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The furnace had separate tap-holes for the removal of alloy and slag. During stable operation, the
furnace was fed more or less continuously, and tapped intermittently via the dedicated tap-holes, with slag
being removed from the furnace approximately every three hours, and alloy tapped about once a day. The
slag tap-hole had a water-cooled copper insert, which performed well and rarely required maintenance.
The alloy tap-hole performance was good, but the refractory lining generally required a partial replacement
every two to three months of continuous operation. Each tap-hole maintenance shutdown typically lasted
between 8 and 12 hours, during which time other maintenance on the plant was generally carried out. A
weekly maintenance shutdown was also put into practice, in an attempt to improve the overall availability
of the furnace, with the primary focus on preventative maintenance.

A single solid graphite electrode was used as the cathode, and the anode at the bottom of the
furnace was made up of a number of steel pins that protruded through the refractory hearth to come into
intimate contact with the molten alloy. The gas leaving the furnace was combusted and then passed
through a bag-house to remove any entrained dust (for continuous recycling to the smelter) before being
treated in an SO, scrubber prior to discharge through the stack.

The particular furnace used in the work reported here was equipped with film water-cooling on
the side-walls, which placed some upper limits on the smelting intensity of the operation. (This was done
deliberately to avoid the higher-intensity copper coolers that have failed often in PGM matte smelters
elsewhere.) The furnace was operated in such a way as to maintain a freeze lining, and the operational
intensity was reduced if the protective layer required reformation. Crushed, high-magnesia bricks were
occasionally added to the furnace as a feed material to supplement the formation of the protective solidified
layer on the side-walls. The temperature distribution in the furnace was very responsive to such factors as
arc length and bath condition. These aspects were usefully monitored, and adjustments were made to arc
length and operating intensity to achieve a desired mode of operation depending on the condition of the
freeze lining, and process objectives. In this way, the furnace operation was managed by controlling the
temperature distribution, especially with regard to the maintenance of the freeze lining.

OPERATIONAL HISTORY
From 16 May 2004 to 8 August 2008, a period of about 52 months, nearly 37 000 tons of revert
tailings was processed in the 3 m DC arc furnace. Table 1 provides a brief summary of the history and the
duration of the various campaigns. Overall, 2 687 tons of PGM-containing iron alloy and 31 999 tons of

slag was produced, with 1 224 tons of off-gas dust being internally recycled to the smelter.

Table 1 - Summary of campaign duration, start-up and end dates, and tonnage processed

Duration Ave Feedrate Reason for shutdown
Power
From To Days MW tons/day

C-1 16-May-04 15-Aug-04 92 0.97 17 Facility required for other testwork
C-2 28-Sep-04  31-Jan-05 126 1.26 27 Facility required for other testwork
C-3  13-Apr-05  25-Sep-05 166 1.35 29 Furnace re-lined after moving

C-4  04-Nov-05 04-Apr-07 517 1.39 34 Changed to new client

€5  29-Sep-07 08-Aug-08 315 1.20 30 ~ Decommissioned fumace for

upgrade
Overall 1216 1.29 30

The furnace was generally operated continuously, with two short shutdown periods during 2004
and 2005 due to previously contracted commitments for demonstration-scale testwork (about two months
in total). In 2007, the testwork facilities at Mintek were upgraded to allow for both the testwork and
production facilities to operate without the need to interrupt the production during other research or
demonstration testwork campaigns. A third shutdown, in September 2005, was used to relocate the furnace
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to a more accessible and permanent position in the building and the opportunity was used to re-line the
furnace, as it was envisioned that a long-term contract would be implemented to reclaim and process the
bulk of the revert tailings dump. The longest shutdown period was in 2007, during which the contractual
client changed, and the furnace was effectively mothballed for a period of six months. The smelting
operation was re-commissioned at the end of September 2007, with a new client, followed by the
decommissioning of the 3 m furnace during August 2008 (to make way for a much larger unit).

