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EXECUTIVE SUMMARY

BACKGROUND

Off-gas dust collected from ilmenite smelting preges, as an air pollution control measure, is
often classified as hazardous under Acid Rain LisgcRrocedures (ARLP) due to its inorganic
manganese content. It is believed that this streeay have a hazard rating that is inconsistent
with its behaviour in the environment. This is aftaised in respect to listing of manganese
containing compounds as hazardous waste. Mang@aaseturally occurring, essential nutrient
and its toxicity is related to its form and accéeaisk levels are arguably said to be set toa low

In this project, further characterisation researtthis particular waste stream from a number of
pyrometallurgical industries and pilot trails wa®nducted. Extensive leachability and
characterisation studies, using a variety of temphes, were done. Furthermore, the need for and
the use of a number of immobilisation treatmenico® were investigated since mobility and
stability of the manganese links to bioavailabiléyd therefore hazard risk posed to the
environment. Certain process conditions were atsopared in order to investigate means to
minimise the risk posed by the waste, in the largt when disposed of in a mono-landfill.

PROJECT AIMS

The main aims of the project are to establish wdrethe current methods employed for the

hazard rating and classification of wastes comtgimnanganese are appropriate, and whether,
under specific conditions, other methods, whichdretepresent the behaviour of such wastes,
exist, or can be devised. Since it is not feasibletest the current methods and develop

alternatives for the full range of manganese coirngi wastes which are produced in South

Africa, a specific example based on pyro-metalkcatly generated waste will be used to develop
a generic approach to the management of inorgaaiganese-containing wastes.

APPROACH FOLLOWED

A comprehensive literature search was undertakepra@ide the theoretical background on
manganese chemistry, its behaviour in the enviramnexicity as well as to investigate other
alternative hazard characterisation methods. A mundf pilot trails were conducted and
samples collected of the off-gas dust under a B¢ process conditions. Other industrial
examples of this dust were also obtained. Togethign the use of inorganic manganese
standards in various solid forms, these samples then characterised and compared. Each was
subjected to a variety of leaching procedures (bate column) and solutions to investigate the
impacts on manganese mobility and what controlBhié effects were quantified and modelled.

FINDINGS

Detailed geochemical assessments of the off-gas chitected under oxidising conditions (post

combustion and/or baghouse filters), showed thiat phovides conditions that produce more

stable manganese compounds in the dust that isalstable to the water phase or more
stringent acid conditions. Under ARLP conditions/és found however that a greater proportion
of manganese present in the “oxidised” dust isasdd as soluble manganese. This would
however be decreased if post combustion was used.



Off-gas dust collected using wet scrubbers, undducing conditions, contains manganese and
other elements that are largely in a soluble foftre availability of the manganese to the water
phase is however affected by a number of factdns anganese can be rendered immobile by
treating it with a number of chemicals like limagldte, desulphurisation slurry (CaO-CaS),
ferric chloride and hypochlorite. Calcite, whileviteg a slower reaction rate compared to lime,
was shown to provide a more suitable long-termiligation measure for this dust, especially
under stronger acidic conditions. Furthermore, @iglquid: solid ratios in the wet scrubber
changed the hazard rating of the scrubber dust éenthat could be delisted to one that had an
EEC/ARL > 1.

Several other waste classification techniques \atse assessed and they provided more insight
into the reactive load, which is indicative of thie-available or hazard risk component and the
inert part of the waste stream. Furthermore, mleltgxtraction methods revealed trends with
regard to behaviour of the dust sample over tintkadlowed for a fairly simple evaluation of the
long- term effects of a number of treatment options

PROPOSED CLASSIFICATION METHODOLOGY

A proposed process for assessing the hazard assbeidth inorganic manganese containing
wastes is shown in the Figure below.

The proposed first step in the assessment prosess establish with absolute confidence
whether or not the inorganic manganese containiagtevwill be disposed of in a landfill site
that could contain organic acids. If there is aeptil that organic acids may be present then the
screening level test should be undertaken using A&LP and TCLP tests. In interpreting the
significance of the test results, use should beeraEdhe EEC and ARL values set out in the
DWAF Minimum Requirements.

If the results from the screening level assessmaemtwithin the conservative ARL and EEC
values, then there is no need to undertake anhdudssessments and the regulatory process
should be followed to obtain approval for dispasiahe waste in a general landfill. If the results
are negative then it will be necessary to move antttermediate level assessment.

In the intermediate level assessment, column lsaaties are undertaken to replace the ARLP
and/or TCLP tests, using landfill conditions thidsely simulate the intended application. A
geochemical assessment programme and equilibriumchgenical modelling should be
undertaken using water quality data from the colstutdy leachates. An assessment must be
made to establish whether the proposed disposalittmms will lead to a stable waste and
whether or not the column leach data can reasormblised to assess long-term performance.

Use could still be made of the conservative EEC/ARH values set out in the DWAF Minimum
Requirements.

If the results from the intermediate level assesgraee within the conservative ARL and EEC
values, then there is no need to undertake anhdudssessments and the regulatory process
should be followed to obtain approval for dispasiathe waste in a general landfill. If the results
are negative then it will be necessary to move andetailed level assessment.
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Undertake pathway modelling to predict concentretiat key receptors
Include consideration of remediation / managemenitigation measures
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In the detailed level assessment, the followinglissishould be undertaken:

Detailed characterisation of the proposed landifiél in terms of its water balance.
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» Prediction of long-term leachate quality using kingeochemical models and evaluating the
anticipated pH and redox conditions.

» Prediction of leachate flow, quality and load fdretvarious remediation/management/
mitigation measures being considered.

» Detailed characterisation of the receiving envirenit(ground water and surface water) with
modelling of the predicted water quality at key ieowmental / human receptors.

» Assessment of risk posed to environmental recepbased on local and international
literature values for adverse risk.

« Conclusion as to whether waste should be disposadageneral landfill or at a hazardous
waste landfill site.

The process that has been followed must then bendeated in a detailed report that presents all
the collected data, assumptions, assessment pracdsgsults and that must then be submitted
to the regulators for consideration and approval.

RESULTS AND DISCUSSION
The following conclusions can be drawn from thise@ch project

Off-gas dust samples from smelter processes ubmgnite feed contain manganese in varying
guantities. The level of inorganic manganese, afjinogenerally less than 15 % of the feed input
balance, can result in the scrubber dust beingsifled as hazardous for disposal, based on
ARLP results.

At a primary risk assessment level, it was fourat #n number of process conditions influence
the ARLP results and the form of manganese founthé scrubber dust, which, ultimately
affects its bio-availability and potential hazaodthe environment.

In general it was found that off-gas collected iy dxidizing environments could convert the
manganese into a more stable form than is foun@éruwet, reducing conditions. Despite this, it
was found that a much higher manganese load idhdelaander ARLP conditions from the
scrubber dusts that were collected under oxidisimgditions (>100 mg/kg dust) compared to
reducing conditions (<35 mg/kg dust). It must béedathat the inclusion of a post combustion
chamber in the oxidising situation does signifitanéduce the amount of soluble manganese in
the “oxidized” dust.

It was also found that the liquid/solid ratio orteraflow rate/temperature management in the wet
scrubber is an important operational factor thé#c$ the hazard risk assessment of Mn based
on ARLP results and EEC calculations. Lower temiopees can significantly change the
solubility of the manganese captured as dust fluerfurnace. Significant changes to the particle
size distribution of the scrubber dust were alseeobed. The waste classification listing was
lowered when the temperatures of the scrubber inkate kept at 180 °C and 233hour
scrubber water flow rate, compared to 114 °C arl 8our scrubber water flow rate. It must
be noted that the temperatures are relative andbsmlute. The measured temperature depends
on the location of the thermocouple.
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A number of possible immobilization techniques imitilg chemical additional precipitation
methods were also evaluated, based on our literakarch findings. It was found after an initial
baseline study to determine optimum dosage rarhas)ime 5 %-10 % (w/v), calcite (37.5 %
wi/v), hypochlorite (9 % v/w) and a desulphurisatgdag (10 %) from the smelter process could
all significantly reduce the levels of soluble mangse under ARLP extraction conditions and
the EEC/ARL ratio to <1 for delisting.

It was also seen that while calcite reacts slowantlime initially, in the long term it also
provides alkalinity and buffering capacity to thaste to prevent leaching over time. This was
also seen in the Multiple Extraction (MEP) resudtsd geochemical modeling predictions.
Dolomite was also considered as a good treatmettroput due to impurities inherent in the
product, it was found that it added rather thanuced manganese in the waste leachate.
Dolomite may also contain other substances thatdcmiluence the potential pollution and
toxicity of the treated waste. This needs to beckbe before use. Moreover, burnt dolomite
proved to have less contaminating manganese legalpared to raw dolomite.

The geochemical assessment and modelling of thtestiosved that more chemical components,
specifically manganese were leached out from tmebfer sample collected under reducing
conditions (200 kW Trial 1) to the water phase tHeom the dust sample collected under
oxidising conditions (1.5 MW Trial). This was algo line with the activity diagram analysis.
Together with the chemical concentration analyisigias concluded that the “oxidised: sample
(1.5 MW dust) contains much less leachable metala whole, viz. manganese, cobalt, nickel
and iron than in the “reduced” sample (200 kW Tral Correspondingly, less minerals,
specifically manganese-bearing minerals are lesgeaad (not precipitated) in the “oxidised”
sample (1.5 MW) than in the “reduced” sample (200) kAlkalinity was also inherently higher
in the 1.5 MW sample compared to the 200 kW WSDpam

These finding all support the fact that it is bette store manganese-bearing wastes under
oxidising conditions that results in formation ofaldle manganese-bearing minerals and
eventually stabilises the manganese-bearing wastes.

Redox conditions in a scrubber dust waste dispdsahp were also considered and three
management options for the disposal of the wetaedscrubber dust and dry-oxidised scrubber
dust were evaluated. The management options intltide do-nothing approach, addition of
calcite and addition of lime.

The following trends with time were observed in thedising (upper levels) and reducing
conditions (lower and deeper) areas of the wastepdior the case study example. It must be
noted that absolute values for manganese couldegredicted with certainty in this project,
due to lack of certain critical data required fbe tkinetic modelling and the need to make
informed (albeit unvalidated) assumptions.

Scrubber Dust collected under wet-reducing conastio

Disposal Option 1 — No treatment

During the first 15 years, pH increases in the dufmpth reducing (deeper) and oxidising
(surface) conditions) due to reaction of MnS. Tihisrease would however still keep pH in the
neutral to slightly alkaline range (pH <8). A sligtecrease in pH due to the reaction of MnS in
the wet scrubber dust was also observed (5-25 yaadgsthis impacts by increasing the level of
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soluble manganese leached from the waste durisgtithe period. Pyrolusite (Mnfpa stable
form of manganese can also dissolve rapidly whenigpltess than 8. Manganese levels in
solution were generally high in the dump (> 106hdér scrubber dust produced under reducing
conditions but lowered (< 2 mg/for “oxidised” baghouse dust.

Manganese levels in the wet reduced scrubber dusples appear to fluctuate in the first 5
years (could increase or decrease depending onepél hnd composition of the dust) but

generally increase again over time if left untrdatend can reach unacceptable risk levels.
Oxidised scrubber dust however showed a decreasetiove in the dump if left untreated and

the sample tested did not produce hazardous lef@mnganese.

Disposal Option 2 — Addition of lime

Manganese leaching from the waste can be contrbfetteatment with lime. Lime, however,
although it was most effective in the short ternasvehown to have less benefit over the long
term. Lime has a rapid and dramatic effect, neatr MnS and manganese is oxidised to form
pyrolusite (MnQ) and bixbyite (MpOg) primarily. Levels of manganese may however still
exceed recommended maximum environmental limitegushis method if scrubber dust is
disposed under reducing conditions.

Disposal Option 3 — Addition of calcite

Addition of calcite to the scrubber dust also aafsdly but was also shown to provide a better
and more effective long-term solution to reducing &mount of Mn leached, especially in the
reduced scrubber dust stored under reducing conditi

Both lime and calcite addition were predicted tovme similar benefits when scrubber dust
waste sample is stored under oxidising conditi®@equential step extraction methods (SEP)
were useful in indicating the proportions of redileiand oxidisable species in the waste and
multiple extraction procedures (MEP) provided sooiees to the long-term stability and
effectiveness of various treatment methods ovee titmat was supported by geochemical
modeling predictions.

Inorganic manganese-containing wastes cannot allclassified into one category. The
predominant form of manganese found in the wastgspa significant part in the assessing the
hazard risk potential. Operational conditions ugedollect the scrubber dust waste from the
furnace can influence the type of manganese prabacd its chemistry upon disposal. The
impact of other trace metals and the chemistry thvellong term also need to be considered and
this is not always accurately reflected in ARLPdsaslassification methods.

CONCLUSIONS AND RECOMMENDATIONS
This project has demonstrated and concluded thatctirrent methodology applied to the
classification of manganese containing wastes &ppropriate as it does not consider the

mineralogy and kinetic aspects of the waste in tjpres

It is therefore recommended that the existing nutlagy be revised and that the technical
process described and presented in this reporhplemented.
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1.1
1. INTRODUCTION

Many industrial processes today generate wasteri@ateontaining manganese (Mn) in some
form. Waste streams or compounds of manganese,anasg dioxide or manganese chloride are
considered hazardous material, with a hazard ratihg2 according to the Minimum
Requirements for the handling, classification ampdsal of hazardous wastas published by
the Department of Water Affairs and Forestry (DWAIR98). Furthermore, the acceptable
environmental risk concentration is given as 0.3Inagd the amount that can be safely disposed
of is 454 g/ha/month (DWAF, 1998).

The hazard rating determines the class of landfivhich the waste is disposed. In this case,
manganese waste requires a H:H landfill site, whtre requirements for the siting,
investigation, operation and monitoring are the treigngent. The preferred technology for
disposal of manganese-containing waste is recydirigmmobilisation (e.g. micro-encapsulation
or precipitation) and then land filling.

Waste classification test methods used in Southcéfinclude the toxicity characteristic
leaching procedure (TCLP) test and the acid raatHeng procedure (ARLP). Experimental
work conducted by Pulles Howard and de Lange (PtéD)contract for a specific manganese-
containing waste (PHD, 2000), showed that this el#mdue to its specific behaviour in these
tests, might give results not consistent with g&dyiour in the environment. As a result, it was
found that there is a risk that some manganeseewasty have higher hazard classifications
than is required for the protection of the watesotece. This will lead to unnecessary high
disposal costs, which is not in the interest otistdy, the economy, or the environment.

In this project, further environmental charactdia research of inorganic manganese-
containing waste streams, originating from pyroatietgical processes specifically, is carried
out. Leachability, immobilisation and hazard poi@ntof the constituent of concern is
established in order to evaluate the environmemtpicts of the waste at the disposal sites.
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AIMS AND OBJECTIVES OF STUDY

The main aims of the project are to establish wdrethe current methods employed for the

hazard rating and classification of wastes comtgimnanganese are appropriate, and whether,
under specific conditions, other methods, whichdretepresent the behaviour of such wastes,
exist, or can be devised. Since it is not feasibletest the current methods and develop

alternatives for the full range of manganese coingi wastes which are produced in South

Africa, a specific example based on pyro-metalkatly generated waste will be used to develop
a generic approach to the management of inorgaamgyanese-containing wastes.

In order to achieve this aim, the research compsndisted below were envisaged. To
investigate the following:

a)

f)

9)

The implication of manganese chemistry and gewmdstry, its behaviour under various
environmental conditions, and its application te tilisposal of manganese-containing
wastes;

The effects of a range of environmental factorsramganese mobility and behaviour;

The effects of selected pyro-metallurgical processed/ or waste treatment technologies
on the mobility of manganese in inorganic wastes;

Contamination levels associated with inorganic wasteposits known to contain
manganese, and assess this relative to conventaesdification methodologies for a
specific case study;

The suitability of existing waste classification theds, with respect to manganese in
inorganic waste deposits for a specific case sfuidy smelter scrubber dust), and develop,
through experimental research, alternative mettrogdes$, which may be appropriate under
specific circumstances;

Various additives to immobilise manganese for mgstin manganese containing waste
materials on a theoretical basis for a specifiectady, as well as the physical testing of
such additives to specific wastes;

Devising and development of a comprehensive tegtodelogy which may be applied to
the classification of manganese containing wastsgegted through pyro-metallurgical
processes and disposal under a range of enviroahwtditions according to the findings
of the research proposed in the above points. Whie applicable to inorganic wastes
only.
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METHODOLOGIES AND APPROACH

This section gives a brief description of the mdttlogies and approaches used during this
study. The task outcomes, in terms of the finabregtructure, are illustrated in Figure 3.1.

The proposed work programme was as follows:

Task 1:

Task2:

Task 3:

Task 4:

Task 5:

Research of manganese chemistry andmaralogy

This component of the work was a desktop study wiook the form of an in-depth
literature survey that not only identified literegupertaining to traditional manganese
chemistry and mineralogy, but also to geochemiaodl environmental observations
and research relating to manganese. This compomastaimed at qualitatively
assessing the effect of environmental factors orgianic manganese mobility.

Validation and quantification of key envirmmmental factors of manganese
mobility

This research was undertaken to validate the ceiela of the desktop study of
environmental factors, which are considered to rebmhanganese mobility, and to
quantify these effects where possible using a fipezse study.

Testing of hypotheses through case sligs

In view of the range of environmental factors, vwhi@an materially affect manganese
mobility, the interaction of these factors was ea#td through a case study to verify
hypotheses developed through tasks 1 to 3.

Investigate effects of pyro-metallurgial processes on manganese mobility

A specific pyro-metallurgical process was identfievhich generates manganese-
containing wastes for the case study, and key coems of this process that have
the potential to affect manganese behaviour wese atcognized. The process
conditions considered for evaluation would inclu@etors such as temperature,
aeration, redox conditions, exposure to alkalinifyH, exposure to other

chemical/gaseous species, and residence time vifitege processes.

Investigate methods to immobilise margese

Waste treatment methodologies to immobilise manggati@ough process conditions
and chemical additives for inorganic waste gendrateough a specific pyro-
metallurgical process were identified. This wagestigated through a desktop study
and laboratory research using a specific pyro-rhgtatal process as a case study.



Task 6:

Task 7:

3.2
Investigate alternative waste classifation methods

Current methods were evaluated and alternativepogenl based on experimental
and theoretical findings for a specific case study.

a) This research assessed the suitability of thectiuse of the TCLP and Acid Rain

Leach Procedure (ARLP) tests for the classificatibmanganese-containing wastes.
These tests are intended to simulate worst-casditmr s to be expected if wastes
containing manganese are disposed in specific @amvients. The validity of these

tests and their application in the range of envitental conditions that may be

expected were tested against the findings of tlwealvork in the context of a case
study of manganese-containing waste originatingfeopyro-metallurgical process.

b) It is proposed that current waste classificationthmés may be inappropriate
under certain conditions. A range of waste genamatinethods, environmental
factors and disposal options which may be appleabktertain cases and which may
materially affect manganese mobility in ways tha aot taken into consideration
through these tests, may be identified and incatedr into other methods which
reflect manganese behaviour in that specific emvitent. The development of such
methods will require an integration of informatiobtained on manganese chemistry
and mineralogy and various factors affecting maeganmobility, verified through
experimental work and field examples.

Prepare final project report

The findings of the project were documented inseagch report submitted to the
Project Steering Committee for final approval.

Table 3.1 Table illustrating the various phase outcomes of thistudy

Task

Section Reference Chapter
Research of manganese
e Chemistry Literature survey Chapter 4
* Mineralogy
Validation and quantification of key
environmental factors of manganese Geochemical modelling Chapter 7
mobility
Testing of hypotheses through case studies| Scrubber dust characterisation Chapter 6
Chapter 7
Investigate effects of pyro-metallurgical Literature survey
processes on manganese mobility Liquid/Solid Ratio Chapter 4
Pilot plant trials Dry vs Wet Off gas collectors Chapter 6
Reducing vs Oxidising conditions Chapter 7
Fe/Mn ratio
Investigate methods to immobilise
manganese - Literature surve Chapter 4
¢ Inorganic Manganese Standards y Chapter 6
Batch tests
¢ Case Study G . . Chapter 7
. . eochemical modelling
e Iscor Pilot studies
e Other Scrubber Dust Samples
Alternative waste classification methods MEP, SEP, NEP Chapter 8
Recommended methodology for
classification of manganese containing Assimilation of research results Chapter 9

wastes




4.1
4. LITERATURE SURVEY

4.1 GENERAL BACKGROUND

Manganese is ubiquitous in the environment. It i@turally occurring substance found in many
types of rocks (Lee, 1991) and is present in lovele in water, air, soil, and food (ATSDR,
1997).

Manganese is the twelfth most abundant elementdiss, in the earth's crust at approximately
1060 mg/kg (Lee, 1991). Manganese is describechén“Encyclopedia of the Solid Earth
Sciences”(Kearey, 1993) as a group VIl metallic element watiomic number 25. The most
common oxidation states of manganese are the Ill¥nstates. Its mass number is 54.938
g/mole and pure manganese is a silver-colored metal

Manganese does not occur as a pure metal in th#oement but combines with other
substances such as oxygen, sulfur, and chloringy(P®81). These forms (called compounds)
are solids that do not evaporate, but small dustiges of the solid material can become
suspended in air. Manganese can change from ometfoanother (either by natural processes
or by human activity), but it does not break dowmlisappear in the environment.

The aquatic chemistry of manganese is closely @tsdcwith that of iron chemistry. Both
elements tend to behave synergistically in thessaution from sediments under anaerobic
conditions and re-precipitation under aerobic cthods. Manganese, however, once in solution,
is more readily stabilized by complexation thamitie and is often difficult to remove from
solution except at high pH where it precipitatestlas hydroxide. Like iron, metallophilic
bacteria can utilize manganese. Other water coesiis and properties that govern the action of
manganese in water are pH, redox potential, tughiduspended matter and the concentration of
aluminium (DWAF, 1996).

Manganese can occur as inorganic or organic masgar@nly the inorganic manganese is
discussed in this profile. The inorganic mangarieskides those forms of the element such as
dusts that are present in steel or battery fadoa® well as the combustion products from
vehicles (ASDR, 2000).

4.2 ENVIRONMENTAL TRANSPORT, DISTRIBUTION AND TRAN SFORMATION

The primary routes by which biota pick up contamisaare from the atmosphere and surface
water. Manganese behaviour, in these componertteadnvironment as well as others e.g. soil
and groundwater, is discussed below.

421 Air

Elemental manganese and inorganic manganese codgpbame negligible vapour pressures but
can exist in air as suspended particulate mattavede from industrial emissions, burning of

fossil fuels or the erosion of soils. More speeifig, sources of airborne manganese include
iron- and steel-producing plants, power plants,ecokens, and dust from uncontrolled mining
operations.
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The fate and transport of manganese, in air, gelsgrdetermined by the size and density of the
particles and the wind speed and direction. Anredtd 80 % of the manganese in suspended
particulate matter is associated with particlehwitMass Median Equivalent Diameter (MMED)
of <5 um, and 50 % of this manganese is estimatée tassociated with particles that are <2 um
in MMED. (Note: Whether these data are for particla urban or rural areas is unclear)
(CICAD, 1999). Based on this data, the small pertiize of manganese is within the respirable
range, and widespread airborne distribution woeléxpected (WHO, 1981).

The size of manganese particles in the air tendgaty by source. Small particles dominate
around ferromanganese and dry-cell battery plavitereas larger particles tend to predominate
near mining operations (WHO, 1999). Very littleanation is quoted as being available on
atmospheric reactions of manganese (US EPA, 198#)ough manganese can react with
sulphur dioxide and nitrogen dioxide, the occureeatsuch reactions in the atmosphere has not
been demonstrated. Manganese-containing partictesemoved from the atmosphere mainly by
gravitational settling or by rain (US EPA, 1984).

4.2.2 Water

Manganese from human-made sources can enter swédeg groundwater, and sewage waters. { Formatted: Justified

Small manganese particles can also be picked wpabgr flowing through landfills and soil. The
transport and partitioning of manganese in watearoistrolled by the solubility of the specific

biogeochemical cycling of manganese in streamsfieoth nutrient availability and toxicity to
ecosystems.

In most waters (pH 4-7), Mn (Il) predominates asdassociated principally with carbonate, - { Formatted: Justified

which has relatively low solubility (US EPA, 1988¢haanning et al., 1988). The solubility of
Mn (II) can be controlled by manganese oxide eludi (Ponnamperuma et al., 1969), with
manganese being converted to other oxidation s{&aset al., 1986). In extremely reduced
water, the fate of manganese tends to be contréiledhe formation of the poorly soluble

sulphide (US EPA, 1984). In groundwater with lowygen levels, Mn (IV) can be reduced both

therefore a redox sensitive metal whose dissoleetentrations have been observed to undergo
variations in streams (USGS 2003).

Manganese cycling and transport in freshwater stseis also affected by light, but this is f10t - { Formatted: justified

well understood (Morgan, 1999). Sceit al (2002) discuss the importance of both surface { peleted:

catalysed oxidation and photoreduction on the gpiec of manganese in a mountain strea[m;{pdeted:

which receives manganese-rich inflows from a wetlanntaminated by acid mine drainage.
They reported that rapid oxidation and precipitaiid MnO, was the dominant process and that
light was found to promote oxidation and removalnadinganese from the stream. This was

that MnQ in seawater is photoreduced in the presence sbldisd organic carbon and that the
nature of the oxide is important in the overalkeraf photoreduction and type of photoreductive

tricarbonyl (MMT) has been found to be persistenhatural aquatic and soil environments in
the absence of sunlight, with a tendency
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| to sorb to soil and sediment particles (Garrisoralgt1995). In the presence of light, pheto-- { Formatted: Justified

degradation of MMT is rapid, with identified prodscincluding a manganese carbonyl that
readily oxidizes to manganese tetroxide (Garriga.e1995).

In a number of cases, high levels of manganeseateryin excess of 1000 pg/litre) have been
detected at US hazardous waste sites, suggestfigritsome instances, wastes from industrial
sources can lead to significant contamination aewgATSDR, 1997).

| Manganese is often transported in rivers adsorfiecsuspended sediments. Most of «the { Formatted: Justified

manganese from industrial sources found in a Sémtlerican river was bound to suspended
particles (Malm et al., 1988).

Manganese in water can also be significantly biocemtrated (bioaccumulation) at lower
trophic levels, e.g. bio-concentration factors (BL&f 10 000-20 000 for marine and freshwater
plants, 2500-6300 for phytoplankton, 300-5500 farime algae, 800-830 for intertidal mussels,
and 35-930 for fish have been estimated (Folsoal.£1963; Thompson et al., 1972). The high
reported BCFs probably reflect the essentialityn@inganese for a wide variety of organisms.
Specific uptake mechanisms will exist for essergiaments.

Heath (1999) conducted studies on metal levelshfffom the Crocodile River in South Africa,
which is impacted by intensive urbanisation. Henfd®BCFs, in various fish tissues compared to
river water, to range from 4-790, with the highB&F levels recorded in guts>gills>liver. High
manganese in the gills can be ascribed to thetfettthe gills are an excretion route for this
metal, and intake of particulate matter, for examfolod and sediments, can be the result for
high manganese levels recorded for the gut.

4.2.3 Soll

| The chemical state of manganese and the type béis@irmine how fast it moves through 4he - { Formatted: Justified

soil and how much is retained in the soil. The &my of soluble manganese compounds to
adsorb to soils and sediments can be highly vajatdpending mainly on the cation exchange
capacity and the organic composition of the soihd8 & Sharp, 1983; Kabata-Pendias &
Pendias, 1984). The oxidation state of manganessils and sediments can be altered by
microbial activity (Francis, 1985).

Hydrous manganese oxides (Mn--@Hire almost ubiquitous in soils and sedimentsciviaire

not strongly reducing i.e. these forms of mangamesmil, do not dissolve in water containing
oxygen. However when water percolates through gads, deprived of oxygen because the soil
contains organic materials and aerobic organismshe absence of oxygen, manganese could
then be reduced into soluble Krstates (Kassim, 1994Hydrous manganese oxileccur as
coatings around silicate grains and as discretingraf oxide mineral. The most common
mineral forms of manganese in soils are two cryfstahs of MnQ, birnessite and vernadite.

4.2.4 Rock

Rocks with high levels of manganese compounds anednand used to produce manganese
metal. Manganese is mined as the ore pyrolusiteQ@yirwhich is a secondary mineral formed
by alkaline waters leaching manganese from igneatls and depositing it as MpO



| 4.2.5 Environmentd levels __{ Deleted: a

In South Africa (DWAF, 1996) the median concentrasi of manganese in the environment are
given as

* 8 gkt in fresh water, with a range of 0.02 — 1304ug/

e 1000 mg/kg in soils, and

* 0.2 pgt in seawater.

Manganese concentration in the hgange can be found in anaerobic, bottom level msate
where manganese has been mobilized from the setiimen

The Agency for Toxic Substances and Disease Rgdgi8ffSDR; 1997), in the United States,
reported the average manganese levels in variod&anees follows:

» levels in drinking water are approximately 4 {ig/

« average air levels are approximately 0.02 microgrpar cubic meter (ugfn

» levels in soil range from 40 to 900 ppm (estimatexhn of 330 mg/kg)

« the average daily intake from food ranges from % toilligrams per day (mg/d).

Concentrations of manganese in surface water arallysreported as dissolved manganese.
Total manganese might be a better indicator, beceaenganese adsorbed to suspended solids
can exceed dissolved manganese in many systemsheiib-availability of manganese in this
form has not been established (NAS, 1977; US ER&4)L Accumulation of manganese in soil
usually occurs in the subsoil and not on the soflege (WHO, 1981).

4.3 HAZARD SUMMARY
4.3.1 Sources and potential exposure

The principal sources of manganese are from sedamedeposits and thermal metamorphosed
equivalents together with residual deposits.

| Manganese is essential for normal physiologicalcfioning in humans and animals, and - { Formatted: Justified

exposure to low levels of manganese in the diefoissidered to be nutritionally essential in

on ecological systems, particularly aquatic ecasyst Manganese can also have adverse health
effects on humans, but these occur at significamitiiper concentrations than adverse effects on
aquatic ecosystemg&hronic (long-term) exposure to high levels of mamgse by inhalation in
humans may result in central nervous system diserd@S EPA —Air toxics Website). People
who work in factories where manganese metal is yred from manganese ore or where
manganese compounds are used to make steel orpotthrcts are most likely to be exposed
through inhalation to higher than normal levelsrafnganese.

4.3.2 Toxicology - drinking water

Adverse aesthetic effects are the prime reasofirfiiting manganese concentrations in water- | Formatted: Normal, Justified,
used for domestic purposes due to taste and steéfiiects. The target drinking water quality Indent: Left: O cm, First line:

quideline for manganese in South Africa is < 0.Gfumand is based on aesthetic considerations. =

‘[ Formatted: Justified
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relevant at elevated concentratlons No adversdatmeffects are observed at concentrations
below 5 mgil, and adverse health effects are rarely observedretentrations up to 20 mlgéb\t
higher concentrations chronic toxicity may occunadl as acute effects.

| 4.3.3 Toxicology - aquatic ecosystems

e T

Information on the acute and chronic effect of man&gse on algae, invertebrates and vertebret\es
are very limited. The Chronic Effect Value (CEWhich is the concentration at which there |s

-| Deleted: 4.3.2. Toxicology -
drinking water{

1

Adverse aesthetic effects are the
prime reason for limiting
manganese concentrations in waj
used for domestic purposes due
taste and staining effects. The
target drinking water quality
guideline for manganese in Sout
Africa is < 0.05 mgdl, and is based
on aesthetic considerations

expected to be a S|gn|f|cant probability of meablﬁra:hronlc effects to up to 5 % of the speC|es
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the concentration above which there is expectebetaa significant probability of acute toxic

Formatted: Font: Bold

|
|
effects to up to 5 % of the species in the aquaiimmunity, for manganese, is 13a@/l. The [

\
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Target Water Quality Range for aquatic ecosystam80ug/| (DWAF, 1996b).
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44  PYRO-METALLURGY PROCESS DESCRIPTIONS

Pyro-metallurgy is a term used for processes choig at relatively high temperatures, usually
in furnaces, in which metalliferous material or ala$ treated to prepare free metal, to purify or
to refine free metal, or to prepare intermediatéeni@s more suitable for use in preparing free
metal (e.g. smelting; roasting of ores etc). Exa®gf metal industries utilising pyro-metallurgy
processes include ferromanganese, ferrochromiumenite, nickel laterite and zinc smelting
systems. A combustible solid reductant (e.g., caka) or anthracite etc.) is generally used to
fuel the process, while electricity supplied byctledes is commonly used today to power the
process in arc furnaces.

