between 75 — 850 microns.
ii.  Oxidation stage
This step is conducted at temperatures between 950°C and 1025°C, and not exceeding
1100°C, in an oxidized atmosphere. The oxidation stage is aimed at oxidation of Ti%*
to Ti** and Fe?* to Fe®* as shown in the chemical reaction [23]. The main products of
the oxidation stage are rutile and pseudobrookite
(FeTi205 )o.32(MgTi205 )o.33(Ti30s )o.35 + 0.2550, — (Fe2TiOs )o.16(MgTi20s o33 + 1.53TiO, [23]
iii.  Reduction stage
Reduction step is also conducted in a fluidized bed reactor at temperatures between
800°C - 850°C, and not exceeding 900°C, in a reductive environment. The reducing

agent can either be natural gases such as CO, H> or solid carbon such as coke or coal
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fines. This stage involves selective reduction of Fe®* to Fe?* or metallic Fe without
reducing the Ti*" previously oxidized. This reduction reaction is presented by chemical
reactions presented by equations [24] and [25].

Fe;03) + 3Ce) — 2FeOg + 3CO( [24]

FeOw) + Ce — Few +COgq) [25]
Removal of impurities through leaching

Removal of impurities can be conducted through acid (HCI) and/or caustic leaching.
The treated TiO> is mixed with HCI at elevated temperatures to leach the impurities and
upgrade the product. Most of the impurities are removed in HCI leaching, except for Si
which is leached out in caustic leaching through the chemical reaction shown in
equation [26].

SiOys + 2NaOH@q — NapSiOs(ag) + H.O(l) [26]
Washing and calcination

The upgraded residue is then washed and calcined at high temperatures to remove water

and residual adsorbed species.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

This chapter describes the materials and equipment used to achieve the project's objectives. It
also includes the experimental flowsheet showing step-by-step procedures undertaken to

complete the investigation.

3.1 Materials

The materials used for these experiments include titaniferous slag, Na reagents, hydrochloric
acid (HCI), and deionized water. Titaniferous slag was obtained from the EHVS waste slag
dump. The Na reagents used are NaxCOs, Na,SO4 and NaOH which were purchased from ACE
(Associated Chemical Enterprises), with purities of 99.5%, 99.0% and 98.0% respectively.
Hydrochloric acid that was used for leaching tests was purchased from Sigma-Aldrich, and it
has a concentration of 37.0%. The deionized water used during the leaching testwork was from
a Millipore water purification system designed to supply laboratories with few litres of

deionized water per day.

3.2 Equipment

Different equipment used for the laboratory scale roasting and leaching testwork are explained
in the following sections.

3.2.1 Sample preparation equipment

Large chunks of titaniferous slag were randomly selected from EHSV slag dump at ten
different locations. A representative sample was prepared by crushing the large chunks of the
slag into a single batch using the crushing machine called Jaw Crusher. The crushed titaniferous
slag was splitted using a rotary splitter and screened using a Sieve Shaker in order to measure
the particle size distribution (PSD) range of -850 + 106 um. The sieve sizes used for sample
collection were 1000, 850, 600, 425, 300, 212, 150, 106, and 75 um. For drying, a Gallenkamp
hotbox oven set at the required drying temperature was used.

25



3.2.2 Roasting equipment

Roasting tests were conducted in a chamber furnace. The chamber furnace is equipped with a
thermocouple that is used to measure the temperature inside the furnace. The temperature is
measured by a controller which programs the operation temperature, heat rate and the residence
time. Figure 8 shows the photographic image of the chamber furnace used to conduct the
roasting experiments. The dimensions for the inside chamber of the furnace are 46 x 20 x 18
cm. Commercially available silicon carbide (SiC) trays were used for roasting. The trays were
procured from GeeKay Industrial Ceramics Pty (Ltd) and the dimensions are 234 x 135 x 40

mm.
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IVE TECHNOLOGIES

Figure 8: Photographic image of the chamber furnace
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3.2.3 Leaching equipment

Leaching tests were conducted in a 500 mL round bottom flask with double necks and fitted
with a condenser. The condenser’s water inlet tube was connected to the tap whilst the outlet
pipe was placed on the draining channel. The reactor was placed in an oil bath placed on top
of the magnetic hotplate, make and model Heidolph MR Hei-Tec from Labotec, to maintain
the required leaching temperature. The temperature inside the reactor was measured with a

thermometer.
3.2.4 Analytical instrumentation

Raw materials, roasting, and leaching base metal products were analysed by Induction Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) using Thermo iCAP 7600, Agilent 5900
with detection limits that vary by elements and method. The sodium present in the raw material
and products were analysed using the Atomic Absorption Spectroscopy (AAS) from the Perkin
Elmer PinAccle instrument. The phase chemistry was conducted by scanning electron
microscopy (SEM) with model Zeiss MA15 EVO® equipped with a Bruker energy-dispersive
spectrometer (EDS). The X-ray diffractometer (XRD) was measured using a Bruker D8

instrument.

3.3 Experimental

A summary of the experimental flowsheet is shown in Figure 9. The flowsheet gives the
different stages that were used for vanadium and titanium extraction. Vanadium extraction
follows the stages in the order of roasting, water leaching, precipitation and calcination for the
production of V>0s. Extraction of titanium uses the residue from the water leaching stage to

undergo acid and caustic leaching steps for the concentration of TiO: in the produced residues.
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Figure 9 Flowsheet of the experimental procedures conducted
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3.3.1 Sample preparation

Large chunks of titaniferous slag from EHVS were crushed to -2 mm particle sizes. The crushed
material was subjected to screening using different screen sizes. The particle size ranges used
in the current study are -850 to +106 pm and -300 pum + 106 pum. A 200 g of the screened
material was mixed with a prepared sodium salt reagents (i.e. Na,CO3, NaOH and NaS0O.) at
either 115% or 200% calculated stoichiometric addition. The selection of the Na addition was
a build-up from Lekobotja, et al., 2017 who demonstrated the decomposition of the spinel phase
at 100% stoichiometric Na addition.

Preparation of Na salt reagent involved weighing the accurate amount of salt into a glass beaker
and dissolving it using deionized water. This solution was mixed with 200 g titaniferous slag
to make a slurry. The prepared slurry was dried in an oven, set at a temperature of 110°C, for
a period of 12 hours. After 12 hours, the slurry was removed from the oven and allowed to cool
down. Since the dried mixtures had the particles compacted together, the mixtures were rolled
up using a cylindrical alumina tube to separate the particles and release the particles to the PSD
of the titaniferous slag initially used. Table 4 and 5 below shows the test matrix that was used

for roasting and leaching experiments, respectively.
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Table 6: Test matrix for different roasting parameters at constant leaching conditions

Time
Test | Temperature °C (hours) Na,CO3:NaOH Stoichiometric Na addition PSD (um)
1 100:0
2 85:15
3 1000 2 50:50 115%
4 15:85
5 0:100
6 1000 100:0
+106 to -850
7 2 50:50 200%
8 0:100
9 800 2 Best ratio o ) .
Best stoichiometric addition
10 900
11 1 Best ratio o ) .
1 Best temperature 3 Best stoichiometric addition
13 Best temperature Best time Best ratio Best stoichiometric addition +106 to -300
14 Best temperature Best time Na2C03:Na2S04 Best stoichiometric addition Best PSD

Table 7 Test matrix for best roasting conditions at different HCI leaching parameters

H0 leaching HCI leaching HCI NaOH leaching
Test | Roasting conditions conditions time (hours) concentration condition
15 1
16 4
1000°C, 2 hours,
17 70°C, 2 hours, 8 20% 100°C, 3 hours, s:I of
100:0 Na2CO3:NaOH
18 ) s:l of 1:4, 350 16 1:4, 350 rpm, 2.15M
ratio, 200% ]
19 Lo . rpm 24 NaOH solution
stoichiometric Na
20 15%
24
21 25%
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3.3.2 Roasting

The prepared mixtures of roasting salt and slag were placed in SiC trays and masses were
recorded. The trays were placed in preheated muffle furnace where the temperatures of
investigation will be maintained at 800°C, 900°C, and 1000°C. During the introduction of the
SiC trays into the muffle furnace, the furnace temperature decreases due to the opening of the
furnace. Once opened, the SiC tray is placed inside the furnace and the furnace door is closed.
The furnace temperature then increases to the set temperature. Upon reaching the set
temperature, the measurement of the test duration begins. The test duration at temperature
varied from 1, 2, and 3 hours. After the roasting period, the tray was removed from the furnace
and allowed to cool down. The mass after roasting was recorded to calculate the mass loss/

gain after the roasting test.
3.3.3 Water leaching

The leaching setup is shown in Figure 10. Water leaching experiments involved boiling
deionized water in a beaker using the magnetic hotplate. Boiled water was then measured and
poured into the reactor before adding 50 g of roasted titaniferous slag to achieve a pulp density
with a solid to liquid (s:1) ratio of 1:4. The magnetic stirrer was placed inside the reactor before
immersing the reactor into an oil bath placed on top of the magnetic hotplate. The temperature
of the magnetic hotplate was raised and set in order to attain a leaching temperature of 70°C.
The leaching temperature was measured with a thermometer positioned inside the reactor to
measure the temperature of the leaching solution at 15 minutes intervals. The hot-place
temperature was either increased or decreased when the leaching solution was lower or higher
that the reaction temperature. The slurry was constantly agitated at a speed of 350 rpm for a
period of 2 hours. After 2 hours the agitation was stopped and the leach reaction slurry was
filtered, whilst hot, through Whatman 542 hardened ashless filter paper using a Buchner funnel.
The leach liquor was collected and stored separately. The reactor with the remaining residue
was filled with 200 mL of deionized water to remove all the remaining leach residue and the
filter cake was washed three times with 200 mL of deionised water. The produced filter cake
was dried overnight at 105°C. The filter cake and solution were subjected to bulk chemical and

mineralogical analysis.
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Figure 10 Schematic image of leaching setup
The vanadium extractions were calculated based on the chemical analysis of the leach residues

using equation [27].

%V eXtraCtlon = [1 - (MaSS Vleach solids/MaSS Vroast products)] X 100 [27]

3.3.4 Acid leaching

Acid leaching was firstly conducted using 20% HCI solution prepared by diluting 37%
concentrated HCI with deionized water for the test matrix in Table 6. The 20% HCI solution
was measured and poured into the reactor before adding the water leach residue to maintain
the s:I ratio of 1:4. Magnetic stirrer was then added into the mixture before placing the reactor
in an oil bath. The magnetic hotplate was then heated up to a temperature that maintained the
slurry at 110°C. The slurry was kept at temperature for different leaching times of 1, 4, 8, 16,
and 24 hours while the agitation speed was maintained at 350 rpm before filtration. The
filtration process was similar to that of water leaching where the slurry was poured onto the
filter paper and the solution was collected in the Buchner funnel. The produced solution was

collected before washing the remaining residue and filter cake with deionized water. The filter
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cake was dried overnight at 50°C overnight. The produced filter cake and solution were

analysed for bulk chemical analysis and mineralogical characterization.

The best leaching time was used to measure the leaching efficiency at different HCI solutions
of 15% and 25%. The other parameters which include the temperature, stirring speed, solid to

liquid ratio were kept constant during the leaching process.
3.3.5 Caustic leaching

Caustic leaching was conducted using NaOH prepared to a concentration of 2.15 M. The
prepared NaOH solution was measured and transferred to the reactor before mixing with acid
leach residue to achieve a s:| ratio of 1:4. The reactor was immersed in an oil bath while
maintaining the agitation speed at 350 rpm using the magnetic stirrer. The magnetic hotplate
was heated to maintain the reaction temperature at 100°C for a period of 3 hours before
filtration. The filtration process was conducted in the presence of a filter paper that held the
filter cake whilst the leach solution was collected in a Buchner funnel. The filtered solution
was collected before rinsing the remaining residue from the reactor with deionized water and
washing the filter cake. The produced filter cake was dried in an oven at 110°C overnight. The
resulting filter cake and leach solutions were further examined for chemical and mineralogical

analysis.

