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preconcentration. The Highveld Steel concentrate, for example, without any effort to maximise titania, 

has an upgrade potential of 1.6 (from 36% to 57% Ti02) mainly due to the higher titania-to-gangue 

ratio. There is clearly potential for the titaniferous magnetite from the Bushveld Complex to become a 

source of titania slag if processed differently. 

7. Electric smelting of titaniferous magnetite 

The closure of South Africa's EVRAZ Highveld Steel and Vanadium (Highveld Steel) in 2015, 

after almost 50 years of operation resulted in tremendous hardship for the surrounding communities and 

is a devastating blow for the South African economy (EVRAZ Highveld Steel and Vanadium, 2015). 

The Bushveld Complex's titaniferous magnetite deposit is particularly abundant in vanadium and 

titanium and remains a resource of strategic importance. The closure of this smelting complex, which 

was the world's second-biggest vanadium producer at the time (with reportedly a market share of 14%), 

changed the character of global vanadium supply. Vanadium is, however, not a particularly scarce 

element and the market response has been relatively muted. The Mapochs mine from which the primary 

ore for the Highveld Steel smelter was extracted also closed as part of the business rescue process. The 

mine has subsequently been sold to International Resources Limited (IRL), signalling that the Bushveld 

Complex's vanadium continues to attract interest, and value (Mining Weekly, 2017). 

Highveld Steel's process flowsheet, originally consisted of co-current rotary kilns (for 

prereduction of the concentrate), followed by feeding of the hot-reduced concentrate into submerged­

arc furnaces, to produce vanadium-bearing pig iron. At the time of decision-making, the use of 

conventional blast furnace technology had been regarded as being too high risk due to the high 

concentration of titanium in the Bushveld Complex ores. The purpose of the kilns is to reduce the 

relevant metal oxide, in this instance mainly the iron, using a low-cost energy source, such as pulverised 

coal (New Zealand Steel, 2018, 2017). The prereduction step lowers the electrical energy requirement 

of the smelting step. The kilns roughly represent the process that occurs within the shaft of the blast 

furnace. The aim is to reduce the magnetite to metallic iron and to feed the hot, prereduced ore into the 

electric furnace to produce vanadium-bearing iron that separates from the fluxed titanium-bearing slag. 

Vanadium is recovered post-taphole from the metal as a vanadium-rich slag (Hukkanen and Walden, 

1985; Rohrmann, 1985; Steinberg et al., 2011). 

The furnaces at Highveld Steel were designed to operate in submerged-arc mode, a divergent 

approach from the growing ilmenite smelting industry in Canada and compatriot, New Zealand Steel. 

Steinberg et al. (2011) lists poor control of slag chemistry and recovery of vanadium, operational 

instability due to kiln feed variability (degree of reduction), and a high burden conductivity (due to the 

high titania content of the ore), which limited the power input due to characteristic low resistance of the 

burden, as some of the operational challenges associated with submerged-arc smelting. A process to 

convert four of the eight furnaces from submerged-arc to open-arc started in 2004 and was completed 

in 2010, thereby eliminating the dependence of the power input on the burden and slag composition. 

Operational and process improvements included improved vanadium recovery, lower electrode 
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consumption, improved reductant utilisation and ability to process more fines. The slag compositions, 

before and after the conversion of the furnaces, are compared in Table 4. Of interest is the change in the 

titania content. In open-arc mode, the smelting recipe was optimised for metallurgical benefits, as 

opposed to electrical properties of the burden. The resulting slag from the open-arc operation is an 

outcome of lower flux additions, and would naturally result in improved recovery and lower energy 

consumption per ton of metal, as reported by Steinberg et al. (2011 ). 

Due to the highly conductive nature of high-titania slags, an open-arc operation is the preferred 

embodiment; evidenced by the earliest of ilmenite smelters. Open-arc operation requires that the power­

to-feed balance control is managed well as the buffer created by a burden is no longer available to absorb 

minor power or feed imbalances. The conversion to open-arc mode at Highveld Steel, required new roof 

designs, and the plant also had to modify control systems, operating practices and feed systems to adapt 

to the new mode of operation. The upgrades brought Highveld Steel closer to the benchmark for high­

titania smelting practices, but while the improvements were dramatic, the investment fell short, with no 

further upgrades implemented before the demise in 2015. 

It is somewhat perplexing why the change from submerged- to open-arc was only implemented 

nominally in the new millennium, especially in light of the fact that Highveld Steel 's only compatriot, 

New Zealand Steel and all ilmenite smelting operations, operated with an open-arc. Highveld Steel's 

kilns were notoriously inefficient, and while this had been identified as an area that required investment, 

the investment never realised. An electric smelting process, such as the ironmaking furnaces at Highveld 

Steel, can only be competitive if the pretreatment is effective. This is required to offset the cost of 

electricity against the benefits of electric smelting. In the case of Highveld Steel, the combination of 

submerged-arc smelting and inefficient prereduction capacity, together with external factors such as 

commodity volatility, decline in demand and rising costs likely all contributed towards the closure. 