FURNACE OPERATION

Overall, the furnace was in production for more than 40 months without any major incidents. The
furnace operation became increasingly efficient as the throughput, availability, and process parameters
were optimized. A summary of the general process parameters, that is, tons processed, slag and alloy
make, dust carry-over, gross energy requirement, and electrode consumption for each of the five
campaigns, is listed in Table 2. The alloy make was directly controlled by changing the addition of carbon
(in the form of anthracite) to the furnace, and the degree of reduction was controlled to achieve the desired
optimized PGM recovery. The electrode consumption was good, with an overall consumption of 1.5 kg
electrode per MWh.

Table 2 - Summary of some aspects of the furnace operation, for the five campaigns

No. Tons % Anthracite % Alloy % Slag % Dust” MWh/ton" Ele%trode
processed kg’/ton

C-1 1577 5.0 11.3 80 14 1.218 1.89
C-2 3344 3.9 9.3 83 2.5 1.007 1.34
C-3 4878 3.8 7.9 84 5.0 0.936 1.29
C-4 17 628 2.9 55 86 3.0 0.871 1.30
C-5 9525 3.2 8.9 80 3.6 0.834 1.38

Overall 36 952 33 7.3 84 33 0.897 1.35

" Dust collected and continuously recycled to furnace, expressed relative to mass of PGM-containing feed
* Gross energy consumption MWh/ton PGM-containing feed
$ Electrode consumption expressed as kg graphite per ton of PGM-containing feed processed

Energy consumption (gross) decreased from an average of 1.22 MW/t in the first campaign to
0.83 MWh/t for the fifth. The lower gross energy consumption was associated with increased throughput
and higher equipment availability. The energy consumption per day of operation is graphically presented
in Figure 1, illustrating the continued improvement in efficiency.

Although the operating crew maintains a mass and energy balance as part of the daily furnace
control strategy, the furnace is seldom in true thermal equilibrium. Feed and product compositions change,
maintenance interruptions occur, and the mode of operation is continuously adjusted to manage the mass
and energy balance in order to compensate for these factors, therefore always striving towards operating at
equilibrium but not ever achieving true thermal equilibrium.

The daily gross energy consumption data depicted in Figure 1, illustrates the variability in the day-
to-day energy consumption due to the normal operational interruptions. Despite this inherent variability, a
distinctive trend towards improved efficiency is clear - both as a function of campaign duration and
throughput (tons processed and average power input). Figure 2 presents the monthly gross energy
consumption data as a function of average power input and as a function of PGM-containing feed material
processed per month. Both graphs show the improved efficiency trend as throughput and availability
increased.
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Figure 2 - Monthly gross energy consumption

The average gross energy consumption for the months with a throughput exceeding 900 tons was
0.866 MWh/t, while the average for months with less than 900 tons throughput was 1.018 MWh/t. The
average throughput per month and estimated thermal efficiencies according to this criterion is summarised
in Table 3. The figures quoted for ‘specific energy consumption’ have taken into account the energy losses
from the furnace vessel, and reflect only the energy that is required for the process itself.
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Table 3 - Summary of energy consumption and thermal efficiencies based on throughput

Average Specific

No of Average Total ener; Thermal
months Throughput monthly Powegr consumptii?l enersy. efficiency
throughput consumption
tons tons kW MWh/ton MWh/ton %
17 <900 674 1148 1.018 0.634 62
25 > 900 1037 1366 0.866 0.632 73
42 All 895 1286 0.897 0.631 70

Table 4 summarises the weighted average chemical composition of the revert tailings treated
during the five campaigns. PGM content was analysed by fire assay, with the total reported here (as
PGM 4e) representing the sum of the individual values for Pt + Pd+ Rh+ Au. In general, the chemical
composition of the tailings was fairly consistent, although a marked drop in PGM content occurred during
the fourth campaign. Upon investigation it was found that the revert tailings dumpsite had been disrupted
and contaminated with significant amounts of lower-grade slag. The PGM grade of the feedstock varied
significantly during the last two campaigns, and continuous attempts were made to salvage the highest
possible grades from the dumpsite by implementing systematic reclamation or selective mining, as well as
visual screening of the stocks prior to moving the materials off the dumpsite. Overall, a maximum PGM
content of 130 g/t was measured, whilst the grade dropped as low as 6 g/t for a short period during the
fourth campaign. The overall weighted average PGM grade for the 36 952 tons processed was 51 g/t.