The TiO2 recoveries based on the residues were calculated using equation [28]:

%Tio i x Massyesi
2 residue residue x 100 [28]

% TiO, recovery to residue = -
%Ti03 feed X MASSfeed

where %TiO2 residue/feed 1S the concentration of TiO- in the residue or feed and

Mass residue/ feed 1S the mass of the residue or feed
3.3.6 Sample characterization

XRD analysis involved pulverization of each sample before characterization. Each sample was
analysed with a Bruker D8 diffractometer, using a step size of 0.02° 2 theta (©) and a counting
time of 3 seconds per step, applied over a range of 5 to 80° 20 (3 hours). The XRD method
uses the net intensity of the main peaks of the mineral, and identification is based on the crystal

structure of the mineral/ phase. Only crystalline minerals in amounts sufficient to diffract,
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usually not less than 5 mass percent, are detectable. Amorphous phases cannot be detected with
this technique. For qualitative XRD, phases are subdivided into predominant (>50 mass %),
major (30-50 %), intermediate (15-30 %), minor (5-15 %), and trace (<5 %) abundances.

Characterisation of the sample with SEM involved mounting of each sample within the epoxy
resin and polishing with paraffin to prevent the sample dissolution. The sample was subjected
to SEM analysis using a Zeiss EVO® MA15 SEM equipped with a Bruker energy dispersive
X-ray analyser (EDX/EDS). Standard operating conditions include an accelerating voltage of
20kV and a beam current of 200 pA. Note that EDS numerical data are normalised

compositions (normalised weight percent).
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3.4 Experimental difficulties

The difficulties that were encountered while conducting the experiments are discussed below.

The ways in which these problems were minimized are also discussed in the following sections.
3.4.1 Roasting

The decreasing furnace temperature during insertion of the SiC tray was the first challenge that
was encountered. This challenge could not be avoided since it was required for the furnace to
be opened before inserting the material inside the furnace for a reaction to occur. The drop in
furnace temperature was minimised by having 2 personnel to be involved during this stage.
One person would open the furnace whilst the other would insert the SiC tray instead of one
person opening and inserting the material before closing the furnace. The decrease in the
furnace temperature was minimized to less than 50°C as compared to more than 100°C when

one person was involved.

Another challenge that was faced during the roasting process was the sintering of material at
high temperatures. Reaction temperatures above 1000°C proved to produce a sintered roast
material. Sintering hinders further treatment of the roasted material as the leaching process was
demonstrated to be impossible. The decrease in roasting temperature was successful as the
roasted material did not require crushing or milling before the leaching process.

3.4.2 Leaching

Acid leaching was the only process that showed some difficulties in terms of the process and
the products that were produced. The first challenge with acid leaching was seen during the
stirring stage. It was seen that the addition of the residue to the reactor before adding the HCI
solution did not agitate the material. The magnetic stirrer became stuck at the bottom of the
reactor irrespective of the speed used. The agitation of the material was successful when the
HCI solution was added first prior to the residue addition.

The next challenge encountered was during the drying stage of the leach residue. High-
temperature drying of the acid leach residue at 110°C resulted in a mushy sample that was
difficult to pulverize for chemical analysis. It was found that lowering the drying temperature

to 50°C resulted in a dry material that was able to pulverize.
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CHAPTER 4

ROASTING RESULTS

Experimental results for all the V2Os extraction experiments conducted to optimize the roasting
conditions are presented in this chapter. This chapter presents the chemical composition results
of the raw/ feed, roasted, and leach solid/ residue materials. It also presents and discusses the
effects of Na reagent composition, temperature, time, PSD, and different Na reagents on V
extractions. Also, the phase chemistry of the material that produced the best results is presented

and discussed in this chapter.

4.1 Characterisation of materials

4.1.1 Chemical composition of raw materials

The bulk chemical composition of the raw/ feed titaniferous slag is presented in Table 8. The
results confirm that the slag contained 0.95% V.05 and 35.6% TiO> as reported by Steinberg,
et al., (2011). The chemical composition results also show that the slag contained high
concentrations of impurities namely; Al,O3, CaO, FeO, MgO, and SiO». All these impurities
were generally at concentrations higher than 7%. Cr.O3, MnO, and S were generally low at

<1% concentrations.

Table 8 Chemical composition of the titaniferous slag (mass %)

A|203 CaO Cr,03 *FeO MgO MnO SiOz V705 Ti02 S
7.90 14.3 0.38 7.18 9.45 0.64 19.2 0.95 35.6 0.34

*Total Fe expressed as FeO

4.1.2 Phase chemistry of raw materials

Figure 11 and Table 9 present the backscattered electron (BSE) image, EDS and XRD analysis
results for the raw titaniferous slag used to complete these experiments. The different phases
that were present in the titaniferous slag include spinel, pseudobrokite, titanaugite, and the Fe-
rich alloy. V was mainly present in the spinel, pseudobrookite cc, and alloy phases, whilst Ti
was present in all the phases but dominant in pseudobrookite cc and perovskite phases. As
confirmed by Borowiec, et al.(1998) and Wang, et al (2018), the Ti in their titaniferous slag is
mostly present in the pseudobrookite cc phase. The impurities, which include Mg, Ca, Al, Fe,
and Si were present in the different phases of the raw titaniferous slag. Mg and Al impurities
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were present in the spinel, pseudobrookite ss, and titanaugite while Ca was found in titanaugite
and perovskite phases. Si and Fe impurities were found in titanaugite and alloy phases

respectively.
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1 Perovskite, syn
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1 Augite
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a) BSE image b) XRD spectra

Figure 11 a) Backscattered electron image of the raw titaniferous slag, b) XRD spectra of the
raw titaniferous slag
Table 9 EDS analysis results of the BSE phases and XRD phase composition of the raw
titaniferous slag (mass %)

Spot | O Mg | Al Si Ca Ti \% Fe XRD results

1 443 |18.2 | 32.8 4.1 0.5 Spinel

2 404 | 6.7 2.7 49.7 | 0.5 Pseudobrookite ss
3 423 | 7.7 8.2 147 | 18.1 | 8.9 Titanaugite

4 34.9 32.0 | 33.1 Perovskite

5 1.0 1.5 | 975 | Fe-Ti-V alloy
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4.2 Roasting of titaniferous slag

Roasting of titaniferous slag in high stoichiometric Na additions was conducted to destabilise
the V-bearing phase for maximum V extractions. The reaction that occurs during the roasting
of Na,CO3 and NaOH salts with the titaniferous slag spinel [(Mg, Fe)(Al, Ti, V)204] can be
described by equations [29] to [36] (Lv, et al., 2022; Lee, et al., 2021; Parirenyatwa, et al.,
2016). The main endmembers of the spinel were assumed to be MgAIl204, MgV204, FeAl>O4,
and FeV204 (NKosi, et al., 2024). The Ti-containing endmembers such as MgTi>Os and
FeTiO4 were not included since the solubility of TiO> in the solid solution of the spinel is
limited (Goso, et al., 2024).

MgALO, + Na;CO3 — 2NaAlO; + MgO + CO, [29]
MgV,0s + Na;CO3 + O, — 2NaVOs + MgO + CO, [30]
FeAL,O, + Na;COj3 + 0.250; — 2NaAlO; + 0.5Fe,03 + CO; [31]
FeV,04 + Na,COjs + 1.250, — 2NaVO; + 0.5Fe;,05 + CO, [32]
MgAIL,04 + 2NaOH — 2NaAlO; + MgO + H,0 [33]
MgV204 + 2NaOH + O — 2NaVOs + MgO + H,0 [34]
FeAl,O, + 2NaOH + 0.250, — 2NaAlO; + 0.5Fe,03 + Hz0 [35]
FeV,04 + 2NaOH + 1.250; — 2NaVOj3 + 0.5Fe,03 + H,0 [36]

4.3 Effect of Na reagent composition and addition

The chemical composition of the roasted slags, leach residues, calculated V extractions, and
resulting TiO2 grades and TiO- recoveries to the residues are reported in the following sections.
These results were reported for different stoichiometric Na additions and Na,COz:NaOH ratios,

at constant roasting temperature of 1000°C and a reaction period of 2 hours.
4.3.1 Chemical composition of the roasted slags and leached residues

The chemical composition of the titaniferous slags roasted in the presence of 115% and 200%
stoichiometric Na addition and at different Na2CO3:NaOH ratios are presented in Table 10 and
Table 11, respectively. The chemical composition results of the roast material showed dilution
in the chemical compositions since excess Na additions were used. The concentrations of TiO>
ranged from 22.5% to 26.4% and V.Os varied between 0.60 — 0.68%% at different
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Na>CO3:NaOH ratios. The concentrations that were significanlty diluted include Cr.0s, FeO,
SiO2, V205, and TiO.. The concentrations of CaO, MgO, and MnO were generally the same
whilst a substantial increase in Al203 concentrations was observed. The increase in Al2Os
concentrations might be attributed to the formation of a new stable phase after roasting. The
chemical reactions [29], [31], [33], and [35] showed that the decomposition of the spinel phase
in the presence of Al,O3 forms NaAlIO2 which might be the stable phase that caused high Al>O3

concentrations after roasting.

Table 10 Chemical composition (mass %) of the titaniferous slags roasted in the presence of

115% stoichiometric Na addition

Test | Na2CO3:NaOH | Na2O AlOs CaO Cr03 FeO MgO MnO SiO2 TiO2 V205
1 100:0 16.4 145 145 014 400 101 056 124 258 0.67
2 85:15 16.3 147 143 013 382 102 055 120 253 0.66
3 50:50 16.3 146 145 013 415 101 056 125 258 0.68
4 15:85 185 143 146 014 424 101 057 123 258 0.68
5 0:100 19.7 134 142 010 380 993 058 119 264 0.60

Table 11 Chemical composition (mass %) of the titaniferous slags roasted in the presence of

200% stoichiometric Na addition

Test | Na2COs:NaOH | Na2O Al:Os CaO Cr:0s FeO MgO MnO SiOz TiOz2 V20s
6 100:0 15.1 115 104 0.15 557 958 052 134 228 0.64
7 50:50 14.2 11.7  10.3 0.15 578 983 052 135 232 0.66
8 0:100 14.7 118 9.86 0.13 539 920 050 131 225 0.64

Table 12 and Table 13 present the chemical compositions of the water leached residues after
roasting the titaniferous slags in the presence of 115% and 200% stoichiometric Na additions
respectively. The concentrations of V2Os in the residues decreased for both titaniferous slag
roasted at different stoichiometric Na additions with the 200% stoichiometric Na additions
being the lowest. Low V205 concentrations in the water leach residue suggest that most of the
V was leached out into the solution as anticipated. The 200% stoichiometric Na additions
decreased to approximately 0.15% V.0Os whilst 115% stoichiometric additions decreased to
about 0.36% V205 in the water-leach residue. These results suggest that the leaching of V was
achieved in both stoichiometric Na additions investigated but more effective at 200%
stoichiometric Na additions.
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Table 12 Chemical composition (mass %) of the water leached residues from the titaniferous

slag roasted with the presence of 115% Na addition

Test | Na2CO3:NaOH | Na2O AlOs CaO Cr03 FeO MgO MnO SiO2 TiO2 V20s
1 100:0 17.3 14.3 126 015 283 116 056 151 248 0.36
2 85:15 15.8 13.9 120 023 410 112 053 155 260 0.39
3 50:50 17.7 14.0 125 017 395 114 056 148 242 0.36
4 15:85 15.9 13.7 122 015 400 111 054 155 255 0.38
5 0:100 14.1 13.8 129 009 331 117 060 159 266 0.40

Table 13 Chemical composition (mass %) of the water leached residues from the titaniferous

slag roasted with the presence of 200% Na addition

Test | Na2CO3:NaOH | Na2O AlkOs CaO Cr:0s FeO MgO MnO SiO2z TiOz V205
6 100:0 141 10.4 124 <005 550 104 0.63 148 241 0.17
7 50:50 14.2 10.1 123 <005 560 104 0.62 149 240 0.16
8 0:100 147 10.2 124 <005 6.13 105 0.63 150 242 0.15