Furnace charge bins m— 4———— Carbonelectrode

Charging spouts

Off gases

Heating and drying

Prereduction Possible arching

-1 Deleted:

Resistive heating

/ Electrode stubb

Melting

Coke-bed and slag
Carbon reduction

Tap hole Metal bath

Figure 4.1: Sketch of the metallurgical system of high carbon ferromanganese furnace
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The furnace consists of furnace zones, in whictedifit phenomena take place (see Figure 4.1).
In the upper parts of the furnace (denoted therguection zone), water evaporates and
manganese and iron oxides, with high contents gfemn, will be reduced by counter current
carbon monoxide, and carbonates will decomposadttition the Boudouard reaction (C + £0
< 2CO) will take place in the pre-reduction zonerl@@a monoxide (CO) and carbon dioxide
(CO2) are generated in the furnace from combustfdhe auxiliary fuel (e.g. coal, oil contained
in the scraps and decarburisation of some of thapycin higher temperature ranges, deeper
down in the furnace, the reduction of the ore ia $olid state continues. In the hearth of the
furnace, the ore melts and reacts with carbon, iftyrmetal. At the bottom, slag and metal are
tapped from the slag/metal zone.

Several issues are important in operating a furnBleey include the electrical and metallurgical
process within the furnace, balancing the curraw through the electrodes, avoiding furnace
eruptions, maintaining a high production rate arantaining the grade of the product (Pistorius
and Geldenhuis, 2001).

| Ninety five percent of manganese ores mined ard insthe steel industry to produce very hard- { Formatted: Justified

weathering alloys, of which ferromanganese ancdcasiianganese are the most important.
Typically it is made by reducing the appropriatextuie of ferric oxide / ilmenite (R®s/
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Figure 4.2: Manganese forms in the different zonesf a furnace
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When MnQ is introduced to a smelter, it decomposes tg®4ron the heating at 530 °C (Lee,
1991). MnO, has a spinel structure and consists of" Mm," O, The concentration /
dissolution rate of manganese is thought to bercbetl by the dissolution of M@, (PHD,
2000).

- { Formatted: Line spacing: 1.5 }
4.4.1 Smelter dust lines

Primary emissions from the smelter / furnace inelyarticulate matter and gases. Particulate { Deleted: y )
matter, including metal oxides, is generated duting melting and refining phases and is- { Deleted: )
exhausted from the furnace. The exhaust gasegdsjffrom the carbothermic reduction process\{ Formatted: Justified )

are typically collected from the furnace and clehfy baghouses (fabric filters) or water
scrubbers (Environment Canada, 1999) to reducaithmollution potential. Particulate matter or
“ dust” collected in the filter or scrubber cannbfere either be in a dry or wet (as a slurry) form

In this research project, the case study will fooasthe manganese-containing scrubber dust
collected from an ilmenite smelting process. Thé seeubber dust is recommended for delisting
in terms of the Minimum Requirements (DWAF, 1998)sageneral waste if disposed in a mono-
landfill site. In addition disposal methods areamenended which are expected to effectively

manganese will be compared to dry scrubber dusgplesm

| The dry collection of the dust exposes the dustlitterent chemical conditions than those - | Deleted: 1
expected in the wet scrubber of a production drie primary difference between wet and dry | ¢
scrubber dust is that dry collection systems oitetude the use of a post-combustion chamber,
in which CO gas is ignited to form G@as, and the fact that dust is collected in afompn. Wet
scrubber dust involves no post-combustion of tHegaé CO, and the dust is collected in a wet
spray chamber equipped with water nozzles. The cstitn of CO gas exposes the dust to
temperatures not experienced in the wet scrubkstesyand will significantly alter the redox
conditions in the off-gas stream. The combusticocess may also combust any solid reductant
in the off-gas, thereby artificially increasing tleencentration of metals associated with the

ilmenite feed in the off-gas dust.

The wet scrubber dust matrix, in our case studgd@minantly consists of iron, titanium,
aluminium and manganese with trace amounts of me@  main concern is the manganese
content, which although high in terms of total @it has been found to be stable and is
suspected to be in the form of rhodochrosite (MgQ® pyrolysite (MnQ) (PHD, 2000).

Important considerations in the hazard charactiwisaof the scrubber dust include
stoichiometric ratio, scrubber inlet temperature gas and liquid mass transfer rates (Bennett,
1997). The main disposal considerations for scrubiet will be concerned with: pH, liquid to
solid ratio; humidity; kinetics; acid-base reactio(alkalinity); redox reactions, particle size;
adsorption and complexation (presence of otherlgjeta
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PROCESS FLOW DIAGRAM FOR ILMENITE SMELTING

MINERAL
SEPARATION PLANT|

PREHEATER
REDUCTANT | ANTHRACITE

WET SCRUBBER DC ARC FURNACES]
* METAL SLAG *
METAL TREATMENT SLAG PROCESSING
INJECTION SYSTEM SLAG DRYER
DESLAG STATION

OFF-GAS

SLAG PRODUCTS

METAL PRODUCTS

Figure 4.3: Simplified process flow diagram of thesmelter process used as the case study

| . __ - | Deleted: 1

45 HAZARDOUS WASTE IMMOBILISATION AND STABILISATI ON

Environmental problems are encountered if the catnaBons of mobile substances available to
organisms are either too low or too high. Meastoesduce pollutant levels in the bio-available,
mobile phase fall under the following six categsrie

Paa=a=a=a=aa=a=a=a

» Breakdown, neutralization or decay;
» Concentration;

» Concentration;

* Dilution;

e Immobilisation;

» Stabilisation /Isolation; and

* Combination of options.

Immobilization is probably the most widespread naggbm in nature by which the risk to life of
high concentrations of potentially hazardous sulzsta is reduced. Immobilization can take the
form of precipitation of an insoluble mineral, caqgt of an element in the lattice of insoluble
mineral, or its adsorption on clays or zeolitesydidal forms of immobilization are the
cementation of rocks, their recrystallization tdemse rock with low permeability, or in unusual
cases the transformation into glass. In these dases, immobilization is achieved because
solutions can no longer enter and leach the rodeuconsideration (Emeritet al.,2002.

| Immobilization as an environmental option has methwconsiderable opposition from- - { Formatted: Justified

environmentalists and some environmental agenthes.main reason is that the pollutant is still
present after immobilization, and it is feared thatill be set free again when there is a change
in conditions at the disposal site. It is formatllye that the pollutant is still present, and tihat
will be set free eventually after a long periodtiofie, as no substance is perfectly insoluble.
However, immobilization does serve the ultimatel@gd@&nvironmental action: it guarantees that
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the concentrations of the pollutants in the mophase will not exceed certain safety limits, and
that detoxification will proceed in a slow and algenanner (Emeritust al.,2002.

Stabilization / solidification is a treatment teology used to reduce the hazard potential of a
waste by converting the contaminants into theistisaluble, mobile or toxic form. Solidification
refers to techniques that encapsulate the wastenionolithic solid of high structural integrity.
Solidification does not necessarily involve a chehiinteraction between the wastes and the
solidifying reagents but may mechanically bind thaste into the monolith. Similarly,
stabilization does not necessarily involve solddifion, since precipitation and complexation are
also mechanisms of stabilization.

45.1 Waste dumps/landfills

Manganese waste dump chemistry is dictated by bgtarnal and internal factors. External
factors include rainfall, temperature and light,iletinternal factors include moisture content,
oxygen content, temperature and all biologicalvitegs acting upon waste composition. High
concentration of waste also increases the natutteredt to the environment.

Rainfall creates runoff and leachate from dumpiitgss carrying fine waste and rock particles
into the nearby surface or groundwater resourd¢eseby potentially affecting aquatic life by
altering biochemical conditions and restricting dosources and habitat space. In addition,
solutes within the immobile or slow flow region wduend to mix with the rapid flow region,
especially as the concentration difference betwd#®n two regions develops. A rise in

| temperature can also influence reaction rates g¢iroan increase in kinetic energy. Most - { Deleted: 1
substances react faster with an increase in kieegcgy. 4101

1

Most substances react faster with an increasenietiki energy. Furthermore, when wastes are
exposed to atmospheric oxygen and light; oxidati@duction and biochemical processes,
through bacteria and fungi, are enhanced.

Internal factors influence the reactions (oxidatemd reduction) that take place in the waste
dump. They therefore control the solubility of ussblved waste materials, mobility,
leachability and longevity of the waste (Michad)02).

The oxidation of the reactive minerals reducespHeof the leachate. In addition, this in turn - { Formatted: Justified

rainwater can supply enough oxygen to the sub-serf@gions of a waste dump for the
continuation of these reactions to take place (8ptag 1993). However, during rainfall periods,
lower infiltration pressure can result in lowerctéeity of the waste inside the dump.

| Compaction, swelling capacity and grain size ofdnenped materials will also control reaction - { Formatted: Justified

rate and hence mobility of waste. In fine-grainealste material, reaction rate is faster due to
larger exposed surface area (Sengupta 1993). Cakmpecameters (e.g. pH, alkalinity, and
kinetics) control solution and precipitation reao8 between the fixed phase and the solvent
water. They also control fixation of metal catiamien complexes (Pero Des Potovic, 2000).

45.2 Manganese immobilization and resolubilization

Treatment technology for the removal of manganeseially involves conversion of the soluble

ions to an insoluble precipitate (oxides, hydrosidand Mn carbonate minerals). The

precipitation of manganese in an aqueous systetorigplex because manganese can exist in
| many different oxidation states (+2; +3, +4; +6 a0, complexes and chelated forms (Watzlaf,
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1988). The formation of manganese complexes dependsxidation states, pH, bicarbonate-
carbonate-hydroxide equilibria and the presencaludr materials.

4.5.2.1 Oxidation by Aeration - { Deleted: 1

y - - - - -~ - - -/ _ -

Removal of manganese (oxidation from #io Mn*") from water by natural or mechanical
aeration and settling is a relatively slow proceskess pH is raised above neutrality (Aziz and

even at high pH levels, organic matter in soluttan combine with manganese and prevent its
oxidation by simple aeration (Ekenfelder, 1989).

Initially, the valence of manganese, in the airdizeéd precipitate (removed at high pH), lies
between 2 and 3 (M@shausmannite anfi-MnOOH-feitknechtite, respectively). Both these
minerals are eventually transformed into the mdable y-MnOOH-manganite (Murragt al,
1985).

Since manganous ion (M) has a low reactivity with oxygen and simple aeratis not
effective below pH 9, addition of lime/ alkaline tegal to raise the pH, or the use of chemical
oxidants in conjunction with coagulation and fittea, has also been employed for removal of
manganese.

4.5.2.2 Oxidation by High-pH method -1 Deleted: 4.111

y - - - - - -J 9 ¥ T -

The high pH method involves the addition of lime(Cor Ca(OH,) or the addition of alkaline
material e.g. sodium hydroxide (NaOH) or zeolitéchibas and Foree (1979) discussed using
lime and sodium hydroxide to remove manganese #otive mining waters and found that the
reaction is pH dependent and proceeds very slowlpw pH 8.5. Aziz and Smith (1996)
discussed removal of manganese from water by tfdtmathrough low cost coarse media (e.qg.
crushed dolomite). Their results indicate that fosglid surfaces and the presence of carbonate
in the limestone particle are beneficial in thecpiation of manganese in water. They reported
manganese removal efficiencies of a 1 inglanganese solution at a final pH of 8.5 with
limestone of 95 %; crushed brick 82 %; gravel 6@’d aeration and settlement (no solid media)
15 %.

In the process of removing manganese by the higipreldipitation method, other metals e.g. - { Formatted: Justified

zinc, copper, lead, and mercury, can also pret#its hydroxides and form complexes or

chelates (Watzlaf, 1988). However, hydroxides esthmetals are unstable and may resolubilise
upon subsequent depression of pH (Peters and K5)19his means that if sludge is disposed

of in or on a landfill, and exposed to reducing amalderately acid conditions, any manganese
that resolubilises may need to be retreated at grgeense. While it has been found that stability

increased with age of the sludge (after three n®)nthp to 50% manganese can resolubilise at
pH 4.2 (Watzlaf, 1988).

In this research project we will investigate theechdfor and addition of different carbonate
sorbents (liming materials) to stabilize the marggan containing waste. Lime (CaO or
Ca(OH)), calcite (CaCg) and dolomite (40-45 % MgC{and 54-58 % CaC£ will be added

to the waste and leachability of the immobilizedsteacompared. Generally calcite/ limestone
(CaCQ) is less reactive than lime (CaO) and dissolves much slower rate while maintaining

basic conditions. Dolomite is more porous (and thusre reactive) and easier to handle.
Neufield et al, (1996) found that dolomite yieldeeaidue that is lower in pH than that produced
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from lime based sorbents that makes it particuladyantageous in stabilizing metal-laden
waste solids.

The acid neutralizing capacity of “liming materials usually measured as the calcium
carbonate equivalent (CCE). Pure calcite has a 6fCIB0 %. Hydrated lime can typically have
CCE from120-136 % while dolomitic limestone (conication of MgCQ less than dolomite)
has CCE of 75-108 %. Liming compounds that contgnificant amounts of magnesium
carbonate, calcium hydroxide, calcium oxide or neiumm oxide will have greater neutralizing
power than the same weight of calcium carbonate.

4.5.2.3 Oxidation with Chemical oxidants

As an alternative to precipitation of manganeseheyhigh-pH method, strong oxidizers such as
permanganate, chlorine dioxide, hypochlorite orneza@an also be used. These chemicals
oxidize manganese to pyrolusite (Ma MnO,). Knocke et al (1987) found that hydrogen

peroxide was not effective for oxidizing manganedé high organic content. Sometimes alkali

is added prior to the oxidants. It is also importém note that oxidants such as sodium
hypochlorite (NaOCI) or potassium permanganate alonecessarily reduce concentrations of
other metals e.g. copper, nickel and zinc (WatA1888).

| e __ - | Deleted: 1
Lundquist (1999) reported using a mixed oxidantisoh produced by a device from MIOX Co. I
The oxidants are formed by passing brine (salt jvéteough an electrolytic cell, thus avoiding 4.121

the handling of volatile substances such as chédagas and ozone. The results achieved were
similar to those with sodium hypochlorite (NaOCIl ).

Kleinmann et al (1985) noted that manganese precipitated with ssxadkalinity is easily
resolubilised, while that precipitated with strongexidising agents (e.g. hypochlorite) is
relatively stableHowever, besides producing a more stable sludgeptiimary disadvantage of
using chemical oxidants is the increased cost comsp#o high pH methods and sensitive
process control requirements.

45.2.4 Sorption

Manganese can also be removed by adsorptioto reactive surfaces. Ferric hydroxide
(Fe(OH)) and manganese precipitates can provide surfacesofption of MA", which occurs

at lower pH values than necessary for manganesevadras hydroxides or MNnOOH. Morgan &
Stumm (1964) showed that synthelid/nO, had a zero point of charge at pH 2.8 in the alisenc
of adsorbed ions other thari And OH. At higher pH values)-MnO, was negatively charged
and had a cation exchange capacity that increastbdivereasing pH.3-MnO, adsorbs Mf'
strongly, and approximately 1 mole of i$ released per mole of Mhadsorbed. The capacity
of 3-MnO; to adsorb MfA" was extremely high, in excess of 0.5 moles’Mrer mole of MnQ

in the alkaline range.

Hydrous manganese oxides also have extremely hdgbrgation capacities and affinities for
other heavy metals. McKenzie (1980) found thatenagal, metal ions are adsorbed in the order
Pb > Cu > Mn > Co > Zn > NiMurray (1975) summarised the adsorption propediedsMnO,

and demonstrated that there was significant adsorptf heavy metals at the point of zero
charge, indicating that specific chemical forcesiawvolved in the adsorption process in addition

| to electrostatic forceg. He documented that theratien process is highly irreversible | Deleted:
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Watzlaf (1988) tested the chemical stability of gamese and other metals (iron, nickel, copper,
chromium and zinc) in acid mine drainage sludgesyTfound that in mine waters containing
high concentrations of iron in relation to mangané$7:1) and other metals, manganese and
other metals were removed at lower pH values thamine waters with less iron (1:12). It is
presumed that much of the manganese is removedsdwyion to ferric hydroxide. However,
the sludge precipitated from the high iron watersviess stable and found to go back into
solution upon acidification. They also found thgedncreased the stability of the manganese in
acid mine drainage sludge.

45.2.5 Biological processes

Microbial remediation efforts to remove manganeselude designed wetlands, microbial
bioreactors and pellets of mixed microbial cultumegk filters or packed stone columns coated
with algae or algae mats (Gordon and Burr, 1988)il&\manganese can be removed by plant
uptake and bacteriological oxidation in wetlandl& processes can be easily disrupted through
changes in conditions.

| . _ - | Deleted:

Manganese requires 0.29 mg of dissolved oxygenmjiégram of manganese (Il) thus exerting | |

greater demand than iron (II) on a similar systelydrogen ions are produced at a rate of 0.036 | 1
mg per mg of Mn (l1) oxidized, which indicates thie following reaction is pH dependent: 4131

2Mn** + O, + 2H0 — 2MnO, + 4H"

As pH increases above 9, this reaction will inceeimsrate. However at lower pHs this reaction
may take years to occur. Microbially, Mn (Il) cha oxidized to Mn (IV) oxide to obtain energy
for the cell. The black manganese oxide will encexsernally around the bacteria and produce a
black slime. This process of manganese oxidatioccurgcin minutes, thus as seepage water
travels through the wetlands or reactor there iplanime for the oxidation process by
microorganisms to occur.

4.5.2.6 Other

Neufield et al. (1996) describe a dry clean coal technology systehereby, a calcium based
sorbent (usually slaked lime; limestone or dolojnidnjected directly into a furnace, ductwork,
precipitator or scrubber vessel and produces pauder granular by-products, as opposed to the
slurries associated with traditional wet scrubbgstems. All these processes produce a by-
product, which is removed in the particulate con&guipment. Dry by-products from lime or
limestone injected into the furnace, such as in FB&tems, have neutralizing, sorptive and
cementitous properties that make them interestm@aential reagents for hazardous waste
stabilization because of their high free quicklifl@aO) and anhydrous calcium sulphate
(CasQ) contents.
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4.6 HAZARDOUS WASTE CLASSIFICATION AND DISPOSAL 2
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4.6.1 South African requirements

The Department of Water Affairs and Forestry (DWAfve published a document called “
Minimum Requirements for the Handling, Classificatiand Disposal of Hazardous Wdste
(1998) as part of their Waste Management Series. ddtument sets out a waste classification
system where wastes are placed in two classesr@emdédazardous, according to their inherent
toxicological properties. Hazardous wastes arénéursub-divided according to the risk they may
pose at disposal, using a hazard rating. In thig Veas hazardous waste is distinguished from an
extremely hazardous waste. Wastes with a hazamgratf 1 or 2 are very or extremely
hazardous, while wastes with a hazard rating ofr 3 @re of moderate or low hazard. The
requirements for pre-treatment and disposal areoppiately set in accordance with the waste
classification.

For a waste to be properly managed, its propeatiessthe risk it poses must be fully understood.
Hazardous waste is a waste that poses signifitsinta the environment because of its toxic,
chemical or physical properties. It, therefore,uiegp stringent technical control to ensure that it
does not cause harm to man or to the environment.

Two factors are taken into account when asseskiggsk posed by a hazardous substance in the

waste. The Hazard rating is based on two factbes,amount of substance that is available to { Formatted: Justified

man and the environment (Estimated Environmentaic€otration or EEC) which represents - { peleted: 1

exposure and the inherent toxicological hazardhefdubstance (Lg etc) which represents a | T

. g 4.149
specific effect or response.

A waste is therefore given a Hazard rating usimgftfiowing information:

Toxicity (LDsg), ecotoxicity (LGg), carcinogenicity, mutagenicity, teratogenecitgrgistence,
environmental fate and estimated environmental esimation (EEC).

From this, the minimum requirements for disposa derived e.g. certain wastes may not be
landfilled and others must be pre-treated

The Hazard Rating (HR) determines the class of Hiazes Waste Landfill at which the waste
may be disposed. An H:h landfill may only acceptzéta Ratings 3 and 4. A H:H landfill may
accept all four Hazard Ratings.

The EEC is calculated from the total amount of zahdous substance in a waste stream which { Formatted: Justified

would be disposed of on one hectare of landfilllofeed by a calculation of the resultant
concentration in a body of water should the totabant of the hazardous substance leach to
groundwater over an indefinite period of time. Agls, it provides a worst-case scenario. The

EEC is expressed as (ppb = f1gf pg/kg) = dose (g/ha/month) x 0,66. It is usedetermine:

« the amount of waste that can be disposed of méhiacceptable risk;

* the maximum amount of a given hazardous substentte waste that can be disposed of at a
landfill site (Total Load); and

» whether a waste, initially regarded as hazardcais be delisted and handled and disposed of as
a general waste.

The EEC is always compared to 0,1 xsh©f the specific hazardous substance in the waste,
termed the Acceptable Risk Level. The AcceptabkkRievel is the concentration at which a
| substance would cause a mortality incidence ofiotieree hundred thousand in aquatic
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environment. It therefore represents the levellativa substance will have little adverse impact
on the environment. When the EEC is higher thanx(,Cso, then the waste retains its Hazard
Rating. When it is lower, a HR1 waste remains HB&,the other Hazard Ratings can delist and
will be disposed of on a General Waste landfillhwatleachate collection system (G:B+). A HR1
waste can only delist to a G:B+ landfill when theEis lower than 0,01 x L

| Where there is a difference of opinion regardirassification or Hazard Rating, the results -of { Formatted: Justified

tests or other proof may be submitted to the DWAEch tests would include the Toxicity
Characteristic Leaching Procedure (TCLP) and thé& ARain Leaching Procedure (ARLP).
DWAF will use the test results to determine whethés safe to delist the Hazardous Waste to a
lower Hazard Rating or not. The information gairfiexin classification and Hazard Rating must
be applied in the handling of a Hazardous Wasteingucollection, temporary storage and
transportation. This is essential for safe disposal

4.6.1.1 Delisting

| The fate of the waste stream is regulated by thst imazardous contaminant of which the EEC- { Formatted: Justified

exceeds the Acceptable Risk Level (worse case gognBut, hazardousness can be reduced,
e.g., by treatment. The contaminant could be toetiteéa compound of which the EEC would fall

chloride to hydroxide or oxide) affects leachabiind hence mobility in the environment. Tests
can be carried out to prove that because of lowilihglthe substance is of a less hazardous

or the ARLP.

| nature than that indicated. Tests recommended bABYg prove this would include the TCLP_ - { Deleted: |
K 4.151

4.6.1.2 Toxicity Characteristic Leaching Proced(FELP)

The Toxicity Characteristic Leaching Procedure (PElwas developed in the USA by the
Environmental Protection Agency to measure a waktachability and hence the risk it poses to
groundwater. It plays a major part in determinihg Concentration Based Exemption Criteria
used in the USA and Australia for the classificatod wastes. In preference to this, South Africa
has adopted the EEC, which is a method wherebye#posure of fauna to compounds of
concern in the waste is estimated and quantifigwe fivo approaches to waste classification,
EEC and Concentration Based Exemption Criteriaghawumber of important fundamental
differences. In general, however, they lead to cmaiple values for the hazardousness of
various wastes and waste streams. The TCLP cagfdihebe used to support or affirm the EEC.

The TCLP would be used when a waste is to be Ikedlfin a site that receives a variety of
organic and inorganic wastes. The procedure siemildite dissolving action of the organic acid
leachate formed in a landfill where Hazardous Waste been co-disposed with General Waste.
It can be used to determine the mobility of organamd inorganics in liquid, solid and
multiphase wastes.

A sample of waste is extracted with either diluteta acid or an acetic acid and sodium acetate
buffer over a period of 20 hours. The extractiandflused will depend on the situ alkalinity of
the specific waste stream [USEPA, 1986]. The ektfsimulated leachate) is analysed for the
components of concern. If the components of conaemot known, a compositional analysis of
the waste stream will be required before the promeds performed. The procedure is based on
the fact that different hazardous elements or camgs exhibit different solubilities under
landfill conditions; for example, a waste contagimercuric chloride will exhibit a considerably

| different extraction result from one containing meic sulphide, which is extremely insoluble
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under normal conditions. It is important to noteattithe mobility of a particular identified
hazardous element or compound will depend on itsreaand composition. The procedure is
therefore also particularly useful for evaluatinge tresidues or products of wastes after
solidification or other waste treatment technolsgie

4.6.1.3 Acid Rain Leaching Procedure (ARLP)

| The TCLP test was developed for cases where Hazaridaste is co-disposed with organic - { Formatted: Justified

waste, which could then generate organic acids. @tganic acids could then mobilise
pollutants, which would be of concern to the envment. In many cases, however, Hazardous
Wastes are mono-disposed in "dedicated" landfidssin which only that waste is disposed.
Typical examples of such wastes would be the stamgksludges from mineral extraction and
metal manufacturing industries. Leaching in sudbssivould more probably be due to "Acid
Rain" than organic acids, and therefore the ARLRBhoekis preferred to the TCLP method. The
ARLP is based on the fact that carbon dioxide di&soin rainwater, to form carbonic acid. The
carbonic acid could mobilise organics and/or inaigain the waste. The method thus entails the
extraction of a sample of waste with a saturatéatisn of carbonic acid.

| v __ - | Deleted: |

462 International requirements i

T
The United States Environmental Protection Agend$ EPA) identified several potential gaps | #167

in the adequacy and appropriateness of their hamardaste characterization regulations. While
the TCLP is most commonly used by the EPA and sigencies to evaluate the leaching
potential of wastes and for determining toxicithey recognized in their Hazardous Waste
Characteristic Scoping Study (US EPA: Office of i@dlVaste; 1996) that they needed to
examine a broader array of leaching proceduresdiitian to the TCLP, to better predict

environmental releases from various waste typesveaste management conditions. Notable
examples quoted were the inability of the TCLP tedjct significant releases under highly
alkaline conditions or to media other than grountdwar to serve as a leaching procedure for
oily wastes. Other potential gaps identified redate toxicity, reactivity, etc. characteristic

definitions. A number of alternative methods hagerbproposed to address these gaps.

4.6.2.1 Multiple extraction procedure (MEP)

The Multiple Extraction Procedure (MEP) is one tdsat the agency suggests may better
simulate the long term leaching behaviour of abalwastes. The MEP involves an initial
extraction with water and at least eight subseqgagtnactions with a synthetic acid rain solution.
The MEP is intended to simulate 1 000 years ofzeegnd thaw cycles and prolonged exposure
to a leaching medium. One advantage of the MEP thefTCLP is that the MEP gradually
removes excess alkalinity in the waste. Thus, éaeHing behavior of metal contaminants can be
evaluated as a function of decreasing pH, where sthlability of most metals increases.
Currently, the MEP is used in the Agency's dedgtprogram.

4.6.2.2 Synthetic acid precipitation leach testl(BP

The Synthetic Acid Precipitation Leach Test (SPisPQonsidered by the Agency for evaluating
the leaching of hazardous waste in industrial wast@o-landfills. The SPLP is similar to the
TCLP, but the initial liquid-solid separation stbps been eliminated and the acetate buffer
extraction fluid has been replaced by a diluteimisicid / sulfuric acid mixturéH,SQ;: HNO;,
60:40 w%, pH 0.2 The TCLP addresses co-management of industriahandndustrial wastes

| in an organic acid environment, a scenario thas sme match the disposal setting of many
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treated wastes, while the SPLP simulates disposai iacid rain environment.
4.6.2.3 California waste extraction test (Cal WET)

The California Waste Extraction Test (Cal WET) &ed to compensate for the low chelating
activity of the acetate buffer used in the TCLPt tihray underestimate the ability of leachate
containing chelating agents (ability to bind withdasolubilise metal contaminants) to mobilize
waste constituents.

The Cal WET was developed by the State of Califotoi classify hazardous wastes. This test
uses sodium citrate buffer as the leachate, alifuit-to-solids ratio, and a testing period of 48
hours. Cal WET applies a soluble threshold liminaentration (STLC) as the regulatory
standard. STLC standards for metal concentratinrnthié leachate are similar to those for the
TCLP. Cal WET also develops a Total Threshold Li@idncentration (TTLC), which is
equivalent to the Total Waste Analysis (TWA) proged Cal WET is a more aggressive test
when compared to the TCLP. That is, Cal WET almalstays extracts higher levels of
contaminants, and the citrate buffer used in #8$ has greater chelation effect than the acetate
buffer used in the TCLP.

| v_ _ _ _ _ _ _ L
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4.6.2.4 Other shortcomings of TCLP

| Other gaps identified include the fact that TCLReslmot account for the oxidation/reduction - { Formatted: Justified

reactions occurring in landfills. The addition @bn filings to stabilize foundry sand wastes
seems to mask the potential leachability of leadnibgrfering with the TCLP. If metallic iron
(iron filings) is added to the waste, the lead @mi@tion in the TCLP extract may be decreased
by an oxidation/ reduction reaction to levels beline lead TC level. If, however, the waste is
placed in a landfill or surface impoundment, th@nioxidizes over time and loses its ability to
further reduce the lead ions. This results in #aelhing of lead to the environment.

4.6.2.5 Other leachability tests

Van Herck and Vandecasteele (2001) evaluated aes#igl extraction procedure for the
characterization and treatment of metal contairsalid waste like fly ashes and blast furnace
sludge and proposed an adapted procedure. The lidijcof selective sequential extraction is
its use of appropriate reagents to release différeavy metal fractions depending on their form.

Fytianoset al (1998) used a cascade-leaching test, at liquéblid ratios (L/S) ranging between
5 and 100, to determine the leachability of heawtats in fly ash from coal combustion
processes in Greece. They found that the leashdéde metals in fly ash were copper and

samples. Leaching of manganese with maximum coraténts occurred at lower L/S ratios and
then decreased with increasing L/S.

| Changet al. (2001) compared three leachability tests viz. TCERtraction procedure (EP) and - { Formatted: Justified

the American Society for Testing and Materials rodth (ASTM), for their ability to extract
metals in chemical sludge and incineration bott@h. ahey found that metal concentrations
from TCLP=EP>ASTM.
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4.6.3 Suitability of current manganese classificatin systems

Recently the Manganese Committee of the Ferroakmsociation (TFA) opposed the proposal
by the USEPA (2000) to add manganese to the grbbpaardous constituents in Appendix VII
and Appendix VIII, and the associated proposedtrimeat standards for manganese as a result.
The proposed listings included as a hazardous wasteluction of titanium dioxide non-
wastewaters from the chloride-ilmenite processNbvember 2001 the USEPA deferred any
final action on all elements of the proposal ralatemanganese.

The contention is ongoing, and is based on a nueitfactors including a lower risk assessment
level (3.3 mg/day) that implies that that mangaredeigher levels is hazardous. It has been put
forward that this is flawed, as manganese is nxittm the usual sense of that word. Rather,
manganese is an essential element in all biologigatems, including plants, animals, and
humans. Manganese is essential for normal neug@lbdevelopment and function. Accordingly,
the hazard and risk assessment process for margamest be inherently different, because
fundamental assumptions normally present are met ®©ne typical assumption is that lower
exposure assures a lower probability of adversecafin fact, at some point, for nutritionally
essential substances, lower exposure results aiaggrprobability of adverse effect.

because EPA's survey reports and risk assessmenrtt deveal the form of manganese that was
used in the agency's modeling or discuss how tfferéint forms of manganese affect the
potential for exposure. The issue of solubility atebmical form is a critical point. Inorganic
manganese compounds are mostly solids and thusmast likely to exist as suspended
particulate matter. The tendency of soluble manganeompounds to absorb to soils and
sediments can be highly variable. The particle simd solubility associated with manganese
compounds varies, and directly influences how areerey they are deposited and absorbed
(Rodier, 1955). For example, certain conditionsofathe formation of manganese dioxide,
which is insoluble in water at neutral pH (mostevdiave a pH between 4 and 7 (USEPA 2001).
Yet, TFA could find no account given to the criti€actor of solubility in EPA's proposal and
underlying risk assessment models. For examplesaiter or soil of pH greater than 8 or 9, the
soluble divalent manganese ion is chemically oeidizo the insoluble tetravalent form (EPA
Draft Health Assessment) Given that manganese congsovary widely in solubility, this
deficiency undermines the reliability of EPA's rigksessment because solubility is known to
affect bio-availability and, therefore, hazard. Baver, the TFA argued that the treatment
standards proposed for manganese are not reasdrzasigld on the amount of manganese present
in the environment and because EPA did not accimurdilution in the risk assessment model.
Manganese in treated leachate and wastewatersindérgo both dilution and absorption prior
to contact with groundwater aquifers or surface ewdiodies. Indeed, TFA also found no
mention of EPA consideration of background levelsails or in natural waters.

4.7 MANGANESE CHEMISTRY AND GEOCHEMISTRY
4.7.1 Chemistry

Manganese belongs to group VIIA of the periodidealif elements, together with Technetium

lll, V and VI are unstable. The most common oxlaistates are the Il and IV states. Mn (Il)
state is the most stable and Mn (ll) ions exighm solid, in solution and as complexes. The Mn
() ion occurs at low redox potentials and low pH.
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Mn (Il) salts are generally soluble, while the MW)( state is generally insoluble and occurs

| predominantly in soils as the oxide MaQLee, 1991), Nitrate, sulphate and chloride safts - { Deleted:

manganese are fairly soluble in water, whereas esxiccarbonates (MnG) phosphates
(Mn3(POy)2), sulphides and hydroxides are less soluble (1881).