In New Zealand titanomagnetite concentrate (referred to as ' ironsand') is processed to recover 

iron and vanadium at the New Zealand Steel Limited (New Zealand Steel) smelting complex. New 

Zealand Steel was incorporated in 1965 by the New Zealand Government and later became BHP New 

Zealand Steel Limited, but demerged from BHP in 2002 (Kelly, 1993; New Zealand Steel, 2018). The 

iron concentrate processed by New Zealand Steel is mined from the Waikato North Head site, south of 

Auckland, as well as from the Taharoa deposit on the west coast of the North Island of New Zealand. 

The mined ores are subjected to fairly typical minerals concentration processes in order to improve the 

iron and vanadium grades through rejection of gangue. The gangue elements are mostly locked in the 

magnetite structure, as is typical for titanomagnetite deposits. Typical chemical composition of the 

concentrate (per Kelly, 1993), is presented in Table. New Zealand's ironsand is lower in titanium than 

the South African and Chinese concentrates - the variation is typical of titanomagnetite mineralisation 

(Fischer, 1975; Pang et al., 2010). 

The original New Zealand Steel plant consisted of a coal-based pre-reduction step linked to 

electric furnaces. Rotary kilns were designed to produce the direct reduced iron (DRI) by feeding coal 

together with the iron ore to a rotary kiln. The coal is gasified, and the iron ore is reduced. The 
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technology is known as the SL/RN (Stelco-Lurgi/Republic Steel-National Lead) process and is also 

well-known for being able to process a wide range of iron-bearing ores. The process generates 

significant amounts of residual gas. Notably, coal consumption is considerably higher than for a blast 

furnace, and the energy efficiency of individual plants depends on how efficient the residual gas is 

incorporated into the plant (Kelly, 1993). New Zealand Steel initially fed green unfired titanomagnetite 

pellets directly to the rotary kiln. It was found that the green pellets deteriorated in the kiln, resulting in 

excessive fines generation, and the waste gas handling system could not handle the excess dust, which 

limited the throughput of the reduction step. In 1972, the plant resorted to feeding iron concentrate 

directly (abandoning the pellets), but high waste gas volumes and velocities as a result of the combustion 

of volatiles from the coal continued to restrict throughput (Kelly, 1993; Richards and Davies, 1980). 

These challenges led to the development of multi-hearth furnaces as a pre-treatment step. 

Currently, the New Zealand Steel flowsheet includes multi-hearth furnaces in which the primary 

concentrate, mixed with limestone (CaC03) and coal is processed first. The volatiles from the coal is 

used to generate heat in the multi-hearth furnaces. The concentrate is dried, preheated, and the coal is 

charred, before being fed to the kilns. The waste gas from the multi-hearth furnaces is used to generate 

electricity on the plant. The hot product from the multi-hearth furnaces, about 650°C, is fed to the rotary 

kilns to produce DRI, which is processed in electric furnaces. The furnaces were converted from the 

original three-electrode circular AC furnaces to rectangular furnaces. Vanadium rich slag is produced 

as a by-product of the ironmaking process. The design improvements implemented by New Zealand 

Steel in the 80s were substantial (New Zealand Steel, 2018; Taylor et al., 2005). New Zealand Steel's 

efforts to optimise the pretreatment stages, resulted in process improvements that sustained the company 

in tough economic times. 

8. The case for fluxless smelting of titaniferous magnetite 

The slag produced from the blast furnaces at Panzhihua is added of slag dumps estimated by Chen 

et al. (2014a), to contain in excess of70 million tons of slag. The Panzhihua slag dumps are located on 

the riverbanks of the Jinsha River, and apart from the fact that the resource is inefficiently processed, is 

a growing environmental concern. The sheer scale of production at the Panzhihua site is worth noting. 

According to Liu et al. (2008), Panzhihua produces more than three million tons of the blast furnace 

slag per annum. The slag dumps at Highveld Steel contain reportedly about 45 million tons of waste 

slag produced over about 50 years of operation (Avertana, 2017). Efforts continue to extract value from 

the dump, including the titanium for pigment production. The slags produced from titaniferous 

magnetite ores are often referred to as 'steelmaking slag', despite not being typical steelmaking slags. 