The chemical composition of the acid-leached residues produced by the titaniferous slags
roasted at 115% and 200% stoichiometric Na reagents are summarised in Table 14 and Table
15. As explained in the literature review, the aim of acid leaching was to remove detrimental
species such as Mg, Al, Ca, and Fe. This concept proved to be successful for CaO, FeO, and
MgO which showed a significant reduction in concentrations after acid leaching. The Al>Os
and V205 contents remained the same after acid leaching. A slight increase in SiO2 and TiO>
concentrations was visible in the acid leach residue. Borowiec, et al., (1998) reported that the
removal of impurities such as V, Al, and Si is not fully effective during the upgrading of
titaniferous materials through HCI acid leaching. These results are comparable with those
found by Borowiec, et al., (1998) as the Al.Os content remained the same after acid leaching
whilst SiO> increased in concentration after acid leaching. This was also true for V20s
concentrations in the residue produced from roasting the slag at 115% stoichiometric Na
additions. The concentration of V20Os in the residue that was produced after roasting the slag at
200% stoichiometric Na additions remained the same. The success of the acid leaching stage
could be measured by the resulting concentrations of impurities and the TiO2 in the residue.
The TiO2 concentrations have increased to >40% when comparing the water-leach and acid-
leach residues for both stoichiometric Na additions investigated.
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Table 14 Chemical composition (mass %) of the acid-leached residues produced after
leaching water leach residues produced from 115% stoichiometric Na reagent additions to the

titaniferous slag

Test | Na2COs:NaOH | Na2O AlOs CaO Cr:203 FeO MgO MnO SiO2 TiOz2 V205
1 100:0 115 10.6 2.27 014 114 531 013 236 443 056
2 85:15 9.01 10.8 1.65 019 131 555 011 271 433 059
3 50:50 12.6 8.63 294 010 071 477 011 248 443 0.8
4 15:85 13.6 9.50 2.75 008 069 401 011 231 445 0.60
5 0:100 13.1 10.6 2.45 008 053 560 012 244 412 058

Table 15 Chemical composition (mass %) of the acid-leached residues produced after
leaching water leach residue produced from 200% stoichiometric Na reagent additions to the

titaniferous slag

Test | Na2CO3:NaOH | Na2O AlkOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V20s
6 100:0 121 11.0 428 <0.05 159 357 0.19 239 403 0.14
7 50:50 13.3 10.2 438 <0.05 165 3.69 021 221 401 0.15
8 0:100 135 10.3 450 <0.05 178 3.73 026 215 404 0.13

The chemical composition of the caustic leached residues are reported in Table 16 and Table
17. The caustic leaching was aimed at the removal of Si impurities and further upgrading the
Ti0O2 concentrations in the residue. This process was a success for all the residues produced at
different stoichiometric Na additions. The SiO. concentration were minimised from
approximately 23% to 4%. Al,O3 concentrations in the residue remained high at >15.5%. With
the removal of Si during caustic leaching, the other impurities concentrated in the final residue.
The removal of SiO2 during caustic leaching, upgraded the TiO. further to <64% in
concentration.

Table 16 Chemical composition (mass %) of the caustic leached residues at 115% Na

addition
Test | Na2COsz:NaOH | Na2O AlkOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V205
1 100:0 2.93 14.9 2.54 0.14 111 7.59 0.16 351 657 0.80
2 85:15 3.35 154 2.49 0.14 081 7.79 015 284 644 0.85
3 50:50 3.96 141 4.27 0.13 094 741 0.17 329 640 0.84
4 15:85 4.88 14.7 6.43 0.14 157 7.90 025 561 576 0.74
5 0:100 3.96 12.9 4.18 0.14 0.90 6.74 0.16 3.14 66.0 0.87
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Table 17 Chemical composition (mass %) of the caustic leached residues at 200% Na

addition
Test | Na2CO3:NaOH | Na.O AlkOs CaO Cr:0s FeO MgO MnO SiO2 TiO2 V:0s
6 100:0 304 130 419 <005 154 505 028 295 687 051
7 50:50 329 136 433 010 157 616 036 421 648 053
8 0:100 293 131 456 037 181 631 031 486 668 053

4.3.2 Extraction efficiencies of V at different Na reagent composition and addition

Figure 12 shows the V extraction efficiencies calculated using equation [27] for the slags
roasted at 115% and 200% stoichiometric Na additions. The results show that the highest V
extractions were attained when the slag was roasted at 200% stoichiometric Na additions as
compared to the 115% stoichiometric Na additions. The 115% stoichiometric Na additions
show a decrease in vanadium extraction with an increase in the amount of NaOH added to the
Na2COs. The highest V extraction of 66% was attained at Na2CO3:NaOH mass ratio of 0:100
of the 115% stoichiometric Na additions followed by 65.7% at Na2CO3:NaOH mass ratio of
100:0. The mixed salt resulted in lower V extractions for both 115% and 200% stoichiometric
Na additions. The 200% stoichiometric Na additions resulted in high V extractions when the
salts were not mixed. Duplicate V extraction results of Na2CO3:NaOH mass ratio of 100:0
were 76.7% and 74.7% whereas Na;COs:NaOH of 0:100 ratio resulted in duplicate V
extraction efficiencies of 76.0% and 71.3%. For Na,COg, the average V extractions of 75.7%
with a standard deviation of 1.4% were attained whilst NaOH tests resulted in an average of
73.7% V extractions and a standard deviation of 3.3%. The standard deviation lower than 5%
suggests that the experimental process and results were reproducible. These results show that
there is a limitation in V recoveries when a combination of the salts was used. The 115% and
200% stoichiometric Na addition results suggest that the individual addition of salts results in

higher V extractions as compared to the combination of the salts.
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Figure 12 The effect of Na2CO3:NaOH mass ratio on V extraction efficiencies for

titaniferous slags roasted in the presence of 115% stoichiometric Na addition
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4.3.3 TiO2 grades and recovery to the residues at different Na reagent composition and
addition

The TiO; grades and recoveries to the residues attained after the removal of impurities during
acid leaching are reported in Figure 13 and Figure 14. The acid leaching results showed a
significant increase in TiO2 concentrations at >40% for both 115% and 200% stoichiometric
Na additions. The TiO2 concentrations were generally higher at 115% stoichiometric Na
additions as compared to the 200% stoichiometric Na additions. These high TiO> grades in the
115% stoichiometric Na additions may be attributed to higher degrees of impurity removal.
The TiO2 recoveries to the residues were generally at >86% for both 115% and 200%

stoichiometric Na additions.
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Figure 13 The titania grade and recovery to the residue for 115% Na addition after acid

leaching
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Figure 14 The titania grade and recovery to the residue for 200% Na addition after acid
leaching
Figure 15 and Figure 16 show the TiO> grades and recoveries to the residue after the removal
of Si impurity during the caustic leaching process. The TiO> grades were generally improved
at both 115% and 200% stoichiometric Na additions with 200% additions being the highest.
These high grades were attributed to the successful Si removal during the caustic leaching
process. High TiO> grades were attained when salts were used individually as compared to the
mixed salts. The TiO- recoveries to the residues were generally high for both stoichiometric

Na additions investigated.
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The results showed that using individual salts resulted in high V extractions and TiO2 grades
as compared to the combination of salts for both 115% and 200% stoichiometric Na additions.
Using either Na2COz or NaOH for further testing would be an acceptable choice since their
results were almost similar. However, NaOH salt is quite expensive and is not used in the
industrial V primary production process. It was therefore decided to adopt the use of Na,CO3

at 200% stoichiometric Na additions for further investigations.

4.4 Effect of temperature
The chemical composition results that were used to measure the effect of roasting temperature
on V extraction efficiencies and the resulting TiO. grades produced after the removal of

impurities are discussed in this section.
4.4.1 Chemical composition of the roasted slags and leached residues

The chemical compositions of the titaniferous slags roasted at different temperatures are
presented in Table 18. The chemical compositions of the slags roasted at different temperatures
were fairly comparable irrespective of the roasting temperature. As previously observed, the
dilution of the roast material was also observed at different roasting temperatures. The
concentrations of CaO, Cr203, FeO, MnO, SiO», TiO2, and V205 were slightly decreased whilst
concentrations of MgO and MnO remained the same in the feed and roast materials. A similar
behaviour of a slightly increased AlOs concentration after roasting was also observed at
different roasting temperatures, suggesting that the Al species stabilised in a new phase that

formed during the roasting process.

Table 19 shows the chemical composition of the water leached residues after roasting at
different temperatures. After water leaching, most of the compounds remained the same except
for V205 and TiO2 which showed a decrease and an increase in concentrations respectively.
The leach residues showed an increase in V20s concentrations with a decrease in temperature
suggesting higher oxidation degree of V at high temperatures. The concentrations of Na2O in
the water leach residues increased with a decrease in temperature signifying that the reaction
of Na with V20s to form a water soluble NaVOz was less favoured at lower temperatures. The

water leach process aimed at leaching out VV was more effective at higher temperatures.
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Table 18 Chemical composition (mass %) of the slag roasted at different temperatures for
200% Na addition

Test | Temperature (°C) | Na2O Al:0s CaO Cr:03 FeO MgO MnO SiO2 TiO2 V205
6 1000 151 115 104 015 557 958 052 134 228 0.64
9 900 195 111 106 019 390 810 046 132 204 0.63
10 800 25.8 121 115 020 404 870 049 141 217 0.67

Table 19 Chemical composition (mass %) of the water leached residues at different

temperatures for 200% Na addition

Test | Temperature (°C) | Na2O Al:Os CaO Cr:03 FeO MgO MnO SiO: TiOz2 V20s
6 1000 141 104 124 <005 550 104 063 148 241 0.17
9 900 16.0 102 118 010 399 883 051 155 251 0.23
10 800 144 125 121 020 391 913 055 156 254 0.35

Table 20 shows the chemical compositions of the acid-leached residues at different
temperatures. The removal of impurities such as CaO, FeO, MgO, and MnO was observed at
different temperatures since the concentrations significantly decreased. The concentrations of
V205 and Al>O3 remained the same, while the concentration of SiO increased. The removal of
the impurities upgraded the TiO- in the acid-leach residue to concentrations above 34% TiO>
for all the temperatures investigated. The acid-leaching process aimed at impurity removal was
favoured for most of the compounds except for Al.Os. The impurity removal through acid-

leaching was slightly higher at higher roasting temperatures.

Table 21 gives the chemical compositions of the residues that resulted after roasting the slag at
different temperatures. A slight increase in AlOs, MgO, and V20s concentrations was
observed from the resulting chemical concentrations. The removal of SiO. was significant at
higher temperatures of 1000°C. Temperatures of 900°C and below, resulted in SiO;
concentrations of <9% suggesting that caustic leaching was favoured after roasting the slag at
1000°C. The concentrations of TiO2 were upgraded after caustic leaching with the highest TiO>
concentration of 68.7% attained at 1000°C. The caustic leaching results showed that it was
possible to remove Si and upgrade TiO: for the titaniferous slag roasted at 1000°C. At lower
roasting temperatures more Si species remained in the residue and the TiO2 concentrations

were at <57.4%.
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Table 20 Chemical composition (mass %) of the acid-leached residues at different

temperatures
Test | Temperature (°C) | Na2O A0z CaO Cr:0s FeO MgO MnO SiOz TiO2 V20s
6 1000 121 11.0 428 <0.05 159 357 019 239 403 0.14
9 900 124 142 486 0.09 138 389 018 244 364 025
10 800 12.0 171 5.06 0.31 115 394 011 254 347 054

Table 21 Chemical composition (mass %) of the caustic leached residues at different

temperatures for 200% Na addition

Test | Temperature (°C) | Na2O AlOs CaO Cr:03 FeO MgO MnO SiO2 TiOz2 V20s
6 1000 3.04 13.0 419 <0.05 154 5.05 028 295 68.7 0.51
9 900 3.63 16.2 4.86 0.09 138 5.19 0.18 939 574 0.55
10 800 3.50 18.1 4.56 0.31 115 534 0.11 104 547 0.54

4.4.2 Extraction efficiency of vanadium

Figure 17 presents a graph showing the effect of temperature on vanadium extractions. As it
appears in the Figure, V extraction efficiencies decreased with a decrease in roasting
temperature. The chemical composition results of the water-leach residues also showed higher
V205 concentrations at lower roasting temperatures. These results suggest that V extraction is
sensitive to the roasting temperature since these extractions depend on the reaction of Na with
V-0s to form a water-soluble NaVOs. At higher temperatures, the formation of NaVOs is
favoured when compared to lower temperatures. These results confirm those found by Gilligan
& Nikoloski, 2020 who showed that high V extractions were mostly attained after roasting V-
bearing materials at high temperatures.

