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Synopsis

Xanthate salts are commonly used as collectors in the mineral processing of sulphide ores. In
more recent studies, xanthate has also been used in the environmental desulphurisation
flotation of sulphidic mine tailings and coal waste, with a view to mitigating acid rock
drainage (ARD) risks through the pre-disposal removal of sulphide minerals. In South Africa,
xanthate salts are produced by Senmin® International (Pty Ltd) via the conversion of carbon
disulphide at its facility in Sasolburg. In 2010, Senmin® commissioned a new state-of-the-
art plant for the production of carbon disulphide using methane rather than charcoal as a
carbon source. Although this process has many advantages over the old process, no attempt
has been made to date to quantify the environmental benefits. Similarly, whilst the technical
feasibility of using xanthate salts in the desulphurisation flotation to reduce the ARD-
generating potential of mine tailings has been demonstrated in a number of case studies, little
attention has been given to the broader environmental implications of this tailings treatment
option. The life cycle assessment (LCA) approach proves to be a valuable tool to study the
environmental aspects and potential impacts throughout the life cycle of a product or process.
In this study, LCA was used as a tool to assess the implications of the new carbon disulphide
production process on the environmental performance of subsequent xanthate salt production,
as well as the environmental consequences of using these salts in the downstream

desulphurisation of base metal sulphide tailings.

The objectives of the study were achieved by conducting two inter-related LCA studies: LCA
of xanthate production (LCA 1) and LCA of ARD mitigation (LCA 2). These LCA studies
followed the protocol set out in the ISO 14040 standards using the Simapro software package
(version 7.3.3). The first LCA study was a cradle-to-gate comparison of current and previous
carbon disulphide production processes for the production of xanthate. Data was collected in
two ways: the foreground data was sourced at the plant in Sasolburg, whilst ecoinvent
database was used for background data for the production of 1 tonne of carbon disulphide. To
quantify the identified environmental impacts, namely climate change, terrestrial
acidification, human toxicity, freshwater ecotoxicity and fossil depletion, ReCiPe, a midpoint
life cycle impact assessment (LCIA) method was chosen. Study results confirmed that the
new carbon disulphide production facility has a significantly lower environmental footprint
than the old charcoal-based process, based on the studied environmental impacts. This
improvement reflected positively on the environmental performance of the subsequent
xanthate production process. It was also established that further environmental improvement
in the recovery and reuse of generated steam in the new carbon disulphide process can

significantly lower the environmental impacts of xanthate production.
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The second LCA study examined the environmental consequences of incorporating a
desulphurisation flotation process unit for pre-disposal removal of sulphur from base metal
sulphide waste streams by developing two scenarios. The first scenario entailed treatment of a
tailings slurry stream using a conventional method (termed the base case scenario). The
second treatment scenario (referred to as the desulphurisation flotation scenario), entailed the
tailings slurry being subjected to desulphurisation flotation, using a xanthate collector. Data
based on literature information, in-house knowledge, the ecoinvent database and the first
LCA study, was used to generate model parameters at a reference flow rate of 100 tonnes of
dry tailings per day for both scenarios. Two LCIA impact assessment methodologies were
used to evaluate and compare the potential environmental impacts of the two tailings
treatment scenarios for seven key midpoint impact categories. Human and ecotoxicity
impacts were assessed using USEtox, while climate change, fossil fuel depletion, terrestrial
acidification, natural land transformation and urban land occupation, used the ReCiPe
method. Finally, a sensitivity analysis was conducted to determine the sensitivity of selected
impact categories to key parameters, namely electricity consumption, ore mineralogy,

mobilisation of metals as well as xanthate deportment to the tailings storage facility.

In accordance with the LCA study conducted here, the downstream application of xanthate in
the desulphurisation flotation of a base metal sulphide tailings sample results in a significant
decrease in human toxicity, ecotoxicity, urban land occupation and natural land
transformation impacts, but an increase in climate change, fossil fuel depletion and terrestrial
acidification impacts. Desulphurisation flotation also offers the opportunity for improved
recovery of valuable resources, such as water, residual metals and sulphur. Detailed
assessment would, however, require the need to expand the studied system boundary to
capture the environmental benefits of upstream and downstream utilisation of the recovered
resources. Sensitivity analysis results showed that varying the relevant parameters
(electricity, ore mineralogy and mobilisation of metals) can greatly affect the environmental
performance of the compared scenarios. This, therefore, motivates the need to improve the
quality of input data to describe the system, particularly pertaining to electricity consumption,
mobility of tailings components during disposal, and the deportment and behaviour of
xanthate. Despite the benefits of LCA as a tool for evaluating the life cycle impacts of a
process or product, the study also indicated that the state-of-the-art LCA tools are still
deficient in terms of their ability to adequately assess the environmental impacts associated
with solid mineral wastes. This pertains, in particular, to aqueous acidification, salinisation
and trace metal impact, which are characterised by high uncertainty factors.
Recommendations have been made to develop life cycle indicators which extend and
compliment current LCIA methods such as USEtox and ReCiPe, with a view to address these

limitations. It is also recommended that a water impact assessment study be conducted
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according to the recently published ISO 14064 standards, as the methods for water use in

LCA were still undergoing improvement when the study started.

Despite limitations with respect to current LCA modelling tools and available parameters,
this study provides useful information in the identification of opportunities for improving
environmental performance across the carbon disulphide-xanthate-desulphurisation flotation

process system, thus playing a key role in guiding further developmental studies.
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Chapter 1
INTRODUCTION

A number of chemical manufacturing companies have for some time now attempted to ensure
that their products are developed and used in a manner consistent with sustainability
principles (Feng et al., 2010). This means taking into consideration multiple objectives and
criteria, including the consumption of raw materials and energy, chemical toxicity risks and
the production of pollutants and wastes. The mining industry is also keenly aware of its
environmental performance, and is responding by taking measures to assess and control those
activities that affect the environment (Reid et al., 2007). One of the major environmental
issues facing the mining industry is acid mine drainage (AMD), also referred to as acid rock
drainage (ARD), which occurs when sulphide minerals are exposed to water and oxygen.
ARD not only reduces the pH of surface and ground waters, but also results in elevated salt
and metal concentrations. One of the prevention strategies proposed to mitigate this problem
involves application of a technique known as desulphurisation flotation. This process targets
the pre-disposal removal of ARD generating sulphide minerals, producing a large volume of
sulphide-lean tailings which are non-acid forming, and a smaller volume of sulphide-rich

concentrate.

It is in this context that the environmental performance of xanthate production and its
application in the mitigation of ARD are investigated. Life cycle assessment (LCA) is a
potentially suitable tool in this regard as it emphasises the product stewardship dimensions of
products over their entire life cycle. In this study, life cycle assessment (LCA) tools are used
to identify and compare environmental impacts associated with process routes for xanthate
salts production, and the downstream application of these salts in so far as they apply to the
mitigation of ARD.

1.1 Background

1.1.1 Xanthate production from CS, at Senmine®

Xanthate is an organosulphur compound with the formula ROCS, M" (R = alkyl; M+ = Na',
K"). Most xanthate salts are yellow in colour and are commonly used in the mining industry
as collectors in the flotation of sulphide minerals, metallic elements (e.g., copper, nickel,

silver, gold) and some oxidised minerals of lead and copper, from ore slurries. Examples of
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xanthate salts commonly used as sulphide collectors are sodium and potassium ethyl
xanthate, potassium amyl xanthate and sodium isopropyl and isobutyl xanthate. This use was
first introduced by Keller in 1927 (Keller, 1927).

Xanthate salts are produced by Senmin® International (Pty, Ltd) at their production facility
in Sasolburg, South Africa. Sasolburg is a chemical city in the Free State province, named
after the South African-innovated petroleum-from-oil company, Sasol. Despite the major
occupation of the petrochemical industry in the area, it also houses other large companies
including Karbochem (manufacturer of various types of synthetic rubber), Omnia Fertiliser
(producer of fertilisers) as well as Senmin®. Senmin®, a company owned by African
Explosives and Chemical Industries (AECI), is a manufacturer and supplier of a range of
chemicals used in the beneficiation of minerals since 1967. Most of its products are utilised in
the froth flotation and tailings treatment segments of the mining industry in South Africa,
Southern Africa and further afield. In addition, the company also provides customers with
value-adding expertise in the handling and dosage of its products. Xanthate salts are one of

their major products.

In order to manufacture this product, a separate plant is required that produces carbon
disulphide (CS;), which is a major reactant in the production of xanthate collectors. Carbon
disulphide is converted to xanthate salts through reaction with an alcohol and sodium or
potassium hydroxide (Equation 1).

ROH + CS, + NaOH — ROCS;Na + H,0O Equation 1
(Where R is an alkyl group)

Prior to 2010, carbon disulphide (CS,) was produced in a batch process by heating charcoal
to 750-900 °C in the presence of vaporised low-ash sulphur (Equation 2)

C+8S,—CS; Equation 2

Since 2010, however, a new state-of-the-art plant has been commissioned. This plant
involves the catalytic reaction of methane (natural gas) and sulphur vapour (Equation 3), and

subsequent recovery of sulphur from the H,S gas produced (Equation 4).
CH, +4S° — CS, + 2H,S Equation 3
2H,S + 03 — 2S8° + 2H,0 (stcam) Equation 4

The new process offers many advantages over the previous process. In particular, it utilises a
readily available source of carbon and operates at lower temperatures. Due to faster reaction

rates and higher conversions, the process can be designed for higher capacities of production.
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The steam generated can also be utilised further, thus improving overall energy efficiency.
However, the environmental benefits of this major shift from charcoal to methane as a source

of carbon disulphide production have not been rigorously quantified to date.
1.1.2 Xanthate use in the mining industry

Acid rock drainage (ARD) is a phenomenon that occurs when reactive sulphide minerals are
exposed to water and oxygen, resulting in acidic pH values and elevated concentrations of
dissolved salts and metals. Various authors (Hesketh, 2010a; Napier-Munn et al., 2008;
Cilliers, 2006) have indicated the need to provide a long-term solution to ARD pollution risks
associated with sulphide-bearing mine wastes. Environmental desulphurisation flotation is a
pollution prevention technique which involves the pre-disposal removal of sulphide from
mine wastes (Kazadi Mbamba, 2011; Harrison et al., 2010; Hesketh, 2010a; Bois et al., 2005;
Benzaazoua and Kongolo, 2003; Benzaazoua et al., 2000). In recent studies at the University
of Cape Town, South Africa, xanthate salts have been used in the desulphurisation flotation
of copper sulphide tailings (Harrison et al., 2010; Hesketh et al., 2010c) and coal wastes
(Kazadi Mbamba, 2011; Harrison et al., 2010). Similar studies have also been conducted in
Canada, where the use of xanthate salts as a collector has been shown to be effective in the
desulphurisation flotation of base metal and gold tailings (Bois et al., 2005; Benzaazoua and
Kongolo, 2003; Benzaazoua et al., 2000).

These studies have shown that the removal of sulphide minerals from sulphide-bearing
tailings prior to disposal can effectively remove the long-term risks of ARD, whilst
simultaneously providing opportunities for additional value recovery. The environmental
impacts of desulphurised tailings have been analysed, where metal deportment and mobility
were evaluated. Desulphurisation flotation resulted in a substantial decrease in the soluble
metal concentration (Hesketh, 2010a). However, just like conventional beneficiation
processes rely mostly on organic reagents (collectors, frothers and additives) for the
extraction of metals, desulphurisation flotation also depends on these reagents. Yet, in the
case of xanthate collectors, it must be acknowledged that its production involves a highly
toxic intermediate (CS;) and that this chemical may also be formed again when the xanthates
degrade in the environment (NICNAS, 1995; Xu et al, 1988). Previous studies have also not
taken cognisance of the indirect environmental impacts associated with the additional

consumption of energy and raw materials.
1.1.3 Life cycle assessment (LCA)

A range of environmental assessment tools for chemicals exists. Risk assessments (RA) tools

are suitable for site-specific purposes. Environmental impact assessment (EIA) is prescribed



when a new production or storage facility is planned. For product stewardship purposes, life
cycle assessment (LCA) is a suitable tool (Hauschild and Alting, 1998). Life cycle
assessment (LCA) is a potentially suitable tool to assess the production, use and disposal of
xanthate salts, as it has been specifically developed to assess the potential environmental
impacts and resources used throughout a product’s lifecycle from cradle to grave, i.e. from

raw material acquisition, production, downstream use and final disposal (ISO 14040, 2006).

The purpose of using this tool varies from one application to another and each application
may require a different level of data quality in terms of accuracy and reliability. It can be
directly used for product development and improvement, strategic planning, public policy
making and marketing (ISO 14040, 2006). In product development it is used as an
environmentally conscious process design tool with a view to identifying and addressing
environmental impacts at an early stage of the design process, while in product improvement
it is used to analyse an already made product or process and mostly focuses on the materials
and the resources that affect the product significantly. This enables several products,
processes or services to be compared with respect to each other from an environmental point
of view. Chemical products (e.g. carbon disulphide) can be well analysed using a so-called
‘cradle-to-factory gate’ approach, i.e. from raw material acquisition to the production stage of
the product, and the data collected can be used as generic data in the full LCA of the final
product (e.g. xanthate) (Klopffer, 2005). This approach can also be used to study the
comparative advantages or disadvantages of different production routes and/or raw materials

used for producing the same chemical (Klopffer, 2005).

Life cycle assessment is designed to detect the shifting of environmental burdens, which it
achieves by (1) extending the assessment upstream and downstream of the production phase,
which typically is the focus of other assessment approaches, and (i1) by considering a range
of different environmental impacts (including resource depletion, climate forcing, habitat
changing mechanisms such as eutrophication, as well as human and environmental
toxicity).Whilst some of the impacts assessed in an LCA are easily derived from the
quantified resource uses and environmental releases, assessment methods for other impacts,
especially those relating to toxicity, have proven to be much harder to develop for reliable use
(Finnveden et al., 2009).

1.2 Problem statement

Despite the apparent benefits, to date no attempt has been made to rigorously and
quantitatively assess the environmental consequences of the new (methane-based) carbon

disulphide process for xanthate production route at the Sasolburg facility.



Similarly, studies of the environmental performance and consequences of the downstream

desulphurisation flotation process for ARD mitigation have been limited to date.

1.3 Project scope

This study uses the life cycle assessment (LCA) approach to identify and compare the
environmental impacts of the current and previous carbon disulphide production processes, as
well as the subsequent effects of such on xanthate production and its down-stream
application, insofar as it pertains to the desulphurisation of base metal sulphide tailings.
Furthermore, this information will be used to identify opportunities for improving
environmental performance across the carbon disulphide-xanthate-ARD mitigation process
system, thereby playing a key role in guiding further developmental studies and in assisting
both the producers and users of xanthate chemicals in meeting their commitments to

sustainable development.

The study was largely desk-based and involved the application of life cycle assessment tools
and techniques to model and link three sub-systems in the xanthate life cycle: (i) the
production of CS, (ii) the production of xanthate salts from CS; (iii) the use of xanthate in the

desulphurisation process. The main methodological steps involved in this study are:

(1) Development of flow sheets and inventory databases.

(1)  LCA modelling using the commercially available SimaPro software, and the
ReCiPe and USEtox impact assessment methods.

(ii1) Interpretation and analysis of model output data, in terms of sensitivity to key
model inputs, availability and quality of input data and capabilities of current
LCA models.

This investigation is in partial fulfilment of the research component of a Master’s Degree
programme in Chemical Engineering at the University of Cape Town, and is in line with
Senmin®’s commitment to optimising the environmental performance of their operations and

maximising product stewardship.

1.4 Dissertation structure

Chapter 1 introduces the project and includes background information, the problem statement
and project scope. Chapter 2 reviews the relevant literature and draws up the project
objectives and key research questions, whilst Chapter 3 summarises the methodology.
Chapters 4 and 5 summarise and discuss the results of the life cycle assessment studies of the

xanthate production and downstream ARD mitigation processes respectively. Finally,
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Chapter 6 concludes the study and makes recommendations for further work. This structure is

outlined in Figure 1.

Chapter 1:
Introduction

Chapter 2:
Literature review

\ 4

Chapter 3:
Methodology
A A
Chapter 4: Chapter 5:
Life cycle assessment of xanthate R Life cycle assessment of xanthate
production (LCA 1) "| utilisation in ARD mitigation (LCA 2)
Chapter 6:

Conclusions and recommendations

Figure 1: Schematic outline of the dissertation structure



Chapter 2
LITERATURE REVIEW

This chapter provides a detailed review and assessment of the relevant literature pertaining to
xanthate production, its use in ARD mitigation and a LCA review. Sections 2.1 and 2.2
describe xanthate and carbon disulphide respectively, with particular emphasis on their
production, environmental impacts and toxicity. Section 2.3 provides information about acid
rock drainage from mine waste and the use of xanthate in the desulphurisation flotation
process for mitigation of ARD risk. In Sections 2.4 and 2.5, the LCA tool is defined in terms
of its framework, methodologies, applications and limitations. Finally, the main findings
from the literature review are summarised (Section 2.6) and research objectives developed
(Section 2.7).