Low oxidation states are more basic and high olddagtates are more acidic. MnO and &g
are basic oxides and are ionic. Mni® amphoteric and does not exist as*Mons. In alkaline
solution Mn (ll) readily oxidises to MnOMn (ll) salts can easily be made from MnO

MnO, + 4HCI — MnCl + Ch + 2H,0

2MnO; + 2 SO, — 2MnSQ, + O, +2H,0

4.7.2 Mineralogy and geochemical occurrence

Commonly occurring minerals, which contain manganéslude pyrolusite (Mng), manganite
(Mn203.H,0), rhodochrosite (MnCg€ and rhodonite (MnSig). Manganese is not an essential
constituent of any of the more common silicate rotkerals, but it can be substituted for iron,
magnesium or calcium in silicate structures.

| e - { Deleted: 4.19

4.7.3 Geochemistry

The ultimate disposal and subsequent chemical psese which are expected to occur, are
analogous to the geochemical processes, which atseils and rocks.

4.7.3.1 Reactivity

Manganese aqueous speciation and solubility

In most ground waters manganese exists princigallyhe reduced Mii form, and in the
absence of carbonate and sulphide species, thbilgglis controlled by the metal hydroxide
solid phase.

Mn(OH), — Mn*" g + 20Hqq)

In an ideal solution the saturated equilibrium tieteship is:

Kswn = [Mn?][OH]? = 10%° at 28C

These relationships differ in reality because ahpeting reactions in solution

10°°

Mn*(ag + OHag —  MnOHG@y K 0
1 .

Mn*eg + 30Hag —  Mn(OHk@g K

solubility of manganese occurs near pH 12. SiheeH of natural waters is near to neutral, one
would expect to find fairly high levels of mangaeedlowever, the presence of carbonate
species affects the solubility of Mhmarkedly as it precipitates as the sparingly SeltnCO;
under certain conditions (Figure 4.4).
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Solubility diagram for the Mn(OH)2-H20 system

12
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‘Ifiéﬂfé 4.4:  Solubility diagram for the Mn(OH),-H-O system. The log [species (mole/l)]

is plotted against pH

The dependence of the solubility of manganese dyooate concentration can be expressed

through the following relationships:

Mn2*,, + 20H —>  Mn(OH), Kswunon, = 10%°at25C
Mn? g + OH (o) > MnOH" ¢

Mn o) + 30H ) > Mn(OH) g

Mn?+COfwy —> MnCOyq K uncoy = 10104t 28C

Log [Mn?*] = -10.4 - log(a2) - log¢
Log [MNOH*] = pH -20.5-log(a2) - log €
Log [Mn(OH) ;] = 3pH - 44.1 - log (a2) - logE

C; = total equilibrium carbonic species concentration
a2 = jonization fraction of C®

‘[ Deleted: |
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In the absence of carbonate or sulphide speciesdtubility of manganese is controlled by the
metal hydroxide solid phase. However, Figures 5l 4.6 can represent the solubility of

manganese in systems having some degree of caebalRatinity.

From Figures 4.5 and 4.6 it can be seen that timgmaim solubility of MnCQ occurs near pH

10, and that for a given pH, the solubility of Mit) carbonate is inversely proportional to the

equilibrium total carbonic species concentration.
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Figure 4.6: Solubility Diagram for the MNCO3-H,0 system. G = 10°M

4.7.3.2 Oxidation of manganese

Thermodynamic Stability

suspensions Mn(OHJs oxidized by air to hausmannite (d@y) and, after prolonged oxidation,
to manganite, but further oxidation cannot be agdeunder these conditions (Bricker, 1965).

From the equation

Mn* + H,0 + 0.5Q — MnO, + 2H' AG°® = -0.88 kJ
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The equilibrium constant, K, is calculated as 2&8] pH = -0.5 log [Mfi] - 0.077 - 0.245
log[O4].

The actual concentration of dissolved Makes little difference to the Mh concentration,
which is thermodynamically unstable at pH 4 or lkighAn example of the relationship between

the stability of MA* and pH, at concentrations of 0.18 mgdé shown in Figure 4.7. However, - { Deleted:

the stability of MA" solutions in the laboratory shows that the oxifatiioes not proceed at a
measurable rate and is thought to be caused bygla ddtivation energy for the oxidation
reaction, or the high over potential required fog teduction of molecular O

Oxidation rates of Mfi in soils have been found to be proportional to ltheel of existing
reactive manganese oxides in the soil, and it hesnbproposed that the oxidation is
autocatalytic, involving specific adsorption of Mron existing manganese oxide surfaces. Hem
(1963), Morgan and Stumm (1964), Wilson (1980), 8ndg and Morgan (1981) also found that
oxidation was catalysed by Ma@nd lepidocrocite, and also by any fine partiégtesoils and
waters.
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4.7.3.3 Mineral field stability

The Eh-pH diagrams (Figures 4.8 and 4.9) provideseful device for illustrating the stability
fields of the different manganese minerals in aneags environment as a function of redox
potential and pH. Figure 4.8 has been construatedypical atmospheric conditions and the
relevant chemical equations used to construct itigraim are summarised in Table 4.1.

| Figure 4.8 shows the stability fields of the vagquhases in the system Mn — O — C — H. This { Formatted: Justified

diagram was calculated for typical atmospheric @wms and the relevant chemical equations

used to construct the diagram are summarised ifreTat. The stability field of rhodochrosite

indicates that relative low carbon dioxide concatitins are required for this carbonate phase to
| precipitate. The prevailing pH and Eh conditionshatmining site are such that rhodochrosite
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will crystallise under ambient conditions, as dégicin Figure 4.8. However, Figure 4.9 shows
that the stability field of rhodochrosite is exteddo lower pH values with increased Qgartial
pressure. Thus, these diagrams suggest that pepation of the waste material before
placement would allow M to be locked into the relative insoluble Mng@hodochrosite).
This provides an effective and economic meansnaititig the liberation of manganese into the

surrounding ecosystem.
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Species & Minerals Reaction Log K
Mn?* Mn? =M 0
MnO, MnO, +5€ +8H =Mrf" + 4H0 127.80
MnO,” MnO,” +4é +8H =M +4H0 118.41
Mn(OH), Mn(OH), + 2H = Mrf* + 2H,0 22.20
Mn(OH); Mn(OH), + 3H = Mrf" + 3H,0 34.21
Mn(OH),* Mn(OH),> + 4H =Mrt* + 4H,0 48.29
Mn,(OH);" Mn,(OH);" + 3H' = 2Mrf" + 3H0 23.90
Mn,OH;" Mn,OH;" + H = 2Mrf" + H,0 10.56
MnCO;, MnCO; +H' =MA + HCQO, 6.83
MnHCO;" MnHCO;" =Mrf" + HCO; -1.27
MnOH" MnOH" + H' =MA + H,0 10.59
Birnessite Birnessite + 12¢ 28H" = 8Mrf + 19H,0 269.68
Bixbyite Bixbyite + 2é + 6H =2MfA + 3H,0 50.19
Hausmannite Hausmannite + 2e8H =3Mrt* + 4H,0 61.32
Manganite Manganite + e+ 3H' =MA" + 2HO0 25.41
Manganosite Manganosite + 2H =Mrf" + H,0 17.93
Mn(OH),(am) Mn(OH}(@am) + 2H =MA" + 2H,0 15.30
Mn(OH)s(c) Mn(OHX(C) + € + 3H" =Mr® + 3H,0 31.93
Pyrolusite Pyrolusite + 2et 4H = Mr" + 2H,0 41.56
Rhodochrosite Rhodochrosite + H =Mrt* + HCOy -0.24
Todorokite Todorokite + 10e& 24H =7Mrf" + 15H,0 226.07

A comprehensive list of all important manganesetieas extracted from the PHREEQC
Modelling package linl data base is given in Append

4.8 CASE STUDY

4.8.1 Wet scrubber dust manganese immobilization

In a steel or ilmenite processing facility, the #isrefeed stack can contain manganese either in
the form of MnQ or in the form of impurities in ilmenite (FeTiD Smelter dust originates in
the furnace and forms part of the off-gas, it @sferred through ducts to a wet scrubber where
it is removed from the off-gas into water.

It has been demonstrated (PHD, 2000) that eitredathrosite or pyrolusite will form in the wet
scrubber dust during the oxidation of Mnin the smelter. However, considering the

thermodynamic stability of Mii as a function of pH it is reasonable to assume NtreD, will
not be reduced to Mhat pH > 4, Thus if WSD is pre-treated to ensure fthieoxidation of

Mn?* to MnO; this would inhibit the mobilisation of M |

forward that the nature of the smelting processsanmsequent wet scrubbing of the smelter dust
may sufficiently aerate this material to immobilis& manganese in the dust. Past experlenoe
indicate that this type of process does aeratedtist sufficiently to allow atmospheric GO -

eqU|I|brat|on with the dust, thus resultlng in foematlon of rhodochr03|te Conflrmatlon of thls

site are pH > 6 and so Ma@ not expected to be reduced under these consglitio

)
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Furthermore, it is most likely that rhodochrositeuld be the stable phase to form during the
oxidation of Mrf" under atmospheric conditions, together with ehsligcrease in pH.

In view of the above facts, it is unlikely that Rnwould be available for transport into the
surrounding area. Instead, manganese would pratpéither as pyrolusite or as rhodochrosite.
Both these phases are unlikely to dissolve undepthavailing conditions at the waste dump.

The mobility of manganese, which may be expectatiéerabsence of the addition of stabilising
material, may be assessed through analysis otabdity field diagrams (Figures 4.8 and 4.9).

These fields confirm that at pH above 5.5 and uthikeexpected range of redox potentials that
may be expected in the mined area, rhodochrositdeva very stable phase.

4.8.2 Disposal options and validation

It was proposed by others that wet scrubber dugi\\be disposed of with lime addition (PHD,

the ultimate fate of manganese in a waste streamotéebe simply extrapolated from basic
chemical tests but should take into account theptexnchemistry of manganese in the natural

chemical additives are necessary to stabilize maegmg and if so, which is the most appropriate
additive.

| 4.8.2.1 Lime addition | Deleted: §
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g
The disposal of WSD with the addition of 10 % limeas proposed by Ockie Fourie
Toxicologists (OFT), since it was found that onfpening TCLP tests, with lime addition at5 |,
| % lime increments, manganese became immobilized & lime addition, The same test was |1
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performed using ARLP, and immobilization of mangamevas found to be effective at a 5 % { peleted:

lime addition. However, OFT recommended the us@@ifP test results and thus a 10% lime
addition was recommended.

PHD advised Ticor that this was not necessarilglaapproach to stabilizing manganese in the
WSD since lime is highly reactive and may not diabdimanganese in the long term after lime is
lost from the system (in other words, the kinet&h&viour of the two materials may differ

immobile if disposed under certain conditions maysteand required further investigation.
Furthermore, lime addition serves only to raise fit¢ and immobilisation would thus be
effected by the precipitation of Mn(OHand by promoting the oxidation of Mn (ll) to MpO
However, under reducing conditions the manganese beaome mobilized or the Mhin the
waste may not be oxidized to Mp@t all.

It was proposed by PHD that the fate of manganesieel waste should be evaluated in order to
determine whether the addition of a stabilizing eniat is in fact necessary and if so, whether
lime is the most effective means of doing so.
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The leach test results on which OFT based theiclosions are summarised below.

Acid Rain Test
—0% Lime: 12.1 ppm Mn
—5% Lime: < 0.05ppm Mn

TCLP Test

— 0% Lime: 24 ppm Mn
—5%Lime: 26 ppm Mn
—10% Lime: <0.05 ppm Mn

to be the more appropriate test under the circumeg However, due to the chemical
interactions that occur between #Mrand CQ*, the ARLP on a sample containing lime is
considered inappropriate since the lime acts tdrakze the acidity of the acid rain extraction

| solution, and results in the precipitation of MnC@he purpose of the ARLP is to simulate - { Deleted:

worst case conditions to which a waste may be egasd would only have been valid in this
case if lime was not expected to be relatively sheed.

| 4.8.2.2 Calcite / dolomite addition - Deleted: {
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .
It was thought that if the addition of a stabiligimaterial was necessary, that this would best be | 1
| achieved through the addition of either calcitedolomite., This was decided for the followin H
reasons: 1
R

] ] | 427

* These minerals are much less soluble than lime vaodld thus present a longer-term - (1

stabilization solution for manganese by increashegpH of the system, thereby promoting | peleted:

the oxidation of Mn (Il) to Mn@ However, this is limited kinetically under redngi
conditions and may pose a limitation if WSD is dised in a reducing environment without
prior aeration.

» They contribute significantly to the carbonate &ikity of the system, and this alkalinity
would increase with decreasing pH. Under reducimgditions, where Mn@may become
reduced to Mfi" thus mobilizing manganese, Mng@recipitation may still be an effective
immobilisation mechanism.

» Calcite is soluble at pH < 7.8, and deposits ahjter than this. Thus the mixing of calcite
with the smelter dust would ensure that the pHui$doed to pH > 7.8 and would dissolve to
produce alkalinity at levels pH lower than this.

<+~~~ 7| Formatted: Bullets and
Numbering

4.8.2.3 No chemical addition

The lowest alkalinity and pH observed in groundewxatt the mining site is 20.1 nfig{CaCQ)

and 6.1, respectively. If the WSD were to be disgas such a site, and in the absence of other
geochemical processes, manganese would be expgected mobilized to a significant degree.
This can be indicated by the solubility diagram stancted for G = 1.1 x 16> M which will
result at this alkalinity and pH (Figure 4.10). Mjanese concentrations could reach 1.7%10
(84 mgk) at pH 6.1.
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Figure 4.10: Solubility diagram for the MnCO3-H,0 system. G =1.1 x 1 M

It is clear from the above diagrams that eitherdduhirosite or pyrolusite will form during the
oxidation of Mrf*. However, considering the thermodynamic stabitityMn?* as a function of
pH (Figure 4.10) it is reasonable to assume tha®Muaill not be reduced to M at pH > 4.
Thus if WSD is pre-treated to ensure the full okimla of Mré* to MnO, this would inhibit the

| mobilization of Mrf*. Aeration of the manganese-compounds is the besiner to separate - { Deleted: |

them from the system. However, the nature of theltimy process and subsequent wet | g2

scrubbing of the smelter dust may sufficiently &etthis material to immobilize the manganese
in the dust. Past experiences indicate that yipis bf process does aerate the dust sufficiently to
allow atmospheric C® equilibration with the dust, thus resulting in tHermation of

| rhodochrosite. Confirmation of this will be recdr once the process is in operation. The | Deleted:
prevailing pH conditions within the mining site gvlel > 6, and Mn@would not be expected to
be reduced under these conditions.

Furthermore, it is most likely that rhodochrositeuld be the stable phase to form during the
oxidation of Mrf* under atmospheric conditions, together with ehsligcrease in pH.

In view of the above facts it is unlikely that Rnwould be available for transport into the
surrounding area. Instead, manganese would pra@péither as pyrolusite or as rhodochrosite.
Both these phases are unlikely to dissolve undeptavailing conditions at the waste dump.

| The mobility of manganese, which may be expectetiénabsence of the addition of stabilizing - { Formatted: Justified

material, may be assessed through analysis oftéfdity field diagrams (Figures 4.8 and 4.9).
These fields confirm that at pH above 5.5 and utiderexpected range of redox potentials that
may be expected in the mined area, rhodochrositéeva very stable phase.

4.8.2.4 Summary

The reduction / oxidation state of the environmedilt be predominantly controlled by the
conditions in the residue dam or landfill. The citiods are expected to be mildly reducing as a
result of continuous deposition of water on thdame. If manganese in a waste stream is in the
form of rhodochrosite, it would already be in aueed state and reducing conditions would thus
not be expected to further mobilize this form ofnganese.
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Adsorption reactions are expected to control théility of any metals since the residue dam
will be constructed of clay and will be dominatedthe residue dam matrix rather than from the
specific waste stream, whether they be co-disposedono-landfilled on the dam. Adsorption
reactions may occur in the presence of manganasér@m oxyhydroxides —if this mechanism
were to play a role, this role would if anything beneficial and would not lead to adverse
effects in terms of generating toxic leachate (PB@NO).
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5. EXPERIMENTAL RESEARCH PLAN

One of the primary objectives of this study wagtovide scientific insight and comment on
inorganic manganese speciation of pyrometallurgicalbber dust and to infer how it behaves in
the environment. A detailed environmental charéa¢ion of the manganese containing wastes
from pyrometallurgical processes was carried oulyapg standard analytical techniques and
leaching tests. Moreover, the factors impactingnuetal leachability, viz. pH, liquid to solid
ratio, kinetics, oxidation-reduction potential, qolexation, and particle size were also
investigated.

A number of methods can be used to predict the atrmfumanganese that leaches from a waste.

This study employed batch and column leach studieschemical modelling using waste/soil
characteristics and knowledge of manganese chgmistr

5.1 RESEARCH PLAN

A summary of the experimental plan is given inurég5.1.

5.2 METHODS
Various standards methods were used to assessrthder dusts and provide input data for the

geochemical modelling exercise. A summary and liedcription of the methods used in this
project are provided in section 5.2.1.

5.2.1 Chemical characterisation of solid samples
5.2.1.1Paste pH
Paste pH was performed on selected solid samplstéomine the inert pH of the solid samples.

Weigh off 1 g of sample and mix into 10 ml of distl water. Wait for a period of 24 h and
measure the pH of the sample (Sobekl.,1978).

5.2.1.2Aqua regia digestion and metal concentration deteations

Samples were submitted to Waterlab for aqua reigiastions (Method 3111B; APHA, 1998)
whereafter total concentrations of selected metdisre determined using inductively coupled
plasma spectroscopy (ICP) (Method 3125; APHA, 1998

5.2.1.3Total solid and moisture content

Moisture content and total solid determinationsasuged at 103°Qyere conducted by a
commercial accredited analytical facility (Waterlabdorowitz, 1991).
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5.2.1.4Loss on ignition

Loss on ignition at 1000 °C was determined at Waterlalgitz, 1991).

Manganise standards
Manganese immobilisation treatment

ARLP & TCLP extractions

Optimise manganese treatment

Pilot run to obtain dust under reducing conditions(x2)

Manganese immobilisation treatment

ARLP & TCLP extractions

Dusts obtained from other industries:

500 kW Kumba (oxidising, wet scrubber)
1.5 MW Kumba (oxidising, bag house)

Ticor (reducing, wet scrubber)
Corex classifier sand (reducing, wet scrubber)
Conarc slag (reducing)

Metalloys wet scrubber dust (oxidising, wet scrubber

v

Manganese imm(Iilisation treatment

ARLP & TC.LP extractions

v

Geochemicalmodelling

v

Evaluation of classification methods:

ARLP, TCLP, MEP, SEP and NEP

Figure 5.1: Flow diagram of the experimental resaah plan
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5.2.1.5Particle size analysis

Particle size distribution analyses of the scrubthests by (wet screening) were performed at
Waterlab (Horowitz, 1991).

5.2.1.6X-ray diffraction (XRD) and X-ray fluorescence (YRF
Mineralogical analysis using XRD and XRF analyseserconducted on selected samples
(Waterlab) to identify the manganese compoundscéstea with the dusiXRD and XRF

analyses were also used as input data for modé¢lmdpng-term effects of the case study dusts
and various treatment options.

5.2.1.7Scanning electron microscopy (SEM)

SEM was performed on the scrubber dusts obtaired the 200 kW pilot run to determine the

effect of the wet scrubber temperature on the tygfesianganese formed in the dust. Leonie
Reyneke (Kumba Resources) was responsible for abindguSEM analysis, using the facilities

at the University of Pretoria.

5.2.2 Chemical characterisation of liquid samples

5.2.2.1pH

pH determinations were performed at the PHD AnedytFacility using a Zeiss pH/redox meter
300 (Method 4500-FB; APHA, 1998).

5.2.2.2Alkalinity

Alkalinity determinations were performed at the PABalytical Facility as prescribed in
Method 2320 B (APHA, 1998).

5.2.2.3Electrical conductivity

Electrical conductivity was determined at the PHBaltical Facility using a Yokogawa SC82
meter (Method 2510 B; APHA, 1998).

5.2.2.4Sulphate concentration

Sulphate concentration determinations were perfdratéhe PHD Analytical Facility using ion
chromatography (Methrom 790, Swiss Lab) (Method4@PHA, 1998).

5.2.2.5Metal concentrations

Metal concentrations of the liquid samples weredeined at the PHD Analytical Facility using
atomic absorption (Method 3111; APHA, 1998).
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5.2.3 Hazard classification of the manganese wastes

A number of chemical extraction methods were usedassify the toxicity of the manganese
containing wastes.

5.2.3.1Acid Rain Leaching Procedure (ARLP)

The PHD Analytical Facility performed the extraci® using carbonic acid prepared by
Waterlab, in accordance with the waste classificatieries method published by DWAF (1998)
(see Figure 5.2).

5.2.3.2Toxicity Characteristic Leaching Procedure (TCLP)

The PHD Analytical Facility was responsible for thELP extractions according to the waste
classification series method published by DWAF @98ee Figure 5.3).

5.2.3.3Multiple Extraction Procedure (MEP)

MEP was performed at the PHD Analytical FacilitySEPA, 1986) to assess the long-term
stability of the wastes to acid leaching. The wastee subjected to leaching according to the
Extraction Procedure Toxicity Test protocols anehtthe solids are re-extracted with a synthetic
solution simulating acid rain conditions eight tersee Figure 5.4).

5.2.3.4Sequential Extraction Procedure (SEP)

The modified three-step sequential extraction ptooe as described by Coetzeteal. (1995)
was used (see Figure 5.5). Speciation of the tebements contained in the wastes in soluble or
readily available form(exchangeable, carbonate fractions or reducibletifias etc) is
determined with the different extraction media.

5.2.3.5Neutral Extraction Procedure (NEP)

The method protocol for ARLP was used for NEP etivas (DWAF, 1998), but the carbonic

acid was replaced with acetate buffer (pH 4.2 3 dupplied by Rochelle Chemicals (see Figure
5.6). This method is used by the Institute for &vauality Studies (IWQS) as a preliminary
leach assessment tool (personal communicationsp Ki@mpster).
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100 g sample

l

2000 ml Carbonic acid
pH = 3.6-3.8

l

Agitate at 30 r.p.m. for 20 h

Filter

l

Analyse filtrate for metal concentrations

Figure 5.2: Schematic representation of the Acid &n Leaching Procedure (ARLP)

Dol —__

2000 mlof TCLP solution 1 2000 ml of TCLP solution 2
5.7 ml glacial acetic acid in 500 ml doub|e 5.7 ml glacial acetic acid in 1000 ml doublg
distilled water distilled water
Add 64.3 mlof1 NNaOH pH = 2.88 +/- 0.05

Dilute to a volume of 1 litre
pH = 4.93 +/-0.05

v v

Agitate at 30 r.p.m. for 20 h

Agitate at 30 r.p.m. for 20 h

’ Analyse filtrate for metal concentrations ’ Analyse filtrate for metal concentrati0n+

Figure 5.3: Schematic representation of the Toxity Characteristic Leaching Procedure
(TCLP)
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100 g sample

v

/ Water extraction \

pH>5

pH<5

\ / Add 0.5 N acetic acid

Acid rain leaching procedure
24 h

v

Filter

Repeat extraction 8 time: < / \

on solid material
Solid

Filtrate

l l

Acid rain leaching procedure
Analyse for metals 2h

\

Figure 5.4: Schematic representation of the multi@ extraction procedure (MEP)

SAMPLE

A 4

TOTAL METAL
CONTENT 9

inl

HOACc0.11 mol/l
16 h shaking room temperature

V/m =40 ml/g g
v " | FRACTION 1

RESIDUE

NH,OHHCI 0.1 mol/l
16 h shaking at room temperature

V/m =40 ml/g -
"| FRACTION 2

RESIDUE

b

H,0, 8.8 mol/l

Nearly dryness at 85 °C

v/m =20 ml/g

NH,OAc 1.0 mol/l (pH = 2)

16 h shaking at room temperature
V/m =50 mllg

Y "| FRACTION 3
RESIDUE

Residual metal = Total metal £ metal in
fractions

Figure 5.5: Schematic representation of the sequgal extraction procedure (SEP)
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\‘

Acetate buffer solution

pH=4.2-45

|

Agitate at 30 r.p.m. for 20 h

|

Analyse filtrate for metal concentrations

Figure 5.6: Schematic representation of the neuttaextraction procedure (NEP)

5.2.3.6 Water leaching

One scrubber dust produced under oxidising comditiand one produced under reducing
conditions were subjected to water leaching andyaed for metal concentrations using atomic
absorption (Horowitz, 1991). These results weredus® input parameters for the geochemical
model.

5.2.4 Scrubber dust and manganese immobilisationgatment

Batch tests were also conducted to examine théivelaolubilities of manganese in samples | Formatted: Justified

untreated and immobilized with lime, dolomite andicde or other selected stabilisation
techniques (e.g. oxidisers).

Samples were subjected to chemical treatment fgreift concentrations (refer Table 5.1). The
chemical was manually mixed in with the sample tiedmixture left for a period of 24 h before
it was subjected to one of the extraction procesl(Bection 5.2.3).

The following chemicals were investigated as trestioptions to immobilise manganese:

* Lime (Ca (OH)(Rochelle AR Grade, Batch #1401033 cc, Min 97%) - {Format'ted: Bullets and
+ Raw dolomite (Mg-CaCg) (provided by Iscor- Van der Bijl) Numbering

e Burnt dolomite (Mg-CaCg) (provided by Iscor- Van der Bijl)

» Calcite (CaC@) (Rochelle AR Grade, Batch #5600, Min 99.5%) { Formatted: Font: 12 pt
+ Sodium hypochlorite (NaOCI) (Rochelle AR Grade, dat#10092sh- 1509 available ,’ | Formatted: Body Text 3,
Ch|0l’|ne per |Itr8) (10_15%) //// BU“eted + Level: 1 +./-\|I9ned
/ at: 0.cm + Tab after: 0.63 cm

 Desulphurisation slurry (provided by Iscor - vam&g)). Y + Indent at: 0.63 cm, Tabs:
1.9 cm, List tab




determlnatlons

Table 5.1: Chemical treatment dosage applied

|

- Deleted: <#>

<#>Lime (Ca (OH)(Rochelle AR
Grade, Batch #1401033 cc, Min
97%)1

<#>Raw dolomite (Mg-CaC¥g)
(provided by Iscor- Van der Bijl){
<#>Burnt dolomite (Mg-CaC¢)
(provided by Iscor- Van der Bijl){
<#>Calcite (CaCg) (Rochelle AR
Grade, Batch #5600, Min 99.5%)f]

The effect of the iron: manganese (Fe: Mn) ratidhi@ dust sample was also investigated. The
addition of iron chloride in the ratio Fe: Mn 4Qd the 200kW and 1.5 MW scrubber dust trail

samples was evaluated under the various leachowegures identified.

5.2.5 Geochemical modelling

Geochemical modelling of the case study scrubbstscabtained under dry-oxidizing conditions
and wet-reducing conditions was conducted. The aintise modelling exercise were to assist in
determining the effect of environmental and processditions on stability and solubility of
manganese containing waste i.e.

« Stability analysis of manganese species on actplitydiagrams;
» Kinetic modelling of specific case study for lorgg#h water quality prediction; and

* Risk assessment of identified management immotdisastrategies (Table 5.1) in the long

term

ACT2 of the Geochemist's Workbench software waslusecarry out manganese stability field
analysis. REACT of the same package was used metikimodelling. PHREEQC version 2 was

used for speciation of aqueous species in solution.

Chemical applied Concentration of chemical applicabn (%) (w/v) ﬂ
No treatment 0.0 vl
Lime 5.0 [ Formatted: Font: 12 pt J
10.0 Deleted: <#>Sodium
Burnt Dolomite 5.0 s hasen 10
Raw dolomite 5.0 available chlorine per litre) (10-
Calcite 37.5 ii;/ol%isulphurisation slurry
Sodium hypochlorit€10-15 % 1.0 (vIv) (provided by Iscor - Van der Bijl).f
solution) 9.0 (VIv) 1
Desulphurisation slurry 5.0
10.0
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5.3 SAMPLES
Samples classified and characterised in this rekgapject included:

* Inorganic manganese standards (pure form)

* Pilot plant study dust samples
® 200kW furnace-wet scrubber (reducing conditions)
@ 500Kw furnace-wet scrubber (oxidising conditions)

@ 1.5 MW furnace-dry-baghouse (oxidising conditions)

e Other pyrometallurgical industry dust samples {fdale):
@ Ticor - wet scrubber (reducing conditions)
Saldana Steel - Corex classifier sand — wet semufbducing conditions)
Saldana Steel - Conarc slag (reducing conditions)
Metalloys — wet scrubber (oxidising conditions)

Standard manganese solutions representing thealiffforms of manganese of interest were
prepared to determine the effect of different imitigdtion methods on different pure forms of
manganese.

The objectives of this section of the study werrdfore to:

« select manganese immobilisation treatment options

« evaluate the suitability of the selected treatnogniions for manganese immobilisation

« determine the effect of the immobilisation treattmerptions on different forms of
manganese.

» determine the concentrations at which chemicaltrireat options need to be applied to
achieve effective manganese immobilisation.

The results obtained were then applied to the magggacontaining samples obtained from both
pilot studies and full-scale industries (Chapter 6)

* manganese chloride (MnlAH,O; Analytical grade (AR); Batch: 23072MC; 99%)
* manganese carbonate (MNng@AR grade; Batch: 08420L0O; 99.9 %)
* manganese dioxide (MnAR grade; Batch: 504088-032)
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<#>Other pyrometallurgical
industry dust samples (full-scale)
<#>Ticor — wet scrubber (reducin
conditions)T

<#>Saldana Steel - Corex classif
sand — wet scrubber (reducing
conditions)f

<#>Saldana Steel - Conarc slag
(reducing conditions){l
<#>Metalloys — wet scrubber
(oxidising conditions){

1

A standard manganese solution (1000 imag manganese) prepared using manganese chlorid{ Formatted: Justified )

was also purchased from Rochelle Chemicals (ARer8atch 2241) and diluted to obtain a
manganese concentration of 100 fng/

Soluble manganese and iron determinations wereomeel on the standard manganese
solutions prepared.

Distilled water (Electrical conductivity of 6.21S/cm) was used as a blank sample. Soluble
manganese and iron determinations were performedendistilled water.

=
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5.3.2 Case study samples- smelter scrubber dust

Both wet and dry scrubber dust were collected dupilot plant trials and analyzed. A full
description of the analytical programme for them@sles is attached as Appendix B.

5.3.2.1 Production of a wet scrubber dust samplender reducing conditions (200kW)

A pilot scale plant was commissioned with the ititam of replicating the full-scale plant

conditions as closely as possible. This includedrémoval of the post combustion chamber and
the installation of a wet dust scrubbing systeng\Fé 5.7 and 5.8).

Off-gas vented
to atmosphere

Influent
water to wet
scrubber

Water spray
nozzles

Thermocouple

Thermocouple

Y

WET
SCRUBBER

Gas
Analyser

limenite /antracite spiral
feeder
‘ Electrode

OFF GAS
LINE

\

Outlet temperature
monitor

Inlet temperature
monitor

Wet scrubber dust slurry
Tapping point

foriron/slag
mixture

200 kW DC FURNACE

Figure 5.7: Schematic diagram of the experimentatonfiguration used for the collection of
wet scrubber dust
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Figure 5.8: The 200 kW DC furnace

Two smelting trials were carried out in the 200 & furnace located at the Kumba Pilot Plant
facility in Pretoria West during November 2002. Thiest trial was operated under similar
conditions to that used in April 2001 for the wetubber dust produced for PHD (Table 5.2).
During the second trial, the effect of temperatofethe wet scrubber was investigated by
increasing the inlet water flow rate (2X) and tloa®ling the dust down at a faster rate (Table
5.2). An iron heel was melted in the furnace attaip. This was done to heat the furnace up,
provide good electrical contact with the furnacedmand to provide a liquid bath to feed into.
For both trials ilmenite (from Hillendale) and aratbite (from Zululand Anthracite Collieries)
were used at a mass ratio of 10 ilmenite: 1.2 antte. The furnace was manually charged on a
continuous basis.

Table 5.2: Trial design parameters of the two pilotuns

Trial 1 Trial 2*

1.1 PARAMETER

Mass of ilmenite (kg) 80.0 100.0
Mass of anthracite (kg) 9.6 12.0
Duration of trial (min) 80.0 115
Temperature inside furnace (°C) 1650-1750 1650-1750
Average scrubber inlet temperature (°C) 180 114
Average scrubber outlet temperature (°C) 63.6 48.9
Water flow to scrubber (I/h) 220 393
Volume of scrubber effluent collected (1) 310 755

* Foaming occurred in the furnace and the trial wapmed for a period of 25 minutes before ilmeniéigacite feeding
commenced again
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| The dust produced during the smelting processttegevith the process gas (carbon monoxide), { Formatted: Justified

was then transported through the sealed off gaes (fijgure 5.8 and Figure 5.9). A wet scrubber
was installed into the off-gas pipe approximatelgn&ters from the furnace. The wet scrubber
was equipped with water spray nozzles. The dust thhas collected as slurry using sample
collection vessels for further processing.