The highest V extraction efficiency of 75.7% was achieved after roasting the titaniferous slag
at a roasting temperature of 1000°C followed by 66.7% for 900°C. The lowest V extraction
efficiency was reported to be 55.7% after roasting the slag at 800°C. These results agree with
those found by Zhang, et al. (2019) and Deng, et al. (2020) who showed that the roasting
temperature does affect the leaching efficiency of vanadium such that at higher roasting

temperatures, higher V extractions would be attained.
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Figure 17 The effect of temperature on vanadium extraction efficiencies
4.4.3 TiOzgrade and recovery to the residues

Figure 18 shows the effect of temperature on the upgraded TiO and the TiO; recoveries to the
acid-leach residue. The results showed a decrease in TiO2 grade with a decrease in temperature.
This was due to the removal of impurities which was higher for the slag roasted at higher
temperatures as shown in Table 20. The highest TiO2 grade of 40.3% was attained after roasting
the titaniferous slag at 1000°C. At lower temperatures, the resulting TiO2 grade was 36.4% and
34.7% for 900°C and 800°C respectively. The TiO recoveries to the residues was above 75%
for all the temperatures investigated.

Figure 19 shows the TiO2 grades and recoveries to the residues after caustic leaching of the
titaniferous slag roasted at different temperatures. The results show higher TiO. grades of
68.7% for the slags roasted at 1000°C. The resulting TiO> grades for the slags roasted at lower
temperatures were <56.4%. These results were confirmed by the chemical compositions of the
caustic leach residues which showed low SiO. concentrations at higher temperatures of
1000°C, suggesting that the removal of SiO2 through caustic leaching process was more
effective for the slags roasted at higher temperature. The TiO2 recoveries to the residues
decreased with decreasing temperature.
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The effect of temperature on V extractions and the TiO; grades that resulted after impurity
removal has shown that 1000°C produced the best results. Therefore, the roasting temperature

of 1000°C was selected for further investigations.

45 Effect of time

The results showing the effect of roasting time on V extraction efficiency and the resulting

TiO2 grade after the removal of impurities are reported in this section.
4.5.1 Chemical composition of the roasted slag and leached residues

The chemical compositions of the titaniferous slags roasted at different times are reported in
Table 22. The dilution in concentrations due to high Na additions was visible for CaO, Cr203,
FeO, SiOy, TiO2, and V205 whilst the concentrations of MgO and MnO remained the same.
The same increase in Al,O3 concentrations was observed at different roasting times as
previously observed for different stoichiometric Na additions and temperatures. This increase
was attributed to the possible formation of the NaAIO2 phase as shown in section 4.2.

Table 23 presents the chemical compositions of the water leached residues after roasting the
titaniferous slag at different roasting times. The results showed a decrease in V205
concentration with increasing roasting time. These results recommend longer reaction periods
for the reaction of V205 with the Na reagent.

Most of the other compounds generally remained the same after water leaching except for SiO>

and TiOz concentrations which showed a slight increase.

The chemical compositions of the acid-leached residues roasted at different times are tabulated
in Table 24. The results showed a decrease in CaO, FeO, MgO, and MnO concentrations
suggesting the removal of these impurities, but not to completion. The removal of these
impurities was the highest at higher roasting time of 180 minutes. An increase in SiO:
concentration was visible at different roasting times whilst Al,O3 concentrations remained the
same. These results suggest that the longer roasting periods results in lesser impurities in the
residue. The highest TiO. grades of 40.7% were attained after roasting for a period of 180

minutes.

51



Table 25 presents the chemical compositions of the caustic leached residues at different
roasting times. The results showed a slight increase in concentrations of Al>Os, CaO, FeO,
MgO, MnO, and V205 whilst TiO2 concentrations increased significantly. Caustic leaching
aimed at removing SiO2 showed a significant drop in SiO2 concentrations. The caustic leaching
process was successful since the highest TiO, grade of 68.7% and the lowest SiO>

concentrations of about 3% were attained after roasting for a period of 120 minutes.

Table 22 Chemical composition (mass %) of the slags at different roasting time

Test | Time (min) | Na2O  AlOs  CaO Cr,0s FeO MgO MnO SiO; TiO2 V205
11 60 18.9 12.0 12.1 0.19 333 9.83 054 148 220 0.65

6 120 151 115 10.4 0.15 557 9.58 052 134 228 0.64
12 180 14.3 121 12.2 0.18 344  9.88 054 149 222 0.67

Table 23 Chemical composition (mass %) of the water leached residue different reaction

periods
Test | Time (min) | Na2O AlLOs CaO Cr:03 FeO MgO MnO SiO; TiO2 V20s
11 60 14.8 11.2 131 <005 361 108 058 161 240 0.39
6 120 15.1 104 124 <0.05 550 104 063 148 241 0.17
12 180 14.8 10.9 131 <0.05 360 107 058 162 244 0.13

Table 24 Chemical composition (mass %) of the acid leached residues at different reaction

periods
Test | Time(min) | Na2O ALO; CaO Cr:0; FeO MgO MnO SiO; TiO2 V205
11 60 133 104 405 <005 085 307 0.14 239 406 045
6 120 121 110 428 <005 159 357 019 239 403 0.14
12 180 122 104 304 <005 054 393 008 241 407 021

Table 25 Chemical composition (mass %) of the caustic leached residues at different reaction

periods
Test | Time(min) | Na2O ALOs CaO Cr0; FeO MgO MnO SiO; TiO2  V20s
11 60 360 139 645 008 1.28 478 022 316 608 0.72
6 120 304 130 419 <005 154 505 028 295 687 051
12 180 309 130 597 011 1.00 363 015 567 61.0 077
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4.5.2 Extraction efficiencies and leaching rates of vanadium at different reaction times

Figure 20 shows the effect of roasting time on the V extraction efficiency after roasting the
titaniferous slag at different roasting times. The results showed an increase in V extraction
efficiencies when the roasting time was increased from 60 to 120 min and thereafter a slight
decrease at longer roasting time of 180 minutes. V extraction efficiencies were reported to
increase from 45.0% at 60 minutes to 75.7% at 120 minutes. Thereafter the V extractions
decreased to 68.7% after roasting for a period of 180 minutes. Similar trends were reported by
Li, etal., (2018) who showed that the leaching efficiency increased at lower roasting times and
reached maximum, thereafter decreased at longer roasting times. Li, et al., (2018) results

suggested that this was allegedly due to the sintering of the roast products.
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Figure 20 The effect of roasting time on the vanadium extraction efficiencies
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4.5.3 Titania grades and recovery to the residue

Figure 21 shows the TiO> grades that resulted after roasting at different times. The results
showed similar TiO2 grades produced after roasting at different times. These grades ranged
between 40.3 to 40.7% in TiO2 concentrations. These results were expected since the removal
of impurities at different roasting times was almost similar with 180 minutes which was slightly
higher. The TiO2 recoveries to the residues were fairly high at >82% for all roasting times

investigated.

The effect of roasting time on TiO> grade and recoveries to the residues after caustic leaching
are shown in Figure 22. The results showed an increase in TiO2 grades with increasing roasting
time up to 120 minutes, thereafter the grades decreased. The highest TiO» grade of 68.7 was
attained at 120 minutes roasting times. These results agree with the chemical composition
results which showed the highest SiO> removal at 120 minutes, suggesting that the more SiO>
was removed the higher the resulting TiO. grade. The TiO2 recoveries to the residues were

generally high for all the tested roasting times.
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Figure 21 The TiO. grades and recovery to the residues after acid leaching
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Figure 22 The TiO2 grades and recovery to the residue after caustic leaching

The results showed high V extraction efficiencies and TiO> grades after roasting for a period
of 120 minutes, thus 120 minutes was selected for further testwork.
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4.6 Effect of PSD

4.6.1 Chemical compositions

The chemical compositions of the titaniferous slags roasted at different PSDs are summarised
in Table 26. The results show the dilution of most compounds due to high Na additions as
previously observed at different stoichiometric Na additions, roasting temperature, and roasting
time. The same increase in Al.O3 concentrations was also observed at different PSDs with

increased MgO for fine roast material of +106 — 300 pm.

Table 27 shows the chemical composition of the water leached residues after roasting the
titaniferous slags at different PSDs. The results showed a decrease in VV20s concentrations for
both PSDs investigated, with the coarse material attaining lower V.Os concentrations. These
results contradict those of Li et.al 2017 who showed that finer particles resulted in higher V

extractions.

Table 28 shows the chemical composition of the acid leach residues after roasting the
titaniferous slags at different PSDs. The results showed that the concentrations of CaO, FeO,
MgO, and MnO decreased significantly when the roast material was fine. The concentrations
of Al,O3 and SiO; increased for roast materials at different PSDs. The removal of impurities,
upgraded the TiO2 concentration to >35%. The highest TiO2 grade of 40.3% was attained when
a coarse material was roasted. These results suggest that fine materials have the potential to

remove more impurities when compared to coarse materials during the acid leach process.

The chemical composition of the caustic leached residues for the titaniferous slags roasted
under at different PSDs are reported in Table 29. The chemical composition results showed an
increase in Al.O3, MgO, and V.0s concentrations. The concentrations of CaO, FeO, and MnO
remained the same whilst the SiO concentration significantly decreased. The decrease in SiO>
concentration resulted in an upgrade of TiO2 concentration with maximum of 68.7% attained
for coarse material. These results suggest that the caustic leaching was successful as most of

the SiO> was removed during the process.
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Table 26 Chemical composition (mass %) of the roasted slags at different PSD

Test | PSD(um) | Na2O AlLOs CaO Cr.0s FeO MgO MnO SiO2 TiO2 V205
6 | +106-850 | 15.1 115 104 015 557 958 052 134 228  0.64
13 | +106-300 | 17.3 104 132 <0.05 332 110 055 156 234  0.65

Table 27 Chemical composition (mass %) of the water leach residue at different PSD

Test [ PSD (um) [ Na2O AlROs CaO Cr:03 FeO MgO MnO SiO2 TiOz V20s
6 +106 -850 | 141 104 124 <005 550 104 063 148 241 0.17
13 | +106-300 | 132 115 118 025 317 100 052 142 344 025

Table 28 Chemical composition (mass %) of the acid leach residue at different PSD

Test PSD (um) Na2O AlOs CaO Cr:03 FeO MgO MnO SiOz TiOz2 V205
6 +106 — 850 12.1 110 428 <005 159 357 019 239 403 0.14
12 +106 - 300 16.1 156 364 019 064 242 010 228 352 0.36

Table 29 Chemical composition (mass %) of the caustic leach residue at different PSD

Test | PSD (um) | Na2O AlOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V205
6 +106 -850 | 3.04 13.0 419 <005 154 505 028 295 687 051
13 | +106-300 | 8.78 188 386 023 032 4.66 0.20 254 553 0.66
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4.6.2 V extraction efficiencies at different PSDs

Figure 23 shows the effect of PSD on the V extraction efficiencies of the titaniferous slags
roasted at different PSDs. The results showed lower V extraction efficiencies of 65.2% for fine
titaniferous slag material of PSD +106 — 300 um. The V extraction efficiencies for the coarse
material with PSD of +106 — 850 um were favoured at extractions of 75.7% suggesting that
high PSDs resulted in high V extractions. These results agree with those reported by Goso, et

al., (2016) who demonstrated high V extraction efficiencies when a coarser material was used
as a feed material.
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Figure 23 The effect of PSD on vanadium extraction efficiencies
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4.6.3 TiOzgrade and recovery to the residue

The effect of PSDs on TiO> grades that resulted after acid leaching are shown in Figure 24.
The results showed that higher TiO grades resulted when a coarse material was roasted. These
results contradict the chemical composition results which showed higher removal of impurities
which may result in higher TiO, grades. The lower TiO grade after the removal of higher
amounts of impurities requires further investigation. The TiO2 recoveries to the residue

decreased with a decrease in PSD.