2.1 Xanthate Description

Xanthate is an organosulphur compound. The term refers to both salts and esters of xanthic
acid with the structures shown below. Note: R = alkyl; M+ = Na', K"

Xanthate salts Xanthate esters

The name xanthate is derived from the Greek word ‘xanthos’, which means yellow. It was
introduced by Zeise, (1822), who discovered this class of compounds that is defined by a
number of different terms including xanthogenates, carbondithioates, dithiocarbonates, and
sodium or potassium salts of xanthic (or dithiocarbonic) acid. Xanthates salts vary in colour
from yellow to cream, and are soluble in water. The primary use for xanthate salts of the
alkali metal group is as a collector in the flotation of metallic sulphides ores. They are also
used as vulcanising agents in the manufacture of rubber, as herbicides, insecticides,
fungicides, high pressure lubricant additives, analytical procedures (trace analysis of metal
ions and alcohols by high performance liquid chromatography) and as intermediates in the
manufacture of viscose/rayon and cellophane.
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2.1.1 Xanthate production and properties

Xanthate salts are prepared by reacting sodium or potassium hydroxide with an alcohol and
carbon disulphide. As an example, Equation 5 shows the reaction of sodium hydroxide with

carbon disulphide and ethanol to form sodium ethyl xanthate and water:
CH;3CH,0H + CS; + NaOH — CH3;CH,0OCS;Na + H,O Equation 5

The production process is essentially a batch type, closed process and is carried out in steel
reactors. The reaction temperature is generally kept below 40°C, since the decomposition of
xanthate increases with temperature. Cooling is necessary to minimise side reactions. There
are four types of xanthates (ethyl, butyl, propyl and amyl) that are generally produced in
various combinations with sodium and potassium, which are stabilisers in the chemical

formula. For example, some of the commercially used xanthates salts include:

sodium ethyl xanthate (SEX), C,HsOCSSNa
e potassium ethyl xanthate (PEX), C3HsKOS,;
e sodium isopropyl xanthate (SIPX), C4H;NaOS,
¢ sodium isobutyl xanthate (SIBX), CsH;oOS,Na
e potassium amyl xanthate (PAX), CsH;;OCSSK

These salts are generally produced in dry forms, such as powder, granules, pellets, tablets or
flakes, usually at 85- 95% purity, or in liquid form at 40% purity. At the production process
of sodium ethyl xanthate (SEX) at Coogee Chemical plant in Australia, sodium ethyl xanthate
is produced in liquid form (40-50% purity) from ethanol, aqueous sodium hydroxide and
carbon disulphide (Figure 2). This process is also similar to the production at Senmin® in
South Africa (explained at length in Chapter 4 of the thesis).
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Figure 2: Process flow diagram for sodium ethyl xanthate manufacture at Coogee Chemicals (NICNAS, 2000)

Currently, SNF Flomin own and operate one of the largest production plants of xanthate
chemicals in the world at their facility in Qingdao, China. By the year 1980, it was estimated
that a total of 52 000 tonnes of xanthates was consumed annually by the mining industry
worldwide (Harris, 2000). Most of the mining industry across the globe uses xanthate. The
Australian mining industry has been using xanthates for over 35 years, and in the year 2000,
up to 10 000 tonnes of sodium ethyl xanthate were produced and about 6,000 tonnes were
imported mostly from China (NICNAS, 2000).

Xanthates are unstable compounds and decompose in the presence of water. The rate of
xanthate decomposition increases as the xanthate concentration increases (for example 25%
relative to 10% solution of sodium ethyl xanthate), the pH decreases below pH 7, and the
temperature increases above 20°C. In aqueous solution, xanthate salts can undergo a number
of reaction mechanisms: (NICNAS, 1995).

A: Dissociation into alkali metal hydroxide and xanthic acid (reaction 6), which decomposes
further into carbon disulphide and alcohol (reaction 7)

C,Hs0CS;M + H,0 — C,Hs0CS;H + MOH Equation 6

C,HsOCS,H — CS, + C,HsOH Equation 7
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B: Oxidation to dixanthogen (reaction 8)
2C2H50CSQM + H20 + 1/202 — (CszOCSz)z + 2MOH Equation 8

C: Hydrolytic decomposition of xanthates which produce carbonate salts, carbon disulphide,
trithiocarbonate salts and alcohol, that catalyses the reaction (reaction 9). Further hydrolysis
may occur, with; trithiocarbonate being converted to carbonate salts and hydrogen sulphide
(reaction 10), and carbon disulphide converting to carbon dioxide and hydrogen sulphide
(reaction 11). Some of the carbon disulphide formed may evaporate and some may build up

in the xanthate solution.

6C2H50C82M + 3H20 — 6C2H50H + M2C03 + 3CSZ + 2M2CS3 Equation 9
M,CSs + 3H,O — M,CO; + 3H,S Equation 10
CS; + 2H,0 — CO, + 2H,S Equation 11

(Where M is an alkali metal)

Mechanism A (reactions 6 and 7) and B (reaction 8) occur in acidic conditions, which are
often associated with pore waters in sulphidic tailings deposits in the medium-long term.
Mechanism C (reactions 9, 10 and 11) proceeds under neutral or alkaline conditions, such as
those that occur during the sulphide ore flotation process (NICNAS, 1995).

However, in a recent study by Rostad et al. (2010), decomposition products reported by
NICNAS (1995) were not detected in process waters discharged from a lead-zinc mine and
mill or the tailings pond; only trace amounts of other xanthate degradation products
(isopropyl xanthyl thiosulfonate and isopropyl xanthyl sulfonate) were detected (Rostad at
al., 2010).

2.1.2 Xanthate environmental impacts and toxicity

Xanthate salts may pose a risk of adverse health and environmental effects during
manufacturing, transportation and final disposal (NICNAS, 1995; NICNAS, 2000). Sodium
ethyl xanthate is listed in the National Occupational Health and Safety Commission
(NOHSC) List of Designated Hazardous Substances (NOHSC, 1999) as a ‘harmful’
substance when in contact with skin, eyes and swallowed. In Australia, sodium ethyl xanthate
was declared a priority existing chemical (PEC) due to its high use in the mining industry, its
potential for occupational and environmental exposure, and the lack of information regarding

xanthate toxicity to humans, animals and natural ecosystems.
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Prior to its declaration, a number of incidents involving exposure of humans to xanthate had
been reported. These included an incident where 100 people were evacuated after a chemical
leakage at a railway station. In another incident, bulker bags of xanthate catching fire in a
mining site resulted in four people, including a fireman, being hospitalised due to inhalation
of fumes. In another case, residents located at a nearby mine using xanthate complained of
“headache, dizziness, nausea and foul odour” (NICNAS, 1995). Other symptoms of xanthate
exposure included eye irritation, sore throat and impaired breathing. The Canadian Centre for
Occupational Health and Safety (CCOHS) reported on an incident of a worker who opened a
tank containing sodium ethyl xanthate (Moore, 1994). The worker lost consciousness and, on
revival, he was restless, vomited, had difficulty in breathing and had teary eyes. In another
case report (Donoghue, 1998), a worker was exposed to xanthate powder and solution during
the mixing process. His skin turned green and he developed gastrointestinal symptoms the
following day that lasted for three days. Urine samples measured two days after exposure had
traces of a metabolite of CS, (<4 mg/l).

The main health hazard of xanthate to animals is oral and dermal acute toxicity (Roy, 2000).
It is especially toxic to aquatic life and therefore its disposal is strictly controlled (NICNAS,
1995). Table 1 provides a summary of animal toxicological data (NICNAS, 1995). The

organs in the studied species most affected are the central nervous system, liver and kidneys.
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Table 1: An overall assessment of animal toxicological data (NICNAS, 1995)

Toxicological Chemical Species Results Target Organs
endpoint
Acute oral Sodium ethyl Mice LDs, 730 mg/kg Central nervous system,
xanthate (10% (male) liver and spleen
solution)
Central nervous system,
Other xanthates Mice LDs, 411-583 mg/kg liver and kidneys
Rats LDs, 1000-2000 mg/kg
Acute dermal Sodium ethyl
irritation/toxicity | xanthate
- 10% solution Rabbits Non-irritant Liver, lungs, kidneys
- Img/kg as paste | Rabbits LDs, < 1000 mg/kg
Acute eye Sodium ethyl
irritation xanthate
- 10% solution Rabbits Non-irritant
- 30 mg powder Rabbits Marked irritation No gross pathology
immediately, moderate
irritation up to 4 hours,
mild irritation at 24 hrs
Repeated dose
toxicity
- 4-month oral Potassium butyl Rats Changes in the central Central nervous system,
xanthate nervous system, liver liver and kidneys
(10mg/kg) and spleen
- 30-day Potassium amyl
inhalation xanthate
- 100 mg/m’ Dogs Hepatotoxic effects Liver
Rabbits No adverse effects -
Rats No adverse effects -
Mice Higher liver/body Liver
weight ratio
- 800 mg/m’ Dogs Hepatotoxic effects Liver
Rabbits No adverse effects -
Rats Nephrotoxic effects Liver and kidneys
Mice 15/16 died, 5/15 showed | Central nervous system
hyperactivity and and liver
convulsions prior to
death

Toxicity of xanthates to plants was investigated using Lemna minor (duckweed). Xu et al.,
(1988) found that sodium isobutyl, potassium and sodium isopropyl xanthate significantly
affected leaf and root production in duckweed at 10 mg/l concentration and caused 100%
lethality at exposure to concentration levels above 5 mg/l after three days. The authors
concluded that these compound salts can be classified as harmful micro pollutants in aquatic

systems at concentrations above 2 mg/l (Xu et al., 1988).
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In terms of toxicity to fish, a study by Webb et al. (1976) investigated the toxicity of several
flotation reagents on rainbow trout. He found that sodium ethyl and potassium amyl xanthate
were the most toxic out of eight xanthate collectors used in a short-term test based on a LCs
in the range of 30-50 mg/1. However, long-term tests using flow-through bioassays resulted in
higher toxicities than the short-term test. The toxicity of sodium ethyl xanthate towards
rainbow trout was also analysed by Hawley (1977). He found that a concentration of 56 ppm
killed all fish within four days under static conditions, and within eight days at a

concentration of 1 ppm under flow-through conditions.

In addition to direct toxic effects, xanthate salts have also been found to enhance the
bioavailability and uptake of toxic heavy metals such as cadium and mercury by fish and
other organisms (Borg et al., 1988; Gottofrey et al., 1988; Block and Part, 1986). This is due
to the ability to form complexes with toxic metals, thus enhancing their solubility. The ability
of xanthate to form complexes with metal cations has also been used in the clean-up of
contaminated mine water. Potassium ethyl xanthate was employed to remove copper ions
from wastewater, with the high stability of the metal-xanthate complex resulting in low levels
of leaching of the metal back into the environment even under acidic conditions (Chang et al.,
2002). From these findings, Chang et al. (2002) suggested that these compounds in

wastewater are not necessarily hazardous.

Xanthate salts are highly toxic to aquatic organisms especially when these are discharged
directly to waterways (Qun Yan et al., 2011; Boening, 1998; Xu et al., 1988; Hawley, 1977,
Webb et al., 1976). However, as indicated in the previous section, xanthates decompose
rapidly in aquatic ecosystems (NICNAS, 1995; Xu et al, 1988; Read and Manser, 1975).
Xanthate in the tailings slurry is thus not likely to persist in the acidic environment of tailings
dam, as it normally decomposes relatively rapidly to ethanol, carbon disulphide and caustic
soda in the tailings impoundment (NICNAS, 1995). Thus it is not generally transported to the
surrounding environment where tailings are controlled within a well-constructed tailings dam
(NICNAS, 1995).

This may imply that environmental risks of xanthate in receiving streams are minimal, as
xanthates are unstable compounds and its toxicity may reflect the action of its degradation
products. Much information on xanthate toxicity is in relation to its highly toxic intermediate
products, which are also degradation products. Carbon disulphide in particular, is known to
be deadly and cause nervous system damage and psychosis (Newhook et al., 2002; Smith and
Timmerman, 2000). Therefore, the hazards and production process of carbon disulphide are

reviewed in the next section.
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2.2 Carbon disulphide description

The handling of and exposure to carbon disulphide poses the biggest human safety and health
risk in the manufacturing of xanthate. This is due to its low flash point, and ignition
temperature, as well as its acute toxicity (Harris, 2000). Carbon disulphide (CS,) is an
industrial chemical that is used in many applications. It is also produced as “an unintentional
by-product of many combustion and high temperature industrial processes where sulphur
compounds are present” (Smith and Timmerman, 2000). Commercial production of CS,
began in the 1880 for mainly agricultural and solvent applications. Since the late nineteenth
century, its uses have grown rapidly and it is now used in the manufacture of regenerated
cellulose such as viscose rayon fibre and cellophane (currently the most common
application), mining chemicals such as xanthates, as well as agricultural, pharmaceutical and

rubber chemicals.

In 2010, approximately 72% of the global carbon disulphide consumption was reported to
occur in Asia, with China being the highest consumer (49%), followed by India (13%) (IHS
Chemicals, 2011). These countries use carbon disulphide mostly in the rayon fibre industries.
Asia has become a centre for the production and consumption of carbon disulphide due to the
global shift of large manufacturing industries relocating their production bases in this region.
These include textile, rubber, as well as agricultural and mining chemical industries. The
production capacity of carbon disulphide is expected to expand in future in this continent (4%
annually between 2010 and 2015), due to the high demand by these manufacturing industries
(IHS Chemicals, 2011). A large-scale production of carbon disulphide is greatly dependent
on the access of raw materials, mainly natural gas and sulphur, and on modern production
technologies (IHS Chemicals, 2011).

2.2.1 Carbon disulphide production

Charcoal-sulphur process

The original method for manufacturing carbon disulphide involves the reaction of sulphur
and carbon (as shown previously in subsection 1.1.1, Equation 2) in the form of hardwood

charcoal at temperatures in the range of 750-1000°C.
C+S,—CS,

Two processes are used, the retort and electrothermal processes, with both processes

requiring same raw material. The advantage of the electric furnace over externally fired

retorts is that the source of heat is inside the walls of the furnace. It also has higher

production capacities and has a longer operating life. However, it is a large consumer of
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electrical energy (approximately 1000KWh/tonne of carbon disulphide), difficult to control,
and requires more time for shutdown and clean-outs. Raw material and energy usages per
kilogram of carbon disulphide product are approximately 0.92—0.95 kg sulphur, 0.22-0.25 kg
charcoal, and 8.4-10.0 MJ (2000-2400 kcal) fuel (Smith and Timmerman, 2000).

Methane-sulphur process

As demand for carbon disulphide increased rapidly in the 1940s, limitations of the charcoal
process provided the incentive for the development of a more efficient large-scale
manufacturing method. The commercial use of hydrocarbons as the source of carbon was
developed in the 1950s, and is still predominant worldwide today. This route uses methane
from natural gas and sulphur as the feed-stock, and provides high capacity in an economical
continuous unit. The chemical reaction (as shown previously in subsection 1.1.1, Equation 3)
occurs at 570-620°C

CH4 + 2Sz—> CSz + 2st

A disadvantage of the methane—sulphur process is the formation of two moles of hydrogen
sulphide by-product for every mole of methane reacted. However, technology for efficient
recovery of sulphur values in hydrogen sulphide became commercially available at about the

same time that the methane—sulphur process was developed.

The Claus process is the most significant process utilised for the recovery of sulphur from
gaseous hydrogen sulphide produced in the CS, process. Part of the hydrogen sulphide is
oxidised to form sulphur dioxide, which then reacts with the remaining hydrogen sulphide in
the presence of a catalyst to form elementary sulphur. The overall chemical reaction (as

shown in subsection 1.1.1, Equation 4) is strongly exothermic.
2H,S + 07 — 28°+ 2H30 (steam)

Process heat, as well as condensation heat produced in this reaction, is utilised to produce
medium and low pressure steam. With this efficient process unit, the methane—sulphur

process is economically attractive.

In a modern carbon disulphide plant, all operations are continuous and automated. Raw
material usages per tonne of carbon disulphide are approximately 310 m’ of methane, or
equivalent volume of other hydrocarbon gas, and 0.86—0.92 kg of sulphur, which accounts for
a typical Claus sulphur recovery efficiency of about 95%. Fuel usage, as natural gas, is about
180 m’/tonne carbon disulphide, excluding the fuel gas which is used for the incinerator or
flare. The process is a net generator of steam; the amount depends on process design

considerations (Smith and Timmerman, 2000).
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The earliest method of producing carbon disulphide by the retort and electric furnace method
is still used in locations where methane is unavailable or where small plants are economically
viable. Currently, over 85% of the world’s production capacity of carbon disulphide is based
on methane. Other technologies for synthesis of carbon disulphide have been advocated, but

none have reached a commercial scale (Lay et al., 2000).
2.2.2 Carbon disulphide properties and toxicity

Carbon disulphide is a toxic, dense liquid of high volatility and flammability. Industrial
carbon disulphide is yellowish with an unpleasant odour. Anthropogenic releases of carbon
disulphide to the environment occur exclusively as atmospheric emissions, with subsequent
degradation by oxidation and hydroxylation. Carbon disulphide’s atmospheric half-life is
estimated at 1 to 10 weeks (Cox and Sheppard, 1980; Peyton et al., 1978)

Carbon disulphide released to surface waters in effluent streams is expected to partition
rapidly to the atmosphere. This is due to high ratio of vapour pressure to solubility (Henry’s
law constant = 1.01x107 atm*m’/mol) of the compound (ATSDR, 1996). Hydrolysis is not a
significant removal mechanism since the evaporation half-life from a saturated solution is
estimated to be 11 minutes (Peyton et al., 1978).

Carbon disulphide released to soils in spills is expected to volatilise rapidly, but a portion of
the compound remaining on soil surfaces could be available for transport into groundwater
since it does not have much affinity for soil particles (Farwell et al., 1979). It does not remain
very long in water either because it evaporates within minutes. It is estimated that carbon

disulphide is not taken up in significant amounts by aquatic organisms (EPA, 1986).

Exposure to carbon disulphide by humans is primarily confined to occupational situations.
Inhalation is the principal route of exposure, although absorption through the skin is also
important when the solvent is handled manually (WHO, 1979). Current permissible exposure
limits (PELs) for carbon disulphide are 20 ppm as an 8-hour time-weighted average (TWA)
concentration (OSHA, 1995).

An evaluation of toxicology effects on animals shows that exposure by inhalation causes
significant toxicity to the brain, spleen, liver, and testes, and irritation of the intestinal tract in
experimental animals (ATSDR, 1996). The oral LDs in rats is 3 188 mg/kg, and a LCsg of 25
g/m’ for two hours. The adverse exposure effects on humans include coronary heart disease,
organic brain damage, and minor nervous system decrements. Exposure to 4 800 parts of
carbon disulphide per million parts (ppm) of air for minutes results in coma and may cause

death. Acute exposure to 160 to 230 ppm generally does not produce symptoms, and
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exposure to 320 to 390 ppm is bearable for several hours before exposed workers develop
headaches and feelings of malaise (ATSDR, 1996).