Figure 5.9: Off-gas line with wet scrubber

Thermocouples were located before and after thesartbber and temperature was logged at
various intervals (Appendix C). A flow meter waseénted into the feeding line of the wet
scrubber and water flow logged at various inter¢ajspendix C).

Samples of the iron used for start-up, ilmeniteheacite, a mixture of ilmenite and anthracite
were obtained.

The wet scrubber effluent was discharged througipe into buckets. The buckets were filled
until they overflowed, a sealing lid was then pthoser the bucket and the lid was then taped to
the bucket in an attempt to eliminate oxygenationindy transportation. Half of the scrubber
slurry obtained from each trial was sent to Watefta filtration and drying of the slurry while
the other half was sent to the PHD Analytical Laory for flocculation.

The scrubber slurry was vacuum filtered using @¥bmembrane filters and the dust dried at 50
°C (Waterlab). Ferric chloride (42 %) was supplBdTicor for flocculation and applied at a

dosage rate of 10 ny/
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5.3.2.2 Pilot run — producing scrubber dust under ridising conditions

| Two other pilot plants, consisting of a 500 kW amdl.5 MW smelter, respectively, were - { Formatted: Justified

commissioned at the Kumba Test Facility for thedpiedion of scrubber dust under oxidising
conditions (see Figure 5.10 and 5.11).

Figure 5.10: 500 kW furnace

Figure 5.11: 1.5 MW furnaces
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The 500 kW smelter was fed with 250 kg/h ilmenited 882.5 kg/h anthracite during 13-18

October 2002. Temperatures in the smelter rangédelee 1650 and 1750 °C while the

temperature in the off-gas system averaged 250 R€.off-gas line of the 500 kW smelter was
connected to a wet scrubber and the dust collegedwet scrubber dust slurry. The flow rate of
the influent water to the wet scrubber was not miess

A mixture of ilmenite and anthracite (ratio 100 ikgenite:12.6 kg anthracite) was used to feed
the 1.5 MW smelter over a period of 14 days. Thisméce is equipped with a combustion
chamber where carbon monoxide is combusted usipgot flame. The combustion output
temperature averaged 1226 °C. From the combustiamber the off-gas moved through the
rest of the off-gas unit where it is cooled befergering the baghouse. The average temperature
before the baghouse is 97 °C. The analysis progefonthe 500kW and 1.5MW scrubber dust
samples is provided in Appendix B.

Table 5.3: Chemical analyses of some of the paranees obtained during the 500 kW and
1.5 MW trial runs (Results are similar for both)

Parameter Analyses and concentration
Average ilmenite analysis Fe;=51.10 %
MnO =1.24%
Anthracite analysis MnO = 0.09 %
Dust as % of ilmenite feed 3.95%
Dust analysis FeO = 26.16 %
MnO =3.5%
Slag as % of ilmenite feed 51.81 %
Slag analysis FeO = 10.57 %
MnO = 1.69 %
Metal as % of ilmenite feed 33.32 %
Metal analysis Fe = 98.89 %
Mn = 0.041 %

5.3.3 Other pyrometallurgical industrial dust samples

Samples were obtained from three pyro-metallurgicatiuction plants:

» Wet scrubber dust (Ticor) - {Format_ted: Bullets and }

 Corex classifier sand (Saldana Steel) Numbering

* Cornarc slag (Saldana Steel)

+ _Wet scrubber dust (Metalloys-Samancor). - { Formatted: Font: 12 pt )
7777777777777777777777777777777777777777777777777777777777777777777 - Deleted: 1

A mrmeace Aafaile and Aiet claccifiratinm Aatesromr ava Jahla that ware nras idad A | <#>WetSCI’UbbeI’dUSt(TiCOI’)ﬂ
The_ process details and dugt cIaSS|f|ca'§|on data_x_arev avallgble, that were provided to the | 3 > > eand (Saldana
project team by these production companies arengivéppendix D. Steel)Y
<#>Cornarc slag (Saldana Steel)
. . . . <#>Wet scrubber dust (Metalloys
The samples obtained from other industries were alsbjected to TCLP and ARLP to | samancon.{

characterize and classify the manganese and irdsilitjoof the samples (with and without
treatment).
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6. INORGANIC MANGANESE CONTAINING WASTE

6.1 CHARACTERISATION AND CLASSIFICATION OF INORGANI C MANGANESE
CONTAINING WASTE

This chapter discusses the primary level risk assent conducted for the scrubber dust waste
stream samples. The waste can be termed “alterddthwimplies that there has been a
mineralogical change from the natural state offtineace feed materials.

The scrubber dust samples were analysed as reduyréide “Minimum Requirements for the
Handling, Classification and Disposal of Hazarddl&aste” (DWAF, 1998). Both the ARLP
and TCLP procedures were used. However, since Mlaiste is inorganic in nature, the
appropriate test procedure is the ARLP. Leachahblements (manganese and iron)
concentrations were compared to the acceptable linsiks published by DWAF and the
estimated environmental concentration evaluateel Aggoendix E). This was calculated for the
untreated sample and treated sample using vanoo®bilisation chemical addition measures
identified during the literature search (refer toa@ter 4).

6.1.1 Inorganic manganese standards (pure form)

In order to collect some baseline data, a numbepwe inorganic manganese standards,
representing the different forms of manganese ¢érést, were purchased. They included
manganese chloride (Mngl manganese dioxide (MnJ) and manganese carbonate
/rhodocrosite (MnCg).

100 mg manganedebolutions were prepared of each inorganic mangaonespound. These
solutions were then characterised by subjecting ihe ARLP and TCLP extraction procedures.
Standards, with and without treatment to immobilise manganese under acidic conditions,
were tested. Immobilisation treatment chosen fag firoject included the addition of lime,
dolomite (raw and burnt), calcite, hypochlorite amddesulphurisation slag (CaO-CaS). The
latter, is another waste stream produced at tHes¢ale pyrometallurgical plant and if proved
effective in stabilisation of manganese in the dastild be mixed with the dust and provide an
alternative integrated waste management optiothfocompany.

Negative controls included in the ARLP extractiogperiments showed that the raw dolomite
released a significant amount of manganese (24/8)raffer ARLP extraction, which would be
added to the sample. This was therefore not seitabluse to reduce the soluble manganese
concentration of the scrubber dust sample to aabéptenvironmental concentrations. Burnt
dolomite provided a much better dolomite option $tabilisation but was only really effective
on MnChL and MnCQ immobilisationand not on Mn@ (residual 28 mg manganeéainder
ARLP conditions). It could be that the treatmentigek of 24 h was not adequate for burnt
dolomite to immobilise the manganese as dolomiteahalower reaction rate than lime. Particle
size analysis of the chemicals used for treatmesrewnot determined and it could be that the
dolomite used had a larger particle size than tterochemicals investigated as treatment
options, therefore leading to a longer reactiorioperequired for treatment.
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Figure 6.1 shows the results of ARLP extraction tba manganese level of the different
inorganic manganese standards subjected to themrhmsnobilisation methods. It is compared
with TCLP extraction manganese results for Mredd MnCQ (Figure 6.2). Based on these
results (refer to Table 6.1), immobilisation of tieee inorganic manganese types that resulted
in manganese concentrations being reduced to addepisk levels of less than 0.3 ragifter
ARLP extraction were: -

MnO, with lime (5 % w/w), hypochlorite (9 %) and CaO-& L0 %)
MnCQOs; with lime (5 %), hypochlorite (9 %) and CaO-Ca¥ @)
MnCl, with 5 % burnt dolomite, hypochlorite (9 %) and@€&aS (10 %)

Calcite (37.5 %) also significantly reduced theelewof soluble manganese remaining in all three
standards solutions after ARLP extraction but ndetvels below 0.3 m§/ Calcite was however
able to perform better under TCLP extraction ac@hditions (reduced soluble residual
manganese to 7-17 migtompared to the 5 % lime and 10 % desulphurisatiomy treatment
regimes, which were very effective under ARLP ctinds.

In comparison, 10 % lime and 9 % hypochlorite ddditwere the only methods of
immobilisation tested that resulted in the acceptailsk performance level for manganese after
ARLP and TCLP extraction (refer to Appendix C fall ata result set).
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Figure 6.1: ARLP results for various inorganic mangnese solutions —with and without
treatment (not corrected)
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Table 6.1: ARLP results for inorganic manganese stadards

After ARLP Extraction Mnd MnCQO; MnO, Mn
(corrected for negative control) Manganese conaéintr (mgl)

Sample 80.4 97.0 106.3 95.6
Sample + 5 % Lime 1.77 <0.1 <0.1 <0.1
Sample + 5 % Burnt Dolomite <0.1 0.2 26.4 3.27
Sample + 5 % Raw Dolomite 92.3 284 348 259
Sample + 37.5 % Calcite 1.18 <0.1 12.6 <0.1
Sample + 1 % NaOC1 <0.1 <0.1 <0.1 34.8
Sample + 9 % NaOC1 0.26 0.53 0.32 0.12
Sample + 5 % CaO-CaS 38.2 53.8 53.5 52.8
Sample + 10 % CaO-CaS <0.1 0.12 0.14 1.65
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treatment
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37.5%
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% CaO-CaS
Sample + 10
% CaO-CaS

Treatment

Figure 6.2: TCLP results for manganese dioxide (Mng) and manganese carbonate
(MnCO3) solutions —with and without treatment

pH measured before and after ARLP extraction, ydhat the pH level in solution remained

above 8 in samples treated with lime, calcite, Ne@@ 10 % CaO-CasS, thus ensuring a low
soluble Mn leachate concentration (see Figure 6E)wever, when one examines the level of
alkalinity (Table 6.2), which will provide long ter buffering capacity for the waste sample,
smaller increases were observed with additionroglibut very large contributions are made by
adding calcite. This will have a serious impacttbe long-term stability of the treated waste
sample in the environment as alkalinity is consumwéti time (see verification in geochemical

modelling results) and provides buffering capatitfiuctuations in pH.
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Table 6.2: Alkalinity measured for the various mangnese treatment options considered

Manganese standards

Alkalinity (average added as mgCaCOs)

Sample (manganese inorganic standard)

Sample + 5 % lime

Sample + 10 % lime

Sample + 5 % burnt dolomite
Sample + 5 % raw dolomite
Sample + 37.5 % calcite
Sample + 1 % NaOCI
Sample + 9 % NaOCI
Sample + 5 % CaO-CaS
Sample + 10 % Ca0O-CaS

61818
141797
7877
14638
427211
2267
33071
4422
9007

14
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Figure 6.3: pH levels measured in solution beforeral after ARLP extraction of inorganic
manganese standards- with and without treatment
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6.1.2 Pyrometallurgical scrubber dust samples
6.1.2.1 Scrubber dust produced under reducing conditions (200 kW pilot plant trials)

The 200 kW trail runs produced a wet scrubber doder reducing conditions. The results of the
primary level, hazard risk characterisation leaghiests (DWAF, 1998) are provided in Tables
6.3 and 6.4. Trial 1 relates to the pilot plant wimere inlet scrubber temperatures averaged 180
°C while Trial 2 was run at reduced inlet scrubtemperatures of 114 °C, by increasing the
water flow rate through the scrubber.

Table 6.3: Paste pH results before and after thedLP and ARLP extractions for the
different 200 kW dust samples (No chemical treatmeth

Sample pH
Paste pH before ARLP | pH after ARLP pH after
TCLP
Scrubber dust - Trial 1 - 9.35 8.90 5.10
filtered
Scrubber dust - Trial 2 - 8.85 8.15 4.80
filtered

Table 6.4: Chemical analysis of the 200 kW scrubbelusts after TCLP and ARLP
extractions (No treatment)

Sample Metal concentrations after ARLP Metal
extraction concentrations after
(mg/kg) TCLP extraction
(mg/kg)
Mn Fe Al Cd Zn Mn Fe

Scrubber dust - Trial 1 - 3.54 | <0.05 17 1.00 3.02 1745 2804
filtered

Scrubber dust - Trial 2 - 34 <0.05| <0.05 0.34 0.62 2298 2672
filtered

While a lower concentration of manganese was dedeiatthe slurry for Trial 2 (Table 6.8), due
to the increased dilution effect, the total amaafitnanganese captured was actually higher than
Trial 1. Furthermore, the manganese found in thet ffom Trial 2 was far more soluble under
mildly acid conditions, seen by the almost ten fiolctease in manganese (mg/kg) in the leachate
after ARLP extraction (Table 6.4). This may be tedato the different particle size profile of the
two dusts (see Table 6.5) and predominant formariganese produced in the scrubber. A larger
proportion of particle sizes >0.71 mm was deteatestrubber dust from Trial 2. It is known for
instance that manganese and iron oxides can existodules, concretions, cement between
particles or simply as coating on particles (Jeld®68). These oxides can act as scavengers for
trace metals and can be unstable under certaircacidditions and redox conditions i.e. low Eh.

Samples of the scrubber dust were also sent for @€khning electron microscopy) analysis-in- { Formatted: Justified

an attempt to better understand the differencesoimposition or structure, but very little
difference was observed (see Appendix F).
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A comprehensive analytical programme was condutiedharacterise the various input and
output waste streams from our case study furndets.trThis assisted in compiling a mass
balance for manganese, which would contribute taluating the secondary risk level of the
scrubber dust waste stream in terms of waste load.

Five key metal elements were measured to deterthmeelative metal composition profile in

mg/kg of the raw materials (ilmenite, iron and aatite) and solid material outputs (metal and
slag) from the 200 kW furnace trials. The results shown in Table 6.6. These metals were
shown to pose a potential hazardous risk in eanl@k carried out on wet scrubber dust from

Ticor (PHD, 2001).

Table 6.5: Particle size analysis of the scrubbetusts (filtered)-200 KW pilot trials

Trial 1 Scrubber dust Trail 2 Scrubber dust - /{F““‘aﬁed: Font: Times New J
Particle size distribution | (filtered) @) | (filtered) (@) | o poman, 12 pt, Bold, Not Talle
Sample Weight 100 50.02 {;tr)]rmatted: Indent: Left: 0 }
1000pum 0.66 11.06
710pum 0.51 6.99
500pum 0.81 7.42
300um 24.83 8.68
250pum 11.24 3.18
150um 23.22 5.39
75um 25.04 6.06
<75um 13.66 0.64
Total 99.97 49.42
Table 6.6: Chemical analysis of the solid material
Sample 'I_'otal Total To_ta_l Totz_al To_tal Paste

iron manganesq aluminium |cadmium zinc pH

(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)

Iron metal used for start-up | 28325 419 481 <1 135 ND
INPUT
IImenite 79313 669 139 <1 97 ND

4838 199 2840 <1 113 ND
Anthracite
[Imenite/Anthracite 19888 499 490 <1 115 6.62
mixture

OUTPUT

Iron (Trial 1) 632750 1132 2455 <1 126 ND
Slag (Trial 1) 172875 1944 1455 <1 114 ND
Iron (Trial 2) 92838 731 526 <1 106 ND
Slag (Trial 2) 56900 2546 1578 <1 117 ND

To assist with the input and output balance catmng, the wet scrubber inlet water quality
(Table 6.6) was also analysed together with thabdmr dust slurry, filtered dust and filtrate
(Tables 6.7, 6.8 and 6.9 respectively).



Table 6.7: Chemical analysis of the influent wateto the wet scrubber

Analysis value
pH 6.77
Electrical conductivity (mS/m) 21
Alkalinity as CaCQ (mg/t) 95
Sulphate concentration (nig/ 19
Sodium concentration (mg)/ 10
Potassium concentration (nfiy/ 2.2
Calcium concentration (mgy 20
Magnesium concentration (nig/ 5.4
Manganese concentration (rj/ 0.06
Iron concentration (md) <0.05
Cadmium concentration (m)/ 0.02
Zinc concentration (mg) <0.05
Aluminium concentration (mg) <0.05
Table 6.8: Chemical analysis of the wet scrubbenubt slurry

Analysis Trial 1 Trial 2
Total manganese concentration (f)g/ 4.5 1.5
Total iron concentration (mg)y 64 2
Total cadmium concentration (nig/ 0.033 0.029
Total zinc concentration (mgy/ 1.97 0.15
Total aluminium concentration (m/ 5.0 0.133
Total sodium concentration (nig/ 20 16
Total potassium concentration (np/ 10 4.9
Total calcium concentration (m/ 20 17
Total magnesium concentration (rfig/ 20 12
Total solids @ 105 °C (mg)y 110 40
Moisture content (%) 100 100
pH 6.7 6.5
Electrical conductivity (mS/m) 39 32
Alkalinity as CaCQ (mght) 166 152
Sulphate concentration (nig/ 30 18
Soluble sodium concentration (niy/ 19 14
Soluble calcium concentration (nfgy/ 15 14
Soluble magnesium concentration (ii)g/ 14 14
Soluble manganese concentration (Ehg/ 1.3 2.2
Soluble iron concentration (nfg/ <0.01 <0.01
Soluble cadmium concentration (ni/ 0.02 0.01
Soluble zinc concentration (nig/ 0.22 0.30
Soluble potassium concentration (itjg/ 8.1 2.9
Soluble aluminium concentration (nfy/ 0.23 0.28
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Table 6.9: Analysis of the scrubber dusts

Chemical Trial 1 Trial 2
Scrubber dust- filtered Scrubber dust- filtered

Total manganese (mg/kg) 18538 20950
Total iron (mg/kg) 194125 200625
Total cadmium (mg/kg) 2.3 1.9
Total zinc (mg/kg) 6963 6450
Total aluminium (mg/kg) 13438 12313
Total sodium (mg/kg) 2036 1948
Total potassium (mg/kg) 2531 2811
Total calcium (mg/kg) 2794 2394
Total magnesium (mg/kg) 46925 44425
Total solids 50.16 49.62
Moisture content (%) 49.84 50.38
Loss of ignition -0.87 -1.04

Table 6.10: Chemical analysis of the filtrates andupernatants of the wet scrubber slurry

Filtrate Filtrate

Chemical (Trial 1) (Run 2)
Total iron (mgt) 0.18 0.17
Total manganese (mg)/ 0.82 0.32
Total solids @ 105 °C (mg)y <0.2 <0.2
Moisture content (%) 100 100
pH 8.6 8.3
Electrical conductivity 17 30
(mS/m)
Alkalinity as CaCQ (mgh) 169 139
Sulphate concentration (g 43 12
Sodium concentration (mg)/ 18 14
Potassium concentration 9.6 25
(mglt)
Calcium concentration (mgy 23 17
Magnesium concentration 17 14
(mg/t)
Manganese concentration 0.73 0.49
(mg/t)
Iron concentration (md) <0.05 <0.05
Cadmium concentration 0.02 0.02
(mg/t)
Zinc concentration (mg) <0.05 <0.05
Aluminium concentration 0.18 <0.05

(mg/t)
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A mass balance was calculated and verified usimgatbove information and support data
provided by Ticor on the raw material solid comfiosi. Figure 6.4 provides an illustration of

the manganese mass balance for Trial 1, where sippately 4.6 % of the total manganese load
input is recovered in the off-gas dust stream. Agpnately 15 % of the manganese input was

calculated as being recovered in Trial 2 scrublost gtream.

A comparison of results for scrubber dusts collgédétem other 200 kW pilot trials conducted at
the Ticor research facilities are shown in Tabl®06 Estimated Environmental Concentrations

(EEC), calculated for the element manganese itetftesamples, are also included.

EEC values were calculated, and the hazard cleasdn has been performed, assuming a
disposal area of 50ha and a mass flow rate of 2t0086nth of wet scrubber dust (refer to
Appendix E). It should be noted here that wherr#tie of EEC/Acceptable Risk Level (ARL) is
<1 (DWAF, 1998), a recommended delisting of thetevasgth regards to the specific component

can be made.

Off-gas vented
to atmosphere

INPUT ! ouTPUT
Tap water
limenite/Antracite mix

(775 g Manganese)

Iron to form metal
bath

WET
SCRUBBER

Wet scrubber dust slurry

Dust (36 g Filtrate (0.259g
Manganese) Manganese)
200 kW DC FURNACE > Metal (34 g Manganese)

Slag (542 g Manganese)

Figure 6.4: Manganese mass balance for 200 KW Furnace Pilot Plant Trial 1
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Table 6.11: Comparison of manganese and leachingsts for other similar test trials —wet
reducing conditions, 200 kW furnace

Trial Total Manganese after | EEC-(ARLP) | EEC/AR
manganese | ARLP (ppb)
(mg/kg) (mg/kg)
200 kW Trial 1 - 2003 18538 35 94
200 kW Trial 2 - 2003 3750 34 898 3.0
200 kW Trial -April 2001 20974 24 62 0.21
200 kW Trial (DB270) - July - 33.0 873 2.9
2001

It would appear from the data provided in Tablel6ttiat the trial results can be grouped into
two sets viz. Set 1: Trial 1 2003 and April 2001 &et 2: Trial 2 2003 and July 2001. The

difference between the two groups of test triakhésinlet water temperature and water flow rate
through the wet scrubber. Set 2 trials were rumh w&itvater flow rate twice that for Set 1 which

would provide for a faster cooling rate and wasetid ratio. This in turn affected the manganese
load captured and the solubility of the manganéseLP and EEC results indicate that

temperature management of the wet scrubber hagidicant impact on the classification of the

waste and delisting requirements

6.1.2.2 Scrubber dust produced under oxidising conditions (500 kW and 1.5 MW pilot plant
trials)

Two samples of scrubber dust collected under drigisonditions were tested. The 500 kW
furnace off-gas was routed through a wet scrubbethe 1.5 MW furnace off-gas was routed
through a post combustion chamber and the dustatel in a baghouse. A similar ratio of
ilimenite/anthracite feed is used in all the ptlidls conducted and used for the research project.
The results of the ARLP and TCLP extractions (DWAB98) are presented in Table 6.12. Post
combustion of the oxidised dust reduces the amainmanganese extracted or leached.
Furthermore the amount of manganese leached ungeP Aonditions is similar under TCLP
conditions for this dry bag house dust. Post cotidmigherefore results in the formation of a
relatively stable form of manganese based on TCh& ARLP results. Wet oxidised dust
samples however showed soluble manganese condemtagiproximately twice that of the dry
baghouse dust under ARLP conditions (315 vs 11&gxgnd approximately twelve times the
amount of manganese under TCLP conditions (20426/& mg/kg) respectively.

Process conditions to capture and treat the offdyas therefore have an impact on manganese
load and behaviour once it is disposed of in thdrenment. The post combustion unit, where
CO is ignited to form Cg causes dust to be exposed to higher temperaameasalters redox
conditions. It also combusts any solid reductantoffrgas thereby artificially increasing
concentration of metals associated with ilmenitedfén the off-gas dust as compared to wet
reducing conditions.
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Table 6.12: Manganese and iron concentrations ofé 500 kW and 1.5 MW scrubber dusts
after TCLP and ARLP (No treatment)

pH Metal concentration after Metal
ARLP (mg/kg) concentration
Sample after TCLP
(mg/kg)

Paste | pH pH [(Mn | Fe | Al | Cd| Zn Mn Fe
pH after | after
before | ARLP | TCLP
ARLP
500 kW WSD 7.2 6.4 4.75| 3154.95| 53 | 0.5817.5| 2049 | 13000
Kumba

1.5 MW Kumba 8.6 59 3.95| 118200| 31 |0.24 74 167 3250

Chemical and mineralogical analysis results for thecrubber dusts obtained under
oxidising conditions are provided in Table 6.13.

Scrubber dust from the pilot plant furnaces (usig materials of ilmenite and anthracite from
Ticor) showed high concentrations of other traceerals of concern viz aluminium and zinc,
with a hazard rating of 2 but manganese is the damiHR2 metal of concern. These other trace
metals may also play a significant role in the maheomplexes formed upon disposal of the
waste and may affect the solubility and therefigk posed to the environment by manganese.

Table 6.13: Analysis of the 500 kW and 1.5 MW scruter dusts obtained under oxidising
conditions

Chemical 500 kw 1.5 MW
Total Sodium (mg/kg) 780 621
Total Potassium (mg/kg) 1796 958
Total Calcium (mg/kg) 398 462
Total Magnesium (mg/kg) 7120 2958
Total Aluminium (mg/kg) 3338 988
Total Cadmium (mg/kg) 1.4 0.9
Total Iron (mg/kg) 1767 80475
Total Manganese (mg/kg) 14300 6813
Total zinc (mg/kg) 2325 2725
Moisture content (%) 20.46 0.05
Solids (%) 79.54 99.95
Loss of ignition -0.13 -1.27
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6.13 Other industrial samples

The leachability of scrubber dust samples contginmanganese collected from other
pyrometallurgical industries is provided in Tablé4 These samples were taken from full-scale
production facilities.

All these samples showed very low levels of soluhBnganese under mild acidic conditions in
the ARLP leachate ranging from 0.48 to 8.9 mg/kgqgamese. Aluminium and zinc were also
detected but at much lower concentrations compgrezlr pilot trial dusts. These differences
may play a role in long term stability and alsovesrto illustrate the diversity and range of
manganese containing wastes.

Table 6.14: Manganese and iron concentrations ofi¢ Ticor WSD, Corex classifier sand,
Conarc slag and the Metalloys wet scrubber dust lehate after ARLP (No treatment)

pH after Metal concentrations (mg/kg)
Sample ARLP |Manganesg Iron [Aluminiu |Cadmiu| Zinc
m m

Ticor WSD 6.35 1.12 <0.05 ND ND ND
WSD Metalloys 7.75 0.48 1.08 93.5 8.87 5.81
Corex Classifier 10.55 | 8.92*1.6]) 154 120 0.39 6.77
sand

Conarc slag 9.75 |0.48*0.09) 0.44 74.8 0.50 7.43

* ARLP results from company files

The leaching test results and EEC calculationsrgieeus for the Conarc and Conex samples
from in-house studies conducted by the respectivepanies, indicate that the manganese levels
in the dust are less than the acceptable risk lamel therefore would not be classified as
hazardous. Our ARLP leachate results for manganese found to be slightly higher than was
provided but also result in an EEC level below3B8ppb riskimit.
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6.2 MITIGATION OF POTENTIAL ENVIRONMENTAL IMPACTS

The third level of risk evaluation includes an istigation of the technologies to mitigate

potential environmental impact. While the potentiai manganese leaching varied in the
scrubber dust samples tested, the ARLP results shatvthe dust samples could exceed the
acceptable risk level concentration (EEC/AR > 1) dherefore may require immobilisation

before disposal into the environment (Figure 6B effect of a variety of chemical additions to
immobilise the manganese and prevent it from leschnto the environment at significant

levels, was pursued and is discussed.

5

1l

EEC/AR

N

[N

200 kW - Trial 200 kW - Trial 500 kW 1.5 MW Ticor - WSD - WSD Corex Conarc slag - DB 270 -
1- Filtered- 2 - Filtered - Kumba - Kumba - Reducing Metalloys - Classifier sand  Reducing Reducing
Reducing Reducing Oxidising Oxidising Reducing - Reducing

Figure 6.5: EEC/AR ratios for ARLP manganese for tke different samples — no treatment

Based on the results obtained from immobilisatibthe inorganic manganese solutions (pure
form) (refer to section 6.1.1) all the scrubbertchganples were treated with the addition of lime,
calcite, hypochlorite and the desulphurisation rgluA summary of the manganese and iron
concentrations found after ARLP and TCLP extradtidscrubber dust with treatment) is
provided in Appendix C. Table 6.15 compares thatdel manganese remaining after treatment
and acid extraction (ARLP) for the scrubber dustglas collected for this research product.
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Table 6.15: Summary of manganese concentrations thfe scrubber dust leachates, after
ARLP (with and without treatment)

ARLP — Mn (mg/kg)
Treatment 200 kW - | 200 kw 500 kW | 1.5MW | Ticor - COREX CONARC [ MET- 200 kw
Option RUN1- | RUN2- | KUMBA | KUMBA WSD | CLASSIFIER SLAG |ALLOYS- DB270

SAND WSD

Scrubber Wet, Wet, Wet, Dry, Wet, Dry, Reduced Dry, Wet, Wet, reduced
Conditions Reduced | Reduced| Oxidised | Oxidised | Reduced Reduced | Oxidised
No treatment 3.54 34.1 315 118 1.1 8.9 0.44 0.48 3 3
5 % Lime <0.01 <0.01 0.58 <0.01 0.12 1.0 0.2 <0.0L 0.5
37.5 % Calcite 117 3.1 4.9 1.1 <0.0p 0.38 0.2 7.8 3.8
9 % NaOCl 0.14 0.54 0.47 0.56 <0.0p 1.4 0.39 <0.01 -
10 % CaO-CaS 0.08 0.52 - - <0.0p - - -

Five percent lime addition is shown to be effectiveeducing the soluble manganese leached
under mildly acidic conditions for most of the duper dusts tested and this agrees with data
provided by Ockie Fourie Toxicologists (1997). Haee5 % lime under TCLP conditions is
not effective and it requires that the dosage beeased to 10 % (w/w) to reduce the risk factor
(see Appendix E). Calcite performance fluctuatetiieen the scrubber dust samples. This may
have to do with the mixing of the calcite or eri@analysis (in particular the results for 200 kW
Run 1 and Metalloys appear erroneous). Howevergtiaas no scrubber dust sample left to
repeat the test procedure for confirmation. The afsexidants (9 % v/w) also provided an
effective means to reduce the soluble manganesspefar the dry reduced sample from Corex
(Table 6.15). The results also indicate that theutpdaurisation slurry at 10 % (w/w) can stabilise
the manganese but should it be used and is cosidpwith the dust, its sulphur content may
pose additional problems or risk to the environm@&his was however not within the scope of
this project to investigate further. It was fouhdttall the applied treatment options could reduce
the EER/AR ratio to <1 for delisting of the scrubbast as hazardous (Figure 6.5).

2.0

15
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7. GEOCHEMICAL MODELLING

A

The objective of the geochemical modelling assessmas to determine the long-term effect of
different chemical treatment options on the hazasdecrubber dust waste obtained from pyro-
metallurgical industries. Geochemical modelling earist in evaluating the real risks associated
with the scrubber dust waste containing manganeseel as enabling comparative assessments
of various waste management/stabilization optiars their impact over time. Furthermore, the
equilibrium modelling expanded on the theoreticabchemical data presented in the literature
survey (see Chapter 4) by using actual column léath from the dust sample.

7.2 BACKGROUND - SUMMARY OF MANGANESE CHEMISTRY

Agqueous manganese can be transported at standatii@os in the following forms (Liu et al.,
1984):

« Anionic and complexes (group), e.9.&OHCO;, CN, PO4, CI, OH, F, 0%, SO ,NH3;«
* Colloids;

* Organic anionic complexes; and

* Micro particle suspensions.

There are a number of anionic Mrcomplexes occurring in the aqueous system (Tallg 7
which may explain the reason why manganese is lstblecand removable in various physico-
chemical conditions.

Manganese or Ml mineral phases are also abundant including coraeplexth Cl, F, sSQ7,
PO, NO;, S€, SeQ?, AsO®, V,0s%, OH, and CQ* while only a few minerals exist with
manganese in oxidising states MrMn**, Mn®*, and Mr*.

7.3 METHODOLOGY AND RESULTS
A detailed geochemical modelling exercise was cotetuand included:

* Agueous speciation and dissolution / precipitatadndifferent mineral phases — stability
analysis under a variety of conditions in terms afygen, redox potential and
iron/manganese ratios without consideration of tgoale (Stability analysis of manganese
species on activity-pH diagrams).

« Kinetic modelling to predict the long-term wateradjty in terms of manganese, and pH
when disposing of the waste in a mono-landfiIB: Although Ticor scrubber dust waste
was used, this mono landfill does not simulate th&icor disposal facility where the
waste is diluted with slimes before being deposited a tailings dam. The mono-landfill
is a worst-case scenario only containing scrubberndt material.)

7.1  OBJECTIVES - { Formatted: Font: Bold

Formatted: Indent: Left: 0
cm, Tabs: 0.63 cm, List tab +
Not at 1.27 cm
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ACT2 of the Geochemist's Workbench software waslusecarry out manganese stability field
analysis while REACT of the same package was usekirietic modelling. PHREEQC version
2 was used for speciation of aqueous species gl Water extraction (column leach) data of
three different types of pyrometallurgical scrubluerst samples together with composition
interpretation of geochemical data obtained by XRRD and particle size analysis were used.