Table 4 - Revert tailings composition, mass % (PGM listed in g/t)

Campaign ALO; C CaO Co Cr,0; Cu FeO MgO Ni S SiO, PGM 4e

1 365 022 6.04 0.17 256 029 347 1014 0.99 0.84 342 64
2 376 020 6.69 0.18 267 031 332 1055 1.08 0.86 334 72
3 351 024 6.62 0.17 253 030 340 1039 1.04 0.76 34.6 61
4 379 030 652 013 237 026 315 1249 074 0.72 371 39
5 374 028 6.09 0.14 230 038 318 1191 1.00 0.78 36.5 58

Overall 373 027 642 0.14 241 030 322 11.79 0.89 0.76 36.2 51

Typically, slag with very low levels of residual PGMs was produced, and no appreciable
entrainment of PGM-containing alloy prills in the slag was encountered. The weighted average overall
PGM content in the slag was 1.1 g/t, with contents less than the 0.28 g/t analytical detection limit
frequently reported. The degree of reduction was controlled by adjusting the carbon addition, generally
controlling the reducing conditions to produce the minimum alloy fall whilst maintaining an acceptable
recovery of the PGMs. (Anthracite, with about 75% fixed carbon, was utilized as the carbon source.)
Although very low levels of PGMs in slag are achievable, a deliberate decision was taken to limit the
degree of iron reduction (minimizing alloy fall) whilst marginally compromising on PGM recovery for the
sake of minimizing the amount of alloy that would require further downstream treatment. (It is an
important feature of the process that it allows this degree of control.) All alloy was re-melted and
granulated off-site, and the quantity of alloy impacted directly on the treatment costs. The barren slag was
initially returned to the client’s own slag stockpile, but, later, the approximately 8 000 tons of slag from the
final campaign was crushed and utilized as aggregate or backfill. The weighted compositions of the slag
produced during the various campaigns are listed in Table 5. The PGM content of the slag was analysed
by a fire assay - gravimetric procedure (fire assay fusion followed by cupellation and a gravimetric finish)
and so represents the approximate total of Pt + Pd + Rh + Au (PGM 4e). The average slag tapping
temperature was 1585°C, at which temperature the physical properties of the slag were acceptable, and the
alloy could be tapped at temperatures within 100°C of the alloy liquidus.
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Table S - Furnace slag composition, mass % (PGM listed in g/t)

Campaign ALO; C CaO Co Cr,0; Cu FeO MgO Ni S SiO, PGM 4e

1 478 006 746 0.04 3.09 0.07 282 1271 0.10 032 43.1 1.55
2 475 006 786 0.05 328 0.08 288 1275 0.08 032 40.1 1.29
3 456 007 798 0.05 3.08 0.09 31.0 1234 0.11 034 40.1 1.72
4 446 006 733 005 276 0.10 292 1412 0.12 034 415 1.00
5 406 002 651 003 261 0.08 265 1556 0.10 034 415 0.90

Overall 441 005 727 0.05 2.83 0.09 287 14.06 011 034 413 1.12

Figure 3 shows the normalized slag compositions derived from the average slag compositions for
the five campaigns on a ternary FeO-MgO-SiO, phase diagram, to illustrate the approximate regimes of
operation. For plotting on a three-component basis, the amount of CaO in the slag was divided in two and
the equal amounts were added to the FeO and MgO. The effect of the minor components (such as Al,Os,
Cr,0;, and Mn,0;, totalling about 8%) is likely to reduce the liquidus isotherms slightly as opposed to the
normalized points shown on the graph which made the slag and alloy very compatible with regards to
liquidus temperature.