CS, is listed by the National Occupational Health and Safety Commission (NOHSC)
Australia, under a list of designated hazardous substances as ‘Toxic’ at concentrations above
1%. These causes danger of serious damage to health by prolonged exposure through
inhalation, possible risk of impaired fertility, possible risk of harm to the unborn child and
irritation to eyes and skin. Solutions containing less than 1%, but greater than 0.2% CS, are
classified as ‘Harmful’ (NOHSC, 1999). In South Africa CS, is listed by the National
Environmental Management (NEM): Air Quality Act, with a minimum emission standard of
150mg/Nm®, under normal conditions of 6% oxygen, 273 K and 101.3Kpa (NEM, 2010).

Table 2 shows a summary of epidemiological studies on carbon disulphide (NICNAS, 2000).
A number of the epidemiological studies indicate that some workers may have been exposed
to levels of CS, lower than the recommended exposure standard, and the majority of these

studies are backdated in nature and as a result, they do not provide adequate dose response
data for critical effects (NICNAS, 2000).
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Table 2: Summary of epidemiological reviews on carbon disulphide (NICNAS, 2000)

Industry (Country) Number Adverse health effect(s)/findings CSz monitoring Reference
of exposed
workers
Viscosefrayon (Belgium) 120 Neurological effects (polyneuropathy) 3 - 147 mg/im De Fruyt et al. (1998)
(1—47 ppm)
QOccupational case 34 Neurological effects (reduced cerebral blood flow) Not stated Lee and Kim (1998)
studies (Korea)
Rayon (Japan) 432 Neurological effects No air sampling. Omae et al. (1998);
(reduced nerve conduction velocities) Takebayashi et al. (1398)
Ophthalmological effects (microaneurysm) 25% urine samples = 5 ma/g
(=2:1 vs control) TTCA*
Endocrine effects (increased glycosylated
haemoglobin)
Viscose/ 118 Cardiovascular effects (ECG abnomalities) Up to 170 mg/m® (55 ppm) Kuo et al. (1997)
cellophane (=41 vs control)
processing (Japan)
Viscoselrayon 188 Neurological effects 10-42 mg/m® (3 — 13 ppm) Sinczuk-Walczak &
(Poland) (alpha rhythm frequency) (mean annual data) Szymczak (1997)
Xanthate mining 200 Cardiovascular disease. Not stated Christophers
workers (Australia) (estimate) Retrospective morality study (based on data from and Zammit (1997)
Nurminen et al.. 1982 for Finnish viscose workers).
Estimated 1.28 extra deaths per year in mining workers
due to CSs)
Synthetic fibres 119 (F) Endocrine and reproductive effects 9 — 23 mg/m Pieleszek (1997).
(Poland) (increased spontaneous abortion; decreased serum (3 -7 ppm) Kuligowski (1996).
estradiol and progesterone and increased serum
testosterone, prolactin & serotonin).
Viscose 247 (M) No adverse neurological or cardiovascular effects. <0.2—65.7 ppm (0.6 - 204 Reinhardt et al. (1997},
(Germany) mag/m~) Drexler et al.
(median: 4 ppm/12 mgfms} (1995a,1996)
Viscosefrayon Historical Ischaemic heart disease. Historical data Price et al (1996, 1997)
(USA) data (NIOSH Mo excess risk of mortality below 20 ppm
database) Benchmark concentration of 16 - 18.5 ppm derived for
early neurological effects (nerve MCV and amplitude ratio).
Viscose/rayon 43-123 Hepatic effects (increased GGT) 4 - 112 mgim* Vanhoome et el.
(Belgium) Cardiovascular effects (increased blood pressure); (1—36 ppm) (1992, 1994, 1995, 1996)
Neurological effects (polyneuopathy - significant
< 10 ppm); Ophthalmological effects
(microaneurysm - significant > 10 ppm);
Reproductive effects (significant effects on
libido/potency — no effects on fertility)
Mot stated 114 Neurological effects 0-65 mgim® Chrostek Maj & Czeczotko (1995)
(Poland) (CNS — cortical atrophy); Cardiovascular effects (0 —21 ppm)
(increased cholesterol);
Viscose/rayon
(China) 163 Neurological effects (polyneuropathy in 13-53% 40-67 ppm Chu et al (1995)
workers) (124 — 208 mg/m°)
Viscose/rayon
(Itaby) 493 Neurological effects (behavioral disturbance at levels Historical data Cassitto et al (1993)

<8 mg/m~)

* hiological exposure index for CSz adopted by ACGIH

F=females
M = Males

Note : See original article for references

2.3 Xanthate use for ARD mitigation

Xanthates are widely used in the mining industry as mineral collectors for the recovery of
metal sulphides from ore slurries in a flotation process (Wills, 2011). This application was
first introduced by Keller (1927). Besides being used in the beneficiation of metal-bearing
ores, xanthate salts have also been found to be effective when used in the desulphurisation
flotation process for the mitigation of acid mine drainage (AMD), also referred to as acid

rock drainage (ARD), which is a significant environmental problem in the mining industry.
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The following subsections (2.3.1 and 2.3.2) briefly elaborate on the general treatment of mine
waste (tailings slurry) generated by milling and flotation, the disposal of this waste to tailings
impoundments as well as the generation of ARD from the tailings impoundments and
available methods developed to predict the ARD potential (subsection 2.3.1). Subsection
2.3.2 describes in more detail the proposed desulphurisation flotation process for the
mitigation of ARD using xanthate.

2.3.1 Mine waste and acid rock drainage

Mine waste (tailings slurry) generated by flotation is normally thickened prior to disposal,
with the thickener overflow being recycled back to the mill circuit. The tailings slurry is then
discharged to specially designed impoundments, where more water can be recovered and
recycled back to the mill. This conventional management method is explained in detail in
Chapter 5.

Acid rock drainage formation

The most serious and persistent environmental problem from the disposal of mine waste is
the continued generation of acid drainage from sulphide bearing waste, where leachate
generation occurs as a result of percolating water coming into contact with the solid waste
(Figure 3).

Incipient rainfall

Yy 7/ :
/ Evaporatlon

Percolating water

Waste deposit

Deposit Boundary

Path pfleachate

gener:ated in deposit

Groundwater aguifer

Figure 3: Leachate generation and transport from a solid waste disposal site (Hansen, 2004)

ARD refers to acidic discharge, below pH 6, formed through weathering of sulphide

minerals, particular pyrite (FeS;), which is the most common and concentrated sulphide
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mineral in mine wastes generated from the processing of sulphide ores. ARD is normally
associated with human activities particularly mining and processing of sulphide mineral-
bearing ores. For example, in impoundments of copper tailings slurries, exposure of the
sulphide mineral (FeS;), to oxygen and pore water arising from the tailings material, results

in the oxidative dissolution in accordance with the reactions in Equation 12-14.

2FeS, + 70, + 2H,0 — 2Fe*" +4S04> + 4H" Equation 12
4Fe*" + 0, + 4H™ — 4Fe™ + 2H,0 Equation 13
FeS, + 14Fe®” +8H,0 — 15Fe*" +2S04> + 16H" Equation 14

The primary reactions of acid drainage (Equation 12, 13 and 14) involve the oxidation of the
sulphide mineral (FeS,), and the subsequent release of ferrous iron (Fe*"), sulphate (SO4*)
and hydrogen (H") into tailings pore water. Iron and sulphur oxidising bacteria, catalyse the
oxidation of ferrous to ferric iron (Equation 13), which is a more effective oxidant of sulphide
minerals than oxygen (INAP, 2009). The oxidation of ferrous ion to ferric ion (Equation 13)
and that of pyrite by ferric ion to produce ferrous (Equation 14) form a continuous cycle
(Lottermoser, 2010).

Carbonate minerals, such as calcite, found in the sulphide material, are the most important
neutralising minerals in base metal sulphide tailings deposits. This is particularly the case in
the short-medium terms, as they are highly reactive. Acid neutralising dissolution reaction of
the calcite 1s as follows:

CaCO; + H — Ca®" + HCOy Equation 15

Concentrations of the calcite become depleted as the oxidation rate of sulphide increases.
However, this can vary quite significantly and is dependent on a number of factors,
particularly the composition and mineralogy of the tailings with regards to the relative

concentration of sulphide and acid neutralising minerals.

Apart from the primary acid generating and acid neutralising reactions described above, the
final pH and compositions of leachate generated from sulphide wastes is governed by
secondary reactions, particularly the formation of secondary iron hydroxides (Equation 16)
and oxysulphates, as well as gypsum, which influences the sulphate concentration and not the
pH (Lottermoser, 2010).

Fe’" + 3H,0 — Fe (OH); +3H" Equation 16
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Environmental implications

A lowering of the pH of the pore water through the generation of acid results in an increase in
the mobilisation of metals. For example, in a complex porphyry-type ore, heavy metals
dissolved by the acid generated include aluminium, manganese, copper, zinc, nickel, iron and
cobalt (Broadhurst et al, 2007b). Trace metals such as arsenic are also mobilised which can
cause enrichment in mine water to toxic levels (Broadhurst, 2007a). In her PhD thesis,
Broadhurst (2007a) modelled the likely availability of metals (presented in Appendix A) for
release into the environment using thermodynamic models and typical pH and sulphate
concentrations in pore water for porphyry-type copper sulphide tailings deposits. The results
indicated that salinity and the metals manganese and iron are most likely to be of
environmental significance for this type of tailings. Other components including arsenic, zinc,
cadmium, boron, molybdenum, selenium and, to a lesser extent nickel, cobalt, antimony and
silicon may also be of environmental significance, depending on their specific feed ore

concentrations.

In another study, Hesketh (2010a) investigated the availability of metals from a porphyry
copper sulphide tailing sample under biokinetic leach conditions, which entails leaching with
an acidic (pH 2) salt solution in the presence of iron and sulphur oxidising bacteria. His
results indicated that manganese (Mn) was the only element that posed a significant
environmental risk. Trace elements (e.g. arsenic, molybdenum, cadmium, cobalt, silver, and
palladium) and minor elements (e.g. nickel, chromium, and zinc) displayed low or negligible

environmental risk under the test conditions.

The environmental impacts of ARD have been described in detail in previous work (e.g. Van
Damme et al., 2008; Broadhurst, 2007a; Broadhurst et al., 2007b; Valente and Gomes, 2007;
Gray, 1997; Ripley and Redman, 1995). These studies have shown that the release of this
contaminated leachate can have adverse effects on surrounding environments more especially
on water quality and consequently the usability of water sources (surface and ground water).
These effects in turn lead to ecotoxicity and human toxicity (Jennings et al., 2008; Blowes et
al., 2005). ARD effects are mainly due to the acidity itself, metal toxicity, which is dependent
on speciation, and salinisation (Broadhurst et al., 2007b). In affected rivers,
microinvertebrates found downstream of ARD discharges are the most sensitive indicators of
metal contamination (Van Damme et al., 2008). The contaminated leached also affects

agricultural land use in surrounding areas.
ARD prediction

A number of geochemical tests have been developed for predicting the ARD potential of
solid wastes. These are generally classified as either static or kinetic methods. Static tests
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such as the acid base accounting (ABA) and net acid generation (NAG) methods are
relatively simple methods and are used to classify samples according to their acid neutralising
and acid forming characteristics. In the ABA test, the net amount of potential acid produced
by a mine waste, or the net acid production potential (NAPP), is calculated as the difference
in the maximum potential acidity (MPA) and acid neutralisation capacity (ANC). Units of
measurement are typically expressed in mass (kg, metric tonne, etc.) as acid (H,SOj,) per
tonne of waste, or as calcium carbonate (CaCO;3) per 1000 tonnes of waste (Stewart et al.,
20006).

NAPP = MPA — ANC

If the difference between MPA and ANC is negative, then the potential exists for the waste to

be non-acid forming; if positive, there may be a risk of acid formation.

The MPA is calculated based on the sulphur grade of the sample, assuming that all the
sulphur in the sample is in a form available for acid production, i.e. pyrite. The ANC is
determined empirically by reacting the sample with hydrochloric acid (HCl) to dissolve
available acid consuming minerals such as carbonates. ANC can also be estimated from the
calcite concentration, in cases where this is the major neutralising mineral. Kinetic tests
attempt to mimic natural oxidation and weathering reactions in the field. They are often
conducted to confirm results of static tests and are intended to simulate the time-related
behaviour of the acid-forming and acid-neutralising reactions. A number of kinetic tests are
used, such as the biokinetic shake flask test (Hesketh, 2010b), the humidity cell test (Sobek et
al., 1978) and leach column tests (Benzaazoua et al., 2004). However, a detailed review of
these tests is beyond the scope of this project.

ARD mitigation

There are different techniques used to limit the release of ARD into the environment. These
are called source control methods. Basically, these methods try to limit the availability of one
or more of the components (water, oxygen, or sulphides) necessary for the generation of
acidity. To limit the penetration of water into the tailings, covers made of low hydraulic
conductivity soils or synthetic materials (geomembranes or bentonite geocomposites) can be
used (Bois et al., 2005). To limit oxygen migration into a mine tailing impoundment,
different techniques are available. A water cover can be placed over reactive tailings to
reduce oxygen availability (Simms et al., 2000), or oxygen-consuming materials can be used
as covers, e.g. wood waste, straw mulch or other organic residues (Cabral et al., 2000).
Another alternative is to use natural materials or non-acid generating mine tailings having
capillary barrier effects (CBE), which have a high moisture-retention capacity to prevent
oxygen migration (e.g. Ricard et al., 1997). However, the long-term effectiveness of covers
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for the removal of ARD risks has yet to be proven. A more reliable ARD mitigation approach
is to generate wastes that are benign in the first-place, through the pre-disposal removal of

sulphide minerals. This approach is discussed in the following subsection.
2.3.2 Desulphurisation flotation for ARD mitigation

Pre-disposal removal of sulphides, most commonly pyrite (FeS,), eliminates the potential for
the production of ARD from sulphide minerals (Cilliers, 2006). Desulphurisation flotation
has been found to be an attractive alternative to conventional prevention techniques for the
mitigation of ARD (Kazadi Mbamba et al, 2012; Harrison et al., 2010; Hesketh et al, 2010c;
Bois et al., 2004; Benzaazoua and Kongolo, 2003; Benzaazoua et al., 2000). This technique is
based on the same principle as conventional pyrite flotation from milled run-of-mine ores, i.e.
standard flotation circuits. This process when placed at the end of a primary treatment circuit,
greatly reduces the ARD risks by concentrating a small volume of sulphide-rich tailings
fraction which can be converted into useful by-products and a large volume of sulphide-lean
tailings fraction which can be disposed of without posing an ARD risk. Figure 4 demonstrates
a conceptual approach of the desulphurisation process as proposed by Hesketh et al. (2010c).
This process is explained in length in Chapter 5 of the thesis.

Figure 4: Conceptual approach to sulphide tailings management (Hesketh et al., 2010c)

Xanthate-based collectors have been the most commonly used reagents in desulphurisation
flotation studies, as they are characterised by their ability to collect sulphide minerals in
general. The length of their radical chain is the reason for their high selectivity (Crozier,
1992). Other collectors used successfully for desulphurisation flotation include
mercaptobenzothiazoles (O’Connor and Dunne, 1991), thiocarbamates (Bradshaw and
O’Connor, 1994), amines (Hodgkinson et al., 1994) and dithiophosphate (Hesketh, 2010a).
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However, a comparative study by Benzaazoua (2000) and a subsequent study by Benzaazoua
and Kongolo (2003) showed that xanthates result in faster flotation kinetics and are more cost
effective than other sulphide collectors, including dithiophosphates, dithiocarbamate and

phosphorodithioate salt.

Whilst studies have been conducted on the use of xanthates for the desulphurisation flotation
of wastes arising from the processing of both coal (Kazadi Mbamba et al., 2012) and hard
rock ores, the focus of this study is on hard rock ore, and specifically base metal, tailings. A
summary of the various desulphurisation flotation studies on hard rock ore tailings, using

xanthate salts as a collector, is presented in Table 3.

Table 3: Summary of literature results of desulphurisation flotation of hard rock ore tailings, using xanthate as

a collector

Valuable S (wt %) S Collector | Collector | Reference
metal extraction | dosage type
Before After (%) (g/tonne)
desulphurisation | desulphurisation
Zn, Cu, 24.2 1.68 91 80 Potassium | Benzaazoua et
Ag,Au (G) amyl al. (2000)
xanthate
Zn,Cu, Ag,
Au (M) 16.2 1.92 84 60 (KAX-51)
Au, Cu (P) 2.9 2.08 31 10
Cu, Zn 9.38 0.86 90.8 90 Potassium | Benzaazoua and
propyl Kongolo (2003)
Cu, Zn 5 0.51 89.8 25 xanthate
(KAX-41)
Cu, Zn 20 0.5 98.8 100 Potassium | Bois et al.
amyl (2005)
xanthate
(KAX-51)

Optimum xanthate dosages for these ores varied from 10 g/tonne at low sulphide content
(2.9% S) to 100 g/tonne for tailings with higher sulphide content (20% S). Sulphur removal
was mostly above 80%, and results indicated low residual sulphur in desulphurised tailings
(<2% S).

Collector dosage has an effect on the desulphurisation flotation process. In the study
presented by Benzaazoua et al. (2000), four pulps which contained different sulphur
concentrations were studied using xanthate and amine acetate collectors. The kinetic curves
for each tailing flotation studied showed that further increase above 140g/tonne in the
collector dosage did not improve sulphide recovery and low concentrations seemed to have
little or no effect on sulphide recovery (Figure 5).
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Figure 5: Collector dosages vs. residual sulphur in the tailings after various flotation times corresponding to
four pulps studied (Benzaazoua et al., 2000)

Desulphurisation flotation has been conducted to verify its continuous feasibility at a mine
site by performing tests on a pilot plant scale using potassium amyl xanthate (KAX 51) (Bois
et al., 2005). These tests demonstrated good sulphide recoveries very low sulphide grade in

the desulphurised tailings, confirming that tailings can be desulphurised using the pilot plant.