Table 7.1: Summary of manganese geochemistry (Huhgel974; LLNL database, Bethke,

1996)

Valence (manganese) Aqueous Minerals
Mn* [Mn(NO);0]*
Mn® N/A
Mn° [Mn(dipy)s]
Mn(CN6Y" MnCl
Mn(H,PO,)* MnF,
Mn(HCO;)* Mn(NO3),
Mn(NO3)* MnSO,
Mn(OH)" MnF,
Mn(OH)3 MnCl,
Mn(OH),- MnCl,-H,0
Mn(OH)> MnCl,-4H,0
Mn(PQOy) MnCl,-2H,0
Mn** Mn(NOs),
Mn++ MnCI* Mn3(PQy),
MnClz MnHPQy(c)
MnF* Mn3(ASO4)2
MnSe
MnSeQ
MnSeQ-2H,0
MnV,0q
Mn(OH),
MnSGQ,
MnSQ,
MnCO;
Mn®* Mn[(CN)e]* Mn(OH),
Mn,(OH);* MnSeG-2H,0
Mn(NHz)*
Mn** Mn(NHz),> MnSeQ,
MnO,
Mn°* [MnO,*
Mn(NH;)**
Mn®* [MnO,* BaMnQy(c)
Mn™* [MnO,]" Mn,0O,

* dipy - N-N chain

7.3.1 Selecting a disposal strategy

Addition of chemicals, e.g. CaG@ the manganese-bearing system is a methoddposl and
remediation of industrial wastes which is similartteatment of acid rock drainage (ARD) as
described by Gusek and Wildeman (1997). Additionttef chemicals to manganese-bearing
waste is used for the generation of alkalinityyvet®en of pH and precipitation of manganese in
the waste. Removal of manganese by formation of Ma@ general practice treatment of ARD
for the remediation of high concentrations of marege.
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During this study, the following treatment optiomere investigated:

* Lime (CaO);
» Calcite (CaC@); and
* Raw dolomite (MgC@CaCQ).

Lime (calcium oxide) or quicklime, is a white solidth a melting point of 2586C. It may be
produced by burning limestone. Addition of limednnhanganese-bearing wastes will enhance
pH and result in manganese precipitation in thenfaf rhodochrosite and other manganese
mineral phases.

Calcite (calspar) is a naturally occurring crystel calcium carbonate (CaG)O Addition of
calcite will produce an alkaline environment in #ystem enhancing the pH to ~ 8. The addition
of calcite will be responsible for the formation admplexes, which will remain stable for a
longer period than those formed through the additiblime. This is due to the fact that lime has
a much quicker reaction rate than calcite.

Raw dolomite or pearl spar, is a natural doublebaaate of magnesium and calcium,
MgCOs;-CaCQ. Raw dolomite is a whitish solid that occurs ature. The molecular weight of
raw dolomite is 184.4g. Once again, the additiodabmite to the aqueous system will enhance
the alkalinity of the system.

7.3.2 Stability field analysis using geochemical ndelling
The following systems were modelled by using ACT#he Geochemist’'s Workbench:

*  H,O-Mn system;

¢  H,O-Mn-Fe-CQ-S-CI-NG; (NH3) system;

» Addition of calcite, i.e. HO-Mn-Fe-CaC@

« Addition of lime i.e. HO-Mn-Fe-CaO; and

« Addition of dolomite i.e. HO-Mn-Fe-CaMg(CQ)z;

A number of parameters can be plotted and analyzeztms of activity diagrams against pH in
the above mentioned systems. Six major factors vdematified as most important in affecting
manganese stability in aqueous systems. Theserdacém be measured and quantified in the
field or laboratory. These factors are:

» Dissolved oxygen in solution ¢&q))

» Oxygen in the gaseous formAQ));

* Redox potential in terms of Eh

* Redox potential in terms of paclet number (pe);
«  Fe/Fe* ratio; and

«  Fe"/Mn? ratio.
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7.3.2.1 HO-Mn system

The HO-Mn system refers to a water system with limitetbants of manganese species. The
following input data were used during the geochaimeodelling process (Figure 7.1; Tables 7.2
and 7. 3):

* H,0O (default a HO = 1.003); and

« a Mrf* = 10°% This number is close to the total manganese rooteentration limit of
2.35x10° (8x10° g/l) in solution for fresh water according to theguirement of DWAF
(1996).
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Figure 7.1: Stability fields for manganese in a KHO-Mn system on log fQ(aq) (a), log fOx(g)
(b), Eh (c), pe (d), F&/Fe** (e) and FE'/Mn?* (f) vs pH
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The following results were obtained from the sigpfield analysis:

« Limited aqueous species occurring in the systemMm&’, Mny(OH)s", and Mn(OH) of
which Mré* is dominating;

* Mineral phases occurring in the system are: pyi@ugMnQO;), bixbyite (MnOs),
hausmannite (MnO-M@3) and hematite (R©3);

« Manganese is mostly stabilised above a pH of 10revitlee manganese stability field is
relative narrow;

« At the standard physico-chemical conditions {€5 1 bar pressure, pH 7, Eh <0.5 volt; pe =
4; a Q(aq) is 2.30x10 and f Q(g) at 0.21), MA" will be the dominant aqueous species and
therefore manganese mobilizes easily, especialonba pH of 7.

7.3.2.2 HO-Mn-Fe-(Ca)-CO,-S-CI-NO3 system

This system is based on the chemical analysis efsimples themselves, where the major
components in the system were found to contain, &, Fe (Ca), S, Cl and N@ (NH3). The
input data used during modelling included:

* H,0O (default a HO = 1.03);

« a Mrf" = 10°% This is in line with the DWAF's (1996) recommemtimaximum limit for
fresh water where the concentration of total maegarin solution is 8x1%/1.

« fCOyg) =0.03. This is transferred to log f &@) = -0.1523 at normal partial pressure;

« asQ*=10%
« acCl=10%and
¢ aNOy =10°

The following results were obtained from the siapfield analysis (see Figure 7.2; Tables 7.2
and 7.3):

« The aqueous species occurring in the system areQyln8n(NHs)s>*, and Mn(NH)s**, of
which Mr?* is in the form of MnSQ@

 The mineral phases occurring in the system areolgsite (MnQ), bixbyite (MnOs),
rhodochrosite (MnCg) and hematite (R€®s). Hausmannite (Mn®In,03) disappeared
from the system; and

* Manganese is mostly stabilised above pH 8 wherentheganese stability field is still
relative narrow.

At the standard physico-chemical conditions (pH7 aEh <0.5 volt; pe = 4; and f&q) at
2.3x10° and f Q(g) at 0.21), MA" species are easily produced so that manganesénerah
forms is easily mobilized.

7.3.2.3 HO-Mn-Fe-CaCOj; system
The addition of calcite (CaG{pto the system is the first management option idened. No

oxidising-reducing reaction occurs in this procdsst pH is increased dramatically due to
formation of the dominating HGO The manganese stability fields in mineral forragén
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therefore been drastically expanded to a pH of @ltut 7 from the original pH of 10. The
following input data were used:

* H,0 (default a HO = 1.03);

e aMrf"=10% and

« aCaCQ=1Molel, i.e. 100 g/kg water.
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The following results were obtained from the mareganstability field analysis (Figure 7.3;
Tables 7.2 and 7.3):

« Only manganese aqueous complex MnHT@curs in a relative narrow field in this system;
« A number of manganese mineral phases occur in yetera. They include: pyrolusite
(MnQOy), bixbyite (MnOs), rhodochrosite (MnCg), and hausmannite (MnO-MDg),

together with hematite (F®3), magnetite (FeO-E®3) and wustite (Rgua0);

 Manganese is mostly stabilised above a pH of 7 #ed manganese stability field is
significantly increased,;

» At the standard physico-chemical conditions, aqeemanganese species will not be
produced in a significant amount. The addition atite will therefore be responsible for the
effective stabilization of manganese in the mangef®aring wastes.
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7.3.2.4 HO-Mn-Fe-lime (CaO) system

The second management option investigated wasdtiigian of lime (CaO) to the manganese
containing waste. No oxidising and reducing readi@ccur in this process and the pH is
increased through the formation of Ca(OH). Themsfthe manganese stability fields have been
dramatically increased at a neutral pH of 7. THiefang data were used as input to the model:

* H,0O (default a HO = 1.03);
« aMrf"=10% and
 aCaoO (lime) =1 Molé&/i.e. 56 g/kg water.

The results obtained from the manganese stabiétgt inalysis with lime addition are similarly
characterised by the following (Figure 7.4; Tabl2 &nd 7.3):

« Mn?®'as the only aqueous species occurs in a relativewdield in this system:;

« The following manganese minerals occur in the systeyrolusite (Mn@), and
rhodochrosite (MnCg) with a small field of bixbyite (MgD3) while two iron minerals occur
in this system namely Ferrite (CaO.,8¢) and wustite (Rg40);

* Manganese is mostly stabilised above a pH of 7 #ed manganese stability field is
significantly increased.

At the standard physico-chemical conditions, thetesy will not produce significant amounts of
agueous manganese species. In this case, additioneoto the manganese-bearing wastes will
be able to stabilize manganese. Lime addition vedver not as good an option as the addition of
calcite due to the fact that more Mn€®ill precipitate due to addition of GH. In addition,
calcite reacts at a much slower rate than limeianterefore a better treatment option to lime
treatment for the stabilization of manganese-bganiastes.

7.3.2.5 HO-Mn-Fe-Dolomite (Ca0Os-MgCOg3) system

The third management option considered is the imphadolomite addition to manganese
containing waste. Dolomite addition dramaticaligreased the manganese stability fields to just
above neutral pH 7. The following input data wasdis

* H,0 (default a HO = 1);
« aMrf"=10% and
* aDolomite = 1 Mold/ i.e. 186 g/kg water.

The results obtained from dolomite addition aretejdimilar to those obtained by calcite
addition. The results obtained from the mangantsalisy field analysis can be summarized as
follows (Figure 7.5, Table 7.2 and 7.3):

« Only MNHCG;" occurs in a relative narrow field in this system;

« A number of manganese minerals occur in the systé@se include: pyrolusite (Mn{) and
rhodochrosite (MnCg) with minor fields of bixbyite (MpOs) and Hausmannite
(MnO-Mmn,Os). Three iron minerals occur in this system nantédynatite (FeO3), Magnetite
(FeO-FgO3) and wustite (Fgn4/0); and
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* Manganese is mostly stabilised above a pH of 7 #re manganese stability field
significantly increased.

At the standard physico-chemical conditions, naiigant amounts of aqueous manganese
species will be produced in the system. In thisecaddition of dolomite to manganese-bearing
waste will be able to reduce mobility of manganissolution. Table 7.2 summarizes relative
concentrations of agqueous manganese species imddelled systems. The major aqueous
manganese species include MnMn(NHs)-** and/or Mn(NH)s** with minor amounts of
MnHCO;", Mn(OH)" and/or Mn(OHY, Fe*, FeCQ", and FeSd.

Table 7.3 summarizes the different manganese niipér@ses in the modelled systems. The
major manganese minerals are: pyrolusite, rhodstercand hausmannite, with minor amounts
of bixbyite, hematite, magnetite, wustite, andiferCa.

To stabilise Mn in mineral phases requires a hight¢(10) in the pure water system than these
(pH 7 and 8) in other systems, e.g., addition @aicals.

Table 7.2: Summary of aqueous species from equiliim geochemical modelling results

Mn++ | MNHCO 3+ | Mn(OH) 5+ | Mn(NH ), ++| Fe+++| FeCOs+

Systems Mn(OH) 3~ | Mn(NH 3)3++ FeSQ+
H,O-Mn *kkk i *% _ *| _
H,O-Mn-Fe-Ca-C@-S-CI-NO;  [****  _ - kel - *
H,O-Mn-Fe-CaQ - Fhkxk - - A X
H,0O-Mn-Fe-CaO Fhkxk - - A -
H,0O-Mn-Fe-CaC@MgCG; - dekkdek - . A g

Note: * trace; ** minor; *** major; **** dominating; ***** absolutely dominating

Table 7.3: Summary of mineral relative abundance interms of stabilising field from
equilibrium geochemical modelling results

Systems ]

Viagnetie | Stable

Pyrolusite | Rhodochrosite|Bixbyite | Hausmannite W?Jstite field for

Ferrite-Ca pH >

H,O-Mn *kk _ *% *kk * 10.0
H,O-Mn-Fe-Ca-C@-S-CI-NO; Fkk wkk . - * 8.0
H,O-Mn-Fe-CaQ *kk *kokk *k *% * 7.0
H,O-Mn-Fe-CaO il ok * - * 7.5
H,0O-Mn-Fe-CaC@MgCQ; *kk *kkk *k *k * 7.0

Note: * trace; ** minor; *** major; **** dominating; ***** absolutely dominating
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7.3.3 Speciation using equilibrium modelling

Water extraction column leaching was performed lued scrubber dust samples (Horowitz,
1991):

e 200 kW pilot plant - wet scrubber dust (Trial 1pguced under reducing conditions;
* 1.5 MW pilot plant - baghouse dust produced undétising conditions; and
» Ticor full-scale facility-wet scrubber dust proddognder reducing conditions.

This section deals with agueous speciation and nalirsaturation index analysis performed on
the water quality data obtained from the leachafiésr extraction. The following need to be
determined:

* Chemical concentrations;

* Mineral types;

* Mineral precipitation status; and

» The effect of the water chemistry and mineral sgtan for the three samples.

7.3.3.1 Water quality from the original column leatates

The three leachates were analysed for water chgnasid the analytical results are listed in
Table 7.4.

Table 7.4: Water quality data obtained after waterextraction

200 kW -Run 1 Pilot scalg 1.5 MW Pilot scale Ticor full-scale
Sample study (reducing study (oxidising operation (reducing
conditions, Nov.02) conditions, Oct. 02)| conditions, June 03)
pH 7.45 8.15 7.05
Electrical conductivity (mS/m) 93.30 15.20 23.60
Total dissolved solids (mg/l) 700 114 198.375
Na (mg/l) 24.71 4.35 13.65
K (mg/l) 16.44 8.02 20.36
Mg (mg/l) 14.79 4.42 2.03
Ca (mg/l) 70.93 4.22 2.37
Féota (Mg/l) 0.11 <0.05 <0.05
Al (mg/l) 2.50 1.84 1.36
Co (mg/l) 0.03 <0.05 <0.05
Cu (mg/l) 0.06 <0.05 0.05
Pb (mg/l) <0.05 <0.05 <0.05
Ni (mg/l) 0.09 0.02 <0.05
Cd (mg/l) 0.03 0.02 N/A
Zn (mg/l) 0.29 0.32 1.03
Mn (mg/l) 0.09 <0.05 0.14
Cl (averaged) (mg/l) 1.191 0.861 5.52
F (avergaed) (mg/l) 4.956 1.783 2.45
Alkalinity as CaCQ (mg/l) 10.84 18.07 177.5
SO, (mgll) 845 128 17.54
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Redox potential was not measured for the columohlg@s as leaching was performed under
oxidising conditions. The chemical water data wglated in a histogram in order to compare

the chemical compositions of the materials formedeu different physico-chemical conditions

(Figure 7.6). The following results were obtained:

The quantity of metals leached from the 1.5 MW Bber dust was lower than that leached
from the 200 kW scrubber dust and the Ticor fukigtion sample. This indicates that more
stable manganese minerals form under oxidising itiond, which corresponds with the
activity diagram analysis;

The total dissolved solids (TDS) leached from ti&MMW scrubber dust sample (83 rig/
are much lower than the TDS leached from the 200sk¥Mbber dust sample (437 rtigand
the Ticor full-scale operation sample (198 Mg/

The concentrations of manganese, cobalt and cdpaened from the 1.5 MW scrubber dust
sample was below detection limit while small amsurftthese metals were leached from the
200 kW scrubber dust sample (0.09 tfgind Ticor full-scale operation sample (0.14 éhg/
(Table 7.4).

Nickel and cadmium concentrations leached fromlifle MW scrubber dust sample were
lower than the amount leached from the 200 kW dmudust sample.

Although more alkalinity was produced in the leaehaf the 1.5 MW scrubber dust than in
the leachate from the 200 kW scrubber dust santipéehighest alkalinity was found in the
Ticor full-scale sample.

These results could be attributed to:

The formation of more stable manganese minerajs pgrolusite, bixbyite and hausmannite
in the 1.5 MW scrubber dust sample.

The occurrence of more soluble manganese mineeagshin the 200 kW scrubber dust and
the Ticor full-scale operation samples that caiilyebs leached by water.
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Figure 7.7: Mineral saturation index plot showing mneral supersaturation and
undersaturation status of the scrubber dusts produed under oxidising and reducing
conditions. The insert graph illustrates the miner&saturation index between 0 and 25.

7.3.3.2 Mineral saturation index (Sl) analysis frm equilibrium modelling results

The equilibrium model was developed using REACThef Geochemist's Workbench computer
package. Initially, speciation and water chemistquilibrium for the three different samples
were performed using Phreeqc 2.0. The molality ltesaf the water chemistry were used as
input to the REACT in order to perform a full spgen. The mineral saturation index (Sl) is
plotted using histograms to demonstrate the passitiations between the different samples
(Figure 7.7). Positive S| numbers indicates superadon while negative numbers indicate
undersaturation. In the model, no precipitation \@dswed in order to represent the current
water system instead of equilibrium with solids.
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The results obtained from the S| can be summassddllow:

e Only small number of minerals (gibbsite, diaspomgrundum, hydrozincite) are
supersaturated in the 1.5 MW scrubber dust sampliéeviarge amounts of minerals are
supersaturated in the 200 kW and Ticor full-scgleration scrubber dust samples.

* No manganese-bearing mineral is supersaturatéekith.5 MW scrubber dust sample while a
number of minerals are supersaturated in the 20GkWTicor full-scale operation scrubber
dust samples.

« Hausmannite, pyrolusite, bixbyite, the major marmganbearing minerals are not
supersaturated in the 1.5 MW scrubber dust samyilare supersaturated in the 200 kW and
Ticor full-scale operation scrubber dust samples.

* Ferrite-Ca, CuFe® Co;0, (Co0O-Cg0O3), manganite (MnOOH) and goethite (FeOOH),
containing iron, copper and cobalt metals are npessaturated in the 1.5 MW scrubber dust
sample while they are supersaturated in the 200ak\/Ticor full-scale operation scrubber
dust samples.

In summary, more chemical components, specifiqaliynganese were leached out from the 200
kW and Ticor full-scale samples produced under cedy conditions than from the 1.5 MW
sample produced under oxidising conditions.

Coinciding with the chemical concentration analysiscan be concluded that the oxidised
sample (1.5 MW) contains less leachable metalsdslty manganese, cobalt, nickel, copper
and iron than the reduced samples (200 kW, Ticdkstiale operation). Less minerals,
specificaly manganese-bearing minerals are satuiatéhe oxidised sample (1.5 MW) than in
the reduced sample (200 kW, Ticor full-scale opemtat normal water conditions, i.e. close to
neutral water.

7.3.4 Kinetic modelling to determine the effectiveess of waste treatment management
options

The kinetic modelling was carried out on 3 optiosig the geochemical data and water quality
data obtained from the 3 selected samples. Modellins performed under both reducing and
oxidising conditions. The following treatment optfowere investigated:

* Option 1 — No treatment;
» Option 2 - Addition of lime; and
» Option 3 — Addition of calcite.

The modelling was undertaken for a hypothetical oatamdfill site containing only scrubber
dust material, i.e. this does not simulate thentgéd dam system employed at Ticor for scrubber
dust disposal where the waste is blended/diluteth wormal tailings. The modelling was
therefore undertaken for a worst case scenario.
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7.3.4.1 Data input and assumptions

The water quality data sets obtained from the ttsmebber dust samples (Table 7.4) were
condensed to 10 % using the REACT model of the Bemist's Workbench software package.
This roughly represented the pore water qualityhef three scrubber samples. The condensed
water quality data was used as initial pore watality in the kinetic geochemical modelling
study.

7.3.4.2 Solid geochemistry of the scrubber dust isgles

Table 7.5: Major chemical composition (wt%) of thescrubber dust samples determined by
XRF

Analysis 200 kW scrubber dust- 1.5 MW scrubber dust Ticor full-scale sample*
Run 1

SiO, 21.9 4.37 7.64
159 63.94 49.82

TiO,

Al,O4 3.59 1.28 1.16

Fe,04(t) 37.33 26.89 32.46
2.88 2.86 4.72

MnO

MgO 11.63 1.18 1.39

CaO 0.55 0.19 0.13

Na,O 0.74 0.29 1.12

K,O 0.32 0.36 1.2

P,05 0.08 0.05 0.04
0.74 0.15 0.16

Cr,03

L.O.l. -0.12 -1.48 -0.6

TOTAL 95.53 100.08 100.47

H,0- 0.79 0.12 0.7

* TiO, and FgOs(t) exceeded the upper limit of calibration.

In order to determine the mineralogy based on XRFXRD analyses, the relationships
between oxides and potential minerals are requildtkse are listed in Table 7.6.

The results can be summarised as follow:

* SiO; (Quartz, albite, muscovite, K-feldspar) are préseill three scrubber dust samples;

» For the major chemical composition Tigpossible minerals related to the 1.5 MW scrubber
dust sample are pseudobrookite, rutile and ilmewitéle titanomanetite or ilmenite and
rutile are possible minerals related to the 200&W Ticor full-scale scrubber dust samples
obtained under reducing conditions;

« Albite, muscovite and K-feldspar related to,@4 were identified in both the oxidised (1.5
KW) and the reduced (200 kW, Ticor full-scale opiera) scrubber dust samples;

« Of the minerals related to #8;, iimenite and pseudobrookite were identified ia tixidised
sample (1.5 KW) while titanomanetite was identifiedthe reduced samples (200 kW).
Lepidocrocite occurred in the Ticor full-scale ogt@yn sample;
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Pyrolusite and bixbyite were identified as possimi@erals related to MnO in the oxidised
sample (1.5 KW), while alabandite and rhodochrosigze identified as a possible mineral
related to MnO in the reduced samples (200 kW, (Tiglb-scale operation).

Carbonate minerals including siderite, cerussiteewenriched in the 200 Kw Runl.
Although, rhodochrosite was not detected by XRDBhia sample, it should occur based on
the Mn stability diagram (Figure 7.3) and the rumgnicondition of burning coal under
reducing conditions. The Ticor full-scale samplesvaéso produced under similar conditions,
i.e. burning of coal and reducing condition so tiwy should also be enriched in carbonate
minerals as in the 200 kW sample. It is also ndtitat the 2Ad-space was not allocated in
the XRD analysis, which might be due to rhodocheosiherefore, Mn determined by XRF
was assigned to rhodochrosite in the 200 kW scrubbst sample and to rhodochrosite and
pyrolusite in equal portions in the Ticor full-seabperation sample. Under oxidising
conditions, Mn will be stable in the form of pyrddsite and also no carbonate minerals
were detected in the 1.5 Mw sample.

CaO most probably occurs in apatite in both sampéesuse s exists proportionally with
CaO (Table 7.6); and

Cr,03 most probably occurs as chromite (Fe@dz) in both the reduced and the oxidised
scrubber dust samples.

When evaluating the loss of ignition data, OH, @ & exist in both the 200 kW and Ticor full-

scale operation and 1.5 MW scrubber dusts.

Table 7.6: Summary of possible minerals related tmajor chemical compositions

Analysis 1.5 MW scrubber dust 200 kW scrubber dust Ticor fullscale operation
scrubber dust
SiOo, Quartz, albite, muscovite, k- |Quartz, albite, muscovite, K- Quartz, albite, muscovite, K-
feldpsar feldspar feldspar

TiO, Pseudobrookite, rutile, iimenitg  Titanomangnetite, rutile, ehite, rutile

Al,O3 Albite, muscovite, K-feldspar Albite, muscovite, K-fefds

Fe,Os(t) |limenite, pseudobrookite, Titanomagnetite LepidocrogHEdO OH)

MnO Pyrolusite, bixbyite Alabandite, rhodochrosite Rhodoslie, pyrolusite

MgO Spinel magnesian (Mg@l,03) |Spinel, magnesium (MgOA®D;) |Spinel, magnesian
(MgOAI,0;)

CaO Apatite (Ca(PO,)3(OH,F,Cl) Apatite (C&PQO,)3(CH,F,Cl) Apatite (Cg(POy)s(OH,F,Cl)

Na,O Albite Albite Albite

K,0 Muscovite, K-feldspar Muscovite, K-feldspar Muscovkefeldspar

P,0s Apatite (Cg(PO,)3(OH,F,Cl) Apatite (C&PO,)3(OH,F,Cl) Apatite (C&POy)3(OH,F,Cl)

Cr,03 Chromite (FeOGOs3) Chromite (FeOGOs) Chromite (FeOGOs)

L.O.l. OH, F-, CI- OH, F-, CI- OH, F-, CI-
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7.3.4.3 Mineralogical data used for kinetic geocmeical modelling

Table 7.7: Mineralogical data determined by XRD

Sample Condition| Sid | Cer | Mas | Ala |Zin|TitM | Ilm |PseuB| Rut | Pyr | Le Me | Rho*
200 kW scrubber |Reducing 6 2 36 7 16 15 9 - 3 - - - -
dust—run1l
1.5 MW scrubber |Oxidising - - - - - - 6 79 15
dust
Ticor full-scale - - - - - 46 24 17 13
sample

Note: Sid — Siderite; Cer — Cerusite; Mas — Massicot; Aldab#@ndite; Zin — Zinkenite; TiM — Titanomagnetite;
IIm - llmenite; PsueB — Pseudobrookite; Rut — Rutile;Pfayrolusite; Le — Lepidocrocitg-FeOOH); Me — Metal
and or Alloy; Rho* - Rhodochrosite and its amount will Becated and shown in modelling based on XRF data.

The ideal formulae for the listed minerals are:

Alabandite (MnS) .- { Formatted: Indent: Left: 0
Cerussite (PbCg¢) cm

lImenite (FeTiQ)

Lepidocrocite {-FeOOH)

Massicot (PbO)

Pseudobrookite (F©3 TiO,)
Pyrolusite (MnQ)

Rhodochrosite (MnCg¢)

Rutile (TiO,)

Siderite (FeC@)
Titanomagnetite (TiO2:-FeO-fay)
Zinkenite (PShy,Syy).

All these minerals were obtained from XRD analy§i@able 7.7) except pyrolusite and
rhodochrosite that were estimated from XRF datdl@d.5). The mineralogical data used was
converted to grams per kilogram of water (g/kgwalfle 7.8) and used as reacting minerals in
the kinetic geochemical modelling based on theediffit moisture contents of the samples (in
weight percent).
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Table 7.8: Mineral composition (g/kg)

g 3
— (2]
Sample ID el = mg g§ R g @ g
238|338 5[S 28|88 28| 512 |8
c0|20(|269|80|Lvja5a(gh| = |© B
SO|lg2(3OPs2[cB|EcQ(egw| 5|5 |
nllollas L= |NE|FEEl=L| 2 |4 |
200 kW scrubber dust — Run 1 372 1p4 ( 22892 | 930 0| 186 -| 264
1.5 MW scrubber dust 0] 186 4898 D D q 372 930 P98
Ticor full-scale operation scrubber d 0 0 325 0 0 0 115p600 | 72| 96
based on 40wt% moisture

Pyrolusite (Mn@) and rhodochrosite were estimated from XRF data.
7.3.4.4 Recharge (rain) water quality and rechargeate

Pure rainwater was used as the only recharge weggring the system in the kinetic
geochemical modelling. A recharge rate of 20 % andassumed rainfall of 800 mm/yr were
used for the kinetic modelling. The oxidising zaseinsaturated with water and its recharge rate
of rainwater is estimated to be 0.40 kg per litrpare water per year while the reducing zone is
saturated with water and its recharge rate of raienis estimated to be 0.60 kg per litre of pore
water per year.

7.3.4.5 Oxygen levels and assumption for height dmps

Oxidising conditions refer to the top portion oethotential scrubber dump waste dump while
reducing conditions refer to the bottom portiontttd dump under the water table in a general
landfill site.

The oxygen fugacity is assumed to b&1® 10%° at fixed level for the oxidised zone while it is
assumed that no oxygen is present in the reduasel zo

A height of 10 m was assumed for both the oxidistoge (under oxidising condition) and
reducing zone (under water table). This assumptias done to enable the estimation of the
rainwater recharge in terms of per litre of pordexa

7.3.4.6 Mineral surface areas

Specific mineral surface areas (¢g) were estimated from the particle size analfiaterlab).
The estimation is based on the following formula:

where:

S = True reactive area per volume, e.g.%gm

d = Diameter of the sphere, unit in length;

ds = mineral specific density; and
A = Surface roughness (true reactive surface angiaddgnt smooth geometric surface area),
dimensionless = 9 for this study.



7.22
The estimated specific surface areas ranged betw®6nand 5000 cffy (Table 7.9). The
specific surface areas of calcite (5000%gh is also estimated and used in the kinetic
geochemical modelling.

Table 7.9: The estimated specific mineral surfacareas (cnf/g)

Mineral 200 kW (Trial 1) - 1.5 MW - Ticor full-scale -
WSD Baghouse WSD
Siderite 766 547 N/A
Alabandite 764 N/A N/A
Cerussite 745 532 N/A
Pseudobrookite 750 536 4445
Massicote 408 291 N/A
Zinkenite 764 546 N/A
Titanomagnetite 766 547 N/A
limenite 654 467 3873
Rutile 639 456 3785
Pyrolusite 766 547 4536
Calcite 5000 5000 5000

7.3.4.7 Mineral reaction rates

Most of the mineral reaction rates are not avadlablliterature and most of them were estimated
in a range between 1&to 1" mole/cnd/s for this study.

7.3.4.8 Kinetic geochemical modelling

Three scrubber dust samples containing manganas20® kW wet scrubber dust and full-scale
Ticor wet scrubber dust collected under reducingdd®mns and the 1.5 MW baghouse dust
collected under oxidising conditions) were modelldthe effect of reducing and oxidising
conditions that prevail in a waste dump for unedadnd treated waste were predicted for a 100-
year period. A number of models (18) were usedthedresults are presented in Figure 7.7 in
terms of pH, and manganese in solution.

Option 1 — No treatment

Option 1 is defined as base case, i.e. no treatri@nire 7.8 shows the modelled results in terms
of pH (top) and Mn in solution (bottom). They atecacterised by the following:

* The pH is mostly neutral except for the 200kW Rdadmed under reducing conditions
where alkaline conditions up to 10.5 are expecfest about 10 years. No clear trends for
pH in reducing and oxidising environment can bensee

 Higher levels of MA" in solution were found under reducing conditiofishe dump while
manganese levels decrease under oxidising conglitirthe sample 200 kW and Ticor full-
scale operation scrubber dust samples.

» Although manganese concentrations are low undeucied conditions for the 1.5 MW
scrubber dust sample, it is even less under oxriglisonditions.
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For the first 10 years, pH increases to above 1@hi® 200 kW scrubber dust sample under a
reducing environment while pH is lower under oxitgsconditions - most probably due to
reaction of alabandite (MnS); and

Mn concentration in solution is the highest, spealfy in the first 10 years in 200 kW
scrubber dust sample while it is the lowest intfeMW scrubber dust sample.

Option 2 — Addition of 1 mole of lime

Option 2 is defined as one of the management otiBigure 7.9 shows the disposal option 2
under addition of 1 mole of lime (CaO). The modwjlresults are characterised as follow:

At first, pH rapidly increases to an alkaline rangeder both reducing and oxidising

conditions in the dump. The addition of lime ispassible for the neutralisation of acid and
also MnS;

Addition of lime (CaO) will cause high pH in thelgtion and it therefore creates an alkaline
environment. Manganese is mostly oxidised to pwitdu(MnQ,) and bixbyite (MaO3); and

Mn concentration is still the highest in 200 kWddver dust sample, but it is stabilises after
the first 5 years under the reducing environmerd aecomes much lower under the
oxidising environment.

Option 3 — Addition of 1 mole of calcite

Option 3 is defined as one of the best managemaitins. Figure 7.10 shows the modelling
results in terms of pH and Mn concentration in 8otu The results are characterised by the
following:

At first, pH rapidly increases to an alkaline rarde7 and 11. This is true for both reducing
and oxidising conditions in the dump due to addit@ calcite and neutralisation of MnS.
The pH is higher in the 200 kW and Ticor full-scajgeration scrubber dust samples than in
the 1.5 MW scrubber dust sample. This could bébated to the high amounts of alabandite
(MnS) found in the 200 kW scrubber dust; and

Addition of calcite (CaCg) will increase the pH to alkaline levels in sotutiand achieve
similar results of manganese removed to that rechdwe the addition of lime under the
oxidising environment. The addition of calcite wilbwever stabilise manganese over a
longer period than treatment using lime.