Millions of tons oflow-grade titania-bearing slag are produced annually, adding to enormous stockpiles 

of discard slag already in existence around the world. These slag dumps will need to be reprocessed 

eventually, and many options have been considered to recover value from the low-grade slag. The 

proposed processes include variations of hydrometallurgical extraction, direct reduction (via fluidized 

beds, rotary kilns or rotary hearth furnaces) and electric smelting (Chen and Chu, 2014a, 2014b; Fu and 
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Xie, 2011; Hu et al., 2013). The processes usually suffer from low-recovery, high input cost and process 

complexity as a result of the grade of the slag. While there are ongoing efforts to extract the value from 

the stockpiled slag dumps, there is currently no commercial implementation. It is technical feasible to 

extract titania from low-grade sources, the challenge is that the gangue components contribute towards 

the scale, the complexity and costs of the process. Slag with higher titania content is favoured, and as 

such, slag from titaniferous magnetite via fluxless smelting could be ideal feedstock for the numerous 

slag upgrading processes that are proposed. A more efficient smelting process would also improve the 

overall utilisation of the titaniferous magnetite, as higher iron, and vanadium recoveries can be achieved 

in an open-bath operation. Stanaway (1994a, 1994b) reviewed the properties of titanium dioxide 

feedstocks in the context of minor elements and the impact on the production of pigment. It provides a 

useful reference to assess the criteria applied to furnace slags in the context of pigment production. It 

appears feasible that slags from titanomagnetite with lower iron per ton of slag if compared to ilmenite 

slags, and the absence of radioactive elements, could offer possible process benefits for pigment 

producers which could offset the lower grade. 

There is likely significant scope to upgrade the concentrate (Ti0 2 grade), if ironmaking is not the 

primary objective. Table 6 presents a summary of the relevant smelting processes and contextualise the 

opportunity for vanadiferous titanomagnetite as it relates to ilmenite smelting and ironmaking. 

Table 2 

Delineation of the smelting processes for iron, titaniferous magnetite and ilmenite 

Primary Industry Ironmaking Titania slag 

Feedstock Iron ore Vanadiferous titanomagnetite Ilmenite 

Electric Electric furnace Electric furnace 
Blast furnace Blast furnace 

furnace (open-arc) (open-arc) 
Smelting process 

AC DC AC/DC 

Fluxed Fluxed Fluxed Fluxless Fluxless 

Primary product Iron Iron & vanadium 
Titania slag Titania slag 

iron & vanadium iron 

By-product Ironmaking slags Diluted titania slags - -
Canada 

China New Zealand 
Users Global None South Africa 

Russia South Africa 
Norway 

9. Conclusion 

Titaniferous magnetite ore is currently predominantly treated as complex iron ore, resulting in the 

creation of titania-bearing, low-grade slag dumps. Reprocessing of the diluted, low-grade slags, has 

proven to be challenging with minimal economic incentive due to the complex and low-grade nature of 

the slags. 

The exploitation of titanomagnetite is of interest as these deposits represent a significant 

proportion of known global resources of vanadium, iron and titanium. The association of iron with 
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titanium, however, restricts processing options, especially if the primary objective is ironmaking. In 

order to achieve the goal of comprehensive processing, processing practices would have to change to 

process the ore with a different agenda or primary directive to facilitate unlocking of titanium. 

Fluxless smelting of titaniferous materials is technically feasible, regardless of the grade of the 

feedstock. Current ilmenite smelting practices serves as a reference point in this regard. There is an 

opportunity to process titaniferous magnetite to produce a titania-rich slag, but high-grade titania 

materials are readily available. The slag from a titaniferous magnetite feedstock would have to offer 

additional benefits to pigment producers to be competitive or desirable. As with ilmenite smelting, a 

good quality iron product can be co-produced during smelting, while recovering vanadium as a by­

product from the ironmaking process. 

The unfortunate demise of High veld Steel in South Africa offers an opportunity to reflect on the 

most appropriate technology for the future, namely a process that comprehensively extract iron, 

vanadium and titanium. Fluxless smelting of the titaniferous magnetite in a DC furnace to produce a 

high-grade titania slag is proposed as a technology solution for the Bushveld Complex, known for high 

titania content as it creates an opportunity to economically extract the full value of the ore. 

The review of titaniferous smelting processes identifies that practices used by ilmenite smelters, 

concentrate beneficiation, pretreatment and smelting, can be adapted to titaniferous magnetite to unlock 

the potential of these deposits. Notwithstanding the challenges, such as the complex and widely varied 

mineralisation fluxless smelting offers a step-change opportunity towards comprehensive processing of 

these deposits. The continued successful operation of ilmenite smelters worldwide and specifically in 

South Africa, indicate that there is an opportunity to categorise titaniferous magnetite as a primary 

source of titanium, rather than as iron ore. Historically, these ores have been categorised as difficult iron 

ores, but changing this perspective could lead to sustainable unlocking of this complex resource, instead 

of creating growing environmental legacies. 
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