Besides being environmentally effective, desulphurisation has also proven to be an
economically attractive in comparison to other tailings management methods. In the study
presented by Bois et al. (2005), estimated costs were compared for different tailings
management options (Figure 6). Desulphurisation (complete and partial) indicated to be a
viable economic option because of the lower construction costs involved. Cover with
capillary barrier effect (CCBE) showed to be more expensive due to costly construction

materials, whilst underwater disposal costs were attractive, but dependant on site topography.

25



Figure 6: Comparison of cost estimations of desulphurisation compared with other ARD prevention methods
(Bois et al., 2005)

Xanthate performance in the desulphurisation flotation process for ARD mitigation in most of
the studies reported in the literature has only been based on the ARD generation of the final
tailings, with little consideration being given to the potential environmental harmful effects of
the residual flotation reagents (particularly xanthates) or other metals in the desulphurised

tailings.

2.4 Life cycle assessment (LCA)

The use of LCA is gaining widespread acceptance in industries as more companies are
engaging in greener products and using greener processes. This tool has support from the
international community; the Society of Environmental Toxicology and Chemistry (SETAC),
which published earlier guidelines on LCA, the International Standards Organisation (ISO),
which further developed methodological standards (the most recent versions were published
in 2006), and the United Nations Environment Programme (UNEP). In 2002, SETAC joined
forces with UNEP to launch the Life Cycle Initiative which was formulated in putting life
cycle thinking into practice and improving supporting tools through better data and indicators
(SAIC and Curran, 2006). Currently on phase III, (2012-2016) which is a build-up on the
successes of activities since 2002, Life Cycle Initiative’s key objective for this phase is to
mainstream the use of life cycle approaches (e.g. accessibility to cost-effective, robust

methodologies and tools based on reliable data) (http://www.lifecycleinitiative.org, 2014).

This Phase also involves an important innovation of the assessment of water use which has
traditionally received very limited attention in LCA (Mila 1 Canals et al., 2009; Jefferies et al,
2012). The development of inventory guidelines and new impact assessment methods for

water use 1s currently making considerable progress (http:/www.lifecycleinitiative.org,

2014). Parallel to this, the International Organisation for Standardisation has recently (2014)
published an international standard for water footprint based on LCA (ISO 14046).
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ISO (the International Organisation for Standardisation) provides the following procedural
definition for performing an LCA.

“LCA is a technique for assessing the environmental aspects and potential
impacts associated with a product by: compiling an inventory of relevant
inputs and outputs of a product system, evaluating the potential environmental
impacts associated with those inputs and outputs and interpreting the results of
the inventory analysis and impact assessment phases in relation to the
objectives of the study” (ISO 14040, 2006).

LCA takes into account the environmental aspects and potential impacts of the entire life
cycle of a product from cradle to grave i.e. from raw materials acquisition through
production, use and disposal (SAIC and Curran, 2006; Guinée et al., 2001). It can also be
used to analyse systems from cradle-to-gate (raw material acquisition and production), gate-
to-gate (production) and gate-to-grave (product use and disposal), depending on the problem
definition. The life cycle inventory quantitatively describes natural resources into and
emissions out of the product’s life cycle system as shown in Figure 7. Impacts such as
climate change, acidification, ozone depletion, eutrophication, ecotoxicity, human toxicity,
natural resource depletion, and land use are typically characterised during life cycle impact

assessment.

Raw material acquisition
RESOURCES
$ e.g.
Processes raw materials,
v energy,
Transports land resources
v
Manufacture
LIse Emissions to >
¢ air
Waste management water
ground

Figure 7: The life cycle model after Baumann and Tillman (2004)

The next subsections (2.4.1 and 2.4.2) discuss the procedural framework for conducting an
LCA study according to the ISO standards and the different available models that have been
developed to model the environmental impacts.
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2.4.1 LCA procedural framework

The LCA framework describes the whole procedure for how such a study is performed and
interpreted. Technical guidelines and procedures are provided by the ISO standards.
According to ISO 14040 standards, an LCA should consist of four methodological stages,

performed in the following order:
1. Goal and scope definition

This stage explicitly defines the goal of the project (product, process or activity) by stating
the intended application, reason and audience of the study (ISO 14040, 2006). The scope
includes an elaboration of the functional unit (basis of comparison), system boundary, data
requirements, assumptions and limitations that may exist for the study (ISO 14040, 2006).
Based on the goal and scope of the study, it is extremely important that a precise definition of
the system boundary is stated. For example, the life cycle of processes can be eliminated
from system boundaries when they are common in processes under comparison, ensuring that
data sets remain manageable (Stewart and Petrie, 1999). It is also useful for comparative life
cycle assessments to consider a distinction between foreground and background systems
(Tillman et al 1998; Clift et al., 1998). In accordance with Tillman (2000): “The foreground
system is the collection of processes on which measures may be taken concerning their
selection or mode of operation as a result of decisions based on the study. The background
system consists of all other modelled processes influenced by measures taken in the
foreground system”.

2. Life cycle inventory analysis (LCI)

This step involves data collection and quantification of the inputs (energy, materials) and
outputs (emissions and waste) of the system under study, in relation to the functional unit and
requirements of the project’s defined goal and scope (ISO 14040, 2006; Bauman and
Tillman, 2004)

3. Life cycle impact assessment (LCIA)

The LCIA step evaluates the potential human and ecological effects of the inputs and outputs
identified in the inventory analysis by associating it with specific environmental impacts
categories and indicators to get a better understanding of these impacts (ISO 14040, 2006).
This step deals with intensive amounts of data from the inventory analysis step, and consists

of four analysis stages or sub-steps:

. Classification: substances are sorted into classes according to the effect they have

on the environment.
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o Characterisation: substances are multiplied by a characterisation factor (CF)
which reflects their relative contribution to the environmental impact.

o Normalisation: the quantified impact is compared to a certain reference value.

. Weighting: different value choices are given to impact categories to generate a

single score.

In accordance to ISO 14040, (2006) classification and characterisation steps are mandatory
steps while normalisation and weighting are optional steps. Impact category indicator results
can be chosen either at the midpoint or endpoint level. For example, Figure 8 shows how

some midpoint effects map to their respective endpoints effects (Jolliet et al., 2003).

Figure 8: General structure of the LCIA framework (Jolliet et al., 2003) Where: solid arrows indicate that a
quantitative model is available; dashed arrows indicate that only uncertain or qualitative relationships are

known.

The midpoint impact category converts inventory data into environmental impacts (e.g. CHy
into global warming potential). The endpoint impact category converts impacts into damages
(e.g. global warming potential into human health damage). The midpoint approach allows a
transparent analysis of environment impacts with relatively low uncertainties; however, these

categories are rather difficulty to communicate to the decision makers. Endpoint results are
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less numerous (fewer impact categories to consider) but the models are no less detailed. They
are usually easier for decision makers to relate to, but midpoint probably easier to understand
(simpler calculations underlying them). Available LCIA methods are discussed in more detail
in subsection 2.4.2 below. These methods are mostly developed by academic research groups
and are available in scientific publication and sometimes published on websites (e.g. ReCiPe
and IMPACT 2002+).

4. Interpretation

The final step in the LCA procedure evaluates the findings of the inventory analysis and
impact assessment steps which are based on a relative approach. Conclusions and
recommendations are provided in a way that is meaningful within the context of the study’s
defined goal and scope (ISO 14040, 2006). Improvements to reduce the identified system’s
environmental impacts are also evaluated. Sensitivity analysis can be performed to determine
the robustness of the overall LCA results influenced by assumptions in the data used (Guinée
etal., 2001).

The above-mentioned steps are considered to be interactive and iterative in nature and often
the goal and scope of the LCA study is revisited if uncertainties and a need for clarity occur
in the other stages (ISO 14040, 2006; Bauman and Tillman, 2004).

2.4.2 Impact assessment methodologies

Different methodologies have been developed to study and capture more accurately the
environmental impacts, typically making the modules more complex. As highlighted under
section 2.4.1 (Life cycle impact assessment), LCI results are classified within impact

categories and indicators, which can be chosen at the midpoint and endpoint level.

Earlier LCIA methodologies that only took into account the midpoint approach include CML,
developed by the Institute of Environmental Science of the University of Leiden in the
Netherlands, EDIP (Environmental Design of Industrial Products), developed at the Danish
Technical University, and TRACI (Tool for the Reduction and Assessment of Chemical and
other environmental Impacts), developed by the Environmental Protection Agency (EPA) in
the USA. Each of these methodologies typically provides for a number of environmental
impact categories to be included, which can, however, only be applied through LCI once

classification factors are available.

Methodologies that are only based on the endpoint approach include Eco-Indicator 99
methodology, developed under the Dutch NOH programme by Pré Consultants, EPS 2000

methodology (Environmental Priority Strategies in product design), Eco Scarcity that was

30



released in Switzerland and JEPIX (Japan Environmental Policy Priorities Index), which
based on the Eco Scarcity methodology. These methodologies model the environmental

impacts up to the different environmental areas of protection considered.

In 2002, the Life Cycle Initiative (Partnership between SETAC and UNEP) proposed that the
midpoint and endpoint approaches could be combined in a single LCIA method. Such
methods were recently made available which include: ReCiPe, developed by PR¢
Consultants, CML, RIVM and Radboud University Nijmegen (Goedkoop et al., 2009);
IMPACT 2002+, developed by the Swiss Ecole Polytechnique Fédérale De Lausanne (EPFL)
institutes of technology (Jolliet et al., 2002); and Lime, a Japanese methodology (Itsubo and
Inaba, 2003).

The development of some of the more commonly used LCIA methodologies is illustrated in

Figure 9.

Figure 9: Development of some of the different existing methodologies over time. The black connectors show the
genealogy of the methodologies (e.g. ReCiPe originated from the previous CML 2001 and Eco-indicator 99)
(Pizzol et al., 2011b)

ReCiPe is one of the most recent and harmonised life cycle impact assessment methods. The
advantages of ReCiPe method relative to other methods is that it considers the largest set of
midpoint impact categories and having both midpoint and endpoint approaches, one can
freely choose where to end his analysis. The method addresses global environmental impacts
where possible, and unlike other methods (Eco-indicator 99, EPS, Lime and IMPACT 2002+)
the impact assessment assumes that potential impacts from future extractions have already
been included in the inventory analysis. ReCiPe considers eighteen midpoint categories; these
are climate change, ozone depletion, terrestrial acidification, freshwater eutrophication,
marine eutrophication, human toxicity, photochemical oxidant formation, particulate matter
formation, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, ionising
radiation, agricultural land occupation, urban land occupation, natural land transformation,
water depletion, mineral resource depletion, fossil fuel depletion. The endpoint level
31



addresses three categories, which are damage to human health, damage to ecosystem

diversity and damage to resources availability.

Another recently developed LCIA method is USEtox, which has been developed through a
process of comparison and harmonisation of other existing models (EDIP 97, Traci, Eco-
Indicator 99 and Impact 2002) for characterisation of only human and ecotoxicity impacts.
This rather sophisticated method calculates a chemical’s hazard characteristics by taking into
account its toxicity, its fate and its exposure. It has been evaluated by the UNEP/SETAC
group of experts in collaboration with teams behind current models, who created the new
scientific consensus multimedia model, which is intended to form a basis of future
recommendation on characterisation of toxic impacts (Rosenbaum et al., 2008; Hauschild et
al., 2008). It consist a list of about 3 000 characterisation factors for chemicals, making it the
largest substance coverage presently available, and the uncertainty of the model has been
quantified, therefore representing an improved application of human health and ecotoxicity

characterisation factors in LCA (Rosenbaum et al., 2008).

LCIA methodologies are used with specific software tools. One of the most widely used LCA
software tool is SimaPro, created by PR¢é Consultants (2012). This tool contains several
impact assessment methods and several inventory databases, which can be edited and
expanded without limitation. It can compare and analyse complex products with complex life
cycles (PRé Consultants, 2012). Other popular models used are: GaBi, supported jointly by
PE Europe GmbH and IKP University of Stuttgart (www.gabi-software.com, 2013) GEMIS,
from the Oko-Institut’s (www.oeko.de/service/gemis/en/, 2013), and BEES, created by the
National Institute for Standards and Technology (NIST) Building and Fire Research

Laboratory (www.nist.gov/el/economics/BEESSoftware.cfm, 2013).

2.5 LCA applications and limitations

LCA can be applied in different categories i.e. in products and services, in process selection,
design and optimisation (Azapagic, 1999; Azapagic & Clift, 1999). In general, LCA is
applied to products for comparative assessment and optimisation of the final product. Its
application to processes is not as common as LCA of products. Application of LCA to
products is usually for marketing and policy purposes (Burgess and Brennan, 2000), while
application to processes is for ecodesign, and the comparison and selection of the most
environmental friendly process (Chevalier et al., 2003). However, as pointed out by Chevalier
et al. (2003), “the LCA of processes requires the LCA of products and vice versa. Both of the
approaches are essential and inseparable” (Chevalier et al., 2003). The following subsections,

however, focus on the application of LCA in two process industries viz. chemical process
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industry (subsection 2.5.1) and the mining and mineral beneficiation industry (subsection
2.5.2). The limitations of LCA, in so far as they are relevant to this study are described in

subsection 2.5.3.
2.5.1 Application in the chemical process industry

Several studies have applied LCA on some chemical processes (e.g., Kim and Overcash,
2003; Jiménez-Gonzalez et al., 2000; Jiménez-Gonzalez et al., 2004; Wernet et al., 2010). In
all the instances, gate to gate life cycle inventories were collated for databases of chemical
substances processes, and subsequently used to support LCA of final products. Moreover,
LCA has also been used for comparative chemical processes. Table 4 below summarises
some of those studies, by reflecting on processes compared, and in relevant cases for which

products.

Table 4: Examples of comparative LCA applied to processes in the chemical industry

Author Processes compared Product Impact categories assessed
Furuholt Three fuel production Regular gasoline, Global warming potential, photo-
(1995) processes gasoline oxidant formation, eutrophication,

with MTBE and diesel  acidification, consumption of fossil
energy, waste generation

Vigonetal.,, Conventional hydrocarbon 1,4-butanediol Fourteen impact categories including
(1996) and biomass feedstock based Global warming potential and fossil
processes fuel consumption
Koroneos et ~ Conventional sources Hydrogen fuel Global warming potential,
al., (2004) (natural gas steam reforming) acidification,
and renewable sources eutrophication,
(solar, wind hydro and winter smog effect
biomass)
Portha etal., Naphtha catalytic reforming Reformate Fossil fuels consumption, climate
(2010) (Basic and modified process) change, respiratory effects

The comparison of these processes was based on a cradle-to-gate approach and the
differences in environmental impact categories selected in each study can be attributed
mainly to the goal and scope of the study, as well as the different material used in the
processes. Global warming potential and resource depletion impacts were accounted for in all
the studies (Table 4), as these impacts are associated with energy consumption (which is

common to all processes).
2.5.2 Application in the mining and mineral beneficiation sector

LCA has been used in the mining and mineral processing since the mid to late 1990s. It was

used for various applications which were mostly focusing on building up life cycle inventory
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(LCI) databases for metal production processes, which could subsequently be used to support
life cycle assessments of consumer products. Table 5 gives an example of a number of studies
that have been published since the year 2000 pertaining to the application of LCA in the

mining and mineral beneficiation industry. Most of these studies were performed to

determine the environmental impacts of various metals production processes.

Table 5: Examples of LCA application in the mining and mineral beneficiation industry

Author

Description

Impact categories assessed

Norgate and Haque (2010)

Norgate et al. (2007)

Mangena and Brent (2006)

Suppen et al. (2006)

Tan and Khoo (2005)

Norgate (2001)

Norgate and Rankin (2000)

Cradle-to-gate life cycle of the mining
and processing of iron ore,
aluminium and copper concentrate

Assessment of the cradle-to-gate
environmental impacts of commercial
or developmental metal production
processes (copper, nickel, aluminium,
lead, zinc, steel, stainless steel and
titanium) in Australia.

Cradle-to-gate LCA study of coal
production from four mine sites in
South Africa

Overview of Mexican mining industry
and strategies being implemented to
incorporate sustainable development
principles, including the development
of a national base metals life cycle
inventory

Assessment of the environmental life
cycle of primary aluminium, from
mining to its final production.

A comparative LCA of both
hydrometallurgical and
pyrometallurgical processes for the
production of refined copper metal

Life cycle assessment of refined
metallic copper and nickel production,
an investigation of pyrometallurgical
and hydrometallurgical processing
routes.

Gross energy requirement and
global warming potential

Global warming, acidification,
gross energy requirement, solid
waste burden

Acidification, land and water
use, eutrophication, ozone
depletion, global warming,
mineral and energy depletion,
human, aquatic and terrestrial
toxicity,

Environmental impacts from
resources, materials, energy use
as well as air, water and solid
waste emissions

Global warming potential,
acidification, human toxicity,
resources, bulk waste

Global warming potential,
acidification, energy
consumption

Global warming potential,
acidification, energy
consumption

Despite the benefits of LCA in the mining and mineral beneficiation industry, i.e. providing
an assessment of environmental considerations during decision making, most of these studies
only considered global impacts, 1.e. climate change/global warming potential. However, very

little has been mentioned about the waste handling aspect of the mining industry (Durucan et
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al., 2006; Lesage, 2008) especially with regard to solid waste i.e. tailings, waste rocks and
other residues. The quality of soils and water as a result of seepage from tailings
impoundments which are generally considered as an emission to the environment are also not
explicitly included in the LCA method (Stewart, 2001; Notten, 2001; Hansen, 2004; Stewart
et al., 2004). These wastes often contain high concentrations of sulphide minerals (up to
30%), and as a result have the potential to contaminate local water sources and soils

significantly (Harrison et al., 2010).