7.24

12
11 4 200Kw Run1-
Reducing
10 A
I 9
e Ticor full scale- Ticor full scale-
[ Oxiding Reducing
1.5MW-Oxidising
84 [\ /
o/
1.5MW-Reducing
7 200Kw Run1-
] / Oxiding
Vanw
0 10 20 30 40 50 60 70 80 90 10p
Years
]
=
=)l -
E
5
=
S [
I
(7]
N
S n
= \ Ticor full scale- 1.5MW
W‘ 200KW Runl1-Oxidising Reducing/Oxidising Reducing/Oxidising
|
|
)
'
!
\‘ 200KW Runl-Reducing
AN
{ ‘ v
- T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 140
Years

Figure 7.8: Disposal Option 1, no treatment: pH (tp); and Mn in solution (bottom).
Labels: -reducing, —oxidising, indicating the moded were performed at reducing and
oxidising conditions, respectively



7.25

15 - .
15MW - 200KW lenl-Oxldlsmg-
Reducing/Oxidising -Lime Lime
14
13
12 - L
N 1
r '
11 41 1 .
\1 1 200KW Runl-Ruducing-
5 [ L] Lime
1048/ !
1
z i :
9 | Ticor full scale-reducing - '
Lime
8 [}
! 1
'
7 —t
Ticor full scale-Oxidising -
6 4 Lime
54
4 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Years
“
206\Kw Rupl-
Redﬁ\cing-ume
- “\
\ 1.5MW-
\\J Reducing/Oxidising
\ Lime
"} 200KW -Oxidising -
~ ‘ Y Lime
> N
é N / Ticor full scale- I
g 1\ "7 Reducing-Lime
= v/
= ‘ \/
2 \
[ i i AY
= ‘ I ‘\ Ticor full scale-
= ‘ \ o ST T 7T TR OoRRomE TR ORRTT 7T Bkidinglme T TT 7T T oTT TR
\ \
| r \ v
—\‘ \ 0 2 4 6 8 1
\‘ \
‘ |
|
‘\J L
A
T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 1po
Years

Figure 7.9: Disposal Option 2, addition of 1 mole folime (CaO): pH (top); and Mn in
solution (bottom). Labels: -reducing, —oxidising, ndicating the models were performed at
reducing and oxidising conditions, respectively; -ime indicating addition of lime



7.26

12
1.5MW-Reducing- 1‘5MW_Oxid‘smg_Ticorfullscale-Reducing- 200MW-Runl-Reducing
Calcite Calcite Calcite Calcite
11
L ™ i
[
104 ] *
\ |
. |
9 ‘\ v
- A 4
I
a S—
81 ’
|
|
[ 200M W-Runl-Oxidising
7 -l'* Calciie
/ Ticor full scale-Oxidising -
‘,' Calcite
%
6
5 "
0 10 20 30 40 50 60 70 80 90 10
Years
—
/ Ticor fullscale- 1.5MW- ‘
B | Reducing-Lime Reducing/Oxidising - ‘
Calcite ‘
| 200KW Runi-
% 7 Oxidising-qalcile
i é |
(= |
2 \ |
b % ) \\\/\g 200KW Runl- ‘
n /\ Reducing-Calcite |
- \\
= £ W\ ‘
g) b (= \ \ |
e =
c | \ ~ ‘
S ~ - ‘
5 7[ il OO . Fiie i B Tl e I
© \\ |
2 i T T v T - T
c 0 5 10 15 2(Q
= Years
~
Va
’J
. |
T |
| |
N\ |
J L
T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 190
Years

Figure 7.10: Disposal Option 3, addition of 1 molef Calcite: pH (top); and Mn in solution
(bottom). Labels: -reducing, —oxidising, indicatingthe models were performed at reducing
and oxidising conditions, respectively; -Calcite idicating addition of calcite



7.27

Table 7.10 summarises the results from Water Exxraand Acid Rain Leach Test Procedure
(ARLP) for the three samples. It is clear that200 kW Runl and Ticor full-scale samples as
Group 1 were produced under reducing conditiongenwthe 1.5 MW sample as Group 2 was
produced under oxidising conditions.

Mn concentrations obtained from Water Extractiord aARLP are characterised by the
following:

* Mn concentrations in the Group 1 samples ( 200 kWilRand Ticor full-scale samples) are
higher than in the Group 2 sample (1.5 MW sample)he water extraction leachate, but
there is not a significant difference between the groups of samples;

» Areverse order for Mn concentrations occurs inARLP test results. Mn concentrations are
much lower in the Group 1 (200 kW Runl and Ticdk$aale samples) than in the Group 2
(1.5 MW sample). There is a significant differetegween the two groups of the samples.

The reasons can be explained as follows:

« Carbonate minerals including siderite, cerussiteewenriched in the 200 kW Runl.
Although, rhodochrosite was not detected by XRDEhim sample, it should occur in it based
on the Mn stability diagram (Figure 7.3) and thening condition of burning coal under
reducing conditions. The Ticor full-scale samplesvaéso produced under similar conditions,
i.e. burning of coal and reducing condition so tiwy should also be enriched in carbonate
minerals as in the 200 kW sample. Under oxidisiogditions, Mn will be stable in the form
of pyrodolusite and also no carbonate minerals wetected in the 1.5 MW sample.

* XRF analysis (Table 7.5) indicates that MnO wt%lia two groups of the samples are not
significantly different. In this case and basedtba@ Mn stability diagram, Mn is similarly
leachable from the two groups of samples under @midiitions, e.g. pH 3.6 — 3.8 (see Figure
7.3);

* Reaction of carbonate minerals in the Group 1 ses(00 kW Runl and Ticor full-scale
samples) in the Acid Rain solution will be ableetthance pH from acid to neutral or alkaline
pH so that Mn will be stable. This can explain wNMg concentrations in the ARLP test are
low in the two samples. In this case, it is quitmilar to adding chemicals, e.g. calcite and
lime to the system such that the alkaline pH wdlise Mn mineral precipitation in the
solution. However, no significant amount of cartterainerals were formed under oxidising
conditions in the Group 2 (1.5 MW sample) so tlet pH in the ARLP will stay at acid
conditions. n this case, Mn will be readily leadeatiue to the strong acid conditions;

» Based on the kinetic geochemical modeling resthtre are some differences between the
Group 1 and Group 2 samples. It is clear that Mrceatrations in solutions are higher in the
Group 1 samples, but they are much lower in theu@ sample. However, there is not
significant differences under the modelled condgidqreducing or oxidising) for the same
samples (Figure 7.3) so that the original formationdition (reducing or oxidising) of the
samples is very important to mineral formation &mthe Mn leachability.

« If we consider the extreme conditions, e.g. at ARpR 3.6 to 3.8), production of Mn WSD
samples under reducing conditions is favoured rttae under the oxidising conditions.



7.28

Table 7.10 Summary of Mn concentrations from wateextraction, ARLP and modelling

Sample Formation Method pH Mn (mg/kg)
condition
Water Extraction | About 7 0.09
200 kW Runl Reducing ARLP 3.6 3.5
Ticor full-scale operation | Reducing Water Extractio About7 | 0.14
ARLP 36-38 | 112
1.5 MW Water Extraction| About 7 <0.05
Oxidising ARLP 3.6t03.8| 118

Table 7.11 summarises the kinetic modelling resaflfgH and Mn concentration (mg/in terms

of the following parameters:

» Threeoptions in terms of base case (Option 1), additbdime (CaO, Option 2) and of

calcite (CaC@ Option 3);

* pH and Mn are averaged in periods of 0-5, 5-10, 3@-and 50 —100 years in order to

compare the change over time;
» Formation conditions of the samples are reducirhaidising; and
* Model conditions as reducing and oxidising scerario

Figure 7.11 is a set of histograms showing the sarised results from Table 7.10 in terms of
samples (200 kW Runl - top; Ticor full-scale operat- middle; 1.5 MW - bottom) and

modelling conditions (reducing, oxidising).

Table 7.11: Summary of the kinetic modelled pH andn concentration (mgk)

Sample 200KW WSD Runl 1.5MW WSD Ticor full-scale oration
Condition for formation Reducing Oxidising Reducing
Model condition Reducing Oxidising Reducing Oxidisig Reducing Oxidising
Option Period (year)| pH Mn pH Mn pH Mn pH Mn pH Mn pH Mn
Option 1 |0-5 7.1 102.3 6.4 67.6 7.5 0.3 7.6 1.4 6.6 14.0 6.6| 15.5
5-10 9.4 8.6 6.6] 8.5 7.6) 0.0 7.9 0.0 6.4 21.1 6.4 20.0
10-50 10. 26.1 6.4 19.1 7.6) 0.0 7.9 0.0 6.4 21.1 6.4 20.3
50-100 10.3 26.4 6.4 21.0 7.6) 0.0 7.9 0.0 6.4 21.1 6.4 20.3
Option 2 |0-5 83 851 9.3] 0.7 11.4 0.00 10.7 0.1 10.3 2.8 7.0 1.1
5-10 10. 147 11.6 0.0, 120 0.00 12.0 0.0 10.4 4.1 7.0| 1.3
10-50 10.6 155 11.7 0.0, 120 0.00 12.0 0.0 10.4 4.2 7.0| 1.3
50-100 10.6 15.4 12.0 0.0, 120 0.00 12.0 0.0 11.1 2.7 10.7 0.4
Option 3 |0-5 6.9 7.4 6.6] 4.5 8.9 0.0 8.8 0.0 10.4 3.9 7.0| 1.1
5-10 8.3 0.2 7.0 1.5 9.4 0.0 8.8 0.00 100 103 7.0| 1.3
10-50 9.1 16.4 7.1 1.1 9.0 0.0 8.8 0.0 100 10.8 6.9 1.3
50-100 10.3 26.3 7.1 1.1 8.9 0.0 8.8 0.0 100 10.8 6.9 1.3
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Figure 7.11: Histograms showing the summarised Mn concentrgtizgit) in solution

modelled in 3 options at reducing conditions (lefidising conditions (right) for 200Kw (top

left/right), Ticor full-scale (middle left/right)l.5SMW (bottom left/right)
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From the above presentation (Table 7.11, Figurg)/tte results can be summarised as follows:

« Samples formed at reducing conditions clearly henech higher Mn in solution (Top,
middle) than the sample formed at oxidising cooadii

» Addition of lime and calcite will stabilise Mn ifn¢ WSD;

* Mn concentration in solution is much higher in teducing conditions (left histograms) than
under the oxidising conditions (right histograms);

. Strong alkaline pH and oxidising conditions will bble to stabilise manganese wastes
under normal conditions;

7.3.4.9 Sensitivity analyses of kinetic geochemigaodelling input parameters

As discussed in the previous section, in the alesehdata, a number of key assumptions had to { Formatted: Justified

be made regarding the data inputs for the kinetiecgemical modelling. Sensitivity analyses
were performed, using the Ticor full scale sampleseducing conditions, in terms of mineral

surface areas, mineral reaction rates, Mn mingpas and pH buffers. The results indicate that
Mn concentrations in solution are:

« very sensitive to pH, i.e. the higher the pH, thdr the Mn concentration in solution. This
accords well with the modelling results for diffetenanagement options and also accords
well with the activity diagrams (Figures 7.1-5)dan

« Mn concentrations in solution are less sensitiventneral surface areas, mineral reaction
rates.

7.4  CONCLUSIONS
The following conclusions can be drawn from theajemnical modelling study:

1. In both a pure water systemB+Mn) and a more complex system,(4Mn-Fe-CQ-S-Cl-
NOs), the modelling results indicated that manganeskighly soluble and mobilizes in
acidic, neutral, alkaline and even strong alkatineditions. A variety of manganese aqueous
species occur in these solution systems and mdkeahanganese-bearing minerals are only
stable in a limited range of physico-chemical ctinds, i.e. oxidising and strong alkaline
(>pH 8-10) conditions. The modelling results indécthat manganese can be stabilized under
a controlled oxidising and alkaline environment.

2. Three chemical treatment options were modelled lysmécally. It was found that the
addition of lime, calcite and raw dolomite wouladeto:
* Increased alkalinity of the aqueous system;
« Enlarged manganese-bearing mineral stable fietus; a
« Effective removal of manganese from the solution tme creation of alkaline
environment and improvement of the stable fielthef manganese-bearing minerals.

3. When comparing the results obtained from waterHi&cfor the scrubber dusts produced
under oxidising and reducing conditions, it was nfduthat more chemical components
leached from the reduced samples than from theizeddsample. This suggests that more
stabilized manganese forms formed under oxidisimpditions than under reducing
conditions.
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4. Kinetic modelling results where no chemical treaitmeas incorporated, indicated that more
manganese would mobilise (under modelling cond#jominder reducing than under
oxidising conditions for all of the scrubber duangles. Less manganese in solution was
found for the scrubber dust sample produced unglising conditions than that for the
scrubber dust samples formed under reducing conditiA negative correlation between
manganese concentration levels and pH was alsafoun

5. Kinetic modelling results where chemical treatmess incorporated indicated that both
lime and calcite treatment will effectively reducenganese levels in solution in a mono-
landfill site under oxidising conditions Over thanger term, the concentration of manganese
leached from the system will decline even furthtéowever under reducing conditions, Mn
concentrations will be much higher. Thus, lime aattite addition will effectively stabilize
manganese and reduce the risk involved with marsgacentaining wastes.

| From the above it can be concluded that:

» Strong alkaline pH and oxidising conditions will &lele to stabilise manganese wastes; « {Formatted Bullets and J
« _An oxidising and alkaline environment should beatee for the landfilling of Numbering

manganese wastes; and {Formatted Indent: First line: J
+ _Addition of chemicals, e.g. lime, calcite, raw dwite will be able to effectively reduce + 0.63 cm

the manganese risk. {Formatted Bullets and }

Numbering

Jt should be noted that under acid conditions ABLP Test (pH 3.6) the leachability of M- | bormatueds ot Fistne: |
would be very different. As shown in the phase diags (Figures 7.1, 7.2, 7.3, 7.4, and 7.5), Mn Formatted Indent: Lefc: 0.63
will be soluble and unstable in solution and regosential does not play a major role under aC|d

conditions because Mhis stable at all normal oxygen levels. Deleted: §
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8. EVALUATION OF METHODS FOR CLASSIFICATION OF MAN GANESE
CONTAINING WASTES

| The ability to distinguish between the reactivedioavhich could be indicative of the bio-- - { Formatted: Justified

available or hazard risk component, and the inart pf a waste stream, is considered the most
important requirement of an acceptable extractimegdure for waste classification

Speciation extraction procedures can provide usefotmation with regard to the geochemical
fate of trace metals under a variety of environrakcdnditions.

A number of alternative leaching procedures utitisa number of different leaching solutions
were investigated including:

* Multiple extraction (MEP)
» Sequential extraction (SEP)
* Neutral extraction (NEP)

| These methods were tested in an effort to gain nmsight on three basic interaction types that { Formatted: Justified

would play an important role in the remobilisatioh manganese viz. acid-base equilibria,
reduction and oxidation reactions and with respe8IEP, behaviour over time.

The different leaching procedures were tested andifferent types of scrubber dust from our
case study:

* 200 kW wet scrubber dust (Trial 1) — produced umdducing conditions
* 1.5 MW dry off gas dust — produced under oxidigjpgst combustion) conditions.

| The percentage of total manganese leached fronvatieus phase fractions and methods-is { Formatted: Justified

shown in Table 8.1 and 8.2. The mobility of manganieom the scrubber dust samples collected
under a variety of conditions as well as mixed tbge with lime or calcite is also shown.
Furthermore, the effect of a high concentratiofirar relative to manganese (Fe: Mn 40:1) in a
sample is also reported.

Table 8.1: Manganese leached from two different sabber dust samples using a variety of
extraction methods

Total content o Total % of manganese leached
original sampl - - -
(mg/kg) Neutral | ARLP | TCLP| Sequential Sequentia] Sequentia
extraction extraction| extraction|extraction 3
1 2
No treatment 18538 23 0.02 9.4 8.2 2.1 24
200 kW run 1[Ferric chloride 18538 0.15 | 0.03] ooL 28 3.2 35
scrubber dust
(filtered) Lime (5 %) 18538 21 <0.01] 2.2 6.7 1.9 25
Calcite (37.5 %) 18538 16 0.60 6.9 2.2 0.78 18
No treatment 6813 3.0 1.7 2.4 2.9 15 0.50
i-5 '\gW Ferric chloride 6813 0.05 0.05| 004 16 0.64 0.21
umba
sample Lime (5 %) 6813 2.8 <0.01 1.6 2.2 1.5 0.34
Calcite (37.5 %) 6813 1.7 0.02 0.6 0.82 0.58
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| Selective-sequential extraction procedures assigpairtitioning particulate trace metals into - { Formatted: Justified )
chemical forms likely to be released into solutidhe following comments can be made on the
selectivity of the extraction solutions tested:

| - - { Formatted: Space After: 0 pt ]
1. Acetic acid /acetate used in

* TCLP (Glacial acetic acid, pH 2.9);
* NEP (Acetate buffer solution, pH 4.2-4.5) and
e SEP (0.11 M Acetic Acid)
appears to be an efficient extractant to solubilemanganese (~8-23 % of total) from the
reduced scrubber dust sample (200 kW). This isifigntly greater than that extracted by
ARLP (0.02 %) which uses carbonic acid. Thereforeg disposal system where acetic acid
may be generated it is critical to apply one of #i®ve tests. Conversely, in a disposal
system where there is confidence that acetic arattganic acids will not be produced, use
of any of the above tests could grossly overestrttag leachable manganese.

2. Acetic acid/acetate solutions also dissolve calgite lime thus reducing the effectiveness of
these chemicals to prevent leaching of soluble maesge. It would appear that a 5 % lime
dosage is rendered almost completely ineffectiveailising the manganese in the 200 kW
reduced form dust sample. The addition of ferritodte to the sample however would
appear to be effective in immobilising the mangartedess than 0.2 % of the total under the
same conditions.

3. The solubilisation of manganese from the scrubhest dbtained under oxidising process
conditions (1.5 MW) by acetic acid was significgnbwer (3 % of total Mn content) but
again the effects of addition of lime or calciterev@egated to varying degrees. The results
of the mineral saturation index analysis, as pathe geochemical assessment (see chapter
7) infer that manganese containing minerals inrdteiced scrubber dust sample are more
soluble than those of the oxidised scrubber duspa 37.5 % (w/w) calcite addition would
appear to reduce the soluble manganese levelsgrgxamately 50 % in both samples under
acetic acid extraction.

‘ 4. Step 2 of the SEP, which utilises hydroxylaminerogtiloride, is included in the protocokto - { Deleted: 1 )

bring reducible species into solution, particuldryn and manganese oxides. Rfefs,hitéféhoi/\\/{ Formatted: Bulets and }
approximate leaching of 2 % of the total manganesthis fraction unless treated with [ Numbering

calcite (0.8 %) or by the addition of ferric chidei(<0.1 %).

‘ 5. Hydrogen peroxide/ammonium acetate used in SEP Bispdesigned to attack oxidisable - { Deleted: 1
matter. Mn (I1) is an easily oxidisable metal. Degieg on the oxidation state of manganESé\‘{Formatted: Bullets and
in the dust it could therefore either respond iepS2 or 3. In our case, the highest extraction (Numbering
occurred in step 3 for the 200 kW reduced dust $atmgt in Step 1 and 2 for the 1.5 MW

oxidised sample.

U J

It must be noted that these results are not seéeetnough to interpret results conclusively in
terms of specific origin in a particular phase. Hoer, a distinction can be made between
adsorbed metals primarily reporting in step 1 (exchose which form part of the calcite
fraction or other substrate) that dissolves comepletn acetic acid, and co-precipitated or
incorporated metals.
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The recoveries in the individual steps for the iplétextraction procedure (MEP) are shown in
Table 8.2. The MEP extraction procedure (see T8k is intended to simulate prolonged
exposure to a leaching medium and gradually remexesss alkalinity in the waste. Extraction
undertaken in the preliminary stage (Multiple Extran-EP) shows a high level of manganese
available to the water phase from the 200 kW reduserubber dust sample. This was also
observed in the column leach tests used for geoicaémodelling (see Chapter 7). Subsequent
MEP solution extracts show a slight increase ingbkible manganese over time, but with the
addition of lime and calcite it stabilises with &nirhere was still some significant release in the
early extraction phases (first three phases) wiitie land calcite, which may be linked to
dissolution of these chemicals or the difficultygatting a homogenous mix in practice. Total
manganese MEP results (refer Table 8.2) show afibeneusing calcite over lime for
stabilisation in the long term for both scrubbguetysamples. The presence of iron also reduced
total manganese leached but was more pronouncddrespect to the 200 kW reduced wet
scrubber dust sample.

Table 8.2: Manganese leached from two different sabber dust samples using the multiple
extraction method

Total content Total % of manganese leached
of original
sample EP |{MP1{MP2|MP3|MP4|MP5|MP 6|MP 7| MP 8| Total
(mg/kg) MEP
200 kw No treatment 18538 46| 026 0.0L 0.01 0.09 0.04 80[00.08| 0.04| 5.22
scrubber - .
dust (Trial 1 Iron chloride 18538 1.7| 0.1y 0.02 o0.01L 0.04 0.05 0D, 0.04| <0.01 2.00
filtered) Lime (5%) 18538 35| 049 004 008 008 0.03 0005040 0.04| 4.35
Calcite (37.5 %) 18538 13| 0.0% 144 <0.0D.01| 0.01| 0.03 0.02 o.0p 287
1.5 MW No treatment 6813 0.70f 0.04 0.0 0.02 0.02 0.02 20j00.02| 0.03| 0.91
scrubber - .
dust (Kumba Iron chloride 6813 0.49| 0.03) 0.03 0.08 0.01 0.02 0D, 0.01| 0.02] 0.66
sample) Lime (5%) 6813 0.40| 0.03 <0.00<0.01|<0.01{<0.01|<0.01| 0.01 | <0.01 0.44
Calcite (37.5 %) 6813 0.12 0.04 <0.0%¥0.01|<0.01|<0.01{<0.01|<0.01|<0.01| 0.17

All these extraction methods indicate (cannot pmtevactual particulate speciation) that the
various manganese metals forms present in the Iserutust would contribute to the level of
pollution or variability in mobilisation content ¢ifie waste stream under fluctuating pH. Calcite
has been shown to generally provide a better imiisalibn management option for manganese
compared to lime under a number of different leagttonditions. Scrubber dust produced under
oxidising conditions contains manganese in a muacteratable form as would be expected. The
scrubber dust produced under wet, reducing comditioontains a significant amount of
manganese that is soluble in the water phase aset umildly acidic conditions
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9. RECOMMENDED METHODOLOGY FOR CLASSIFICATION OF
INORGANIC MANGANESE-CONTAINING WASTES

Based on the research work undertaken in this grognd taking account of theMinimum
requirements for the handling, classification aridpdsal of hazardous wastas published by
the Department of Water Affairs and Forestry (DWAB98), a recommended methodology for
the classification of manganese-containing wasassbieen proposed.

9.1 BACKGROUND ON MANGANESE CHEMISTRY AND BEHAVIOUR

The research undertaken as part of this projecgha&s a detailed insight into the chemistry of
manganese and its behaviour under various conditibat might apply in a waste disposal
facility, specifically for manganese-containing teasgenerated through pyrometallurgical
processes.

9.1.1 Manganese chemistry, geochemistry and stabjlianalyses
Manganese chemistry is characterised by the foligwi

» It is capable of existing in a number of valencaest (-3, +2, +3, +4, +5, +6, +7) although
the Mrf* form is most dominant in inorganic systems.

* Manganese exists in a limited variety of inorgamioerals.

* Manganese can only be stabilised under alkalinditions.

« Under acidic conditions such as used in the ARL& BGLP tests, manganese will always
be leachable, regardless of whether reducing alizirg conditions prevail.

The ARLP and TCLP tests are therefore very stringenmanganese and will always leach out
manganese — making them very conservative assessynén

9.1.2 Environmental controlling factors

Major environmental factors that affect the stapilof manganese in water include the
following:

* pH

» oxidising or reducing conditions;

» enrichment of organic materials and wastes;

* mineral forms;

e CO;content;

» temperature;

» biochemical reactions;

» sorption by clay and hydroxides, e.g. hematitelyjte

Manganese containing wastes produced by pyromegadal process are characterised by the
following:

+ Lack of organic materials due to its formation ighhtemperature >165C;
« Slightly acid pH at 6.5 due to G@uffer in the wet scrubber dust;

. [ Deleted: 1
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» Depletion of soluble Mn due to production in a reidg environment created by burning
coal; and

» Enrichment of carbonate minerals that will be meotible than Mn oxides e.g. pyrolusite,
bixbyite.

9.1.3 Stability analysis

Based on activity diagram analysis, the major fictdfecting Mn stability include pH, redox
conditions, and fugacity of GOMn is generally stabilised at alkaline, oxidisiagd enrichment
of CO, (COs™) conditions.

In this study, the wet scrubber dust samples wesdyzed in reducing environments, although
enrichment of C@through the off-gas chamber causes precipitatfotn@dochrosite (MnCg)
and also other carbonate minerals, including imn¢, and lead carbonate, which have a fair
amount of neutralising potential (NP) to increabe pH, and thereby prevent Mn from
resolubilizing.

9.1.4 Remediation
The major remediation methods include:

« aeration/addition of chemical oxidants to creat@sidising environment;

« addition of neutralizing agents to create an afi@knvironment to cause Mn precipitation;
and

« other methods, e.g. physical and biological pracess

In this research project, it is been shown thatitenid of chemicals to create an alkaline
environment is sustainable in terms of long-terducion of Mn concentration in solution.

9.2 PROPOSED HAZARD CLASSIFICATION METHODOLOGY
9.2.1 Generic risk-based assessment process

The proposed methodology is risk-based and incatpsrthe precautionary principle and the
principle of demonstrable conservatism in the abseri site-specific information. However, the
methodology makes provision for a lessening ofciagree of conservatism as the level of detail
of the investigation increases. Preference isgilgen to retaining test procedures that are known
and established in South Africa, unless good sfiemhotivation exists to introduce new test
procedures.

The general principles of a risk-based assessmenégure are shown in Figure 9.1 below. The
process starts off with a consciously conservaigsessment that uses simple and relatively
inexpensive tests to produce a conservative antitative result. It is imperative that there is
absolute confidence that the test results are coasee, as a successful (no hazard) outcome of
this first screening level step can then confidefehd to the decision that there is no value in
undertaking further testwork as a more realistid detailed assessment will always lead to a
lower assessed hazard. As conservative assumptioasreplaced with more realistic
assumptions and measured data, both the levehstceatism and the estimated risk decrease.
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However, it is important to realize that a negativetcome (potential hazard) may not
necessarily mean a real hazard as the negativ@matcould simply be due to the ultra-
conservative assumptions rather than a real hakamdthis reason, it would be necessary to
move to an intermediate level (second tier) assessmhere more realistic tests are undertaken
under conditions that are more representative @& #Httual waste disposal conditions.
Conservative assumptions could still be used toatherise the receiving environment and the
assessment could be undertaken without incorpgratimediation measures.

INCREASED
coST & - Qualitative
RELIABILITY  SCREENING LEVEL = _ se simple tests
ASSESSMENT % - Consciously conservative
% POTENTIAL RISKS/HAZARD EXIST
INTERMEDIATE =p - Semi-quantitative
LEVEL ASSESSMENT - More realistic tests
s
POTENTIAL RISKS/HAZARD EXIST
¢ o
- Fully quantitative
DETAILED =) - Extensive data collection
ASSESSMENT - Extensive modelling
- Most realistic
- Site specific

Figure 9.1: Schematic representation of the risk-beed assessment procedure

If this intermediate level assessment still yiekdsiegative result, the waste disposal strategy
must then be subjected to a very detailed assesgpreress wherein any planned remediation
measures are incorporated and site-specific envieatal conditions are considered.

Although this proposed process might appear talbetical to that which is currently possible in
terms of the DWAF Minimum Requirements ProcedutbBsre is a very important distinction
insofar as the intermediate and detailed assessrannot envisaged to be undertaken under the
classification of a “delisting process”. Rathere timtermediate and detailed assessments flow
naturally from the screening assessment and adiassification is only made once the complete
process has been undertaken.

9.2.2 Specific process for classifying inorganic mganese-containing wastes

A proposed process for assessing the hazard assbeidth inorganic manganese containing
wastes is shown in Figure 9.2 below.
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Figure 9.2: Proposed classification procedure fomiorganic manganese-containing wastes
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The proposed first step in the assessment prosess establish with absolute confidence
whether or not the inorganic manganese containiagtevwill be disposed of in a landfill site
that could contain organic acids. If there is aeptl that organic acids may be present then the
screening level test should be undertaken using B&®LP and TCLP tests. In interpreting the
significance of the test results, use should beamafdhe EEC and ARL values set out in the
DWAF Minimum Requirements.

If the results from the screening level assessrmaeamtwithin the conservative ARL and EEC
values, then there is no need to undertake anhdu@ssessments and the regulatory process
should be followed to obtain approval for dispasiathe waste in a general landfill. If the results
are negative then it will be necessary to move antitermediate level assessment.

In the intermediate level assessment, column Isaaties are undertaken to replace the ARLP
and/or TCLP tests, using landfill conditions thédsely simulate the intended application. A
geochemical assessment programme and equilibriuochgenical modelling should be
undertaken using water quality data from the colwstudy leachates. An assessment must be
made to establish whether the proposed disposalitcams will lead to a stable waste and
whether or not the column leach data can reasortablysed to assess long-term performance.
Use could still be made of the conservative EECARH values set out in the DWAF Minimum
Requirements.

If the results from the intermediate level assesgraee within the conservative ARL and EEC
values, then there is no need to undertake anhdussessments and the regulatory process
should be followed to obtain approval for dispasfathe waste in a general landfill. If the results
are negative then it will be necessary to move andetailed level assessment.

In the detailed level assessment, the followinglistishould be undertaken:

» Detailed characterisation of the proposed landii# in terms of its water balance.

» Prediction of long-term leachate quality using kingeochemical models and evaluating the
anticipated pH and redox conditions.

* Prediction of leachate flow, quality and load fdretvarious remediation/management/
mitigation measures being considered.

» Detailed characterisation of the receiving envireninground water and surface water) with
modelling of the predicted water quality at key ieowmental/human receptors.

» Assessment of risk posed to environmental recepbaised on local and international
literature values for adverse risk.

» Conclusion as to whether waste should be dispokedabgeneral landfill or at a hazardous
waste landfill site.

The process that has been followed must then bendeated in a detailed report that presents all
the collected data, assumptions, assessment pragdsgsults and that must then be submitted
to the regulators for consideration and approval.
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10. CONCLUSIONS AND RECOMMENDATIONS
The following conclusions can be drawn from thise@rch project

Off-gas dust samples from smelter processes ubmgnite feed contain manganese in varying
quantities. The level of inorganic manganese, aljiniogenerally less than 15 % of the feed input
balance, can result in the scrubber dust beingsifled as hazardous for disposal, based on
ARLP results.

At a primary risk assessment level, it was fourat #n number of process conditions influence
the ARLP results and the form of manganese founthénscrubber dust, which, ultimately
affects its bio-availability and potential hazaodte environment.

In general it was found that off-gas collected iy dxidizing environments could convert the
manganese into a more stable form than is founeémuwet, reducing conditions. Despite this, it
was found that a much higher manganese load ihédeaander ARLP conditions from the
scrubber dusts that were collected under oxidisimgditions (>100 mg/kg dust) compared to
reducing conditions (<35 mg/kg dust). It must béedathat the inclusion of a post combustion
chamber in the oxidising situation does signifitanéduce the amount of soluble manganese in
the “oxidized” dust.

It was also found that the liquid/solid ratio ortesaflow rate/temperature management in the wet
scrubber is an important operational factor théa$ the hazard risk assessment of Mn based
on ARLP results and EEC calculations. Lower temjpees can significantly change the
solubility of the manganese captured as dust flwerfurnace. Significant changes to the particle
size distribution of the scrubber dust were alsseobed. The waste classification listing was
lowered when the temperatures of the scrubber iwkate kept at 180 °C and 233hour
scrubber water flow rate, compared to 114 °C ar@i 39our scrubber water flow rate. It must
be noted that the temperatures are relative andlyemlute. The measured temperature depends
on the location of the thermocouple

A number of possible immobilization techniques imitlg chemical additional precipitation
methods were also evaluated, based on our literaearch findings. It was found after an initial
baseline study to determine optimum dosage rangas)ime 5 %-10 % (w/v), calcite (37.5 %
wi/v), hypochlorite (9 % v/w) and a desulphurisatglag (10 %) from the smelter process could
all significantly reduce the levels of soluble mangse under ARLP extraction conditions and
the EEC/ARL ratio to <1 for delisting.

It was also seen that while calcite reacts sloweantlime initially, in the long term it also
provides alkalinity and buffering capacity to thaste to prevent leaching over time. This was
also seen in the Multiple Extraction (MEP) resuisd geochemical modeling predictions.
Dolomite was also considered as a good treatmetiidroput due to impurities inherent in the
product, it was found that it added rather thanuced manganese in the waste leachate.
Dolomite may also contain other substances thatdcofluence the potential pollution and
toxicity of the treated waste. This needs to beckbd before use. Moreover, burnt dolomite
proved to have less contaminating manganese leveipared to raw dolomite.
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The geochemical assessment and modelling of thestiosved that more chemical components,
specifically manganese were leached out from timebbéer sample collected under reducing
conditions (200 kW Trial 1) to the water phase tHieom the dust sample collected under
oxidising conditions (1.5 MW Trial). This was alsoline with the activity diagram analysis.

Together with the chemical concentration analyisigias concluded that the “oxidised: sample
(1.5 MW dust) contains much less leachable metala whole, viz. manganese, cobalt, nickel
and iron than in the “reduced” sample (200 kW Trlal Correspondingly, less minerals,
specifically manganese-bearing minerals are lesgaad (not precipitated) in the “oxidised”
sample (1.5 MW) than in the “reduced” sample (290) kAlkalinity was also inherently higher
in the 1.5 MW sample compared to the 200 kW WSDam

These finding all support the fact that it is bette store manganese-bearing wastes under
oxidising conditions that results in formation ofalsle manganese-bearing minerals and
eventually stabilises the manganese-bearing wastes.