The effect of PSDs on TiO grades after caustic leaching are shown in Figure 25. The results
showed an increase in TiO2 grades with increasing PSD. The coarser material had the highest
TiO2 grade of 68.7% as compared to the finer material with a TiO2 grade of 55.3%. The
chemical composition results showed lower SiO2 concentrations for fine material suggesting
that high TiO2 grades were expected for fine material. These results need further investigation
to determine the cause of these lower TiO. grades with high impurity removal. The TiO>

recoveries to the residues at different PSDs were generally high.
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Figure 24 The effect of PSD on TiO> grade and recovery to the residue after acid leaching
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Figure 25 The effect of PSD on TiO> grade and recovery to the residue after caustic leaching

Although higher impurities were removed when the slag was roasted with fine material, the
coarse material showed high V extractions and TiO. grades. Therefore, for further

investigations, +106 — 850 um material was used for further investigations.
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4.7 Effect of Na reagents

4.7.1 Chemical compositions of the roasted slag and leached residues

The chemical compositions of the titaniferous slags roasted at different Na reagents are
reported in Table 30. The roast material results showed the dilution of CaO, Cr,03, FeO, MnO,
Si0O,, TiO2 and V20s. The Al,O3z concentration increased in the roasted material whilst the
MgO concentration remained fairly constant.

Table 31 shows the chemical compositions of water leach residues at different Na reagents.
The results showed that the Al>Os concentration remained fairly constant whilst the
concentrations of CaO, FeO, MgO, MnO, SiO, and TiOz slightly increased. The overall VV20s

concentration decreased in the order of NaOH > NayCO3 > NazSOas.

The chemical compositions of the acid-leach residues roasted at different Na reagents are
presented in Table 32. The results showed that the concentrations of CaO, FeO, MgO, and
MnO significantly decreased whilst Al.O3 and SiO increased. The TiO> grades that resulted
after the impurity removal were >38% for all the Na reagents tested. The highest TiO2 grades

were seen for NaOH and Na,COs with NaxSO4 having the lowest TiO> grades.

The chemical compositions of the caustic leach residues roasted at different Na reagents are
summarised in Table 33. The results showed no significant change in concentrations of CaO,
FeO, and MnO of the caustic-leach residues whilst the Al,O3 and MgO concentrations
increased. The Na>SO4 reagent resulted in the highest Al.O3 concentrations when compared to
the NaOH and Na>COs reagents. A substantial decrease in SiO2 concentrations was seen for all
Na reagents with Na.CO3 having the lowest concentration. The TiO> grades for NaOH and

Na>COs reagents were comparable whilst the Na,SO4 reagent had the lowest grade.

Table 30 Chemical composition (mass %) of the slag roasted for different Na reagents

Test | Nareagent | Na2O AlOs CaO Cr:03 FeO MgO MnO SiO; TiO2 V20s
6 Na2COs 15.1 115 10.4 0.15 5,57  9.58 052 134 228 0.64
8 NaOH 14.2 11.8 9.86 0.13 539 9.20 050 131 225 0.64
14 Na S04 20.3 11.9 10.4 0.16 528 10.3 049 140 226 0.65
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Table 31 Chemical composition (mass %) of the water leached residues for different Na

reagents
Test | Nareagent | Na2O AlOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V20s
6 Na.CO3 141 104 124  <0.05 550 104 0.63 148 241 0.17
8 NaOH 14.7 10.2 124 <0.05 6.13 10.5 0.63 150 24.2 0.15
14 Na.SO4 13.6 11.2 128 <0.05 6.04 11.3 0.59 165 233 0.23

Table 32 Chemical composition (mass %) of the acid leached residues for different Na

reagents
Test | Nareagent | Na2O AlOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V20s
6 Na,COs 12.1 110 428 <005 159 357 019 239 403 0.14
8 NaOH 13.5 103 450 <005 178 373 026 215 404 0.3
14 Na2SO4 11.9 14.7 3.98 <0.05 143 433 0.16 234 386 0.22

Table 33 Chemical composition (mass %) of the caustic leached residues at different Na

reagents
Na
Test reagent Na2O AlOs; CaO Cr:03 FeO MgO MnO SiO2 TiOz2 V205
6 Na>,CO3 3.04 13.0 419 <0.05 154 5.05 028 295 687 051
8 NaOH 293 131 456 037 181 631 031 48 668 053
14 Na2SO4 560 158 533 031 177 569 035 38 59.7 047

4.7.2 Extraction efficiencies at different Na reagents

The effect of Na reagents on the V extraction efficiencies are shown in Figure 26. The results
showed high V extraction efficiencies of 75.7% for Na,COsz and 73.7% for NaOH, with the

lowest V extraction efficiencies of 68.2% for Na>SOs. The NaxSO4 reagent required high

reaction temperatures in order to maximise vanadium extractions. As reported by Nkosi, et al.,

(2017), the best V extraction efficiencies were attained at reaction temperatures of 1100°C and

above when Na>SO4 reagent was used.
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4.7.3 TiO2z grades and recovery to the residue at different Na reagents

The effect of different Na reagents on TiO. grades and recoveries to the residues after acid
leaching are shown in Figure 27. The results showed similar high TiO, grades for NaOH and
Na>COs. The lowest TiO2 grade of 38.6% was reported when Na>SO4 reagent was used. The
TiO> recoveries to the residues were generally above 88% for all the different Na reagents

investigated.

Figure 28 shows the effect of Na reagents on TiO grades and recoveries to the residue after
caustic leaching. The results showed increased TiO> grades For NaOH and Na>COz after the
removal of Si impurities. The TiO2 grades for the Na,SO4 reagents were 59.7% in the caustic
leach residue. The TiO. grade followed the order of Na,COs> NaOH. Na>SOs4. The TiO>
recoveries to the residues were generally high at above 95% for all the Na reagents examined.
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The results showed that NaOH and Na.COz were comparable in terms of the resulting V

extractions and TiO> grades. As previously explained NaOH is an expensive salt, therefore for
leaching tests Na,COz was selected for further investigations.
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4.8 Phase compositions of the roasted and residues

Figure 29, Figure 30, Table 34, Table 35, Table 36, and Table 37 show the backscattered SEM
micrographs, EDS, and XRD results of the titaniferous slag roasted with the best roasting
conditions and leached in water, acid, and caustic solutions. The results show that after roasting
the titaniferous slag at the best roasting conditions, the vanadium-bearing phases i.e. the spinel
and pseudobrookite ss, were decomposed during roasting with spinel levels of <5 mass %
detected by the XRD. The phases that formed after roasting include titanaugite, perovskite,
sodium magnesium aluminium silicate (NasMgAISi>Os), and Fe-oxide. The EDS results show
that V species were present in the NasMgAISi>Og and Titanaugite phases whilst Ti species
were found in the Titanaugite, perovskite, and NasMgAISi>Og phases. The impurities in the
different phases required the leaching of Mg, Ca, Al, Fe, and Si impurities. The Mg impurities
were present in the Titanaugite and NasMgAISi>Og phases whilst Ca species were found to be
present in Titanaugite and perovskite. The Al species were present in all the phases that formed
after roasting whereas the Fe impurities were in the Titanaugite and NasMgAISi>Og phases. Si
impurities were mainly found in the NasMgAISi>Osg phase. The roasting stage was conducted
to introduce a high Na reagent that would de-stabilise the phases containing V species such
that V would be released into the solution in the leaching stage. The V-containing species
included pseudobrookite ss and the spinel phase which were mostly decomposed after roasting.

The phase chemistry of the water-leached residue shows that the phases present after leaching
include spinel, perovskite, sodium magnesium titanium oxide (Na2MgTi20s), and Fe-oxide.
The spinel phase was present after leaching and the XRD confirmed the levels to be minimum
at <5%. The Titanaugite and NasMgAISi>Og phases appeared to have decomposed, releasing
the V incorporated in them through leaching into the solution. The V species that were not
leached out assimilated into the spinel phase. These results confirm the chemical composition
results which showed low concentrations of V20s in the residue suggesting that some of the V
remained in the residue when most V was leached into the solution.

A new phase Na2MgTi20e containing high Ti and Si species formed after water leaching. This
phase contained several impurities, including Na, Mg, Al, Ca, and Fe. The Na impurities were
leached out into the solution as the concentration levels significantly decreased. These results
contradict with the chemical composition results which showed a slight decrease in the Na>.O

concentrations after leaching. Al species were dominant spinel and some in the Na2MgTi20s
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phase. The slight decrease in Al>Os concentration from roasting and residue chemical
composition results might be associated with the removal of Fe species from the perovskite
and Fe-oxide phases. Ca species appear to have increased in concentration levels of the
perovskite and Na2MgTi20e phases confirming an increase in CaO concentration of the roast
material and the water leach residue. Fe species in the Fe-oxide phase remained high in the
roast material and water leach residue confirming similar FeO concentrations from the
chemical composition results of both stages.

The water leaching stage was conducted to extract most of the V into the solution. This was
achieved since low concentrations of V.Os were attained in the residue as shown from the
chemical composition results and V species found in the spinel phase which was detected at

trace levels of <5% in the phase chemistry of the water leach residue.

The SEM-EDS and XRD results show that the phases present after acid leaching include spinel,
perovskite, Fe-oxide, rutile, Mg-Si-Fe oxide, and chromite. The acid leaching stage aimed to
remove impurities such as Mg, Ca, Al, and Fe present after water leaching to upgrade the
concentration of TiOz in the acid leach residue. The Na2MgTi20¢ appeared to have decomposed
after acid leaching. New phases formed after acid leaching which included the Mg-Si-Fe oxide
and chromite phases. The Mg and Fe impurities seem to have combined with Si species to form
a new Mg-Si-Fe oxide phase instead of being leached out into the solution. The Mg-Si-Fe oxide
phase was detected at trace levels by the XRD confirming the decrease in MgO and FeO
chemical compositions from the acid leach residues. Ca impurities dominated in the perovskite
phase which was detected at minor levels between 5% and 20% by the XRD. These results
confirm the decrease in CaO concentrations from the chemical composition results suggesting
the removal of Ca species into the solution. The Al species seem to have been incorporated by
all of the phases that formed after acid leaching suggesting that Al was barely leached out into
the solution. These results were confirmed by a slight increase in Al,O3 concentration from the
chemical composition results. The Ti species were mostly found in the rutile phase at high
levels confirming the significant increase in TiO2 concentrations as shown by the chemical
composition of the acid leach residues.

The acid leaching stage aimed at the removal of impurities such as Mg, Ca, Al, and Fe and also
upgrading the TiO grade in the residue was successful as TiO2 concentration increased and
most of the impurities were minimised except for Al which slightly increased after acid

leaching.
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The caustic leaching phase chemistry revealed the presence of perovskite, spinel, rutile, Fe-
oxide, chlorite, and aluminosilicates. The caustic leaching stage was aimed at the removal of
Si impurities and to further upgrade the TiO2 concentration in the residue. The decomposition
of the Mg-Si-Fe oxide phase suggests that this process was successful since most of the Si
species were incorporated in this phase. These results were confirmed by a decrease in SiO>
concentration from the chemical composition results of the caustic leach residues. The
remaining Si species were incorporated in the new chlorite and aluminosilicate phases that
formed after caustic leaching. The chlorite phase resulted from the combination of Cl used in
acid leaching and other impurities that remained after acid leaching. The high Al species that
were not leached out in the acid-leaching stage merged with the remaining Si species to form
the new aluminosilicate phase. The Ti species were found in the dominant rutile phase
confirming the increase in TiO2 concentrations as shown in the chemical composition of the
caustic leach residues.