Figure 3 - Phase diagram with average slag compositions for the five campaigns presented

The mass and weighted compositions of the alloy produced are listed in Table 6.
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Table 6 - Alloy composition, mass % (PGM listed in g/t)

Campaign ~ Tons C Co Cr Cu Fe Ni S Si PGM 4e
1 179 0.11 1.23 0.21 2.05 83.7 8.1 3.71 0.49 462
2 313 0.08 1.43 0.18 2.69 79.2 11.0 5.94 0.27 771
3 385 0.10 1.60 0.14 3.07 75.6 12.5 5.78 0.25 880
4 964 0.06 1.48 0.16 3.17 74.8 10.8 6.57 0.24 634
5 846 0.05 1.23 0.19 3.67 77.9 10.5 6.13 0.16 597

Overall 2687  0.07 1.40 0.17 3.18 77.0 10.8 6.05 0.24 662

When carbon is added to the molten bath in a furnace, the various metallic elements reduce to
different extents, at a given level of carbon addition. This behaviour allows a reasonable degree of
separation to take place during smelting. It is well known that an increase in the amount of the reductant
added to the furnace results in increased quantities of the various metallic elements that report to the alloy
that is produced. The intention in this process is to separate the valuable metals from the Fe and the
gangue constituents that are present in the slag. The desirable area of operation is clearly somewhere in the
region where the recovery of PGMs and valuable base metals is high, and the recovery of Fe to the alloy is
still reasonably low. This is possible, because Co, Cu, and Ni are preferentially reduced over Fe, especially
under less reducing conditions. The addition of carbon is therefore one of the primary variables utilized in
order to control the selective deportment of the valuable metallic elements to the alloy phase, in order to
optimize recovery of PGMs and other valuable metals, whilst minimizing the recovery of Fe to the alloy
phase. This operating philosophy is depicted in Figure 4 in the context of varying feed grade (PGMs and
Ni) and illustrates the adjustments made to the degree of reduction (via the Fe recovery) in order to
optimize PGM recovery and minimizing the deportment of Fe to the alloy. For the two longest campaigns
(4 and 5), sub-periods were evaluated based on the average grade processed, with each period representing
roughly equivalent tailings throughput. The overall data for campaigns 1 to 3 is evaluated as these
campaigns were significantly shorter and the feed grade did not vary significantly during these campaigns.
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The degree of deportment of the various elements to the alloy phase is, of course, of principal
interest in any metal recovery process. During the life of the project, a detailed daily elemental mass
balance was compiled which provided the detailed deportments of various elements of interest. The
recovery of a given element is here expressed as the ratio between the mass of its content in the alloy
divided by the combined mass of its content in the alloy and slag. The basis of this assumption is that all
dust captured in the baghouse was fully recycled to the furnace, and the overall elemental accountability
was good. The recoveries of various elements of interest are listed in Table 7. Please note the earlier
comment that the operation of the furnace was focused not on maximum recovery, but on balancing a good
recovery with the production of a minimum amount of alloy.

Table 7 - Recovery of elements to the alloy, % of feed

Campaign Co Cr Cu Fe Ni PGM 4e
1 80.4 1.4 80.4 34.8 92.2 97.7
2 76.7 0.9 78.6 28.0 94.0 98.5
3 743 0.6 74.8 21.6 91.0 97.8
4 63.1 0.5 66.5 16.9 84.5 97.5
5 81.3 1.1 82.2 28.7 92.1 98.6

A recovery equation, described in detail elsewhere [4-6], was established for the conditions of
interest. The recovery, or degree of collection, of the valuable metals is a function of the extent of
reduction in the furnace, which, in turn, is indicated by the fraction of iron present in the feed materials that
reports to the alloy. The recovery equation relates the recovery of various metals (such as Ni, Co, PGMs,
and Cr) to the recovery of Fe. This recovery equation (for each metal) is characterised by a single
parameter (Ky) that can either be empirically fitted to the data, or expressed in terms of the equilibrium
constant and the ratios of the activity coefficients involved. This equation is a useful tool to model the
recovery relationships during smelting.

<= % where x => Ni, Co, Cu, Cr, or PGMs 1)
(1-(A=Ky)Rp,

There is no apparent reason for why the PGMs should behave in a similar fashion to the elements
participating in reduction reactions, but there are good indications from the data collected during the five
campaigns that they do, and it is on this basis that PGM recovery is also usefully modelled using the Ky
recovery equation. Figure 5 shows the recovery of PGMs, Ni, Co, and Cr as a function of Fe recovery to
the alloy. The best fit Ky values for Co, Ni, Cr, and PGMs were calculated by using the Least Squares Fit
method.