Only a few published studies have incorporated waste management and local waste-related
impacts into LCA and LCI of mining operations (e.g. Stewart and Petrie, 1999; Durucan et
al., 2006; Reid et al., 2009). Stewart and Petrie (1999) developed a system model of mining
and mineral processing, which incorporated LCA methodology. The model reflected all
environmental issues arising from resource extraction and minerals beneficiation including
waste generation. The approach was proposed to assist operating companies in identifying
their long-term liability associated with waste disposal and therefore guide the rehabilitation
step. Durucan et al. (2006) developed a protocol model which incorporated a life cycle
inventory database for the mining production, processing, waste handling and rehabilitation
system within an LCA framework. The model enabled analysis of site-specific LCA impacts
based on real data and its application was used on an open-pit bauxite mine in Hungary.
However, these studies highlighted LCA deficiencies in terms of data availability and

modelling capabilities. These limitations are addressed in the next subsection.
2.5.3 Limitations of LCA

The holistic nature of LCA has both major strengths and limitations, since analysing the life
cycle of a product and/or a process has a wide scope (Guinée et al., 2001). Firstly, LCA is
inherently a relative tool and does not quantify absolute impacts. The environmental impacts
in LCA are characterised as potential impacts because of a lack of spatial and temporal
dimensions in the analytical capabilities of the tool, and are always related to a defined
functional unit (Guinée et al., 2001). Secondly, data quality availability is often quoted as a
challenge. LCA is very dependent on the accuracy of its collected data and use of generic unit
processes from LCA databases, in cases where there is no site specific data available.
Thirdly, there is no single LCIA method used in conducting LCA studies. Available methods
have varying scopes, different modelling principles as well as characterisation factors
(Finnveden, 2009). Different LCIA methods can be used within one study. However, LCIA
results would be expressed in different units of measure and are not directly comparable (e.g.
Pizzol et al., 2011a; Pizzol et al., 2011b).This leads to LCA results being interpreted
differently using different LCIA methods.
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The limitations of LCA pertaining to the specific industry (chemical process industry and the
mining and mineral beneficiation sector, particularly with regards to solid mineral waste) are

addressed in the subsections below.

a) Chemical process industry

Generally there is a lack of LCI-data for the production of chemicals in the LCA databases
and, due to confidentiality of information about a certain product, it is impossible to acquire
data for chemical production processes directly from the producers (Geisler et al., 2004). This
leads in choosing a chemical product that has similar properties as the one under study,

frequently introducing uncertainties into the study (Von Bahr and Steen, 2004).

b) Mining and mineral beneficiation sector — solid mineral waste

LCA addresses emissions as steady- state and act over the life time of an operation, while in
reality, in the case of solid mineral waste, there is often a time lag between the production of
waste and its environmental impacts, and these environmental impacts associated with the
waste emissions are known to be spatially dependent (Notten, 2001; Hansen, 2004; Reid et
al., 2009). Relevant actual effects of solid mineral waste are largely ignored, in particular the
salinisation and acidification of local waters. This makes LCA to be severely limited in its
ability to incorporate solid waste impacts (Hansen, 2004). In addition to this, LCA results
address global and regional environmental issues, local environmental impacts are not
assessed to the same degree of accuracy as global and regional effects, because local effects
depend on local conditions that LCIA methods are not able to take into account (Guinée et
al., 2001).

The lack of comprehensive and reliable process inventory data to support environmental
performance assessments and decision-making in the primary minerals sector has been
highlighted in previous studies (Broadhurst et al., 2007; Norgate, 2001). This is a particular
challenge in the case of high-volume solid wastes and processes for the management thereof,
and is aggravated by the mineral ore and site-specific nature of many of the associated
impacts (Hansen et al., 2008). In a recent study known to have specifically applied LCA in a
comparison of tailings waste management options for the mitigation of acid rock drainage
(ARD), deficiencies of LCA in terms of addressing impacts relating to the disposal and
management of solid mineral waste were highlighted (Reid et al., 2009). These included lack
of data to adequately describe background processes, particularly the production of raw
materials in waste streams, and the absence of factors to characterise toxicity impacts of

relevant water-related emissions e.g. calcium ion, chloride, silicon, sodium, ion and sulphate.

The study by Stewart and Petrie (1999) addressed in the previous subsection, highlighted the

limitations of LCA in terms of assessing the long-term risks associated with different waste
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disposal practices and still needed further development. The study by Durucan et al. (2006)
highlighted the limitations of LCA with regards to characterisation of solid mineral waste
impacts, in particular human and ecotoxicity. The characterisation of these impacts were not
considered to be ideal due to the uncertainties of LCIA methodologies in addressing certain

issues such as metals, persistence, speciation and bioavailability of elements after disposal.

Often, only the mass of solids waste produced in the mining and processing industry has been
taken into account in LCA studies. Possible impacts associated with the generation of
leachate and migrations of pollutants into the environment are completely ignored, with a few
exceptions (Notten, 2001; Hansen, 2004). Solid wastes are often uncharacterised and the
mechanisms controlling the rate and quality of leachate generation are poorly understood by
LCIA models (Notten, 2001). Furthermore, emissions to water are less characterised by
LCIA methods. In addition, toxicity (human and ecotoxicity) characterisation factors are not
present for the most important major elements such as sulphates, chlorides, etc. These
elements can have impacts on local water quality and its suitability for agriculture, domestic
use, etc. Also, high levels of elements with low characterisation factors could be toxic to local
aquatic organisms (Broadhurst and Petrie, 2010). LCA views salinity as an indicator that
carries dissolved individual species such as metals. It therefore assesses the impacts of these
substances and not the indicator itself (Notten, 2001).

There are also uncertainties and complex challenges regarding the assessment of toxicity of
metals in LCIA methods (Pizzol et al., 2011a; Pizzol et al., 2011b). For example, the
characterisation factor of metals in USEtox method are marked ‘interim’ This means that
they may be used in LCA studies, but with great caution and under awareness of their large
uncertainty to their interpretation as they are not recommended nor endorsed (Rosenbaum,
2008). High uncertainty is associated in the calculation of fate and effect factors of emitted
substances through multi-media modelling, which is characterised by significant quantities of
data. The factors characterising metals are overestimated because the transformation of
metals into a less mobile and harmful form is not taken into account (Heijungs, 2004). This
involves their chemistry, persistence in the environment, speciation, and bioavailability. For
example, speciation of a metal is regulated by its chemistry and the surrounding environment
(e.g. pH, redox potential, presence of ligands). These parameters are site-specific and multi-
media models do not take them into account. Multi-media models are also limited in data
availability of chemical and toxicological properties of certain substances, which often leads
to the use of approximations or default values (Hansen, 2004). Therefore, this can greatly
influence the total results of any LCA study regarding the toxicity assessment. Furthermore,
the multi-media models were originally developed for organic chemicals and the approaches
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used are not valid for inorganics (e.g. metals toxicity), without substantial uncertainties
(Hansen, 2004; Hauschild, 2005; Finnveden et al., 2009; Pizzol et al., 2011b).

Another limitation of LCA with regard to solid waste management is the assessment of
impacts associated with abiotic mineral resource depletion, which is a controversial topic
(Klinglmair et al., 2014; Swart and Dewulf, 2013). This impact category is likely to be
particularly challenging in the context of solid wastes, which represent a loss of resources due
to non-utilisation rather than depletion. To date, this issue does not appear to have been

addressed or even acknowledged.

2.6 Literature summary

The literature has reviewed and analysed information about xanthate salts in terms of their
general production, environmental impacts and toxicity. Xanthate salts pose a risk of adverse
health and environmental effects through exposure, particularly in production, transportation
and use. It is considered to be a toxic chemical to aquatic life and its toxicity is related to its
highly toxic by-products, particularly carbon disulphide, which is also a decomposition
product of xanthate. Xanthate decomposition is mainly influenced by an increase in xanthate
concentration (>10%), decrease in pH (<7) and increase in temperature (>20°C). In aqueous
solutions, xanthate dissociates into different pathways. Under acidic conditions, i.e. sulphidic
tailings deposition, it decomposes to alkali metal hydroxide and xanthic acid, which
decomposes further to carbon disulphide and alcohol. It also oxidise to dixathogen. Under
alkaline conditions i.e. during sulphide ore flotation process, it decomposes to carbonate salts,

carbon disulphide, trithiocarbonate salts and alcohol.

Due to the fact that carbon disulphide is a major ingredient in the production of xanthate as
well as a decomposition product, its production and toxicity has been the subject of
considerable research and invetigation. Carbon disulphide is highly volatile and flammable. It
is toxic to both animals (LCso of 25 g/m’ for two hours for rats) and humans (320-390 ppm
for several hours) upon exposure. Carbon disulphide has previously been produced using
charcoal as a raw material, due to its demand in the late nineteenth century, a more efficient
production process was developed which involved the use of natural gas as a feedstock. This
new process offers a number of operating advantages compared to the old process, i.e.
operating at lower temperatures. So far there has been no attempt to quantify the
environmental benefits of this process over the old process and its effects on the

environmental footprint of xanthate.

Besides their common use as a collector in the primary processing of metallic sulphides ore,

xanthate salts have also recently been investigated for the pre-disposal removal of sulphide
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minerals from mine wastes, by means of desulphurisation flotation, with a view to mitigating
acid rock drainage (ARD). ARD is generated when the sulphide minerals in mine wastes are
exposed to air, water and naturally occurring iron and sulphur oxidising bacteria, during
disposal. Acid rock drainage is characterised by acidic pH values (<6), high salinity and
elevated metal concentrations, and is a serious environmental problem in the mining industry.
The contaminated leachate has adverse environmental effects to surroundings areas,
particularly on water quality and water sources (ground and surface) leading to serious

human and ecotoxicity effects associated with metal contamination.

Studies reported in the literature have demonstrated that the use of xanthate salts in the
conceptual desulphurisation flotation process can greatly reduce ARD risk by reducing the
sulphur content in sulphide tailings. It is also considered to be an economically viable method
as compared to other ARD mitigation methods. However, to date, studies of the
environmental performance of the desulphurisation flotation process have been limited with
little consideration being given to the impacts associated with background processes,

additional resource utilisation and/or recovery, and reduced waste burden.

LCA is an environmental assessment tool that can be used to determine life cycle impacts
associated with both products and processes. A number of life cycle impact assessment
(LCIA) methods have been developed over the past 20 years. One of the current state-of-the-
art methods in LCIA is that of ReCiPe. This method was developed on the improvement of
other methods and combines both midpoint and endpoint levels. Usetox method has also been
developed through a process of harmonisation of other existing models and forms a basis for
future global recommendations of characterisation of human and ecotoxicity impacts.
However, LCA method has its limitations. Generally, environmental impacts are
characterised as potential impacts because of a lack of spatial and temporal dimensions, data
quality availability is often a challenge as LCA is very depended on the accuracy of its
collected data and different LCIA methods can be used to perform a specific study, but can
result in different interpretation of results as LCIA methods vary, particularly in
characterisation factors of emissions. LCA is severely limited in its ability to incorporate
solid mineral waste impacts, particularly salinity and acidification of local waters. Dissolved
metals in solid mineral waste are considered to have high uncertainty in LCIA methods due
to the uncertainty of multimedia modelling. These models do not take into account relevant

information of metals e.g. their speciation.
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2.7 Research objectives

As highlighted in Chapter 1, this project aims to investigate the environmental performance

of xanthate production and its application in the mitigation of ARD, specifically this project

will use the life cycle assessment (LCA) approach to identify and compare:

(1)

(if)

The environmental impacts of the current and previous carbon disulphide
production processes, as well as the subsequent effects of such on xanthate
production.

The environmental benefits and/or impacts of the desulphurisation flotation and
conventional base metal tailings treatment and management processes, insofar as

xanthate is used as a sulphide collector in the desulphurisation process.

This project aims to address the following research questions:

(i)

(ii)

(iii)

(iv)

How does the environmental performance of the new facility for CS, production
compare with that of the previous process?

What effect has the new CS, production process had on the environmental
performance of subsequent xanthate production?

How does the environmental performance of the desulphurisation flotation
process for the pre-disposal treatment of sulphide tailings compare with the
conventional management approach?

What are the key environmental issues and challenges associated with the
proposed desulphurisation flotation process for the mitigation of ARD?

What are the strengths and limitations of current LCA tools in terms of reliably

quantifying the systems under investigation in this study?
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Chapter 3
METHODOLOGY

In order to meet the study objectives and address the research questions, the study has been
divided into a two step process: LCA of xanthate production (LCA 1) and LCA of ARD
mitigation (LCA 2). These are performed according to the four steps of LCA framework
provided by the ISO standards, which are: goal and scope, life cycle inventory (LCI), life
cycle impact assessment (LCIA) and Interpretation. These methodological steps are discussed
in subsection 3.1 (LCA 1) and subsection 3.2 (LCA 2). Simapro software package (version
7.3.3) developed by PR¢ Consultants in the Netherlands (PRé Consultants, 2012) was used to
organise LCI data and quantitatively characterise it according to the type of environmental

impacts selected.

3.1 Life cycle assessment study 1: Xanthate production

3.1.1 Goal and scope definition

The goal of this study was to: Use life cycle assessment (LCA) to identify and compare the
environmental impacts of the current and previous carbon disulphide production process, as
well as the subsequent effects of such on xanthate production at Senmin®’s Sasolburg

production site.

The system boundary is consistent with a cradle-to-gate approach, i.e. from the raw extraction
of materials to production of the final product (Figure 10). The function of the process system
compared is the production of xanthate salts from carbon disulphide, noting that the
difference between the old and new production processes is the intermediate carbon
disulphide product. The functional unit is 1 tonne of carbon disulphide produced. This
reference flow is then used to determine the environmental impacts in the production of
xanthate.
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Figure 10: Overall LCA boundary of xanthate production

Impact categories were selected on the basis of their relevance to the production of carbon
disulphide intermediate and final xanthate products, focussing mainly on the following
impact categories:

e Climate change — Global warming due to greenhouse gas emissions in the atmosphere

o Fossil fuel depletion — Non-renewable resource depletion due to extraction and
consumption of fossil fuels

e Acidification — Change of acidity in the soil by acid rain due to gaseous SO, emissions

e Human toxicity — Effects of toxic substances on human health.

e Ecotoxicity — Damage to ecosystem quality as a result of emission of toxic substances

to air, soil and water.

3.1.2 Inventory analysis

Foreground data was obtained for annual production sheets and personal communication with
relevant Senmin® representatives. Ecoinvent (version 2.2) database found in SimaPro
software was used to obtain data for background processes i.e. production of energy and input
materials. Current average technologies were used and information pertaining to electricity

production mix for South Africa was substituted to reflect local conditions.
3.1.3 Impact assessment

Using SimaPro software, the ReCiPe midpoint methodology was used to interpret the
collected data (foreground and background) into meaningful preselected impact categories as
defined in the goal and scope stage. A potential improvement option for the new carbon
disulphide was analysed.

42



3.1.4 Interpretation

Further interpretation of results was carried out to determine the relative contributions of
processes to the impact categories, and to explore opportunities for further improving the

environmental performance.

3.2 Life cycle assessment study 2: Xanthate use in the tailings

desulphurisation flotation

3.2.1 Goal and scope definition

The goal of the second LCA methodology was to: Assess and compare the environmental
benefits and/or impacts of the desulphurisation flotation and conventional base metal tailings
treatment and management processes, insofar as xanthate is used as a sulphide collector in

the desulphurisation process.

This study developed two scenarios for the treatment of tailings slurry stream generated
during the milling and flotation of base metal sulphide ores (Figure 11). The first scenario,
referred to as the “base case scenario” involves conventional dewatering of the tailings in a
cylindrical continuous thickener, to produce an underflow stream which is discharged to a
tailings impoundment. After solids settling, the decant water is recycled, together with the
thickener overflow, to the main processing plant. Seepage contains residual flotation
chemicals, as well as acid, salts and metals mobilised through the reaction of residual
sulphides and acid neutralising carbonate minerals in the tailings during disposal. In this way,
the deposit is considered as a unit operation generating its own emissions to air (water vapour
and CS, from xanthate decomposition) and water (seepage) and having a land requirement

(unreacted tailings), as well as a product output in the form of recovered water.

The second treatment scenario, referred to as the “desulphurisation flotation scenario”, entails
the tailings slurry being subjected to desulphurisation flotation, using a xanthate collector,
and the desulphurised tailings fraction subsequently subjected to dewatering and disposal as
in the base case scenario. The flotation concentrate stream is dewatered by means of filtration
to produce a sulphide-rich by-product which can be recycled to the primary metal extraction
circuit for further processing to produce acid and/or recover base metal values. However, this
is not included in the LCA scope. In order to fully analyse the potential environmental
impacts of the desulphurisation process and its effect using xanthate, two sub-scenarios were
developed for the behaviour and deportment of xanthate during the disposal of the
desulphurised tailings. These are referred to as scenario A (deportment of soluble xanthate to

tailings dam seepage without decomposition) and scenario B (decomposition of soluble
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xanthate to carbon disulphide, alcohol and sodium hydroxide under disposal conditions, in

accordance with reactions 6 and 7 in subsection 2.1.1, Chapter 2).

The scope of this study covers a gate-to-grave approach. It takes into account data from the
modelled xanthate (via the new carbon disulphide production process) in LCA 1 study as
input material to the desulphurisation process. The environmental impacts of the background
mining and mineral processing operations have not been included, as these are common to
both tailings management options being compared. However, consideration is given to the
physio-chemical changes that the tailings undergo during disposal. In this way the tailings
deposit is considered as a ‘unit operation’, putting the leachate generated on a par with

process emissions.

The function of this study is to assess mine tailings management options (based on data found
in literature). Therefore the functional unit is defined as ‘the management of 100 tonnes of

dry tailings’ that are acid generating.
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Figure 11: Overall LCA boundary of the desulphurisation flotation process and the conventional process

treatment scenarios.
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The following impact categories that are relevant to the use of xanthate in the

desulphurisation flotation process have been selected:

e Climate change — Global warming due to greenhouse gas emissions in the atmosphere

o [Fossil fuel depletion — Non-renewable resource depletion due to extraction and
consumption of fossil fuels

e Acidification — Change of acidity in the soil by acid rains due to gaseous SO,
emissions

e Natural land transformation — The amount of natural land transformed and occupied
for a certain time

e Urban land occupation — The amount of urban land occupied for a certain time.

e Human toxicit y— Effects of toxic substances on the human health

e FEcotoxicity — Damage to ecosystem quality as a result of emissions of toxic

substances to air, soil and water.