The caustic leaching stage was successful since most of the Si species were minimised and the

TiO» concentration in the residue increased.
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Figure 29 Backscattered electron microstructure of the slag roasted, water, acid, and caustic
leached with the best roasting conditions
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Figure 30 XRD phase composition of a) roast material, b) water-leach residue, c) acid-leach
residue, and d) caustic-leach residue

Table 34 Typical EDS analysis results of the BSE phases and XRD phase compositions of

roasted material (mass %)

Spot ®) Na Mg Al Si Ca Ti V Mn Fe XRD results
3 305 | 10.1 | 3.0 5.2 1.8 138 | 0.5 | 09 | 34.0 Titanaugite
4 35.4 2.0 304 | 321 Perovskite
6 472 | 17.9 7.1 10.2 | 11.7 3.5 0.2 2.2 NasMgAISi,Og
7 24.4 4.6 71.0 Fe-oxide

Table 35 Typical EDS analysis results of the BSE phases and XRD phase compositions of

water leach residue (mass %)

Spot 0] Na | Mg Al Si Ca Ti \Y Fe XRD results
1 46.1 18.0 | 29.1 6.0 0.6 0.8 Spinel
4 35.0 31.3 | 337 Perovskite
7 225 0.8 76.8 FeO
8 427 | 29 | 6.7 4.1 142 | 25 | 23.0 3.9 Na,MgTi.0s

Table 36 Typical EDS analysis results of the BSE phases and XRD phase compositions of
acid leach residue (mass %)

Spot| O Na | Mg | Al Si P Cl | Ca Ti \Y Cr | Mn | Fe XRD results
1 40.3 16.9 | 34.7 67 | 08| 01 | 04 | 1.0 Spinel
4 27.4 04 | 03 32.0 | 404 Perovskite
7 34.9 42 | 14 | 13|03 | 038 57.1 FeO
9 400| 05| 06 | 1.1 | 3.1 16 | 2.2 | 485 2.6 Rutile
11 4.6 21.9 | 1.7 | 59.5 0.9 0.3 11.1 | Mg-Si-Fe oxide
12 | 275 51 | 9.1 0.7 33.4 24.2 Chromite ss
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Table 37 Typical EDS analysis results of the BSE phases and XRD phase compositions of
caustic leach residue (mass %)

Spot 0] Na | Mg Al Si Cl Ca Ti V | Cr | Mn | Fe XRD results
1 387 | 09 | 165 | 345 | 0.2 0.6 29 | 10|19 | 0.7 | 3.7 Spinel
4 39.9 0.4 27.1 | 32.8 Perovskite
7 34.9 0.7 04 | 0.3 3.1 61.0 FeO
9 432 | 21 | 1.7 0.8 22 | 1.0 | 1.2 | 49.7 0.8 Rutile
13 39.4 7.9 59 | 271 | 15 | 17 1.3 0.7 145 Chlorite?
14 50.2 339 | 15.6 0.3 Aluminosilicate
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CHAPTER 5

LEACHING RESULTS

Leaching tests were conducted to remove the impurities through acid and caustic leaching, and
therefore TiO2 content in the residue was upgraded. The effect of leaching time and HCI
concentration on the leaching of impurities and TiO. upgrade were discussed. The Kinetics of

the leaching of impurities were evaluated.

5.1 Leaching chemical reactions

The roasting of VV-bearing materials with Na reagents typically forms NaVO3 which dissolves

in water. Leaching of NaVO3 in water dissolves according to the chemical reaction [6].
NaVvOsz + H.0 — HyVO4 + Na* H-0O leaching [6]

Figure 31 shows the stability ranges of vanadium species at different pH and Eh values. From
the graph it can be seen that H,VVO4 is stable between the pH of 6 and 8 and oxidative Eh above
0 V. Since the pH of water is 7 and the roasting was conducted in an oxidising atmosphere, V

was leached out as H.VVO4™ into the solution.

] [V]I=0.01 M, T=25°C

vo,*

4
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l \

14 16

Figure 31 Pourbaix diagram showing the stable V species at different Eh and pH values
(Gilligan & Nikoloski, 2020)
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The water leach residue formed the Na2MgTi20s phase which is a solid solution of Na.O and
MgTi2Oe. This phase has Al, Ca, Fe, and Si impurities. The possible chemical reaction involved

in the upgrading of TiO2 through the removal of impurities is shown by Equations [37] to [39].

MgTi,Os + 6H+ — Mg? + 2TiO* + 3H,0 [37]
Fe2TiOs + 8H+ — 2Fe®* + TiO?* + 4H,0 [38]
AlTi,Os + 8H+ — 2A1* + TiO* + 4H,0 [39]

The chemical reaction from caustic leaching is shown by Equation [26] which shows the

removal of Si impurities.
SiOys + 2NaOH(g — NaySiOs(agq) + H20(1) [26]
5.2 Effect of leaching time

The effect of time on the leaching of impurities from the water-leach residue of the best
vanadium extraction test was investigated. The chemical composition of this water-leach
residue is presented in Table 38. As presented in CHAPTER 3 a set of standard acid leaching
conditions were used, i.e. lixiviant of 20% HCI concentration, s:I mass ratio of 1:4, reflux-
leaching temperature of 110°C, and slurry agitation speed of 350 rpm. The respective leaching
times were 1, 4, 8, 16, and 24 hours.

Table 38 Chemical composition (mass %) of the feed material used for leaching optimization

Test | Na2CO3:NaOH | Na2O AlkOs CaO Cr:03 FeO MgO MnO SiO2 TiO2 V20s

6 100:0 14.1 10.4 124 <005 550 104 063 148 241 0.17

5.2.1 Chemical compositions of the acid leach residues at different leaching times

Table 39 presents the chemical compositions of the acid leach residues produced at different
leaching times. The results show that the concentrations of CaO, FeO, and MgO impurities in
the solids decreased after acid leaching, however, the CaO concentration only decreased
slightly. As shown in Table 36, the residual CaO was contained in the sparingly soluble
perovskite (CaTiOz) phase, especially in HCI lixiviant. The leaching of Ca from CaTiO3 is

effectively achieved by an alkaline roasting and leaching process (Wang, et al., 2010).
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The Al>O3 concentrations in the leach solids slightly decreased between 1 and 16 hours of
leaching time, however higher Al,Oz concentrations were attained at a leaching time of 24
hours. High Al2O3 concentrations that resulted after leaching for longer times were attributed
to the formation and stabilisation of the sparingly-soluble chromite solid solution, which
contained high contents of Al,Oz as shown in Table 36. SiO. concentrations were generally
high in the acid leach residues. This was attributed to the stabilisation of silicate phase(s), which

are generally insoluble in the HCI lixiviant.

These results suggest that it was feasible to remove most of the impurities over a shorter
leaching time, however, the TiO> concentration in the solids was still low owing to the further

dissolution of sodium-bearing phase(s).

Table 39 Chemical composition (mass %) of the acid leach residue leached at different times

Test | Leach time (hrs) | *Na2O AlROs CaO FeO MgO MnO SiO; TiO2 V20s
15 1 31.9 2.82 749 097 3.03 0.13 263 272 020
16 4 34.2 2.63 690 1.07 275 0.12 229 292 023
17 8 39.1 2.55 501 110 254 0.12 203 29.0 0.25
18 16 41.3 2.49 452 112 217 0.12 19.2 289 0.25
6 24 12.1 11.0 428 159 357 0.19 239 403 014

*- determined by difference

5.2.2 Effect of leaching time on TiO:2 grade

Figure 32 shows the results of the effect of acid leaching time on the TiO grade and recovery
to the residues. The results show that the TiO, grade in the residues increased with leaching
time. The highest TiO> grade of 40.3% was achieved after leaching for a period of 24 hours.
These results suggest that leaching for a longer period of time results in high TiO2 grade in the
solids. Therefore, the best leaching time of 24 hours was recommended for investigating other

parameters. TiO2 recoveries to the residues were generally high at more than 90%.
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Figure 32 Effect of HCI leaching time on TiO> upgrading and recovery to the solids

5.3 Effect of acid concentration

The effect of acid concentration on impurity removal was investigated using the standard
leaching conditions of s:I mass ratio of 1:4, leaching temperature of 110°C, slurry agitation
speed of 350 rpm, and leaching time of 24 hours. The acid concentrations used for leaching
tests were 15%, 20%, and 25%.

A ‘blank’ test was conducted. This test refers to an experiment that involved direct leaching of
unroasted or as-is titaniferous slag using 20% HCI as lixiviant. This test was conducted as a
baseline.

5.3.1 Chemical compositions of the residues at different HCI concentrations

Table 40 shows the chemical compositions of the acid leach residues that were obtained at
different HCI concentrations. The results show that the increase in acid concentration from
20% to 25% HCI resulted in a further removal of impurities such as Ca, Fe, and Mg. Higher
HCI concentration of 25% in the lixiviant appears to have leached some Ca in CaTiOs. The

concentrations of CaO and MgO impurities were significantly minimised at high HCI

76



concentration of 25%. The removal of these impurities resulted in the concentration of SiO2 in
the solids — SiO; likely stabilised as a sodium silicate phase as shown by the high estimated
Na2O concentration in the residue, which was determined by difference. The removal of
impurities at high acid concentrations resulted in a slight upgrade of TiO2 concentration to
42.0%. These results suggest that higher acid concentrations have the potential to remove Ca,

Fe, and Mg impurities.

Blank test results show higher concentrations of Al, Mg, and Si impurities in the residues
compared to the residue produced from leaching the slag that was roasted using the best
conditions. The TiOz grade in the ‘blank’ test was comparable with that attained when leaching
the roasted slag using the best roasting conditions (Test 6). Besides the presence of Na,O in
the roasted leach residue, the other notable difference between the blank and the roasted slags
was the high V>Os concentration in the “blank” sample since the titaniferous slag was directly

leached with HCI without involving the initial preliminary roast-leach process for V extraction.

Table 40 Chemical composition (mass %) at different HCI concentrations

Test | HClconc (%) | *Na2O AlkOs CaO FeO MgO MnO  SiO: TiO2 V205
19 “Blank ”-20 | 15.1 6.56 360 090 5.60 0.21 27.6 394 091

20 15 29.2 291 950 413 1.97 0.22 20.8 309 0.29
6 20 121 11.0 428 159 357 0.19 23.9 40.3 0.14
21 25 24.0 2.31 1.04 034 136 <0.05 28.7 420 0.29

*-determined by difference

5.3.2 Effect of HCI concentration on TiO2grade in the residues

Figure 33 shows the effect of HCI concentration on the TiO2 grade and recovery to the residue
after acid leaching. The results show that the TiO2, grade in the residues increased with
increasing HCI concentration. The TiO> grades in the residues leached at 20% and 25% HCI
concentration were not significantly different at about 40% and 42%, respectively. TiO>
recoveries were generally high at more than 95% at 20% and 25% HCI concentrations,
however, the recovery at lower HCI concentration of 15% was low. The reason for lower

recoveries at the lower HCI acid strength is not clear at this stage.
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The blank test results show a TiO> grade of 39.4%. This TiO2 grade in the blank leach residue
was comparable to the TiO> grades in the residues produced at 20% and 25% HCI
concentrations. The TiOz recovery to the residue in the blank test was very low.
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Figure 33 TiO2 upgrading and recovery to the residue after acid leaching at different HCI

concentrations
5.3.3 Chemical compositions of the residues of caustic leaching

Table 41 presents the chemical compositions of the residues produced after caustic leaching.
The results show that the SiO> concentrations in the HCI leach residues reported in Table 40,
significantly decreased after caustic leaching. SiO> removal from the 25% HCI leach residue
was accompanied by TiO2 upgrading to 71.0%. Further optimisation of the HCI and NaOH
leaching stages have a potential to remove impurities and upgrade TiO even further, through
the decompositions of the impurity phases presented in Table 37 and leaching of detrimental
species. These results concur with the results reported by Goso et al. (2016), where it was
reported that caustic leaching of HCI residue result in silica removal and significant upgrading
of TiO2 in the residue. In this work, a residue with as high as 75% TiO2 concentration was
produced from a titaniferous slag through a similar processing involving HCI and NaOH

leaching stages (Goso, et al., 2016).
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Table 41 Chemical composition (mass %) of the residue produced after caustic leaching

Test HCl conc. (%) | *Na2O AlROs CaO FeO MgO MnO SiO2 TiO2 V205
20 15 11.3 4.20 15.5 6.44  3.27 0.35 7.66 50.7 0.46
6 20 3.04 13.0 419 154 505 0.28 295 687 051
21 25 10.9 3.83 263 073 293 0.07 743 710 046

*-determined by difference

5.3.4 Effect of HCI concentration on TiO2zgrade after caustic leaching

Figure 34 presents the resulting TiO, grades and recoveries to the residues after further

upgrading of the HCI leach solids through caustic leaching. The results show that the TiO>

grades in the caustic leach residues increased with the concentration of the acid lixiviant

concentration — the residues produced using higher acid concentrations already had higher TiO>

concentrations. The highest TiO> grades of 71.0% and recovery of 99.1% were achieved when

the HCI concentration was 25%.
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Figure 34 The TiO, upgrading and recovery to the residue after caustic leaching at different

HCI concentrations
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5.3.5 Washing of the caustic residues for Na removal

The caustic leach residue that contained the highest TiO grade of 71% was washed to remove
the Na species that were present on the residue after caustic leaching. The washing was
conducted using hot water at a s:1 mass ratio of 1:4 and stirring at 350 rpm for a period of 2
hours whilst keeping the water temperature above at 50°C. This process was carried out on the

caustic leach residue that resulted in highest and lowest TiO grade.