Redox conditions in a scrubber dust waste dispdsahp were also considered and three
management options for the disposal of the wetgedscrubber dust and dry-oxidised scrubber
dust were evaluated. The management options indltlde do-nothing approach, addition of

calcite and addition of lime.

The following trends with time were observed in twedising (upper levels) and reducing
conditions (lower and deeper) areas of the wastepdior the case study example. It must be
noted that absolute values for manganese couldegredicted with certainty in this project,
due to lack of certain critical data required fbe tkinetic modelling and the need to make
informed (albeit unvalidated) assumptions.

a) Scrubber Dust collected under wet-reducing dardi

Disposal Option 1 — No treatment

During the first 15 years, pH increases in the dufippth reducing (deeper) and oxidising
(surface) conditions) due to reaction of MnS. Tihizrease would however still keep pH in the
neutral to slightly alkaline range (pH <8). A sligtecrease in pH due to the reaction of MnS in
the wet scrubber dust was also observed (5-25 yaatsthis impacts by increasing the level of
soluble manganese leached from the waste durisgtithe period. Pyrolusite (Mnfpa stable
form of manganese can also dissolve rapidly whersgess than 8.

Manganese levels in solution were generally highhia dump (> 10mg/l) for scrubber dust
produced under reducing conditions but lowered (rg2l) for “oxidised” baghouse dust.

Manganese levels in the wet reduced scrubber dusples appear to fluctuate in the first 5
years (could increase or decrease depending onepél Bnd composition of the dust) but

generally increase again over time if left untrdatsnd can reach unacceptable risk levels.
Oxidised scrubber dust however showed a decreametiove in the dump if left untreated and

the sample tested did not produce hazardous le¥@mnganese.



10.3
Disposal Option 2 — Addition of lime

Manganese leaching from the waste can be contrbijetteatment with lime. Lime, however,
although it was most effective in the short ternasvehown to have less benefit over the long
term. Lime has a rapid and dramatic effect, neizirgy MnS and manganese is oxidised to form
pyrolusite (MnQ) and bixbyite (MaO3) primarily. Levels of manganese may however still
exceed recommended maximum environmental limiteigushis method if scrubber dust is
disposed under reducing conditions.

Disposal Option 3 — Addition of calcite

Addition of calcite to the scrubber dust also aatsdly but was also shown to provide a better
and more effective long-term solution to reducing &amount of Mn leached, especially in the
reduced scrubber dust stored under reducing conditi

Both lime and calcite addition were predicted tovile similar benefits when scrubber dust
waste sample is stored under oxidising conditi®@equential step extraction methods (SEP)
were useful in indicating the proportions of redieiand oxidisable species in the waste and
multiple extraction procedures (MEP) provided soolees to the long-term stability and
effectiveness of various treatment methods over titmat was supported by geochemical
modeling predictions.

Inorganic manganese-containing wastes cannot allclassified into one category. The
predominant form of manganese found in the wastgsph significant part in the assessing the
hazard risk potential. Operational conditions usedollect the scrubber dust waste from the
furnace can influence the type of manganese pradacel its chemistry upon disposal. The
impact of other trace metals and the chemistry tvelong term also need to be considered and
this is not always accurately reflected in ARLP-dihslassification methods.

A proposed methodology for the assessment and ifitasi®n of inorganic manganese
containing wastes is presented in Chapter 9. Tlipgsed process covers the assessment from
an initial conservative screening level assessrentigh to a detailed site-specific quantitative
assessment.
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CHEMICAL REACTIONS INVOLVING MANGANESE

A-1

APPENDIX A

Mineral Chemistry Reaction log-k Delta-h (kcal)
Mn*3 secondary master species A Mn” + € -25.51
MnO, secondary master species Rih 4H,0 = MnQ, + 8H' + 56 -127.824 176.62
MnO, “ secondary master species Rih 4H,0 = MnQ, % + 8H' + 46 -118.44 150.02
Alabandite MnS MnS +1 H=+1 HS+ 1 Mn’ -0.3944 -51
Birnessite MgO14 Mng0,45H,0 +4 H = +3 MnQ* + 5 Mn” + 7 H,O -85.5463
Birnessite MgOy4 MnO, + 4H" + € = Mn" + 2H,0 18.091 <0
Birnessite MgO14 MnO, + 4H' + 2¢ = Mn*2 + 2H,0 43.601
Bixbyite Mn,O5 Mn,0; +6 H = + 2 Mi° + 3 HO -0.9655 -958.971
Bixbyite Mn,O5 Mn,0 + 6H' = 2M 2+ 3H,0 0.611 -15.245
Bixbyite Mn,O3 Mn,0; + 6H" = 2Mn"> + 3H,0 -0.611 -15.245 kcal
Hausmannite MO, MnsO,+ 8 H +2 =3 Mn+ 4 H,O 61.03 -100.640 kcal
Hausmannite MO, MniO, +8 H = + 1 Mr?+ 2 Mn> + 4 O 10.1598 -1387.831 k|
Hausmannite MO, MnzO, + BH' + 26 = 3M2 + 4H,0 61.54 -80.14
Manganese I SOH + Mri® = Hy, sSOMn' + H'
Manganite MnOOH MnOOH + 3 H+ € = Mn* + 2 HO 25.34
Manganite MnOOH MnO(OH) +3H= + 1 Mri®+ 2 HO -0.1646
Manganite MnOOH MnOOH + 3H= Mn"® + 2H,0 -0.238 0
Manganite MnOOH MnOOH + 3H+ € = Mn*2 + 2H,0 25.34
Manganosite MnO MnO +2H= + 1 H20 + 1 M#? 17.924 -92.07
Mn_Vanadate Mn0.5V@ MnO.5V0; + 2H" = 0.5Mri?+ VO," + H,0 2.45 -11.05
Mns(PQy), Mny(PO4), = M2 + 2PQ° 23.827 2.120 keal
MnCl:4H,0 MnCl:4H,0 = M2+ 2CI + 4H,0 2.71 17.380 kcal
MnHPO, MnHPQ, = Mn*? + HPQ” -12.947
MnS(Green) MnS + H= Mn** + HS 3.8 -5.790 keal
Nsutite MnQ MnO, + 4H" + & = Mn*® + 2H,0 17.504 0
Nsutite MnQ MnO, + 4H" + 2¢ = Mn*2 + 2H,0 42.564
Pyrochroite Mn(OH) Mn(OH), + 2 H = Mn" + 2 HO 15.2
Pyrochroite Mn(OH) Mn(OH), + 2H" = Mn*? + 2H,0 15.088 -22.59
Pyrolusite MnO2 Mn@H,0 + 4 H + 2 e- = Mii*+ 3 HO 41.38 -65.110 kcal
Pyrolusite MnQ MnO, = + 0.5 MA%+ 0.5 MnQ? -17.6439 -520.031 kJ
Pyrolusite MnQ MnQ, + 4H + € = Mn"® + 2H,0 15.861 -29.18
Pyrolusite MnQ MnO, + 4H" + 2¢ = Mn*? + 2H,0 41.38 -65.11 kcal
Rhodochrosite MnCQ MnCO; +1 H = + 1HCQ + 1 Mn?2 -0.1928 -212.521
Rhodochrosite MnC® MnCO; = Mn*2 + CO;2 -10.41, -10.39 -2.079
Rhodonite MnSiQ MnSiO; +2 H = + 1 HO + 1 M2+ 1 SiGQ 9.7301 -1319.422 kJ
Scacchite MnGl MnCl, = + 1 Mri%+ 2 CI 8.7785 -481.302 kJ
Tephroite MnSiO, Mn,SiO; +4 H = + 1 SiQ + 2 O + 2 M 23.0781 -1730.470 kJ
Todorokite MnO;, Mn;0.,:3H,0 +16 H = + 1 MnQ?+ 6 Mn" + 11 HO -45.8241
BaMnO, BaMnQ, = + 1 Bd”+ 1 MnQ;” -10.09
Mn*? + 2X = MnX,
Hio WOH + Mn" + H, wOMN' + H'
MnCl, MnCl,4H,0 = M2 + 2CF + 4H,0 2.71 17.38
MnS(Green) MnS + H= Mn* + HS 3.8 -5.79
MnSO, MnSQ, = Mn2 + SQ2 2.669 -15.48
Mnz(SO)s Mny(SOy)s = 2Mn™ + 3SQ 5.711 -39.06
Mns(POy), Mny(POy), = M2 + 2PQ° 23.827 212
Mn,Sh MnSb + 3HO = 2Mri"* + Sb(OH) + 7€ + 3H" 61.0796 0
MnSb MnSb + 3H0 = Mn™ + Sh(OH} + 6€ + 3H" -2.9099 5.045
MnHPQO,(C) MnHPQ, = Mn*? + PQ° + H" -25.4 0
Mn3(AsOy),:8H,0 Mns(AsO,),:8H,0 + 6H" = 3Mn** + 2H,AsO, + 8H,0 12.5 0
MnSe MnSe + H= HSe + Mn*2 5.3508 -13.46
MnSeQ MnSeQ:2H,0 + H' = HSeQ + Mn*2 + 2H,0 0.9822 2.03
MnSeQ MnSeQ + H' = HSeQ + Mn*2 1.21 0
KoMng(FeCyanidg), K;Mng(FeCyanidg), KoMng(FeCyanidg), = 12Cyanide+ 2K + 3Mn'*? + 2F¢" -121.001 0
KgMne(FeCyanidg)s K;Mng(FeCyanidg)s KgMne(FeCyanidg)s = 30Cyanide+ 8K + 6Mn'* + 5F¢" -293.685 0
Mn,FeCyanidg Mn,FeCyanidg= 6Cyanide+ 2Mn"* + Fe" -59.0272 0
MnCI* Mn+2 + Cl- = MnCf 0.61
MnCl, Mn+2 + 2Cl- = MnC} 0.25
MnCl3 Mn+2 + 3Cl- = MnC{ -0.31
MnOH*" Mn+2 + HO = MnOH + H* -10.59 14.4
Mn(OH)s- Mn+2 + 3H0 = Mn(OH); + 3H" -34.8
MnF+ Mn+2 + F- = MnE 0.84
MnSO, Mn+2 + SQ-2 = MnSQ 2.25 3.37
Mn(NO3), Mn+2 + 2NQ- = Mn(NOy), 0.6 -0.396
MnHCOs+ Mn+2 + HCQ- = MnHCO;" 1.95

Geochemistry:

PHREEQC Modelling package lInl datebase.
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APPENDIX B:

B1l: SAMPLING AND ANALYTICAL PROGRAMME-
Table B1: Analysis programme 200 kW samples

Sample

Analysis

limenite/anthracite mixture

Paste pH, aqua regia digestaaatized for Mn, Fe, Al
Cdand Zn

limenite

Aqua regia digest and analyzed for Mn, Fe, Al, Cd amd Z

Anthracite

Aqua regia digest and analyzed for Mn, Fe, Al, Cd amd Z

NN

Iron used for start-up

Aqua regia digest and analyaef, Fe, Al, Cd and Zn

Wet scrubber dust slurry (Trial 1)

Total solids, moisturatent, pH, electrical conductivity
alkalinity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zn, K #id

Wet scrubber dust slurry (Trial 2)

Total solids, moisturetent pH, electrical conductivity
alkalinity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zn, K #id

Scrubber dust obtained from filtration (Trial 1)

XRD, XRbBtal solids, moisture content, loss of ignitig
particle size analysis, SEM
Aqua regia digest and analyzed for Na, Ca, Mn, Mg,
Cd, Zn, K and Al

Filtrate (Trial 1)

Aqua regia digest and analyzed for Mn Bed

Total solids, moisture content, pH, alkalinity, electri
conductivity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zraid
Al

cal

Scrubber dust obtained from flocculation (Trial

1) XRDatsolids, moisture content and loss of ignition
Aqua regia digest and analyzed for Na, Ca, Mn, Mg,
Cd, Zn, K and Al

Supernatant (Trial 1)

Aqua regia digest and analyzed foaMl Fe
Total solids, moisture content, pH, alkalinity, electri
conductivity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zrand
Al

cal

Scrubber dust obtained from filtration (Trial 2)

XRD, {totsolids, moisture content, loss of ignitio
particle size analysis
Aqua regia digest and analyzed for Na, Ca, Mn, Mg,
Cd, Zn, Kand Al

>

Filtrate (Trial 2)

Aqua regia digest and analyzed for Mn Bead

Total solids, moisture content, pH, alkalinity, electri
conductivity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zraid
Al

cal

Scrubber dust obtained from flocculation (Trial

P) XRntat solids, moisture content, loss of ignitig
particle size analysis
Aqua regia digest and analyzed for Na, Ca, Mn, Mg,
Cd, Zn, K and Al

>

Supernatant (Trial 2)

Aqua regia digest and analyzed foaMl Fe
Total solids, moisture content, pH, alkalinity, electri
conductivity, sulphate, Na, Ca, Mn, Mg, Fe, Cd, Zraid
Al

cal

Influent to wet scrubber

pH, electrical conductivity, alkdli, sulphate, Na, Ca
Mn, Mg, Fe, Cd, Zn, K and Al

Slag (Run 1)

Aqua regia digest and analysis for MNAEeCd and Zn

Slag (Run 2)

Aqua regia digest and analysis for MNAEeCd and Zn

Metal (Run 1)

Aqua regia digest and analysis for Mn AfeCd and Zn

Metal (Run 2)

Aqua regia digest and analysis for Mn AfeCd and Zn




ARLP and TCLP

The 200 kW smelter dusts obtained under reducingliions were subjected to ARLP and
TCLP in order to classify and characterize the dampn terms of manganese and iron
mobilization. The scrubber dusts obtained aftarafilon were dried before extractions were
performed while extractions on the flocculated bbrr dust were performed on “wet” samples
due to the limited amount of dust obtained froncdlalation.

The samples were also treated with immobilisatieangicals and the various extraction methods
(discussed in Section 5.2) conducted on both utettleand treated dust samples.

B2: SAMPLING AND ANALYTICAL PROGRAMME - 500 KW AND 1.5 MW
FURNACE PILOT TRIALS

Chemical characterisation of the pilot plant dusts obtained under oxidising conditions

The dust samples produced from the 500 kW and theéviiV smelters were subjected to the

following analyses:

*  XRD, XRF and patrticle size screening (1.5 MW only)

* Aqua regia digestion and analyzed for sodium, @itas, calcium, magnesium, manganese,
aluminium, cadmium, iron and zinc.

* Moisture content

ARLP and TCLP

The 500 kW and 1.5 MW dusts obtained under oxidisionditions were subjected to ARLP and
TCLP in order to characterise and classify the slust terms of manganese and iron
mobilisation. Samples were subjected to variowmibal treatments before ARLP and TCLP
were performed.

B3: OTHER EXTRACTION METHODS - EFFECT OF IRON 200 K W AND 1.5
MW FURNACE PILOT TRIALS

The 200 kW Trial 1 and 1.5 MW scrubber dust samplese subjected to several other leaching
procedures - neutral extraction, multiple extrattiand sequential extraction procedures.
Samples with and without the addition of chemidalsmmobilise the manganese were tested.
Lime 5 % (w/w) and calcite 37.5 % (w/w) additionend made to these samples prior to
extraction. Furthermore, the addition of ferricarfide in the ratio Fe:Mn 40:1 was done and the
sample subjected to extraction procedures listedeab Leachates were analysed for manganese
and iron.

B4: CHEMICAL IMMOBILISATION TREATMENT AND LEACHING OF
SCRUBBER DUSTS

The following dusts obtained from the 200 kW pitddls were subjected to chemical
immobilisation treatment:

» Trial 1 scrubber dust obtained from filtration (Salendried)
» Trial 2 scrubber dust obtained from filtration (Salendried)



The following dusts or manganese containing walstes other industries were subjected to
chemical immobilisation treatment:

* 500 kW Kumba (Oxidising) (Wet sample)
* 1.5 MW Kumba (Oxidising) (Dried sample)

» Ticor wet scrubber dust (Reducing) (Wet sample)

» Corex classifier sand (Reducing) (Dried sample)

* Conarc slag (Reducing) (Dried sample)

* Metalloys wet scrubber dust (Oxidising) (Wet sarple

The following chemicals were investigated as treattoptions to immobilise manganese:
e Lime

» Calcite

* Dolomite

* Sodium hypochlorite

» Desulphurisation slurry (Samancor).

The different scrubber dusts were subjected t@idifft manganese immobilisation treatments
(Table B2

Table B2: Manganese immobilisation treatment optios.

Chemical applied Concentration of chemical
application (%)

No treatment 0.0
Lime 5.0

10.0
Burnt Dolomite 5.0
Raw dolomite 5.0
Calcite 37.5
Sodium hypochlorite 9.0
Desulphurisation slurry 5.0

10.0

After mixing, samples were left for a period of RAwhereafter paste pH or pH was determined.
The samples were then subjected to TCLP and AR&#tuble manganese, iron, aluminium,
cadmium and zinc were determined on the leach#&te ARLP extraction while only soluble
manganese and iron concentrations were determiméftedeachate after TCLP extractions.
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APPENDIX C
ANALYSIS DATA AND MEASUREMENTS

Table C.1: Temperatures measured at inlet and outk of the wet scrubber during trial 1
using thermocouples (A constant flow rate of 220h was applied using a flow meter)

Wet scrubber inlet temperature Wet scrubber outlettemperature
Time Temperature (°C) Time Temperature (°C)
12h30 170 12h30 61
12h45 174 12h45 60
12h55 190 12h55 69
13h05 179 13h05 65
13h15 186 13h15 62
13h25 184 13h25 67
13h35 175 13h35 61

Table C.2: Temperatures measured at inlet and outk of the wet scrubber during trial 2
using thermocouples and flow rate of influent wateto wet scrubber

Wet scrubber inflow (£/h) Wet scrubber inlet Wet scrubber outlet
temperature temperature
Time t/h Time Temperature Time Temperature

() ()
14h38 300 14h38 146 14h38 79
14h45 350 14h55 133 14h45 83
14h47 400 15h14 96 14h55 55
15h05 380 15h17 95 15h05 51
15h10 390 15h30 104 15h06 47
15h12 400 15h34 107 15h10 46
15h14 410 15h45 104 15h12 45
15h16 420 15h50 104 15h14 44
15h40 400 16h03 118 15h15 43
15h59 430 16h13 124 15h16 42
16h04 440 16h25 122 15h17 42

15h18 41

15h30 46

15h32 49

15h34 43

15h37 38

15h45 43

15h50 42

15h59 48

16h03 48

16h10 49

16h13 47

16h25 53




Table C3: Total manganese and total iron concentrédns of the chemicals used for

immobilisation treatment

Manganese concentration

Iron concentration (mg/kg)

(mg/kg)
Lime 0.29 <0.25
Calcite 0.65 <0.25
Desulphurisation slurry <0.25 <0.25

Table C4: Soluble manganese and iron concentrations @ff) of the distilled water and the standard
manganese solutions

Manganese concentration (md)

Iron concentration (mg/)

SOLUTION

Distilled water 0.03 <0.01
Manganese chloride 99.94 <0.01
Manganese carbonate 97.99 <0.01
Manganese oxide 104.06 <0.01
Rochelle manganese standard 100.34 <0.01

solution

Table C5: Inorganic Manganese standards- Manganesaa iron concentrations (mgt) after 24 h of
treatment, after ARLP and TCLP (not corrected for blanks)

Sample Type of treatment Before extractions After ARLP After TCLP
extractions extractions
[Mn] |[Fe] mg/t| [Mn] |[Fe] mgit| [Mn] |[Fe] mg/t
mg/t mg/t mg/t
Distilled |No treatment ND ND 4.53 2.82 2.57 <0.0p
water |Lime (5 %) ND ND 1.09 1.27 5.97 4.48
Burnt Dolomite (VDB) (5 %) 11.8 78.5 0.96 <0.0% 21.3 9.18
Burnt Dolomite (VDB) (5 %) ND ND 0.42 2.95 8.37 19.5
(Repeat)
Raw dolomite (VDB) (5 %) 121 5.84 24.5 19.5 276 112
Calcite (37.5 %) ND ND 1.77 <0.05 2.21 2.99
Sodium hypochlorite (10-15 % ND ND 2.27 5.01 0.63 10.5
solution) (1 %)
Sodium hypochlorite (10-15 % 3.52 26.5 0.10 3.71 1.69 <0.0%
solution) (9 %)
Desulphurisation slurry (5 %) 0.32 <0.0 0.41 <0.05 9.88 160
Desulphurisation slurry (10 %) ND ND ND ND ND ND
MnCl, [No treatment ND ND 84.9 <0.05 99.8| 1.44
Lime (5 %) ND ND 2.86 <0.05 23.8 2.52
Burnt Dolomite (VDB) (5 %) ND ND ND ND ND ND
Burnt Dolomite (VDB) (5 %) Repeat ND ND <0.05 <0.05 73.7 27.7
Raw dolomite (VDB) (5 %) 2660 <0.05 117 19.6 407 290
Calcite (37.5 %) ND ND 2.95 1.02 16.8 3.62
Sodium hypochlorite (10-15 % ND ND 0.70 9.02 1.94 10.1
solution) (1 %)
Sodium hypochlorite (10-15 % 183 21.3 0.36 3.24 0.93 <0.0%
solution) (9 %)
Desulphurisation slurry (5 %) <0.04 <0.05 38.Y <0.05 139 444
Desulphurisation slurry (10 %) 1.88 <0.0 58.4 218 .220 | <0.05
Desulphurisation slurry (10 %) ND ND <0.05 <0.05 119 830
Repeat




Table C5 (Continued): Inorganic Manganese standarst Manganese and iron
concentrations (mgf) after 24 h of treatment, after ARLP and TCLP (notcorrected for

blanks)
Sample Type of treatment Before extractions After ARLP After TCLP
extractions extractions
[Mn] |[Fe] mg/t| [Mn] |[Fe] mgk| [Mn] |[[Fe] mg/
mg/t mg/t mg/t
MnCGO; |No treatment ND ND 102 <0.05 104 <0.0b
Lime (5 %) 0.19 <0.05 <0.05 <0.05 52.9 <0.05
Lime (10 %) <0.05 <0.05 ND ND <0.05 <0.05
Burnt Dolomite (VDB) (5 %) <0.05 <0.05 28.0 17.1 42.0 8.84
Burnt Dolomite (VDB) (5 %) Repeat ND ND 0.62 14.8 111 47.8
Raw dolomite (VDB) (5 %) 2668 375 308 <0.0b 117 14y
Calcite (37.5 %) ND ND 1.10 15.0 7.28 <0.0pb
Sodium hypochlorite (10-15 % 11.5 0.34 0.48 <0.05 1.23 0.24
solution) (1 %)
Sodium hypochlorite (10-15 % 186 33.1 0.63 2.62 0.76 <0.0%
solution) (9 %)
Desulphurisation slurry (5 %) 0.29 <0.05 54.2 1556 4.29 236
Desulphurisation slurry (10 %) 2.36 <0.0 0.39 <0.05 57.8 335
Desulphurisation slurry (10 %) ND ND 0.12 <0.05 110 646
Repeat
MnO, |No treatment ND ND 111 <0.05 99.1 <0.0b
Lime (5 %) <0.05 -1.39 <0.05 <0.0§ 67.4 <0.05
Lime (10 %) 0.34 <0.05 0.33 <0.04
Burnt Dolomite (VDB) (5 %) 0.17 -6.65 28.6 16.4 88.6 8.54
Burnt Dolomite (VDB) (5 %) repea ND ND 25.1 <0.0b .94 37.8
Raw dolomite (VDB) (5 %) 3236 491 372 <0.0b 114 213
Calcite (37.5 %) ND ND 14.4 14.6 8.85 <0.0p
Sodium hypochlorite (10-15 % 2.46 0.35 <0.05 <0.05 0.59 <0.0%
solution) (1 %)
Sodium hypochlorite (10-15 % 189 317 0.42 2.96 0.77 <0.0%
solution) (9 %)
Desulphurisation slurry (5 %) 0.74 -5.18 53.9 215 151 129
Desulphurisation slurry (10 %) 2.19 <0.0 0.2y <0.05 85.8 313
Desulphurisation slurry (10 %) ND ND <0.05 <0.05 113 763
Repeat
Rochelle|No treatment ND ND 100 <0.05 91.8 <0.0p
ManganegLime (5 %) ND ND <0.05 <0.05 11.8 <0.05
e standargBurnt Dolomite (VDB) (5 %) 0.35 -6.66 6.24 16.0 99.6 24.9
Burnt Dolomite (VDB) (5 %) Repeat ND ND 1.13 <0.05 94.5 29.5
Raw dolomite (VDB) (5 %) 2631 780 284 <0.0b 123 144
Calcite (37.5 %) ND ND 151 15.1 8.07 <0.0b
Sodium hypochlorite (10-15 % 581.50 0.42 37.1 <0.05 0.01 <0.06
solution) (1 %)
Sodium hypochlorite (10-15 % 11.9 42.7 0.22 17.1 0.85 <0.0%
solution) (9 %)
Desulphurisation slurry (5 %) 0.88 <0.05 53.3 207 081 228
Desulphurisation slurry (10 %) 1.67 <0.0 0.20 <0.05 110 637
Desulphurisation slurry (10 %) ND ND 3.10 <0.05 84.3 389

Repeat




Table C6: Inorganic Manganese standards - pH andlgalinity after 24 h of treatment,
after ARLP and TCLP

Sample Type of treatment Alkalinity pH before pH after pH after
mg/t CaCQO; | extraction ARLP TCLP
Distilled [No treatment 6.44 6.24 3.84 3.47
water |Lime (5 %) 32390 12.9 12.7 5.24
Burnt Dolomite (VDB) (5 %) 16157 12.4 12.1 3.68
Burnt Dolomite (VDB) (5 %) (Repeat) ND ND 7.85 4.35
Raw dolomite (VDB) (5 %) 29655 10.3 7.35 4.44
Calcite (37.5 %) 359288 9.48 8.18 6.71
Sodium hypochlorite (10-15 % 847 12.4 6.97 3.73
solution) (1 %)
Sodium hypochlorite (10-15 % 38390 13.1 10.1 4.42
solution) (9 %)
Desulphurisation slurry (5 %) 7836 13.0 11.6 3.69
Desulphurisation slurry (10 %) ND ND
MnCl, |[No treatment 6.44 6.03 4.21 3.39
Lime (5 %) 49335 12.8 13.0 5.13
Burnt Dolomite (VDB) (5 %) ND ND ND ND
Burnt Dolomite (VDB) (5 %) Repeat ND ND 9.80 3.40
Raw dolomite (VDB) (5 %) 14764 8.10 7.09 4.60
Calcite (37.5 %) 359288 9.01 8.03 6.69
Sodium hypochlorite (10-15 % 3807.38 12.3 6.97 3.47
solution) (1 %)
Sodium hypochlorite (10-15 % 36893 13.1 10.2 4.36
solution) (9 %)
Desulphurisation slurry (5 %) 5445 12.3 8.16 3.67
Desulphurisation slurry (10 %) 11798 12.3 11.7 4.05
Desulphurisation slurry (10 %) Repeat ND ND 11.4 4.45
MnCQO; |No treatment ND 1.52 3.07 5.05
Lime (5 %) 55427 12.9 13.1 4.70
Lime (10 %) 145200 12.2 ND 12.0
Burnt Dolomite (VDB) (5 %) 6164 13.1 7.56 3.84
Burnt Dolomite (VDB) (5 %) Repeat ND ND 7.40 4.00
Raw dolomite (VDB) (5 %) 15881 5.50 6.59 4.35
Calcite (37.5 %) 484275 7.23 7.18 6.19
Sodium hypochlorite (10-15 % 726 7.10 4.39 2.88
solution) (1 %)
Sodium hypochlorite (10-15 % 39358 13.1 10.3 4.39
solution) (9 %)
Desulphurisation slurry (5 %) 3399 13.1 7.53 3.80
Desulphurisation slurry (10 %) 5445 12.0 11.7 4.25
Desulphurisation slurry (10 %) Repeat ND ND 11.2 4.40
MnO, |No treatment 0.00 1.40 2.76 4.92
Lime (5 %) 54459 12.9 13.0 4.80
Lime (10 %) 138394 12.2 ND 11.8
Burnt Dolomite (VDB) (5 %) 6428 13.0 7.75 3.80
Burnt Dolomite (VDB) (5 %) repeat ND ND 7.35 4.00
Raw dolomite (VDB) (5 %) 16562 5.31 6.57 4.44
Calcite (37.5 %) 74843 6.76 7.15 6.21
Sodium hypochlorite (10-15 % 0.00 3.45 3.51 4.87
solution) (1 %)
Sodium hypochlorite (10-15 % 40195 13.2 104 5.11
solution) (9 %)
Desulphurisation slurry (5 %) 38607 12.6 7.86 3.49
Desulphurisation slurry (10 %) 8168 12.1 11.3 4.15
Desulphurisation slurry (10 %) Repefat ND ND 11.6 4.40




Table C6 (Continued): Inorganic Manganese standarsl- pH and alkalinity after 24 h of
treatment, after ARLP and TCLP

Sample Type of treatment Alkalinity | pH before | pH after | pH after
mg/t extraction | ARLP TCLP
CaCOs;
RochellgNo treatment 0.00 1.09 2.45 5.04
ManganLime (5 %) 88050 13.1 13.2 4.98
ese |Burnt Dolomite (VDB) (5 %) 11041 12.9 8.15 4.03
standrd|Burnt Dolomite (VDB) (5 %) ND ND 7.40 3.50
Repeat
Raw dolomite (VDB) (5 %) 11344 5.24 6.54 4.33
Calcite (37.5 %) 490439 6.25 7.12 6.20
Sodium hypochlorite (10-15%  0.00 2.40 2.97 4.89
solution) (1 %)
Sodium hypochlorite (10-15 % 15849 12.7 10.8 4.16
solution) (9 %)
Desulphurisation slurry (5 %) 19303 12.6 7.75 3.6(
Desulphurisation slurry (10 %) 10618 12.0 11.0 04.3
Desulphurisation slurry (10 %) ND ND 7.35 4.35
Repeat

Table C.7: 200 kW Pilot trial — pH, manganese andon concentrations (mgk) after 24 h of
treatment, after ARLP and TCLP

Sample | Type of treatment | Paste pH| pH pH | After ARLP | After TCLP
before | after | after | extractions | extractions
extractio| ARLP | TCLP | [Mn] | [Fe] | [Mn] | [Fe]
ns mg/kg|mg/kg|mg/kg| mg/kg
Run 1 No treatment 9.35 8.90 5.10 3.%4 <0,0e/45| 3387
DRD No treatment (Repeat ND ND ND N ND 1134898
(filtered) |Lime (5%) ND 12.0 6.25| <0.05<0.05| 826 | 17.2
Lime (5%) (Repeat) ND ND ND ND ND 2.70 <0.(
Lime (10%) ND ND 485| ND| ND| 50.9 120
NaOCI (9 %) ND 10.7 455/ 014 5.07 925 7.
Calcite (37.5 %) ND 8.20 4.75 11f 422 1272604
CaO-CaS (10 %) ND 11.7 125 0.08 <0,06.83 | <0.05
Run 2 DSD |No treatment 8.85 8.15 4.80 34/1 <0,0%83 | 3508
(fltered) Lime (5%) ND 12.1 6.00| <0.050.05| 1430| 159
Lime (10%) ND ND 485| ND| ND| 94.7 1.38
NaOCI (9 %) ND 10.8 455/ 054 2.08 5.33 6.
Calcite (37.5 %) ND 7.40 470 3.06 19.3 1310024
CaO-CaS (10 %) ND 11.8 124 052 156 4/43

r2

11.9



Table C.8: 500 kW and 1.5 MW Pilot Trials —pH, mamganese and iron concentrations
(mg/t) after 24 h of treatment, after ARLP and TCLP