3.2.2 Inventory analysis

The overall LCA system boundary for both desulphurisation flotation and base case scenario
is given and explained in more detail in Chapter 5. Life cycle inventory modelling for each
of the systems was conducted using the Simapro software (version 7.3.3) at the selected
reference flow rate (100 tonnes of dry tailings). The system boundaries included background
processes, namely electricity production (mix for South Africa was used to reflect local

conditions) and xanthate production (derived from the modelled xanthate in LCA 1 study)

Parameters for the foreground systems were derived from a combination of literature
information, in-house knowledge and mass balance calculations. The composition of the feed
tailings, xanthate dosage and desulphurisation flotation output was obtained from a base
metal case study conducted by Benzaazoua and Kongolo (2003).

3.2.3 Impact assessment

The life cycle impact assessment (LCIA) stage involved the relative interpretation of the
collected inventory data into the preselected impact categories using two methods. ReCiPe
method was used to assess climate change, fossil depletion, terrestrial acidification, natural
land transformation and urban land occupation impacts. Although generally considered to be
the state-of-the-art in terms of LCIA modelling, the ReCiPe method does not include factors
to characterise xanthate toxicity. Therefore, USEtox method was used as an additional

method to assess human and ecotoxicity impacts.
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3.2.4 Interpretation

This stage involved a sensitivity analysis. This analysis determined the sensitivity of selected
impact categories related to key parameters. Parameters analysed were 1) impact of energy
consumption on climate change, fossil depletion and terrestrial acidification, 2) impact of
zinc feed concentration and mobility on toxicity, 3) impact of copper feed concentration on
toxicity. The limitations of the study included input data quality (in terms of both availability
and certainty), impact categories considered, as well as the LCIA modelling capabilities.
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Chapter 4

LIFE CYCLE ASSESSMENT OF XANTHATE
PRODUCTION

The goal of the first life cycle assessment study is to identify and compare the environmental
impacts of the current and previous carbon disulphide production process, as well as the
subsequent effects of such on xanthate production at Semin®’s Sasolburg production site.
This chapter of the dissertation presents and discusses the results of this life cycle assessment
study, and includes a description of the production processes, the life cycle inventory, impact

assessment modelling and interpretation of model outcomes.

4.1 Description of the production processes

This section describes the old and new processes for the production of carbon disulphide
(subsections 4.1.1 and 4.1.2 respectively), and the xanthate production process (subsection
4.1.3)

4.1.1 Old CS; production process

The old CS; plant can be divided into three main unit operations; charcoal preparation,
sulphur preparation and CS; production. These unit operations are described in further detail
in the subsections below. The process flow diagram with key inputs and outputs is presented
in Figure 12.
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Figure 12: Process flow diagram for the old CS, production system
Charcoal preparation

Charcoal is procured from a vendor in Mpumalanga province (distance of 500km to site) and
stored in bags or in bulk at the plant. It is prepared by heating in a calciner to reduce its
content of ash, moisture and volatiles, namely absorbed hydrogen and oxygen compounds.
These impurities are undesirable because they form sulphur compounds, mainly hydrogen
sulphide, and contributed to sulphur losses and plant inefficiency. The charcoal is heated to
approximately 700-900°C, using heat from a fuel gas burner. The hot gases, mainly carbon
dioxide, from the burner, pass through the calciner and are exhausted together with the
moisture and volatiles driven out of the heated charcoal (waste gas 1, Figure 12). After
calcination, the charcoal is placed in hoppers before being transported by means of a forklift

truck to the combustion furnace.
Sulphur preparation

Sulphur is procured in liquid form from a nearby refinery and is placed into a sulphur pit,
where it is kept hot by steam heated coils. From the pit, the liquid sulphur is pumped in
jacketed steam heated pipes to the furnace in metered quantities.

CS; production

The CS, production process can be subdivided into four operational stages; furnace

combustion, gas separation and condensation, distillation and CS, storage.
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o Furnace combustion

The combustion reaction in the furnace is represented by Equation 2 in subsection 1.1.1,
Chapter 1:

C+Sz—>CSz

The charcoal is introduced to the furnace top at timed intervals through gas-tight feeders. A
continuous metered flow of molten sulphur is distributed to the furnace at several points. The
amount of sulphur fed into the furnace depends on the desired production. As a general rule,
approximately one tonne of sulphur is fed into the reactor for each tonne of carbon disulphide
produced. This approximation takes into account the recycled sulphur stream, and equates to
a conversion efficiency of approximately 85%. The heat required for bringing the raw
materials to a reaction temperature between 800 and 1000°C is generated by electrical
resistance in the charcoal, which functions as a conductor between two furnace electrodes.
The power to the electrodes is regulated by variable voltage control of a single phase
transformer. The sulphur is vaporised and reacted with the charcoal to form carbon
disulphide, in accordance with Equation 2. Volatile matter and moisture contained in the
charcoal react with the sulphur to form various gaseous by-products mainly hydrogen
sulphide (H,S). Other gases formed are nitrogen (N,), carbon dioxide (CO;), carbon
monoxide (CO), and carbon oxysulphide (COS).

A safety disc is installed in the gas outlet of the furnace. When pressure in the furnace is too
high, this safety disc is blown off. When this happened, product and by-product gases from
the furnace are flared before being emitted to the atmosphere mainly as SO, (waste gas 2,
Figure 13). Accumulated ash from the charcoal and from the sulphur is removed as solid

waste, together with the unreacted charcoal, on a regular basis.

e Separation and condensation

Product gas and by-product gases from the furnace pass through a charcoal separator. Most of
the fines and particulate matter in the gas stream are separated and collected in the bottom of
the charcoal separator, and the rejected material recycled to the furnace. The gases pass
through a steam - heated sulphur separator. Most of the unreacted sulphur collected in the
separator and overflow continue into a sulphur measuring tank. The recovered sulphur
amounts to 8-12 % of the feed sulphur and is recycled back to the sulphur pit. The gases are
then fed to a condenser unit. From the condenser, crude liquid carbon disulphide is sent to
storage tanks. Uncondensed gases, consisting essentially of H2S, CO, H2, N2, COS, CO2 and

residual CS2, pass through a water seal and are flared before being releasing as SO2 into the
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atmosphere (waste gas 3, Figure 12). These gases are not recovered, as a relatively small

quantity is produced.

e Distillation

The crude carbon disulphide from the furnace condensers contains some dissolved sulphur
and hydrogen sulphide as impurities. To remove these impurities and to bring the product up
to the desired final quality, the crude carbon disulphide is passed continuously through two
distillation columns, one for sulphur removal and the other for separation of hydrogen
sulphide. The purified carbon disulphide is then sent to storage tanks, while the recovered

sulphur is returned to the sulphur preparation area.

e Product storage

Crude and pure carbon disulphide is stored in tanks, which are submerged in a water filled pit
for safety reasons. The tank space above the carbon disulphide is filled with either water or
nitrogen to prevent air entering. Occasionally these tanks are cleaned. CS, sludge is scrapped

out as hazardous waste, which is taken to a hazardous waste treatment plant.
4.1.2 New CS, production process

The new CS, plant consists of four main unit operations: sulphur preparation, heating and
reaction, sulphur separation and sulphur recovery. The process units are described in detail in
the subsections below. Figure 13 shows the process flow diagram and identifies the input and

output materials.
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Figure 13: Process flow diagram for the new CS, production system
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Sulphur filtration and storage

As in the case of the old CS; process, molten sulphur is received from the nearby refinery and
is stored in a sulphur accumulation pit. From there, the sulphur is transferred to a sulphur
mixing pit. Before being fed to the furnace, it is filtered to remove impurities, which, if not
removed, would cause obstruction and other processing difficulties. Additives (lime, filtration
aid and activated clay) are added in the sulphur mixing pit before the filtration process. The
filtered sulphur is collected in a sulphur storage pit and the residues are collected separately

as solid waste for disposal.
Heating and reaction

Methane reacts in a reaction coil with diatomic sulphur according to the following

endothermic reaction as previously seen in Equation 3, subsection 1.1.1, Chapter 1.

CH4 +4S — CS; + 2H,S

The reaction takes place at temperatures between 600-630°C, with heat provided by gas fired
heaters. Excess sulphur (10%) is used to ensure a maximum conversion of CH4. The plant has
been designed to achieve a 96% conversion of methane. The reaction gases consist mainly of

carbon disulphide and hydrogen sulphide, with some unreacted sulphur.
Sulphur separation

Unreacted sulphur is removed from the reaction gases in a sulphur condenser. The condensed
sulphur contains CS, and some dissolved H»S and is therefore sent to a flash system, where
atmospheric conditions vaporise the CS,, separating it from sulphur that is recycled to the
filtration stage to remove impurities. The vaporised CS; from the sulphur flash system is first
condensed and recycled to the CS,-H,S separation unit, together with the CS, from the
distillation column. Boiler blow-down from steam boilers is collected as effluent. The gases
at the outlet of the condenser comprise mainly CS; and H;S.

H,S-CS, separation

Carbon disulphide is separated from hydrogen sulphide by absorption, and subsequently
stripped and sent to a distillation column to remove small amounts of impurities. Overhead
condensers are used on the distillation column where partial condensation of H,S occurs,
serving as a reflux. Off-gas from the carbon disulphide absorber, which comprises H,S gas
that is practically free of CS,, flows to a sulphur recovery unit (Claus process). Carbon

disulphide, retrieved at the bottom of the column, is free of H,S which is cooled and sent to
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storage tanks, where it is stored under water prior to being distributed to the xanthate

production plant.

Sulphur recovery (Claus process)

The sulphur contained in the H,S gas stream is recovered using the conventional Claus
process, as previously mentioned in the literature review, (subsection 2.2.1). In this process
H,S is converted to elemental sulphur in two stages, represented by the reactions in Equations
11 and 12

2H,S + 30, — 2S0, + 2H,0 Equation 17
SO; + 2H,S — 3S + 2H,0 Equation 18

In the first reaction step, H,S gas passes through a thermal reactor where it is combusted with
air to form sulphur dioxide (Equation 11). The process gas is cooled in a boiler down to a
temperature of 260°C. The process heat from this reaction as well as the condensation heat
from the boiler is used to produce medium pressure steam that gets used in other processes in
the plant. The cooled sulphur dioxide gas subsequent gas (sulphur dioxide) then passes
through three catalytic stages where it is reacted with residual hydrogen sulphide on a catalyst
to form sulphur (Equation 12). The three catalytic stages are operated at different
temperatures, which decrease from the first stage to the last stage. Downstream of each
catalytic reactor is a condenser where the sulphur is removed from the gas stream. The
sulphur product is recycled to the sulphur feeding tank for reaction in the furnace. Heat from
the condensers is used to produce low pressure steam that is used in sulphur filtration and
storage stage i.e. for jacketed sulphur pipelines, coils, pumps and vessels. Boiler blow-down
from steam boilers is collected as effluent. The gas (tail gas) emerging from the last catalytic
reactor flows to a thermal incinerator, where any unreacted hydrogen sulphide is converted to
sulphur dioxide at high temperature. The incinerator is fired by natural gas fired heaters. The
gaseous emissions, comprising mainly SO, and CO;, are then discharged to the atmosphere

through a stack.
CS; storage

Product carbon disulphide is stored in tanks. The tank space above the carbon disulphide is
filled with nitrogen to prevent air entering. Once in a while these tanks are cleaned. CS;

sludge is scrapped out as hazardous waste.
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Flare system

As a safety measure, there are points throughout the CS, plant where S, CHy4, H,S or CS; may
be released from the process system through pressure relief valves. These materials are toxic
and flammable. They cannot be safely vented within the operating area and are collected and
rendered less noxious by burning in a flare. Continuous nitrogen purge flow to the flare stack
is used for sweeping air that may enter the stack as a result of diffusion. Any back flash is

prevented by flare design and seals.
4.1.3 Xanthate production process

Senmin® produces a complete range of xanthate products including ethyl, isobutyl, propyl
and pentyl xanthate. These are supplied in three different forms; powder, pellets and liquid.
The process of producing solid xanthate (powder and pellet) involves three similar and
interchangeable steps: reaction, drying and solids handling, which are performed in a single
plant. Liquid xanthate is produced in a separate plant where the drying and solids handling
section is not involved. The name and type of a xanthate is derived from the alkali and
alcohol from which it is manufactured, i.e. SEX (sodium ethyl xanthate) is manufactured
from sodium hydroxide and ethyl alcohol. As SEX in a liquid form is the major product
manufactured at Senmin®, the life cycle assessment study was performed for this product
only. Figure 14 depicts the process flow diagram of sodium ethyl xanthate, identifying the
input and output materials.
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Figure 14: Liquid sodium ethyl xanthate production process

Production of salts is essentially carried out in a batch system. Xanthate salts are formed by
the reaction of carbon disulphide with alcohol and caustic (either sodium hydroxide or

potassium hydroxide), as previously represented by Equation 1 (subsection 1.1.1, Chapter 1).

ROH + CS,+ MOH — ROCS;M + H,0
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The reaction is usually carried out in two steps: the alcoholation reaction, whereby the
alcohol reacts with caustic to form sodium or potassium alcoholate and water; and the
xanthation reaction, where the alcoholate formed is combined with carbon disulphide to form
xanthate. Precooled alcohol is added to the reactor, in excess of that required for reaction.
While the alcohol is recirculating, flake caustic is slowly fed into the reactor. Heat is released
during the alcoholate reaction, but the final batch temperature is kept low by continuous flow
of refrigerant through the reactor jacket. When the addition of caustic is complete, carbon
disulphide is fed to the reactor under continued refrigeration. The CS, feed is regulated to
maintain a low reactor batch temperature. When sufficient CS, has been added, the CS, flow
shuts off automatically. After the reaction step the xanthate is diluted with water to 40% prior
to bulk storage tanks. Emissions from the xanthate plant are reported to be negligible as
neither the solid nor the liquid plants generate solid or liquid effluents. All non-product

outputs are returned to the process for conversion to xanthate.

4.2 Life Cycle Inventory

The purpose of the studied inventory is to accurately characterise inputs (raw materials input,
process chemicals, energy and water consumption) and outputs (emissions and wastes) within
the defined system boundary, beginning from the extraction of raw material and ending with
the final product. This section describes the system boundaries and relevant parameters for

the production of carbon disulphide (subsection 4.2.1) and xanthate (subsection 4.2.2).
4.2.1 Carbon disulphide production system

The overall system boundaries, depicting both the background and foreground sub-systems
for the old and new carbon disulphide processes, are presented in Figures 15 and 16 (on page
60-61) respectively. In both cases, data for the foreground system is based on the actual
operation of this system during one year and is thus the primary data. The background system
comprises the off-site processes which supply the inputs to, and/or process the outputs from,

the foreground system.
Foreground datasets

e Old CS; process

Input and output data for the old CS, process was collected from the year 2009 annual
production and environmental records, and a weighted average was calculated from the
annual data. The raw data is presented in Appendix B, Table B1. From the weighted average

the inputs and outputs are calculated based on 1 tonne of CS, produced, which is the
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reference flow. In cases where plant data was not available due to confidentiality or other
reasons, parameters were derived from mass balance calculations. Detailed mass balances
calculations and assumptions are provided in Appendix B, Table B3. Parameters for the old
carbon disulphide production process (foreground system) is summarised in Table 9 (page
58).

Carbon and sulphur mass balances (Table 6) indicate recoveries of 97% and 99%
respectively. The 3% carbon unaccounted for may be due to an overestimation of the amount
of feed charcoal and/or an underestimation of carbon emissions. The calculated input
amounts for carbon and sulphur are consistent with literature data. Raw material usages per
tonne of CS; product are approximately 220 — 250 tonnes charcoal and 920 — 950 tonnes
sulphur (including recycle) (Smith and Timmerman, 2000)

Table 6: Carbon and sulphur mass balance arising from the production of 1 tonne CS, via the old process

Total inputs Total outputs Losses Ret e
Sources (kg/tonne CS, (kg/tonne CS, (kg/tonne CS, (%)
produced) produced) produced)
Carbon Species
Charcoal feed 185.6 -
Fuel gas (Methane (CH4) 26.3 -
Solid waste (unreacted
charcoal) ) 17
CO, in waste gas R 29.4
CS, product - 157.8
Hazardous waste (CS,) - 1.3
Total Carbon 211.9 205.5 6.4 97
Sulphur Species
Feed sulphur 891.8 -
Sulphur in product - 10.2
H,S in product - 3.84
SO, in waste gas - 16.9
CS; product - 842.3
Hazardous waste (CS,) - 7
Total Sulphur 891.8 880.21 10.6 929

e New CS; process

Input and output data for the new CS, process was collected from the year 2011 annual
production and environmental records and a weighted average was calculated from the annual
data. Raw data is presented in Appendix C, Table C1. From the weighted average, the inputs
and outputs are calculated based on 1 tonne of CS, produced which is the reference flow. In
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cases where plant data was not available due to confidentiality or other reasons, parameters
were derived from mass balance calculations. Detailed mass balance calculations and
assumptions are provided in Appendix C, Table C3. Parameters for the new carbon disulphide

production process (foreground system) is summarised in Table 10 (Page 59).