Table 42 presents the chemical composition of the washed caustic leach residue. From the
results, it can be seen that the TiO> grade increased from 71.0% to 79.6%. A decrease in the
Na2O and SiO> concentrations was observed in the residues. These results suggest that the
washing of the residues resulted in the removal of Na2O and SiO., which likely occurred as the
water-soluble sodium silicate (Na»SiOs3) though this phase was not observed in the phase
compositions presented in Table 42. Further washing of the caustic leach residue had the

potential to remove the residual Na.O and SiOz species, especially if they existed as Na,SiOs.

Table 42 Chemical composition (mass %) of the washed caustic leach residues

HCI concentration _ _
Test ) *Na,O AlO; CaO FeO MgO MnO SiO; TiO2 V205
0
20 25 6.26 3.53 1.43 0.59 2.78 0.06 5.43 79.6 0.32

*- determined by difference

5.3.5.1 Phase composition of the washed residue
Figure 35 shows the backscattered electron image of the washed caustic leach residue. The

micrographs shows that the phases present in the final washed caustic leach residue were spinel,
perovskite, rutile, quartz, and chromite. The EDS chemical composition results show that Na,
Mg, Al, Si, Cl, and Ca existed as impurities in the rutile phase. The presence of Na in the rutile
phase indicates that the washing of the caustic leach residue could be improved. Longer
washing times are required to remove the impurities to minimal concentrations thus increasing
the TiO2 grade.

Mg, Al and Fe impurities in the upgraded residue mainly occurred as spinel and chromite.
These species could be effectively removed by optimising the roasting and flux stages. Ca
impurity mainly occurred in perovskite. As shown earlier in section 5.3.1, leaching of Ca from
perovskite can be achieved by higher HCI acid concentrations. Wang et al. (2010) showed that
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perovskite can be processed through alkaline roasting and leaching process to produce a high-

purity TiO> product after successful removal of Ca impurity.
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Figure 35 Backscattered electron image of the washed caustic residue

Table 43 Typical EDS analysis results of the BSE phases and XRD phase compositions of the

washed residue (mass %)

Spot 0] Na | Mg Al Si Cl Ca Ti \Y Cr Fe | XRD results
1 40.9 158 | 333 | 03 6.4 11 | 07 15 Spinel
4 35.9 28.7 | 354 Perovskite
8 444 | 18 | 04 0.3 18 | 04 | 06 | 503 0.7 Rutile
12 36.7 4.2 7.6 14 314 | 18.7 | Chromite ss
15 14.3 85.7 Quartz

5.4 Kinetic analysis of leaching of impurities

Leaching is a solid-liquid reaction. It is important to understand the mechanism and
mathematical models involved in leaching kinetics. There are four models commonly used to
describe the solid-liquid reactions. These reactions include the shrinking core, homogeneous,
grain and pore models (Georgiou & Papangelakis, 1998). In the shrinking core model, the
reaction takes place on the particle surface where the particle dissolves in the liquid and the
particle size shrinks. Also, the shrinking core model is applied on the particles that are non-

porous. Other models are commonly applied to particles that are porous for the solid-liquid
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systems. Therefore, the shrinking core model was selected for describing the leaching of
impurities from the titaniferous slag. This selection of this model was based on that the slags
are considered to have compact particles and are also regarded as non-porous (Nie, et al., 2020;
Zheng, et al., 2016).

The shrinking core model can be determined by surface chemical reaction, film diffusion
control, diffusion through the ash/product layer, and sometimes diffusion across the product
layer and interface transfer as described in Equations [37] to [40], respectively (Nie, et al.,
2020).

1
1-(1-X)s =kt [40] Surface chemical reaction
1-A =XV = [,t [41] Film diffusion control
2
1- (E)X - 1-X)3 =kt [42] Diffusion through ash/product layer
(g) m1-X)—-(1->A-X)3) = k.t [43] Diffusion across product layer and interface transfer

where X represents the leaching rate of impuirities, t is the leaching time, k; is the reaction rate
constant, and Fp is the shape coefficient of the titaniferous slag particles. In this study it was
assumed that the solid particles from the water-leach stage of vanadium extraction were
spherical such that F, was equal to 3, therefore Equations [37] and [38] became the same. Thus,
the film diffusion control reaction was eliminated from the kinetics calculations (Nie, et al.,
2020).

5.4.1 Effect of leaching time on removal of impurities

The impurity removal generally followed the order: Mg > Fe > Al > Ca, as shown in Figure
36. The leaching efficiency of impurities increased with leaching time. After 4 hours, Mg, Fe,

and Al reached a plateau. Ca reached a plateau after leaching for 8 hours.

Figure 37 shows the effect of acid concentration on the leaching of impurities. At lower HCI
concentrations of 15%, the order of leaching of impurities followed: Mg > Al > Fe > Ca.
Thereafter, Al leaching efficiency decreased from 20% to 25% acid concentration. Mg removal

was highest at 20% HCI concentration and above, followed by Fe and lastly Ca.
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5.4.2 Determination of rate controlling step for the leaching of impurities

Different models and mechanisms can control the leaching rate of the solid-liquid reaction.
Since the controlling mechanism is unknown, it is important to test all the different mechanism
in order to determine the rate controlling model. The best mechanism would be to compare
different plots of 1 — (1 — X)¥3, 1 — (2/3)X — (1 — X)*®, and (1/3) In (1 = X) — [1 — (1 — X)*?]
versus the leaching time and HCI concentration. The best mechanism will be determined by
the plot that displays a good linear relationship with time and has the highest correlation
coefficient (Faraji, et al., 2020).

The rate controlling model for impurities at different leaching times, differ from one impurity
to the next as shown by the R? values shown in Table 44. Al and Ca had the highest R? values
of 0.9548 and 0.9497 respectively, and were controlled by diffusion across product layer and
interface transfer. The highest R? value of Mg is 0.9844 and for Fe is 0.9461, and these were

controlled by the surface chemical reaction.

Table 44 R? values for impurities leached at different times

Impurity | 1-(1-X)"1/3 | 1-2/3X-(1-X)"2/3 | (In(1-X))/3-(1-(1-X)"(1/3))
Al 0.9514 0.9493 0.9548
Ca 0.9430 0.9431 0.9497
Mg 0.9844 0.9469 0.8888
Fe 0.9461 0.9245 0.9432
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

This study aimed at developing a method that would maximise the extraction of V and remove

the impurities, improving the TiO2 grade in the final residue.

6.1 Roasting results

The best roasting conditions attained during this investigation were from roasting the
titaniferous slag with 200% stoichiometric Na addition for both Na,CO3:NaOH mass ratios of
100:0 and 0:100. The best roasting temperature and time were attained at 1000°C and 2 hours
respectively. The particle size distribution that produced the best V extractions and TiO2 grades
was of +106 — 850 um. The results from these conditions gave the best V extraction efficiency
of 75.7% and 73.7% for Na,CO3 and NaOH respectively. Downstream processing of the water-
leach residue was conducted with Na>xCOz since it is less expensive and used in industrial
operations. The removal of impurities from the water-leach residue was conducted through the
acid and caustic leaching process and resulted in TiO grade of 68.7%. This TiO> grade of the
caustic leach residue does not meet the minimum requirements mentioned in Table 5 for
qualifying as a competitive TiO> feedstock. This residue still contained high concentrations of

MgO and CaO impuirities.

The phase composition results showed that the decomposition of the spinel phase with high Na
additions was possible. The nepheline phase, previously reported by Lekobotja et.al (2016),
did not form from these experiment. These tests showed the formation of a sodium magnesium
aluminium silicate (NasMgAISi2Og) after roasting. High V extractions were high since the
pseudobrookite ss and spinel phases, which incorporated high concentrations of V, were
decomposed with excess Na additions. The NasMgAISi>.Og phase was decomposed after water-
leaching. A new phase Na>MgTi20e was seen in the water-leach residue. This phase contained
high Ti and Si concentrations and a number of impurities. The spinel phase in the water-leach
residue was detected at trace levels by XRD.

Acid leaching tests which were aimed at removing impurities such as Mg, Ca, Al, and Fe was
a success for Mg, Ca, and Fe species. The Al impurities still remained high in the acid-leach

residue.
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The removal of Si impurities during caustic leaching was successful but not to completion since
some of the Si species remained in the caustic-leach residue. The remaining Si impurities in
the caustic leach residue were found in the rutile phase and dominant in the aluminosilicate and
chlorite phases. The removal of Si did upgrade the TiO. concentration in the caustic-leach
residue. Also, the Na species were present in the rutile and spinel phases of the caustic-leach

residue.

6.2 Leaching results

The best acid-leach conditions that resulted in high TiO2 grades on the residue were attained at
24 hours leaching time and 25% acid concentration. The highest TiO grade of 71% produced
after the removal of Si impurities through caustic leaching was attained when the best acid-
leaching conditions were used. The results from the best acid-leaching conditions also showed
high Ca, Mg, and Fe impurity removal through acid leaching and high Si impurity removal
through caustic leaching. Washing of the produced caustic leach residue further upgraded the
TiO, grade to 79.6% as Na and Si impurities were minimised. Although the TiO; grade has
been greatly improved to a higher TiO2 concentration, the resulting product still did not meet
the minimum requirements for material to be considered a feedstock for the TiO> pigment

production.

The phase composition results of the washed residue showed that several impurities were still
present in the rutile phase. These impurities were Na, Mg, Al, Si, Cl, and Ca species. The
presence of Na in the rutile phase could be decreased by washing the residue for longer periods
of time whilst Mg, Al, and Fe could be removed by improving the optimisation of roasting and
fluxing stages. Ca impurities could be minimised by using high HCI lixiviant concentrations

during the acid-leaching stage.

Leaching of impurities was studied through the shrinking core model leaching mechanism. The
result showed that the effect of leaching time affect the leaching efficiency of the impurities.
The change in leaching time followed the order of Mg > Fe> Al > Ca impurity leaching
efficiency. The leaching efficiency of Mg, Fe, and Al increased significantly at lower
temperature to up to 4 hours leaching time. Thereafter the impurities reached equilibrium and
remained constant irrespective of the change in leaching time. The R? values for Mg and Fe

show that the rate controlling mechanism for leaching these impurities was controlled by the
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surface chemical reaction whilst Al and Ca were controlled by the interface transfer and

diffusion across the product layer.

6.3 Recommendations

Further optimization of the roasting conditions is required to maximize the spinel
decomposition which will release V for maximum extractions. This may include
additional stoichiometric Na additions above 200%, as this study proved the possibility
of decomposing pseudobrookite ss and spinel phases at high Na additions. The main
focus would be the removal of Na and Si species that were present in the rutile phase.
Also, the study on the removal of Al,O3 impurities is crucial as Al is one of the species
that is not required in TiO> feedstock.

Additional optimization of the leaching conditions is required to help with the removal
of impurities up to completion for both acid and caustic-leached residues. The current
study proved the possibility of impurity removal but not to completion. Most of the
impurities that were removed include Ca, Fe, and Mg whilst Al remained persistent
throughout the leaching stages. Perhaps increasing the HCI concentration to above 25%
might assist in decreasing the impurities. Also, different techniques of Na from the
residue must be investigated as this will minimise the amount of Na in the products.
Optimization of the caustic leach conditions is also required as relative amounts of Si
were visible in the residue.

Upon achieving the TiO. feedstock from this process, a corresponding techno-
economic study is required in order to evaluate the viability of the proposed flowsheet.
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APPENDIX

Roasted material at Na2CO3: NaOH ratio of 50:50

Figure 38 shows the backscattered SEM micrograph, EDS, and XRD of the titaniferous slag
roasted in the presence of Na,COs: NaOH ratio of 50:50 and 200% stoichiometric Na addition.
The phases that were present in this slag include nepheline, perovskite, Titanaugite, and spinel.
The EDS results showed the presence of high vanadium concentrations in the spinel phase. The
addition of NaOH on the Na2COs reagent did not seem to fully break the spinel phase since it
was visible from the SEM microstructure, unlike the previous slag roasted in the presence of
Na>CO3: NaOH ratio of 100:0. Although the spinel phase was still present as seen from the
SEM micrograph, the nepheline phase did form. This implies that the formation of the
nepheline phase is possible with high Na additions irrespective of the Na,COs: NaOH ratio
investigated. XRD results showed the presence of the spinel as the predominant phase. This

suggests that the Na,COs: NaOH ratio does affect the decomposition of the spinel phase.