Although the degree of recovery is critical in the process, the grade of the alloy tapped from the
furnace is a direct and practical method of assessment. Highly reducing conditions will provide high
recoveries of the valuable metals, but, at the same time, Fe will dilute the grade of the product with very
little benefit in metals recovery, but with significantly higher alloy production. From Figure 5, it can be
seen that this is particularly true for the PGMs and Ni, as high recoveries are achieved under relatively mild
reducing conditions. The best-fit Ky values provide a valuable tool through which optimum operating
conditions can be established with respect to the recoveries. The grade-recovery relationship, as a function
of Fe recovery is depicted in Figure 6.
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FUTURE DEVELOPMENTS

The ConRoast process has indeed become a hot topic in the PGM industry due to its divergence
from the traditional matte-smelting process and the opportunity the technology has created for new and
developing miners to utilise high-chromium ores without the penalties imposed on producers by the
existing smelters. Independence Platinum Limited (IPt) was formed to undertake the commercial
development and exploitation of Mintek’s ConRoast technology, with the strategic objective of
establishing an independent smelting and refining facility in South Africa. IPt entered into an agreement
with Mintek to fund a three-year development and demonstration programme in order to set up a smelter
based on Mintek’s ConRoast technology, in exchange for a ten-year period of exclusive use of this
technology. Independence Platinum was acquired by Braemore Resources plc in December 2006 and
renamed as Braemore Platinum [7]. Braemore Platinum identified Mintek’s toll-treatment facility as an
excellent vehicle to demonstrate the ConRoast technology on a continuous basis and also establish the
company’s footprint as a new, independent platinum producer in South Africa. As part of the strategy, the
3 m furnace was upgraded to a new 4.25 m furnace with the feed and off-gas handling systems upgraded to
suit, effectively doubling the throughput of the original facility. In addition to the smelting facility
upgrade, a flash drier replaced the electrically heated kiln previously utilized. Commissioning of the new
facility commenced in September 2008. The first slag and alloy was tapped from the furnace in
October 2008, with a ramp-up to full capacity being aimed at early 2009. The objective of the upgrade was
to demonstrate the smelting of PGM-containing low-sulfur and/or high-chrome materials on an even larger
scale as part of Braemore’s strategy to establish a commercial-scale ConRoast smelter.

CONCLUSIONS

Over a period of four and a half years, one of Mintek’s pilot-plant facilities was transformed from
a highly technical research facility into a full-time production plant. Although the aim and targets for the
smelter obviously moved away from a pure research approach, significant and detailed metallurgical and
process data was captured and compiled throughout. The production campaigns demonstrated that a DC
arc furnace could be operated on a continuous basis smelting low-sulfur PGM-bearing materials, whilst
producing an iron-based alloy without adverse operational problems.

The following general principles were established:

¢ The operation became increasingly efficient as the throughput, availability, and process parameters
were optimized. Energy consumption decreased from an average 1.22 MWh/t during the first
campaign to 0.83 MWh/t during the last, and a direct correlation was observed between throughput
and efficiency.

¢ The temperature distribution in the furnace was very responsive to such factors as arc length and bath
condition. Distribution of temperature was a useful tool through which the furnace operation was
managed, in particular with regard to the maintenance of the freeze lining.

¢ The grade of the alloy is overwhelmingly dependent on the degree of Fe recovery. Under highly
reducing conditions, increased reduction of iron is easily achieved without a significant benefit in
terms of recovery of the base metals to the alloy phase. Selective deportment of the valuable metallic
elements to the alloy phase is very effectively controlled with a view to achieve the desired recovery of
the valuable constituents whilst minimizing the Fe recovery.

* Recovery of the valuable metals, including PGMs, can be reliably modelled as a function of Fe
recovery, allowing for the efficient control of the Fe production by adjusting the carbon addition as
required.

¢ Chromium deports preferentially to the slag, with limited deportment to the alloy (in this context, a
deleterious contaminant in post-taphole processing).

*  Anoverall PGM recovery of 98% was achieved under relatively mild reducing conditions.
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