Carbon and sulphur mass balances (Table 7) indicate recoveries of 95% and 99%
respectively. The 5% carbon unaccounted for may be due to an overestimation of the amount
of feed natural gas and/or an underestimation of carbon emissions. The calculated input
amount for the sulphur is consistent with literature data. Raw material usage per tonne of CS,
product is approximately 860 - 920 tonnes sulphur (including Claus sulphur recovery

efficiency) (Smith and Timmerman, 2000)

Table 7: Carbon and sulphur mass balance arising from the production of 1 tonne CS, via the new process

S GgommeCS;  (giomecs,  Lowig/tomme Recovery
produced) produced)

Carbon species

Methane (CHy) 164.4 -

Fuel gas 105.6 -

CO, in waste gas - 98.9

CS, product - 157.8

Hazardous waste (CS,) - 0.4

Total Carbon 270 257 12.9 95

Sulphur species

Sulphur feed 877.37 -

SO, in waste gas - 20.3

Solid waste (sulphur) - 1.1

CS,; product - 842.3

Hazardous waste (98% CS,) - 2

Total Sulphur 877.37 865.6 11.7 99




Foreground analysis of the compared old and new CS; process parameters

Table 8 summarises the foreground parameters derived for the old and new CS, process on

the basis of the reference flow (1 tonne of carbon disulphide produced).

Table 8: Summary of key foreground parameters for the production of 1 tonne CS; via the old and new process

Flows per tonne of CS,
Description - produced
Unit New CS, Old CS,
(2011) (2009)
Electricity GJ 0.8 5.7
Energy Steam GJ 6.5 12.7
Natural gas GJ 7.5 2.0
Inputs Total energy GJ 14.9 20.0
Water m’ 1.4 43
Materials Nitrogen m’ 13.05 49.6
Carbon source material kg 224.0 224.0°
Sulphur kg 881.8 898.6
Effluent m’ 0.6 0.3
Outputs Waste and Solid waste kg 1.9 24.6
emissions Hazardous waste kg 2.4 8.5
SO, kg 40.5 33.8
CO, kg 362.4 107.93
Product CS; kg 1000 1000

T 2
natural gas; “charcoal

The compared results show that the new process utilises 25% less energy than the old
process, with significant reductions in electricity (86% reduction) and steam (49% reduction)
consumption. The new process also consumes a lot less water (67% less) but results in higher
effluent (50% more) than the old process. It also produces significantly less solid waste (92%
reduction) and hazardous waste (72% reduction). However, it results in slightly higher SO,
emissions (17% more) than the old process, and significantly higher CO, emissions (70%
more), which can in turn be attributed to the higher utilisation of natural gas for energy. The
calculated raw materials used for both processes have the same quantity in terms of the
carbon source material and slightly different sulphur quantity which is due to the different

plant conversion of each plant.
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Table 9:Foreground process data arising from the production of 1 tonne CS, via the old process

Description Units Annual Monthly Unit per Data source Comments
(2009) average tonne of
CS,
Energy Electricity GJ 42898.82 3574.90 5.66 Production sheet | Electricity from the grid was used for furnace operation
Steam GJ 96474.24 8039.52 12.73 Production sheet | Steam was used for blanketing of sulphur pits and pipeline,
Fuel gas GJ 14752.84 1229.40 1.95 Production sheet | Fuel gas was used as energy for the calcination process
Inputs Total energy GJ 154125.90 12843.82 20.34 Production sheet | Total energy used (electricity, steam and fuel gas)
Materials Water ml 32413 2701.08 4.08 Production sheet | Water was used for cooling purposes
Nitrogen m 375650 31304.17 49.57 Production sheet | Nitrogen was used for purging of plant equipment
Charcoal was used as a raw material and is calculated based
Charcoal kg - - 223.6 Stoichiometric cal. | on stoichiometric balance, assuming 85% conversion.
Sulphur fresh feed (total flowrate) was used as raw material
and is calculated based on stoichiometric balance, excluding
Sulphur kg ; - 898.56 Stoichiometric cal. | recycle stream.
Waste Effluent from cooling water blow downs was taken to an
Effluent m3 4641.01 386.75 0.34 Production sheet | off-site waste treatment plant.
Solid waste, mostly ash from the furnace was taken to an
Outputs Solid waste kg 340254.26 28354.52 24.61 Production sheet | off-site solid waste treatment plant.
Hazardous waste which was sludge collected from CS,
Hazardous storage tanks, was taken to a hazardous waste treatment
waste kg 116900 9741.67 8.45 Production sheet | plant.
Emissions Total SO, emitted to the atmosphere by the plant due to
SO, kg 256044 21337 338 Production sheet | bursting of safety disc (waste gas 2 and 3, Figure 13)
Calculated based on combustion of fuel gas and bursting of
Cco, kg - - 107.9 Stoichiometric cal. | safety disc.
Volatiles are emitted during calcination process and
Volatiles kg _ - 12.3 Calculated originate from the impurities of coal.
Product CS, tonne 7578.90 631.57 1 Production sheet | Produced product, stored, and sent to xanthate process plant.
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Table 10: Foreground process data arising from the production of 1 tonne CS; via the new process

Description Unit Annual Monthly Unit per tonne Data source Comments
(2011) average of CS,
produced
Energy Electricity GJ 9618.02 801.50 0.81 Production sheet Electricity from the grid is used for plant equipment operations
Less steam was produced by process as opposed to design
specs. Therefore system used outsourced steam for blanketing
Inputs Steam, net GJ 77242.12 6436.84 6.54 Production sheet of sulphur pits and pipeline,
Fuel gas from pipeline is used to assist for incinerator or flare in
Fuel gas GJ 88685.7 7390.48 7.51 Production sheet the sulphur recovery unit
Total energy GJ 204700.92 17058.41 14.86 Production sheet Total energy used (electricity, steam and fuel gas)
Materials Water net m3 16286.65 1357.22 1.38 Production sheet Water is used for cooling purposes
Nitrogen m3 154088.1 12840.68 13.05 Production sheet Nitrogen is used for purging of plant equipment
Natural gas kg 2645841 220486.75 224.02 Production sheet Natural gas, mostly methane is used as a raw material
Sulphur fresh feed is used as raw material and is calculated
Sulphur kg - - 881.78 Calculated based on stoichiometric balance, excluding recycle stream
Waste Effluent from cooling water blow downs is taken to an off-site
Effluent m’ 6641 553.42 0.56 Production sheet waste treatment plant.
Solid waste from sulphur filtration is taken to an off-site solid
Outputs Solid waste kg 21999.50 1833.29 1.86 Production sheet waste treatment plant.
Hazardous Hazardous waste which is sludge collected from CS, storage
waste kg 28350 2362.50 2.40 Production sheet tanks, is taken to an off-site hazardous waste treatment plant.
Emissions SO, emitted to the atmosphere, due to flaring of tail gas from
SO, kg 478331 39860.92 40.5 Production sheet sulphur recovery unit.
CO, emitted to the atmosphere, due to flaring of tail gas from
CoO, kg 4279673 356639.42 362.36 Production sheet sulphur recovery unit.
Product CS, tonne 11810.68 984.22 1.00 Production sheet Produced product, stored, and sent to xanthate process plant.
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Background datasets

Background processes for both the old and new carbon disulphide production systems include
the production of coal-based electricity and steam, fuel gas, nitrogen and molten sulphur. In
terms of carbon sources, the background system for the old carbon disulphide production
system included charcoal production, whilst that for the new carbon disulphide process
system included production of natural gas in the form of methane. Other materials included in
the background system for the new carbon disulphide production system are the additives
used for purification of the molten sulphur, namely activated clay and lime. For both carbon
disulphide production systems, treatment of solid waste, hazardous waste and wastewater was
carried out in off-site facilities. The background systems also take into account the impacts
associated with the transport of the carbon source to the production facility at Senmin®.
Charcoal was transported by truck from Mpumalanga situated 500 km away, and natural gas
is transported via pipeline form Mozambique, over a distance of 865km. Direct emissions
from the foreground system (CS; process) were emitted to the environment. The CS; product

was used for xanthate production.
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Figure 15: Old process system boundary for the production of carbon disulphide
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Figure 16: New process system boundary for the production of carbon disulphide

Data for the background systems was procured from ecoinvent version 2.2 (Hischier et al.,
2009), except for the case of coal-based production of South African electricity production
which was build using ecoinvent unit processes (Dick et al., 2012) . The catalyst used in the
sulphur recovery process is excluded in the LCI due to the absence of information for this
chemical in the databases. A summary of the background system databases used for this
study is provided in Table 11. A more detailed description of the selected materials and
processes in the databases is provided in Appendix E, where these datasets closely/better
represent the used processes and materials in the study. Relevant emissions to the
environment of the background systems for the old and new CS, process are provided in
Table 12 and 13 respectively. These background emissions are essentially made up of both
foreground elements (e.g. the quality of electricity consumed, solid waste produced etc.) and
background elements (e.g. the emissions with electricity production and solid waste

treatment).
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Table 11: Summary of background process databases used in this study

Materials and Processes Relevant System Database Time Period Geography of Technology

Materials

Sulphur Old and New CS, process Ecoinvent 2.2 2000 Europe

Charcoal Old CS; process Ecoinvent 2.2 2010 Europe

Natural gas New CS, process Ecoinvent 2.2 1991-2000 World

Nitrogen Old and New CS, process, Ecoinvent 2.2 2003 Europe, U.S.A, Russia
Xanthate process

Lime New CS, process Ecoinvent 2.2 2003 Switzerland

Activation clay New CS, process Ecoinvent 2.2 2005 Switzerland

Carbon disulphide Xanthate process Created (this study) 2013 South Africa

Sodium hydroxide Xanthate process Ecoinvent 2.2 2003 Europe

Ethyl alcohol Xanthate process Ecoinvent 2.2 2007 Europe and India

Energy generation

Electricity %;11 ggg‘;gcgiz process, gfg:iogziszy UCTand The 5, South Africa

Fuel gas, natural gas Old CS, process Ecoinvent 2.2 2003 Switzerland

Steam, hard coal Old and New CS, process, Ecoinvent 2.2 1990 German
Xanthate process

Natural gas New CS, process Ecoinvent 2.2 1991-2000 World

Waste treatment

Solid waste Old and New CS, process Ecoinvent 2.2 2000 Switzerland

Hazardous waste Old and New CS; process Ecoinvent 2.2 2000 Switzerland

Effluent Old and New CS, process Ecoinvent 2.2 2000 Switzerland

Transportation

Transport, lorry ( >16t) 0Old CS, process Ecoinvent 2.2 2007 Switzerland

Transport, natural gas, pipeline New CS, process Ecoinvent 2.2 1994-2001 German

62



Table 12: Background systems emissions arising from the production of 1 tonne CS,via the old process

Emissions per 1 tonne of CS,
Solid Hazardous
Substance | Unit Transport, Natural waste waste Wastewater Total
Charcoal Sulphur Nitrogen | lorry Electricity Steam gas treatment | treatment treatment U]
(223.6 kg) (898.56 kg) | (49.57m’) | (112.02 tkm) (5.66GJ) | (12.73GJ) | (1.95G)) | (24.61kg) | (8.45kg) (0.34 m?)
COZ:
fossil kg 23.4 276.93 24.07 14.20 1520.00 1550.00 5.54 12.29 20.15 0.11 3446.69
Outputs | SO, kg 0.16 28.55 0.08 0.02 12.39 8.52 0.08 0.00 0.01 0.00 49.81
Table 13: Background systems emissions arising from the production of 1 tonne CS, via the new process
Flows per 1 tonne of CS,
Hazardous
Substance | Units Total Transport, waste Solid waste | Wastewater Total
Sulphur Natural gas | Additives | Nitrogen pipeline Electricity Steam treatment treatment treatment ota
(881.78 kg) | (593.34m’) | (2.17kg) | (13.05m’) | (31821 tkm) | (0.81 GJ) (6.54 GJ) (2.40 kg) (1.86 kg) (0.56 m’)
CO,,
Outputs | fossil kg 271.75 62.91 0.14 6.25 16.61 213.00 797.13 5.72 0.04 0.18 1373.73
SO, kg 28.02 0.93 0.00 0.02 0.01 1.78 4.38 0.00 0.00 0.00 35.14
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4.2.2 Xanthate Production system

The system boundary for the liquid ethyl xanthate production process involves additional
energy inputs in terms of electricity and steam, as well as raw materials (CS,, sodium
hydroxide and ethyl alcohol) used to produce xanthate. There are no direct emissions or
wastes from this plant. The foreground and background system boundaries for the liquid ethyl

xanthate production process are depicted in Figure 17.

Product
XAHTHA!

Figure 17: System boundary for the liquid ethyl xanthate production process.
Foreground parameters

Parameters were collected from the year 2011 annual production and a weighted average was
calculated. The raw data is presented in Appendix D, Table D1. From the weighted average
inputs and output were calculated based on 1 tonne CS;, used (produced from old and new
CS, process), as well as per pure unit xanthate produced. In cases where plant data was not
available due to confidentiality or other reasons, data was derived from mass balance
calculations. Detailed mass balances calculations are provided in Appendix D. Foreground
process data for the liquid xanthate production process is summarised in Table 14.
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Table 14: Foreground process data arising from the production of liquid xanthate (SEX) using 1 tonne CS,

Description Units Per Per unit Data Comments
tonne xanthate source
of CS, | produced
used
Electricity from the
Production | grid is used for plant
Energy Electricity GJ 1.12 0.59 sheet equipment operations.
Total Production | Total energy
energy GJ 1.12 0.59 sheet (Electricity only)
Water is used for
Production | dilution and cooling
Water m’ 2.99 1.58 sheet purposes
Nitrogen is used for
Production | purging of plant
Nitrogen m’ 41.67 22 sheet equipment
Inputs Assuming 100%
Materials stoichiometric
CS, tonnes 1.00 0.53 Calculated | amount.
Alcohol fresh feed,
assuming 100%
stoichiometric amount
Alcohol tonnes 0.61 0.32 Calculated | and 10% is recycled.
Assuming 100%
Caustic tonnes 0.53 0.28 Calculated | stoichiometric amount
Based on 40% purity
Output | Product Xanthate of SEX
(100%) tonnes 1.89 1.00 Calculated | (CH3CH20OCS2Na)

Background datasets

Background processes for liquid ethyl xanthate include the production of coal-based

electricity and steam, nitrogen, carbon disulphide, sodium hydroxide and ethyl alcohol.

Background data was procured from ecoinvent version 2.2 (Hischier et al., 2009), except for

the case of coal-based production of South African electricity production which was build

using ecoinvent unit processes (Dick et al., 2012), and carbon disulphide production process

(created in this study). A summary of the background system databases used for this study is

provided in Table 11 (page 62). A more detailed description of the databases is provided in

Appendix E.
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4.3 Life cycle impact assessment (LCIA)

This section presents and discusses the results of the life cycle impact assessment modelling
for the carbon disulphide (subsection 4.3.1) and xanthate (subsection 4.3.2) production

systems.
4.3.1 Carbon disulphide production

The inventory data derived in section 4.2 was used as input data for modelling the life cycle
impacts of the old and new carbon disulphide process systems, using the Simapro software
(version 7.3.3) and ReCiPe midpoint method. Five impact categories were selected for this
assessment, namely climate change, terrestrial acidification, human toxicity, freshwater
ecotoxicity and fossil depletion. From an environmental perspective, the results in Figure 18
show that the new CS, process performs better than the old process in all the impact
categories investigated, particularly in the case of climate change (54%), human toxicity
(49%) and freshwater ecotoxicity (58%). There are slight improvements in terrestrial
acidification (14%) and fossil depletion (11%).
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Figure 18: Relative environmental performance for the production of 1 tonne CS; via the new and old processes
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Process contribution to impact categories

Figures 19 and 20 show the relative process contribution to each of these impact categories
for the old and new CS, production systems respectively. These contributions are discussed
in the subsections below. Detailed results are presented in Appendix F, Table F1.
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Figure 19: Material and process contributions (% of total) to the potential environmental impacts arising from
the production of 1 tonne CS, via the old process
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Figure 20: Material and process contributions (% of total) to the potential environmental impacts arising from
the production of 1 tonne CS, via the new process
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e Climate change

Figures 19 and 20 indicate that climate change impacts for both processes are dominated by
the background production of steam and electricity. Processes contributing to the emissions

of greenhouse gases are compared in detail for the two processes in Figure 21.

Climate change
kg CO, equivalent per 1 tonne CS,
produced (Percentage of total)

Total of all processes

CS, old = 4098 (100%)
CS, new = 1870 (100%)

A 4 \ 4 \ 4 \ 4

Steam production
CS, old = 1669 (41%)
CS; new = 857 (46%)

Electricity production
CS, old = 1594 (39%)
CS; new = 229 (12%)

Sulphur refinery
CS; old = 283(7%)
CS; new =277 (15%)

CS, production
CS, old = 108 (3%)
CS; new =362 (19%)

Figure 21: Material and process contributions to climate change impact category arising from the production

of 1 tonne CS, for the two processes

The old CS; process makes a significantly higher contribution to climate change than the new
process (4098 vs 1870 kg CO; equivalents). The major contribution in both cases is from the
production of steam (42% of total) and, in the case of the old carbon disulphide process,
steam and electricity (41% and 39% of total respectively). Both steam and electricity are
produced from the mining of coal, and its combustion is a major contributor to greenhouse
gases that cause climate change. The sulphur refinery also makes a substantial contribution to
climate change for both the old and new CS, processes (283 and 277 kg CO, equivalents
respectively). However, the new CS, production process itself contributes a larger portion of
CO; (362 kg CO; equivalents) as compared to the old process (108 kg CO, equivalents) and
this can be attributed to the higher use of natural gas for energy (70% more) than the old CS,
process, as indicated in the foreground data analysis (subsection 4.2.1, Table 8).
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e Human toxicity

Figure 22 provides a comparison of the processes contributing to human toxicity during

carbon disulphide production.