Figure 38 Backscattered electron microstructure of roast material produced from a slag
roasted with 200% stoichiometric Na2CO3:NaOH mass ratio of 50:50
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Table 45 EDS analysis results of the BSE phases of roast material produced from a slag
roasted with 200% stoichiometric Na2CO3:NaOH mass ratio of 50:50

Spot ] Na Mg Al Si Ca Ti V Mn Fe Total Phase

1 35.0 315 335 100.0 Perovskite

2 | 349 317 334 100.0

8 1401 227 93 68 151 06 26 2.9 100.0 NasMgAISizOs
465 165 7.8 52 144 14 67 15  100.0

> 202 172 46 15.9 13 317 100.0 Na;MgTi;06
320 174 6.1 24.1 11 193 100.0

7 | 441 188 31.1 50 0.9 100.0 Spinel

8 | 508 125 217 94 30 26 1000

Water leached residue at Na2COs: NaOH ratio of 50:50

The backscattered electron microstructure, EDS, and XRD results of the water leached residue
at Na2COz: NaOH ratio of 50:50 are shown in Figure 39. Similar phases as those that resulted
from the water leach residue at NaxCOz: NaOH ratio of 100:0 were found. The only difference
was the rutile phase that was present in the water leach residue. The XRD results showed that
spinel phase was the dominant phase after water leaching. Perovskite and nepheline were also
dominant as suggested by the XRD results. These results suggest that the Na,CO3: NaOH ratio
of 50:50 was not successful as the spinel phase was the predominant phase in the water leach

residue.
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Figure 39 Backscattered electron microstructure of water-leach residue produced from a slag
roasted with 200% stoichiometric Na2COs:NaOH mass ratio of 50:50

Table 46 EDS analysis results of the BSE phases of water-leach residue produced from a slag

roasted with 200% stoichiometric Na;CO3:NaOH mass ratio of 50:50

Spot (0] Na Mg Al Si Ca Ti Vv Fe Total Phase
1 44.1 19.7 316 37 05 04 1000 _
Spinel

2 442 195 325 26 08 03 1000

3 22.9 2.2 749 100.0 | Iron-Oxide

4 388 43 27 26 25 29 420 43 100.0 Rutile

5 367 11 02 08 12 193 386 2.1 100.0

6 35.0 315 335 100.0 _
Perovskite

7 35.0 312 338 100.0

8 419 30 38 84 142 48 156 8.3 1000 | Ti-Si-Fe

9 399 23 36 71 123 128 132 8.7 100.0 oxide
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Roasted material at Na2CO3s: NaOH ratio of 0:100

Figure 40 presents the backscattered SEM micrograph, EDS and XRD results of the titaniferous
slag roasted in the presence of Na,COs: NaOH ratio of 0:100 at 200% stoichiometric Na
addition. The SEM microstructure shows that perovskite, nepheline, and Titanaugite are the
only phases present after roasting the slag. The spinel phase was not visible from the SEM
microstructure. XRD results show the presence of the spinel as the predominant phase. This
phase is in co-existence with the perovskite and nepheline phase at major levels. These results
suggests that the NaOH reagent was not enough to completely decompose the spinel phase for

maximum V extractions.

Figure 40 Backscattered electron microstructure of roast material produced from a slag
roasted with 200% stoichiometric Na2COs:NaOH mass ratio of 0:100
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Table 47 EDS analysis results of the BSE phases of roast material produced from a slag
roasted with 200% stoichiometric Na2COs:NaOH mass ratio of 0:100

Spot @] Na Mg Al Si Ca Ti  Mn Fe Total Phase
1 | 350 312 338 100.0
2 35.0 31.7 33.4 100.0 Perovskite
3 | 350 313 337 100.0
4 | 470 152 144 46 139 3.0 19 100.0
5 | 466 167 66 74 139 07 44 37 1000 NasMgAISi;Os
6 | 475 171 44 133 102 01 39 34 1000
7 | 355 108 53 290 85 10.9 100.0
8 | 36 96 49 305 84 11.1 100.0 Na;MgTi20¢
9 | 354 110 52 284 81 12.0 100.0

Water leached residue at Na2COs: NaOH ratio of 0:100

Backscattered SEM micrograph, EDS, and XRD analysis results of the water leached residue
of the slag roasted at Na>COs: NaOH ratio of 0:100 and 200% stoichiometric Na addition is
shown in Figure 41. Similar phases as those found on the water leach residue of Na,CO3: NaOH
ratio of 0:100 were seen for this residue. The XRD showed the predominant phase as
perovskite, with major phases presented as quartz, rutile, and spinel phases. Also, XRD results
showed new phases namely; anatase and silicon oxide, present in minor levels. These results

suggest that the addition of NaOH on the titaniferous results in the formation of different

phases.
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Figure 41 Backscattered electron microstructure water-leach residue produced from a slag
roasted with 200% stoichiometric Na2CO3:NaOH mass ratio of 0:100

Table 48 EDS analysis results of the BSE phases of water-leach residue produced from a slag
roasted with 200% stoichiometric Na2CO3:NaOH mass ratio of 0:100

Spot| O Na Mg Al Si Ca Ti V Cr Fe Total Phase

1 350 315 335 100.0 erovekite
2 |351 31.0 33.9 100.0

3 1389 14 07 05 30 21 471 6.2 100.0 il

4 389 17 08 09 32 26 456 6.3 100.0

5 | 441 190 311 5.9 100.0 _

6 | 443 198 32.1 29 09 100.0 Spinel

7 23.8 0.4 0.6 3.4 1.1 70.7 100.0 Iron-Oxide
8 |42 40 14 69 141 47 214 53 1000| V&MOAISEOs
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Roasted material at 900°C

Figure 42 shows the backscattered electron microstructure, EDS, and XRD of the titaniferous
slag roasted at 900°C. The resulting phases after roasting include perovskite, nepheline, and
spinel. The XRD results showed spinel as the predominant phase, followed by the perovskite
phase. The nepheline phase was on minor levels, suggesting that roasting the titaniferous slag
at 900°C was not sufficient for maximum decomposition of the spinel phase. The formation of
the nepheline phase was possible at lower roasting temperatures of 900°C even though the
spinel remained after roasting. These results suggest that the roasting temperature have an

effect on the decomposition of the spinel.

Figure 42 Backscattered electron microstructure of the slag roasted at 900°C
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Table 49 EDS analysis of the slag roasted at 900°C

Spot | O Na Mg Al Si Ca Ti V Fe Total Phase

1 394 152 64 65 127 81 7.8 0.1 3.7 100.0

2 378 248 92 65 98 45 54 03 16 100.0

3 399 171 70 69 133 61 71 02 25 100.0 NazMgAISi,Os
4 375 121 54 75 85 85 106 0.1 99 100.0

5 375 123 23 101 72 107 119 0.1 79 100.0

6 383 135 23 117 77 108 107 0.3 4.8 100.0

7 43.5 19.2 30.2 3.7 12 22 100.0

8 43.9 18.7 315 24 21 1.4 100.0 Spinel
9 43.7 186 304 31 22 19 100.0

10 34.9 320 331 100.0

11 | 348 324 327 100.0 Perovskite
12 35.1 30.9 34.0 100.0

Water leached resides at 900°C

The backscattered SEM micrograph, EDS and XRD results of the water leach residue for the
titaniferous slag roasted at 900°C are shown in Figure 43. The results showed the presence of
spinel, pseudobrookite ss, perovskite, and Titanaugite phases. These results suggest that lower
temperatures of 900°C were not adequate for decompose the spinel and pseudobrookite ss inert
phases. XRD showed the pseudobrookite ss, spinel, and perovskite as the major phases in the
water leach residue. These results confirm the difficulty of completely decomposing the

chemically inert pseudobrookite ss and spinel phases.

101



Figure 43 Backscattered electron microstructure of a water-leach residue produced from a
slag roasted at 900°C

Table 50 EDS analysis of the water leach residues produced from a slag roasted at 900°C

Spot | O Na Mg Al Si Ca Ti V Mn Fe Total Phase

1 |39 317 334 00 100.0 _
Perovskite

2 | 349 317 333 00 100.0

3 | 484 158 63 91 156 34 00 14 1000

4 |269 129 52 78 123 35 96 04 14 100.0 NasMgAISiz0s

5 |460 79 83 78 69 75 151 05 100.0

6 | 442 192 317 44 06 100.0 Spinel

7 | 278 30 50 0.7 128 34 472 1000 NazMgTi:0s

8 | 438 173 297 32 43 17 1000 Spinel

9 |504 126 09 234 65 37 01 25 1000

10 |488 169 17 190 7.8 36 22 1000 NasMgAISi;Os

11 |488 141 35 144 116 05 49 20 1000
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Roast material at 800°C

Figure 44 presents the backscattered SEM micrograph, EDS, and XRD results of the
titaniferous slag roasted at 800°C. The spinel, perovskite, nepheline, quartz, iron oxide, and
Titanaugite phases were visible from the SEM microstructure. XRD confirmed the major
phases as the pseudobrookite ss, spinel, and perovskite similar as those produced after roasting
at 900°C. Natrite (Na2CO3) phase was also present at minor levels suggesting that roasting at
800°C was not sufficient to react Na2COz and V20s for the production of NaVOs. The other

phases that are present at trace levels include quartz and nepheline phase.

Figure 44 Backscattered electron microstructure of the slag roasted at 800°C
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Table 51 EDS analysis of the slag roasted at 800°C

Spot 0] Na Mg Al Si Ca Ti \Y Cr  Mn Fe  Total Phase
1 441 199 31.0 38 11 100.0
2 44.4 18.1 325 3.7 14 100.0 Spinel
3 42.0 153 20.3 86 74 24 4.0 100.0
4 35.1 30.7 34.2 100.0
S5 |350 314 336 100.0 Perovskite
6 35.1 308 34.1 100.0
7 39.1 131 62 55 130 118 75 3.9 1000
8 46.7 121 39 52 157 69 83 1.3 100.0 | Na3MgAISi208
9 399 156 55 53 150 9.0 69 2.8 100.0
10 | 223 77.7 100.0 Iron-Oxide
11 | 533 46.7 100.0 Quartz
12 1381 67 24 16 08 470 0.0 3.5 100.0
13 | 370 136 99 14 03 354 00 25 100.0 | Na2MgTi206
14 |1 381 106 45 1.1 06 452 0.0 0.0 100.0
15 | 229 1.5 05 75.1 100.0 Iron-Oxide

Water leached residue at 800°C

Figure 45 shows the backscattered SEM micrograph, EDS, and XRD results of the titaniferous
slag roasted at 800°C. The phases that were visible from the microstructure include perovskite,
Titanaugite, nepheline, spinel, iron oxide, and Ca-Fe oxide. The XRD results showed
pseudobrookite ss, spinel and perovskite as the major phases on the water leach residue. Quartz
and nepheline phases are present in minor levels, whilst the periclase (MgO) phase is present
in trace levels. These results show that roasting at 800°C was inadequate for the decomposition

of the pseudobrookite ss and spinel phases.
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Figure 45 Backscattered electron microstructure of a water-leach residue produced from a
slag roasted at 800°C

Table 52 EDS analysis of a water leach residue produced from a slag roasted at 800°C

Spot | O Na Mg Al Si Ca Ti V.  Mn Fe  Total Phase
1 384 232 6.8 74 105 7.0 6.7 100.0 .
NagMgAIS|208
2 40.1 148 5.1 72 130 103 94 100.0
3 44.2 18.4 317 51 0.7 100.0 .
Spinel
4 44.2 18.7 31.7 46 0.7 100.0
5 35.1 31.0 339 100.0
6 | 351 31.0 339 100.0 Perovskite
7 35.0 315 335 100.0
8 268 0.8 1.6 13 271 1.3 12 399 100.0
9 366 16.2 6.6 06 171 01 0.1 22.7 100.0 Ca-Fe-O
10 | 364 161 65 05 16.9 23.5 100.0
11 | 229 09 0.9 75.3 100.0 Iron-Oxide
12 1332 94 38 1.6 459 1.2 100.0 .
NazMngzos
13 | 382 107 51 1.6 44 .4 100.0
14 1248 11 36 135 06 0.1 107 455 100.0
Ca-Fe-Mn-O
15 | 246 25 1.9 152 07 02 7.8 47.2 100.0
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