Sample Type of pH After ARLP extraction After TCLP
treatment extraction
Paste |pH after|pH after| Mn Fe Al Cd Zn Mn Fe
pH ARLP | TCLP |(mg/kg)|(mg/kg)|(mg/kg)| (mg/kg)| (mg/kg) | (mg/kg) |(mg/kg)
before
ARLP
500 kW |No treatment 7.20 6.40 4.75 315 4.9 52{7 0.58 17.52049 13000
WSD  |Lime (5%) ND 12.2 5.15 0.58 0.00 ND ND ND 181 92p
Kumba |Sodium ND 10.7 ND 0.47 0.00 ND ND ND ND ND
hypochlorite (9 %
Calcite (37.5 %) ND 6.95 ND 4.86 0.0Q ND| ND ND ND| DN
1.5 MW |No treatment 8.55 5.90 3.95 118 200 30{8 0.24 74.4167 3250
Kumba |Lime (5%) ND 12.1 5.50 0.00 0.00 ND ND ND 10§ 1389
Sodium ND 10.8 ND 0.56 0.00 ND ND ND ND ND
hypochlorite (9 %
Calcite (37.5 %) ND 7.90 ND 1.14 0.0Q ND ND ND ND| DN
Table C.9: Samples obtained from other industries- pH, manganese and iron
concentrations (mgf) after ARLP and TCLP
Sample Type of treatment After ARLP extraction After TCLP extraction
description pH Mn Fe Al Cd Zn pH Mn Fe
(mglkg) | (mg/kg) | (mg/kg) | (mg/kg) | (mgl/kg) (mg/kg) | (mg/kg)
Ticor wet |No treatment 6.35 5.6 <0.0% ND ND ND 570 15.60 6i88
scrubber dugtLime (5%) 11.3] 0.12 <0.05 ND ND ND| 11.150.12 <0.05
Lime (10%) 11.3] <0.05] <0.05 ND ND ND|[ 11.250.20 <0.05
Calcite (37.5 %) 8.6 <0.04 <0.0b ND ND ND ND ND ND
Desulphurisation slurry (10 11.05| <0.05 | <0.05 ND ND ND ND ND ND
%)
Sodium hypochlorite (9%) | 10.15<0.05 | <0.05 ND ND ND ND ND ND
WSD No treatment 7.75 0.48 1.08 93.% 8.8/7 5.81 IND ND ND
Metalloys |Lime (5%) 11.3] <0.05] <0.0§ ND ND ND N ND ND
Calcite (37.5 %) 7.15 7.76 0.22 ND) ND ND| ND ND ND
Sodium hypochlorite (9%) 10.y <0.06 <0.05 N[ N[ NID ND ND ND
Corex |No treatment 10.6 8.92 15.4 120 0.39 6.17 ND ND ND
Classifier |Lime (5%) 11.3 1.04 <0.05 ND ND ND NO ND ND
sand Calcite (37.5 %) 6.90 0.38 <0.0% ND| ND| ND ND ND ND
Sodium hypochlorite (9%) 10.y 1.3§ <0.05 NO N[ ND DN ND ND
Conarc slag|No treatment 9.75 0.48 0.44 74. 0.50 7.43 IND ND ND
Lime (5%) 11.4 0.20 <0.05 ND ND ND NO ND ND
Calcite (37.5 %) 10.0 0.20 <0.0% ND| ND| ND ND ND ND
Sodium hypochlorite (9%) 8.9p 0.3§ <0.05 NO NO ND DN ND ND
Table C.10: DB270 — pH, manganese and iron conceations (mg/) after ARLP
Type of Paste |pH after |pH after After ARLP After TCLP
treatment pH ARLP | TCLP extraction extraction
Mn Fe Mn Fe
(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
No treatment 8.25 33.1 0.00 1159 5380
Lime (5%) 8.25 12.0 8.55 0.45 0.00 27.8 13.4
Lime (10%) 8.25 11.7 12.3 0.63 0.00 0.45 13.4
Calcite (37.5| 8.25 8.25 ND 3.78 0.00 ND ND
%)




Table C.11: Total metal concentrations after aquaegia digestion of the original samples

200 kW -Run | 200 kW -Run | Kumba - 500 | Kumba - 1.5 | Ticor WSD
1 - Filtered 2 - Filtered kW MW
Total manganese (mg/kg) 18538.0(0 20950.00 14300.p0  13.68 15843.00
Total iron (mg/kg) 194125.00 200625.0( 176750.00 85 137038.00
Total cadmium (mg/kg) 2.30 1.90 1.40 0.90 2.15
Total zinc (mg/kg) 6963.00 6450.00 2325.00 2725.0 Y()s?]
Total aluminium (mg/kg) 13438.00 12313.00 3338.00 988.0 2688.00
Total sodium (mg/kg) 2036.00 1948.00 780.00 621.00 3207
Total potassium (mg/kg) 2531.00 2811.00 1796.0 958.00 5548.00
Total calcium (mg/kg) 2794.00 2394.00 398.00 462.00 .(EB6
Total magnesium (mg/kg) 46925.00 44425.00 7120.0D 8.296 4183.00
Table C.12: Total solids, moisture content and loss @nition of the original samples
200 kW Run 1|200 kW Run 2| Kumba - 500 | Kumba- 1.5 | Ticor WSD
- Filtered - Filtered kw MW
Total solids 50.16 49.62 79.54 99.95 9.95
Moisture content (%) 49.84 50.38 20.46 0.05 90.05
Loss of ignition -0.87 -1.04 -0.13 -1.27 0.60
Table C.13: XRD and XRF results of the original samples
200 kW -Run|200 kW Run 2| Kumba - 500 | Kumba-1.5 | Ticor WSD
1 - Filtered - Filtered kW MW
XRD — Siderite 6.00 3.00 - - -
XRD — Cerrusite 2.00 3.00 - - -
XRD — Massicot 36.00 - - - -
XRD — Albanite 7.00 2.00 - - -
XRD — Zinkenite 16.00 - - - -
XRD — Titanomagnetite 15.00 29.00 - - -
XRD - limenite - 9.00 17.00 6.00 46.00
XRD — Pseudobrookite - - 54.00 79.00 -
XRD - Rutile 3.00 5.00 22.00 15.00 24.00
XRD - Magnetite - - 7.00 - -
XRD - Lepidocrocite - - - - 17.00
XRD — Metal and/or alloy - - - - 13.00
XRD - 2.0a — Not allocated 14.00 48.00 - -
XRF - SiO, 21.90 ND ND 4.37 7.64
XRF - TiO, 15.90 ND ND 63.94 49.82
XRF - Al,O4 3.59 ND ND 1.28 1.16
XRF - FeOx(t) 37.33 ND ND 26.89 32.49
XRF - MnO 2.88 ND ND 2.86 4.72
XRF - MgO 11.63 ND ND 1.18 1.39
XRF - CaO 0.55 ND ND 0.19 0.13
XRF - NgO 0.74 ND ND 0.29 1.12
XRF - K,O 0.32 ND ND 0.36 1.20
XRF - BOs 0.08 ND ND 0.05 0.04
XRF - Cr,O4 0.74 ND ND 0.15 0.16




Table C.14: Particle size distribution (%) of the siginal samples

Particle size 200 kW - run 1 filtered | 200 kW - run 2 filtered Ticor WSD
1000um 0.66 22.38 0.00
710pum 0.51 14.14 0.00
500pm 0.81 15.01 0.00
300pm 24.84 17.56 0.00
250pum 11.24 6.43 0.29
150pm 23.23 10.91 0.38

75um 25.05 12.26 0.67
<75um 13.66 1.30 98.66

Table C.15: Results of the water extractions perfaned on selected samples incorporated

into the geochemical model

Sample 200kW - Run 1 - Filtered Kumba - 1.5 MW Ticor WSD
Sulphate (md)) 845.08 128.31 17.54
Chloride (mgt) 1.19 0.86 5.52
Fluoride (mgt) 4.96 1.78 2.45
Aluminium (mgh) 2.50 1.84 1.36
Calcium (mgt) 70.93 4.22 2.37
Cobalt (mgt) 0.03 <0.05 <0.05
Copper (mgl) 0.06 <0.05 <0.05
Cadmium (mgl) 0.03 0.02 ND
Iron (mgk) 0.11 <0.05 <0.05
Potassium (md) 16.44 8.02 20.36
Magnesium (md)) 14.79 4.42 2.03
Manganese (mg) 0.09 <0.05 0.14
Sodium (mgf) 24.71 4.35 13.65
Nickle (mght) 0.09 0.02 <0.05
Lead (mg() <0.05 <0.05 <0.05
Zinc (mgh) 0.29 0.32 1.03
Alkalinity as mgt CaCQ 10.84 18.07 177.50
pH 7.45 8.15 7.05
Conductivity (mS/m) 93.30 15.20 23.60
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APPENDIX D:

OTHER PYRO-METALLURGICAL SCRUBBER DUST SAMPLES PROCESS DESCRIPTIONS AND
QUALITY DATA

Figure D1 depicts the processes involved with tlbee process where the classifier sand was
obtained. Iron Ore (R©s3), coal, coke and fluxes (limestone, dolomite andrtg) are the input
materials in the smelter. The temperatures of thelter range between 1500 and 1700 °C while
the temperature of the off-gas is around 1100 °@sths formed under reducing conditions and
treated with a wet scrubber. The slurry is thert $era settling pond where the classifier sand
was collected (Figure D1).

Coal Lump Ore/Pellets/Sinter Scrubber

Additives A\

Reduction \/
Shaft

Scrubber

Reduction Gas
—= /\

Export Gasl

* I O Hot Gas Cyclone
Cooling Gas |

Melter Gasifier

Settling Pond v

Oxygen

Hot Metal and Slag Classifier Sands

Figure D1: The Corex Process.

The Conarc Process uses a twin-shell alternatimgmuarc furnace to produce low carbon steels
from Corex-liquid iron, granulated iron and redudexh from the Midrex Plant. These charge
materials contain very low levels of residual eletseand therefore the waste products (slag and
dust) will be environmentally safer than the wasteducts from a conventional arc furnace. A
de-oxidising agent is charged through the chardialg in the main roof. Aluminium, ferro-
silicon, or a mixture of the two materials may Is=d as a de-oxidisation agent. An initial pre-
charge of lime and burnt dolomite is done, to eashat the basicity of the slag that is present in
the furnace is higher than 1.5. The burnt dolonsitadded to prevent excessive refractory wear
by the very acid slag present. Saldana Steel pushjioperformed ARLP tests on the Corex
classifier sand and on the Cornarc slag. The te@ifilthese tests are presented in Table D1,
Table D2 and Table D3.



Table D1: Metal concentrations of Corex Classifiesand after ARLP

Element Acceptable risk | Concentration in EEC (ppb)
(ppb) stream (mg/kg)
Aluminium 10 000 0.26 8.58
Arsenic 430 Not detected
Barium 7 800 0.09 2.97
Lead 100 0.01 0.33
Zinc 700 Not detected
Fluoride 1500 0.3 9.9
Cadmium 31 Not detected
Chromium 4700 Not detected
Copper 100 Not detected
Iron 9 000 37.62 1242.46
Mercury 22 Not detected
Manganese 300 1.59 52.47
Nickel 1114 Not detected

The limiting element in determining the quantitywséste disposed of per month is manganese
occurring at 1.59 mg/kg. Thus the amount of Coréasslifier Sand that can be disposed of per

month is as follows:

Dose (g/ha/month)

= Acceptable risk
0.66

300 ppb
0.66

454.55 g/ha/month

The quantity of waste, therefore is 1 715.28 t/rhanter the 6 ha that are currently in use.

Table D2: Chemical analysis of the Conarc slag asipplied by Saldana Steel

Parameter Value
Moisture @ 110 °C 0.12
Total Sulphur (S) % m/m 0.02
Sulphide Sulphur (S) % m/m 0.011
Sulphate Sulphur (S% m/m 0.02
Silica % m/m 14.67
Calcium % m/m 25.85
Magnesium % m/m 5.40
Aluminium % m/m 3.17
Sodium % m/m 0.038
Copper % m/m 0.003
Zinc % m/m <0.001




Table D2 (Continued): Chemical analysis of the Coma slag as supplied by Saldana Steel

Parameter Value
Manganese % m/m 0.71
Iron % m/m 24.49
Nickel % m/m <0.002
Chromium % m/m 0.031
Cadmium % m/m <0.0025
Vanadium % m/m 0.053
Strontium % m/m 0.19
Tin % m/m 0.042
Barium % m/m 0.15
Carbon % m/m 0.13
Phosphorous % m/m 0.53
Titanium oxide % m/m 0.48
Arsenic mg/kg <0.0002
Fluoride % m/m <0.003

Table D3: Metal concentrations of Corex Slag afteARLP

Element Acceptable risk | Concentration in EEC (ppb)
(ppb) stream (mg/kg)
Aluminium 10 000 0.59 951.87
Arsenic 430 Not detected
Barium 7 800 0.12 193.6
Lead 100 Not detected
Zinc 700 0.05 80.67
Fluoride 1500 0.1 161.33
Cadmium 31 Not detected
Chromium 4700 Not detected
Copper 100 Not detected
Iron 9 000 0.24 387.2
Mercury 22 Not detected
Manganese 300 0.09 145.2
Nickel 1114 0.01 16.13

The limiting element in determining the quantitywséste disposed of per month is manganese
occurring at 0.09 mg/kg.

Thus the amount of Conarc slag that can be dispofsper month is as follows:
454.55 g/ha/month

and the quantity of waste therefore 45 455 t/mantr the 9 ha that are currently under use.

The third sample was obtained from Samancor from Meyerton Works (Metalloys Wet
Scrubber Dust). Figure D2 gives a schematic diagnthe process involved with the
production of Ferro Manganese. Manganese ore,arahloke are smelted in an Arc furnace at
1100 °C and manganese alloy, slag and off-gas pemtluThe off-gas is produced under
oxidising conditions and can be collected in donfrusing a bag filter or the off-gas can be sent
through Venturi Scrubbers. The average temperatutbe off gas system is 350 °C and the



water used in the Venturi scrubbers is recycled #wdefore not measured. The sludge water
produced is then stored in the sludge dams. Theplsatasted by PHD was taken from the
sludge dam indicated on Figure D3 as X.

Samancor supplied PHD with chemical analyses padron the sludge dams. The average
values of the chemical parameters are given ineragl.

Table D4: Average chemical analyses of the Samamcdudge dams

Chemical parameter Value
Calcium concentration (mgy 1.40
Magnesium concentration (mig/ 9.00
Sodium concentration (mg/ 3149
Potassium concentration (nfy/ 4503
Manganese concentration (rig/ 1.04
Sulphate concentration (nig/ 2037
Nitrogen as ammonia (mg/ 65.0
Nitrogen as nitrate (mg) 23.4
Chloride concentration (mg)y 1248
Phenol concentration (mg)/ 837724
Phosphor concentration (nigy/ 28.7
Electrical conductivity (mS/m) 2127
pH 9.19
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Figure D3: Schematic diagram of the production oferromanganese at the Meyerton
Works indicating where the wet scrubber dust samplevas obtained with the symbol X



Table D5: Chemical characteristics of the samplesbtained from other industries

Corex classifier sand | Metalloys wet scrubbe

dust
XRD-Calcite 7 -
XRD-Dolomite 38 -
XRD-Hematite 51 -
XRD-Sylvite KCI - 28
XRD-Aphthitalite - KsNaSQ), - 58
XRD-Hausmanite - Mgy - 5
XRD-Halite - 6
XRD-Quartz 4 2
Total Sodium (mg/kg) 400 133177
Total Potassium (mg/kg) 849 176263
Total Calcium (mg/kg) 86044 11379
Total Magnesium (mg/kg) 35877 6796
Total Aluminium (mg/kg) 2333 4113
Total cadmium (mg/kg) 2.6 7.6
Total Iron (mg/kg) 211463 6659
Total Manganese (mg/kg) 110 70899
Total Zinc (mg/kg) 48 1296
Moisture content (%) 14.49 98.81
Solids (%) 85.51 4.19
Loss of ignition 20.55 12.02

Table D6: Particle size analyses (%) of the Corexlassifier sand and the Metalloys wet

scrubber dust.

Particle size Corex classifier sand Metalloys wetsubber
dust
1000pum 9.45 0.00
710um 8.51 0.00
500um 10.57 0.00
300um 17.72 0.00
250um 7.77 0.00
150pum 21.68 0.00
75um 19.05 0.23
<75um 4.58 99.54




E-1
APPENDIX E

HAZARDOUS WASTE CLASSIFICATION

Table E.1: Acceptable risk and estimated environm&al concentrations of manganese
(ARL = 0.3 ppm) for the different samples disposeth a 50 ha landfill site at a disposal rate
of 2 000 tons/month, based on ARLP and TCLP tests

Type of Sample Sample After ARLP After TCLP

treatment description| Total | Waste | EEC | EEC/ |[EEC<| Total | Waste | EEC | EEC/ | EEC<
content [(g/ha/m)| (ppb) | ARL | ARL | content |(g/ha/m)| (ppb) | ARL ARL
(mg/kg) (mg/kg)

No  |200 kW -Trial 1| Reducing 0.34 13.60 8.94 0.0 YHES 1745 69900 460683.56 NO
Treatmen}- Filtered
200 kW -Trial 2| Reducing 34.10 1364 900.24 3.00 NO | 183.00 7320 483] 16.10 NQ
- Filtered
500 kW Kumba| Oxidising | 315.00 | 12600 831 27.72 NP 204p 81960 984D 180.31 NO
1.5 MW Kumba| Oxidising | 118.00 4720 3114 1038 NP  167.00 6680  944014.70 NO
Ticor - WSD Reducing 5.60 224.00 147.p40.49 | YES| 15.60 624.00 411.84 1.3f N(

WSD Metalloys| Oxidising 0.48 19.20( 12.6] 0.04 YHS ND ND| N[ NI N[
Corex Classifief Reducing 8.92 356.80 235.490.78 | YES ND ND ND ND ND
sand

Conarc slag Reducin 0.48 19.20 127 0.p4 ES ND D ND ND ND
DB 270 Reducing 33.10 1324 873.842.91 NO | 1159.00 46360 30598 10199 NO

Lime (5 |200 kW -Trial 1{ Reducing <0.05 <2.00 <13p 0.0 YES 826.p0 33040 8081 72.69 NO

%) - Filtered
200 kW -Trial 2| Reducing <0.05 <2.00 <13p 0.0 YES 1430[00 572007753 125.84 NO
- Filtered
500 kW Kumba| Oxidising 0.58 23.20| 15.31 0.04 YHS 181.00 7240 8417 15.93 NO
1.5 MW Kumba] Oxidising <0.05 <2.00] <1.3] 0.0 YHS 106.20 4248 03g 9.35 NO

Ticor - WSD Reducing 0.12 4.80 3.17 0.00 YES 0.2 .804 | 3.17 0.01 YES

WSD Metalloys| Oxidising <0.05 <2.00| <1.3] 0.0 YHS ND ND| NQ NO N

Corex Classifief Reducing 1.04 41600 274p 0.09 YES NOQ N Np ND ND

sand

Conarc slag Reducin 0.20 8.0 5.48 0.02 YES ND ND ND ND ND

DB 270 Reducing 0.45 18.00 11.48 0.04 YES 27.80 2111733.92] 245 NO
Lime (10{200 kW -Trial 1| Reducing ND ND ND ND ND 50.90 2036 1344 4.48 NO

%) - Filtered

200 kW -Trial 2| Reducing ND ND ND ND ND 94.70 3788 2500 8.3B NO

- Filtered

500 KW Kumba| Oxidising ND ND ND ND ND ND ND ND ND ND

1.5 MW Kumba| Oxidising ND ND ND ND ND ND ND ND ND ND

Ticor - WSD Reducing <0.05 <2.0 <132 000 YE 00.4 8.00 5.28 0.02 YES

WSD Metalloys| Oxidising ND ND ND ND ND ND ND ND ND ND

Corex Classifief Reducing ND ND ND ND ND ND ND ND ND ND

sand

Conarc slag Reducin ND ND ND| ND NID ND ND ND ND ND

DB 270 Reducing 0.63 25.2 16.3 0.06 YES 0.45 (18}011.88 0.04 YES

Sodium |200 kW -Trial 1| Reducing 0.14 5.60 3.7 0.0 YES 9.2 370/00 244.20.81 YES
hypochlor- Filtered
ite (9 %) [200 kW -Trial 2| Reducing 0.54 21.600 1425 0.05 YES 538 21320 714p. 0.47 YES

- Filtered

500 kW Kumba| Oxidising 0.47 18.80 12.41 0.04 YHS ND ND| N[ N[ N[
1.5 MW Kumba] Oxidising 0.56 22.40 14.7 0.05 YHS ND ND| N[ N[ N[
Ticor - WSD Reducing <0.05 <2.0 <132 000 YE N ND ND ND ND
WSD Metalloys| Oxidising <0.05 <2.00| <1.3] 0.0 YHBS ND ND| NQ NO NI
Corex Classifief Reducing 1.38 55.200 36.4p 0.12 YES NOQ N Np ND ND
sand

Conarc slag Reducin 0.38 1520 10p3 0.p3 ES ND D ND ND ND




Table E.1 (Continued): Acceptable risk and estimagd environmental concentrations of
manganese (ARL = 0.3 ppm) for the different sampledisposed in a 50 ha landfill site at a
disposal rate of 2 000 tons/month, based on ARLP dimCLP tests

Type of Sample Sample After ARLP After TCLP

treatment description| Total | Waste | EEC | EEC/ |[EEC<| Total | Waste | EEC | EEC/ | EEC<
content [(g/ha/m)| (ppb) | ARL | ARL | content |(g/ha/m)| (ppb) | ARL ARL
(mg/kg) (mg/kg)

Calcite |200 kW -Trial 1{ Reducing| 117.00 4680, 3088  10.30 O 127200 5088058B3 111.94 NO
(37.5 %) |- Filtered
200 kW -Trial 2| Reducing 3.06 122.4 80.7B 0.2 YES 131700 52¢831768| 115.90 NO

- Filtered

500 kW Kumba| Oxidising 4.86 194.49 128.30 0.43 | YES ND ND ND ND ND

1.5 MW Kumba] Oxidising 1.14 45.60( 30.1 0.1d YHS ND ND| N[ N[ N[

Ticor - WSD Reducing <0.05 <2.0 <1.32 0.00 YES NI ND ND ND ND

WSD Metalloys| Oxidising 7.76 310.40 204.86 0.68 | YES ND ND ND ND ND

Corex Classifief Reducing 0.38 15.200 10.0B 0.08  YES NOQ N Np ND ND

sand

Conarc slag Reducin 0.20 8.0 5.48 0.02 YES ND ND ND ND ND

DB 270 Reducing 3.78 151.2D0 99.19 0.33 YES ND ND ND ND ND
Desulphuf200 kW -Trial 1f Reducing 0.08 3.20 2.17 0.0 YES 1.8 73.20  4831.16 0 YES

isation |- Filtered
slurry (10[200 kW -Trial 2| Reducing 0.52 20.800 13.7B <0.05 VYES 4.48 17720 9516 0.39 YES
%) |- Filtered

500 kW Kumba| Oxidising ND ND ND ND ND ND ND ND ND ND
1.5 MW Kumba] Oxidising ND ND ND ND ND ND ND ND ND ND
Ticor - WSD Reducing <0.05 <2.0 <132 0.00 YE N ND ND ND ND
WSD Metalloys| Oxidising ND ND ND ND ND ND ND ND ND ND
Corex Classifief Reducing ND ND ND ND ND ND ND ND ND ND
sand

Conarc slag Reducin, ND ND ND| ND NID ND ND ND) NDQ N




Table E.2: Acceptable risk and estimated environm&al concentrations of iron (ARL =9
ppm) for the different samples disposed in a 50 hiandfill site at a disposal rate of 2 000
tons/month, based on ARLP and TCLP tests

Type of Sample Sample After ARLP After TCLP
treatment description| Total | Waste | EEC | EEC/ |[EEC<| Total | Waste | EEC | EEC/ | EEC<
content | (g/ha/m) | (ppb) | ARL | ARL | content | (g/ha/m)| (ppb) [ ARL ARL
(mg/kg) (mg/kg)
No  |200 kW - Trial | Reducing| <0.05 <2.00| <1.3p 0.0 YHS 3387 135474 1894 9.93 NO
Treatmen}l - Filtered
200 kW - Trial | Reducing| <0.05 <2.00| <1.3p 0.0 YHES 3508 140334 2026 10.29 NO
2 - Filtered
500 kW Kumba| Oxidising 4.95 198.00| 130.68 0.01 [ YES| 13000 520000 34320038.13 NO
1.5 MW Kumba] Oxidising [ 199.60 7984 5264 059 YHS 325D 130900 0838 9.53 NO
Kumba - WSD | Reducing <0.05 <2.00 <132 0.0 VYES .307 7100 4686 0.52 NO
WSD Metalloys| Oxidising 1.08 43.20| 28.5] 0.0 YHS ND ND| NID ND| NQ
Corex Classifief Reducing 15.40 616.00 406.56<0.05 | YES ND ND ND ND ND
sand
Conarc slag Reducini 0.44] 17.6p 11)62  0.p0 ES ND D N ND ND ND
DB 270 Reducing|  <0.05 <200 <132 0.00 VYES 5380 1805 142019 15.78 NO
Lime (5 |200 kW - Trial | Reducing| <0.05 <2.00f <132 0.0 YES 17.33 689(204.8 <0.05 YES
%) 1 - Filtered
200 kW - Trial | Reducing| <0.05 <2.00|] <1.3p 0.0 YHS 158.B4 6354  34[19 0.47 YES
2 - Filtered
500 kW Kumba| Oxidising [ <0.05 <2.00| <1.3] 0.0d YHES 922.10 368844348 2.70 NO
1.5 MW Kumba| Oxidising | <0.05 <2.00| <1.3] 00d YHBES 1389 55544 5366 4.07 NO
Kumba - WSD | Reducing <0.05 <2.0 <1.82 0.0 ES 050/ <2.00 [ <1.32 0.00 YES
WSD Metalloys| Oxidising | <0.05 <2.00| <1.3% 0.0 YBES ND ND NI ND ND
Corex Classifief Reducing <0.05 <2.00f <132 0.0 YES ND NDO NP NDO NIp
sand
Conarc slag Reducini <0.0% <2.0p <1B2 0.00 ES ND ND ND ND ND
DB 270 Reducing|  <0.05 <200 <132 000 VYES 13.40 6.8B| 353.7§ 0.04 YES
Lime (10{200 kW - Trial | Reducing ND ND ND ND ND| 120.07 4803| 3170 0.3 YHS
%) 1 - Filtered
200 kW - Trial | Reducing ND ND ND ND ND 1.38 55.20 36.43 0.0 YES
2 - Filtered
500 kW Kumba| Oxidising ND ND ND ND ND ND ND ND ND ND
1.5 MW Kumba] Oxidising ND ND ND ND ND ND ND ND ND ND
Kumba - WSD | Reducing <0.05 <2.0 <1.82 0.0 ES 050/ <2.00 [ <1.32 0.00 YES
WSD Metalloys| Oxidising ND ND ND ND ND ND ND ND ND ND
Corex Classifief Reducing ND ND ND ND ND ND ND ND ND ND
sand
Conarc slag Reducini ND ND ND| ND| NIl ND ND NO ND ND|
DB 270 Reducing| <0.05 <200 <132 000 VYE 13.40 6.@B| 353.7 0.04 YES
Sodium |200 kW - Trial | Reducing 5.07 202.80 133.850.01 | YES 7.62 304.80 201.17 0.02 YES
hypochlorn1 - Filtered T
ite (9 %) |200 kW - Trial | Reducing 2.08 83.20 5491 0.0l VYES 6.7p 268(80 4177. 0.02 YES
2 - Filtered
500 kW Kumba| Oxidising | <0.05 <2.00| <1.3} 0.0 YBES ND ND NI ND ND
1.5 MW Kumba] Oxidising [ <0.05 <2.00| <1.3} 0.0 YBES ND ND NI ND ND
Kumba - WSD | Reducing <0.05 <2.00 <132 0.0 VYES ND ND ND ND ND
WSD Metalloys| Oxidising | <0.05 <2.00 <1.3] 0.0d VYES ND ND NI ND| NO
Corex Classifief Reducing <0.05 <2.00 <1.3p 0.0 YHES ND ND ND NO NID
sand
Conarc slag Reducini <0.0% <2.0p <1B2 0.00 ES ND ND ND ND ND




Table E.2 continued: Acceptable risk and estimatednvironmental concentrations of iron
(ARL = 9 ppm) for the different samples disposed ira 50 ha landfill site at a disposal rate
of 2 000 tons/month, based on ARLP and TCLP tests

Type of Sample Sample After ARLP After TCLP

treatment description| Total | Waste | EEC | EEC/ |[EEC<| Total | Waste | EEC | EEC/ | EEC<
content | (g/ha/m) | (ppb) | ARL | ARL | content | (g/ha/m)| (ppb) [ ARL ARL
(mg/kg) (mg/kg)

Calcite |200 kW - Trial | Reducing| 421.70 16864 11133 1.24 O 7604 304[L76 758)0 22.31 NO
(37.5 %) |1 - Filtered
200 kW - Trial | Reducing 19.29 771.6Q0 509.260.06 | YES| 10024| 40094¢ 26462429.40 NO

2 - Filtered

500 kW Kumba] Oxidising | <0.05 <2.00| <1.31 0.0 YBES ND ND NI ND ND

1.5 MW Kumba] Oxidising [ <0.05 <2.00| <1.31 0.0 YBES ND ND NI ND ND

Kumba - WSD | Reducind ~ <0.05 <2.00 <132 0.Q0 VES ND ND ND ND ND

WSD Metalloys| Oxidising 0.22 8.80 5.81 0.00 YEB ND ND N[ ND ND

Corex Classifief Reducing <0.05 <2.00f <132 0.0 YES ND ND NP NDO NIp

sand

Conarc slag Reducini <0.0% <2.0p <1B2 0.00 ES ND ND ND ND ND

DB 270 Reducing|  <0.05 <2.00 <132 000 YE NG N[ ND ND ND
Desulphuf200 kW - Trial | Reducing| <0.05 <2.00] <1.3p 0.0 YES  <0.05 <2.p0 3z%1. 0.00 YES

isation |1 - Filtered
slurry (10{200 kW - Trial | Reducing 1.56 62.40 41.1B 0.0 YES 11.89 47560 .9813 0.03 YES
%) 2 - Filtered

500 kW Kumba| Oxidising ND ND ND ND ND ND ND ND ND ND
1.5 MW Kumba] Oxidising ND ND ND ND ND ND ND ND ND ND
Kumba - WSD | Reducing <0.05 <2.0 <1.82 0.0 ES ND ND ND ND ND
WSD Metalloys| Oxidising ND ND ND ND ND ND ND ND ND ND
Corex Classifief Reducing ND ND ND ND ND ND ND ND ND ND
sand

Conarc slag Reducini ND ND ND| ND| NIl ND ND NO ND ND|







Page viii: [1] Deleted
2

Bennie Mokgonyana

2/16/2006 10:43:00 AM

Page viii: [1] Deleted
Environmental levels

Bennie Mokgonyana

2/16/2006 10:43:00 AM

Page viii: [2] Formatted

Bennie Mokgonyana

Font: Not Bold, English (U.S.), Not All caps

2/16/2006 10:56:00 AM

Page viii: [2] Formatted
Font: Not Bold

Bennie Mokgonyana

2/16/2006 10:56:00 AM

Page viii: [3] Deleted

4.3.2

Bennie Mokgonyana

2/16/2006 10:44:00 AM

Page viii: [3] Deleted
5

Bennie Mokgonyana

2/16/2006 10:40:00 AM

Page viii: [4] Deleted

Bennie Mokgonyana

3/9/2006 11:11:00 AM

Page viii: [4] Deleted

Bennie Mokgonyana

2/16/2006 11:11:00 AM

Page viii: [5] Formatted
Font: Times New Roman

Bennie Mokgonyana

2/16/2006 11:14:00 AM

Page viii: [5] Formatted
Font: Times New Roman, 12 pt

Bennie Mokgonyana

2/16/2006 11:14:00 AM

Page viii: [6] Formatted
Font: Times New Roman

Bennie Mokgonyana

2/16/2006 11:14:00 AM

Page viii: [6] Formatted

Bennie Mokgonyana

Font: Times New Roman, 12 pt, Not Bold

2/16/2006 11:14:00 AM

Page viii: [6] Formatted
Font: Times New Roman, 12 pt

Bennie Mokgonyana

2/16/2006 11:14:00 AM

Page viii: [6] Formatted
Font: Times New Roman, 12 pt

Bennie Mokgonyana

2/16/2006 11:14:00 AM

Page viii: [7] Deleted

4

Bennie Mokgonyana

2/16/2006 10:45:00 AM

Page viii: [8] Formatted
Font: Not Bold

Bennie Mokgonyana

2/16/2006 10:45:00 AM

Page viii: [8] Formatted
Font: Not Bold, Not All caps

Bennie Mokgonyana

2/16/2006 10:44:00 AM

Page viii: [9] Formatted
Font: Not Bold, Not All caps

Bennie Mokgonyana

2/16/2006 10:44:00 AM

Page viii: [9] Formatted
Font: Not Bold

Bennie Mokgonyana

2/16/2006 10:48:00 AM

Page viii: [10] Deleted

Bennie Mokgonyana

2/16/2006 10:47:00 AM



4.5.2.3 OXIDATION WITH CHEMICAL OXIDANTS......ccccvvviiiiinnns 411

Page viii: [11] Deleted Bennie Mokgonyana 2/16/2006 10:47:00 AM

4.5.2.4SORPTION 4.12

Page viii: [12] Formatted Bennie Mokgonyana 2/16/2006 10:49:00 AM
Justified, Indent: Left: -0.1 cm
Page viii: [13] Formatted Bennie Mokgonyana 2/16/2006 10:49:00 AM
Justified, Indent: Left: -0.1 cm
Page viii: [14] Deleted Bennie Mokgonyana 2/16/2006 10:49:00 AM
4.5.2.5 BIOLOGICAL PROCESSES.........ci it 412

B.5.2.6. e OTHER 4.13