Human toxicity
kg 1.4-DB equivalent per 1 tonne CS, produced
(Percentage of total)

Total of all processes

CS; old = 591 (100%)
CS, new = 299 (100%)

\ 4 \ 4 \ 4

Steam production
CS; old =492 (83%)
CS; new = 253 (85%)

Sulphur refinery
CS, old =30 (5%)
CS; new =29 (10%)

Natural gas production
CS, old =2 (0.3%)
CS; new = 6 (2%)

Electricity production
CS; old = 26 (4%)
CS, new =4 (1%)

Figure 22: Material and process contributions to human toxicity impact category arising from the production of

1 tonne CS, for the two processes

The human toxicity impacts of the old carbon disulphide process are double that of the new
carbon disulphide process. Figure 22 shows a total contribution of 591 kg 1.4 DB equivalents
per CS, produced for the old process and the new process having a lower contribution of 299
kg 1.4 DB equivalents. The dominating process in the case of both CS, production routes is
the production of steam, which is associated with coal mining and combustion, contributing
85% for the new process (253 kg 1.4 DB equivalent out of a total of 299 kg 1.4 DB
equivalent per tonne of CS, produced) and 83% for the old process (492 kg 1.4 DB
equivalent out of a total of 591 kg 1.4 DB equivalent per tonne of CS, produced). This can be
attributed to the high usage of steam for the old CS, process as seen in the foreground data

analysis (subsection 4.2.1, Table 8)

Sub-processes that contribute to this impact category are: sulphur, at refinery, with the new
CS, process contributing 10% (29 kg 1.4 DB equivalent per CS, produced) and the old
process contributing a total of 5% (30 kg 1.4 DB equivalent per CS, produced); natural gas
production makes a relatively small contribution 0.3% (2 kg 1.4 DB equivalent) for the old

process and 2% (6 kg 1.4 DB equivalents) for the new process; electricity production with a
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contribution of 4% (26 kg 1.4 DB equivalents) for the old process and 1% (4 kg 1.4 DB
equivalent) for the new process.

e Terrestrial acidification

Terrestrial acidification results when atmospheric deposition of inorganic substances, such as
sulphates, nitrates, and ammonia, become trapped in rain and cause impacts on soil and water
bodies. This impact category is expressed relative to the acidifying effect of sulphur dioxide
(SO,). Processes contributing to this impact category for the compared CS, processes are
shown in Figure 23.

Terrestrial acidification
kg SO, equivalent per 1 tonne CS, produced
(Percentage of total)

l

Total of all processes

CS, old =90 (100%)
CS, new = 78 (100%)

A 4 \ 4 \ 4 \ 4

CS; production Sulphur refinery Steam production Electricity production
CS; old = 34 (38%) CS,old= 29 (32%) CS; old =11(12%) CS; old =16 (18%)
CS, new = 41(52%) CS, new =28 (36%) CS, new =6 (8%) CS; new =2 (3%)

Figure 23: Material and process contributions to terrestrial acidification impact category arising from the

production of 1 tonne CS, for the two processes

The production of carbon disulphide for both the new and old process is a major contributor
in this impact category, with the new process having a higher contribution of 52% (41 kg SO,
equivalents per CS, produced) than the old process, which contributes 38% (34 kg SO,
equivalents per CS, produced). Major sub-processes in this category are; sulphur refinery,
steam production and electricity production, where the old CS, process makes a substantial
contribution of 32% (29 kg SO, equivalents per CS, produced), 12% (11 kg SO, equivalents
per CS; produced) and 18% (16 kg SO, equivalents per CS, produced) respectfully.
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e Freshwater ecotoxicity

Figure 18 show that the new CS; process makes significantly less contribution (42%) towards
fresh water ecotoxicity than the old process. Figure 24 shows the processes contributing to
fresh water ecotoxicity impact category for the new and old CS; processes.

Freshwater ecotoxicity

kg 1.4-DB equivalent per 1 tonne CS, produced
(Percentage of total)

l

Total of all processes

CS, old = 14 (100%)
CS; new = 6 (100%)

h 4 \ 4 A 4

Steam production Electricity production Sulphur refinery
CS, 0ld =9 (64%) CS, old =3.5 (25%) CS, old = 0.5 (4%)
CS; new = 4.5 (77%) CS; new = 0.5 (8.5%) CS; new = 0.5 (8.5%)

Figure 24: Material and process contributions to freshwater ecotoxicity impact category arising from the

production of 1 tonne CS, for the two processes

As in the case of the impacts contributing to human toxicity, steam production, which is
associated with coal mining, is the dominating process in this category, making a contribution
of 64% (9 kg 1.4 DB equivalents per CS; produced) for the old CS, process and 77 % (5 kg
1.4 DB equivalents per CS; produced) for the new CS, process. Sub-processes contributing to
this impact category have lower percentage contributions. Electricity production for the old
CS, process has a substantial contribution of 25% (3.5 kg 1.4 DB equivalents per CS,
produced) as compared to 8.5% (0.5 kg 1.4 DB equivalents per CS; produced) for the new
CS, process. This is due to the large amount of electricity that was used in this process as
previously seen in the foreground data analysis (Table 8). Sulphur refinery, makes a lower

contribution of 4% for the old CS; production process and 8.5% for the new process.
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e Fossil depletion

Processes contributing to fossil depletion are compared for the old and new CS, production

processes in Figure 25.

Fossil depletion
kg oil equivalent per 1 tonne CS, produced
(Percentage of total)

Total of all processes

CS, old = 1055 (100%)
CS, new = 937 (100%)

\ 4 A 4 \ 4 A 4

Natural gas production
CS, old = 58 (5.5%)
CS, new = 562 (60%)

Electricity production
CS; old = 488 (46%)
CS; new =70 (8%)

Steam production
CS, old = 381 (36%)
CS; new =196 (21%)

Sulphur refinery
CS, old =102 (10%)
CS; new =100 (11%)

Figure 25: Material and process contributions to fossil depletion impact category arising from the production

of 1 tonne CS, for the two processes

Natural gas production is a major contributor to fossil depletion in the new CS, process by
60% (562 kg oil equivalents per CS, produced) as compared to the old process (5.5%). This
is due to the use of this gas as a raw material and energy source in the production process.
Major sub-processes also contributing to this impact category are electricity production,
which has a significant contribution for the old CS, process (488 kg oil equivalents per CS,
produced), as compared to the new process (70 kg oil equivalents per CS, produced). The
production of steam contributes 36% (381 kg oil equivalents per CS, produced) in the case of
the old CS, process and 21% (196 kg oil equivalents per CS, produced) in the case of the new
process. The sulphur recovery process makes a relatively low contribution for both CS,
processes (less than 11%).

Effect of net steam consumption

As previously shown in Figures 19 and 20, the consumption of steam contributes
significantly to the environmental footprint of CS, production for both process routes. A
comparison of plant design and current performance indicates that there are opportunities to

improve steam recovery. On this basis an analysis is done to explore further the potential

72



effects of improving steam recovery in the new process since this process generates its own
steam. Figure 26 shows that improving the recovery and reuse of generated steam such that
there is zero net steam consumption will result in further improvements in the environmental
performance of the new process across all categories, making a significant reduction to
climate change from 54% to 75%, human toxicity from 49% to 93%, freshwater ecotoxicity
from 58% to 90%. A slight improvement is made to terrestrial acidification (from 13% to
19%) and fossil depletion (from 11% to 30%).
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Figure 26: Analysis results testing the relative environmental performance arising from the production of 1
tonne CS, for the new process

4.3.2 Xanthate impact assessment

Using 1 tonne of CS; process (functional unit) to produce liquid xanthate, the LCA results in
Figure 27 show that xanthate produced via the new CS; process has a reduced environmental
impact compared to that produced by the old CS, processes across all impact categories;
climate change (39% reduction), human toxicity (23% reduction), terrestrial acidification

(12% reduction), freshwater ecotoxicity (32% reduction) and fossil depletion (6% reduction).

As shown previously in Figure 18, the new process has positive effects on the xanthate
production process with a noticeable reduction in climate change impacts (Figure 27).
Climate change is now down by 54% for CS, production (Figure 18), which means that for
the xanthate process it is now 39% less CO, intensive. The reduction also applies to the other
impact categories as indicated above. Since the results of the new carbon disulphide have a
positive effect on xanthate production, these are analysed as part of the processes contributing

to the impact categories of xanthate.
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Figure 27: Relative environmental performance arising from the use of 1 tonne CS, via the new and old process

for xanthate production
Process contributions to impact categories

Processes contributing to the environmental performance of xanthate product (Figure 28) are
mostly impacts associated with background processes, particularly the production of carbon
disulphide, sodium hydroxide and alcohol.

Carbon disulphide impacts largely dominate xanthate’s total terrestrial acidification (91%).
This is due to the emissions of SO, in the new CS, production process that make a significant
contribution of 52% to terrestrial acidification as seen in Figure 20 and 23 previously. This
process also makes a substantial contribution to xanthate’s climate change (53%), fossil
depletion (50%), fresh water ecotoxicity (34%) and human toxicity (30%).

The production of caustic contributes a large portion of total human toxicity (60%) and fresh
water ecotoxicity (51%). To a lesser extent, caustic production contributes to the impact
categories of climate change (16%) and fossil depletion (9%), and relatively less to terrestrial
acidification (3%).

Alcohol production contributes substantially to the impact categories of fossil depletion
(36%) and climate change (21%). To a lesser extent, the production of alcohol contributes to
human toxicity, terrestrial acidification and freshwater ecotoxicity (8%, 2% and 8%
respectively).
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The production of xanthate does not use much electricity. This is consistent with the
significantly low contribution of electricity production to all the impact categories (Figure 28

and Appendix A3). Electricity production only contributes between 4% and 9% across the
impact category.

Less important to xanthate’s life cycle is the production of nitrogen. Production of nitrogen
makes a relatively low contribution in terms of climate change, human toxicity and fresh
water ecotoxicity (1%, 1% and 2% respectively). The production of nitrogen impacts to
terrestrial acidification and fossil depletion are insignificant.
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Figure 28: Material and process contributions (% of total) to the potential environmental impacts arising from

the use of 1 tonne CS; from the new process to the xanthate process
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Chapter 5

LIFE CYCLE ASSESSMENT OF XANTHATE
UTILISATION IN ARD MITIGATION

The goal of the second life cycle assessment study is to assess and compare the
environmental benefits and/or impacts of a desulphurisation flotation and conventional
treatment and management processes for the base metal sulphide tailings, insofar as xanthate
is used as a sulphide collector in the desulphurisation process. This chapter of the dissertation
presents and discusses the results of this life cycle assessment study, and includes a
description of the tailings treatment and management processes, the life cycle inventory,

impact assessment modelling, interpretation of model outcomes.

5.1 Description of the tailings management scenarios

As discussed in Chapter 2 (subsection 2.3.1), the mining industry generates large volumes of
solid waste, i.e. waste rock and tailings, which can have significant environmental impacts,
one of the most serious of which is acid rock drainage (ARD). In the next subsections, two
tailings management processes were compared (as per methodology described in Chapter 3);
the conventional and desulphurisation flotation treatment process (subsections 5.1.1 and 5.1.2

respectively).

5.1.1 Conventional tailings treatment (base case)

The flow diagram for the conventional treatment of large-volume mine tailings is shown in

Figure 39.
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Figure 29: Process flow diagram for the conventional tailings treatment and management scenario
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The tailings are usually dewatered in conventional thickeners (cylindrical and continuous) to
about 55 — 65% by weight (Mwale, 2005: Donoso et al., 2013), with the thickener overflow
generally being recycled back to the mill circuit. Tailings slurry underflow is discharged by
using either cycloning or spigoting to specially designed impoundments formed by a
contaminated dyke, constructed of suitable fill material. The tailings are allowed to settle
from suspension to a deposit that is stable. The deposits release significant amounts of water
which is typically controlled through decantation by means of an embankment drain, decant
towers or a floating pump. Recovered tailings dam water is recycled and used in the mill
circuit. Dissipative water loss occurs through evaporation (typically 5-40% of tailing water),
seepage (typically 5% of tailing water) and entrainment (30—-50% of tailing water) (Bleiwas,
2012).

Continued generation of contaminated leachate (acid drainage) from sulphide bearing waste
contains soluble acid, salts and metals formed through the reaction of residual sulphides and
acid neutralising carbonate minerals in the tailings during disposal, as well as residual
flotation chemicals. Acid drainage generation occurs as a result of water and oxygen coming
into contact with solid waste as explained in the literature review (Chapter 2, section 2.3).
The contaminated leachate seeps through the tailings impoundment and eventually gets into
contact with ground water. This can result in adverse consequences in terms of biodiversity
conservation, quality of water and soil as well as health impacts (Broadhurst et al., 2007b;
Harrison et al., 2010). Therefore, the deposit is considered as a unit operation generating its
own emissions to air (water vapour), water (seepage) and land (unreacted tailings), as well as

a product output in the form of recovered water.
5.1.2 Desulphurisation flotation management scenario

The desulphurisation flotation management option consists of the following operating stages:
(1) flotation that produces two fractions, the sulphide rich concentrate and the sulphide-lean
tailings; (2) dewatering of the two fractions; and (3) final disposal of the tailings in the
tailings storage facility. Figure 30 depicts the flow diagram of the management scenario
incorporating the desulphurisation flotation treatment process.
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Figure 30: Process flow diagram for the desulphurisation tailings management scenario

Conventional tailings from a beneficiation separation unit are sent to the desulphurisation
flotation circuit where a sufficient quantity of sulphides are separated into two fractions: a
large volume of sulphide-lean tailings stream, which is non-acid forming, and a smaller
volume of sulphide-rich concentrate, that is acid generating. The conventional feed tailings
are expected to have minor xanthate from conventional flotation process. Xanthate collector,
which is characterised by its ability to collect for sulphide minerals, is used for the non-
selective flotation of the sulphide mineral in this process. Other reagents such as the frother
and modifier are added to promote sulphur recovery and concentrate grade. These reagents,
as well as the xanthate, are mixed with the tailings at a consistent airflow introduced into the

unit. The flotation slurry typically contains 30% solids.

After separation, the sulphide-rich concentrate is dewatered by means of filtration (moisture
content of around 10% by weight) to produce a sulphide-rich by-product which can be
recycled to the primary metal extraction circuit for further processing to produce acid and or
base metal values. Most of the xanthate is retained on the sulphide minerals collected as
concentrate and gets destroyed when dried in the smelter after flotation (NICNAS, 1995).
Similar to the conventional tailings disposal, explained in the previous section, the sulphide-
lean tailings produced from the desulphurisation flotation process is subsequently subjected
to dewatering and disposal.
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5.2 Life cycle inventory (LCI) analysis

The inventory analysis of this study identifies and quantifies energy and material usage as
well as environmental releases. This section describes the system boundaries and relevant
parameters for the treatment and management of sulphidic tailings for the conventional

scenario (subsection 5.1.1) and the desulphurisation flotation scenario (subsection 5.1.2).

The overall system boundaries, depicting both the background (off-site processes which
supply inputs to the foreground system) and foreground (primary data) sub-systems for the
conventional and desulphurisation processes are presented in Figures 31 and 32 respectively.
Life cycle inventory modelling for each of these systems was conducted using the Simapro

Software (version 7.3.3) package, at a reference flowrate of 100 tonnes of dry tailings per

day.
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Figure 31: Overall system boundary for the desulphurisation flotation tailings management scenario
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Figure 32: Overall system boundaries for the conventional tailings management scenario (base case)
5.2.1 Foreground datasets

Input and output data for the foreground sub-systems for both tailings management scenarios
was derived from a combination of literature information, in-house knowledge and mass

balance calculations.

The composition of the feed tailings, dosage of xanthate and deportment of desulphurised
tailings were obtained from a base metal case study by Benzaazoua and Kongolo (2003).

Relevant data from this case study is summarised in Table 15

Table 15: Deportment of sulphide minerals — Base metal case study

Desulphurised Sulphide-rich Percentage
Feed tailings (%) tailings (%) concentrate (%) removal (%)
Minerals
Pyrite 17.40 2.18 56.53 91"
Sphalerite 0.19 0.02 0.62 90
Chalcopyrite 0.10 0.07 0.19 61
Calcite 2.70 3.38 0.96 10°
Other (gangue) 79.61 94.36 41.67 15'
Sulphide sulphur 9.38 1.17 30.49 91
Total solids 100 100 100 28

'Derived from mass balance calculations; “assumed on the basis of literature information (Broadhurst et al.,
2007b).
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The main sulphide mineral studied in the case study was pyrite with 9.38% sulphur content.
Using xanthate at a concentration of 90g/tonne of ore, 91% sulphur recovery was achieved
(Table 15). Detailed mass balances calculations and assumptions for the desulphurisation
treatment scenario are provided in Appendix G, Table G2. Foreground process data is
summarised in Table 16 (page 82). For the base case scenario, detailed mass balances
calculations and assumptions are provided in Appendix H, Table H2. Foreground process data

is summarised in Table 17 (page 83).
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Table 16: Foreground process data arising from the management of 100 tonnes of solid tailings — Desulphurisation flotation

Description Units Flows per 100 Data source Comments'
tonnes of solid
tailings per day
Energy Electricity kJ 1 630 000 Marsden et al., (2008) Electricity from the grid used for flotation tailings treatment
Tailings slurry (based Feed tailings slurry. Calculation based on the addition of solids and water.
on a solids content of Xanthate in slurry is assumed to be 1.5ppm NICNAS (2000)
Inputs Material | 30% solids) tonnes 333.33 Calculated
Benzaazoua and kongolo, | Xanthate feed used for desulphurisation flotation.
Xanthate kg 9.00 (2003)
Wast Tailings to disposal tonnes 72.00 calculated Assume 30 % entrainment of tailings water
‘ ase Water evaporation tonnes 19.20 calculated Assume 40% evaporation of tailings water
streams
seepage tonnes 2.40 calculated Assume 5% seepage of tailings water
Outputs Total acid (H+) in seepage. Calculations based on Net neutralisation potential
Acid (H+) kg 0.59 Calculated (NNP) calculations.
Total sulphate in seepage. Assuming 80% net mobilisation of S in tailings pore
Sulphate (S)
kg 96.48 Calculated water.
Emissions . Total calcium in seepage. Assuming 60% net mobilisation of Ca in tailings pore
Calcium (Ca)
to ground kg 83.48 Calculated water.
water Total copper in seepage. Assuming 5% net mobilisation of Cu in tailings pore
Copper (Cu)
kg 0.08 Calculated water.
. Total zinc in seepage. Assuming 60% net mobilisation of Zu in tailings pore
Zinc (Zn)
kg 1.11 Calculated water.
Iron (Fe) kg 4.49 Calculated Total iron in seepage. Assuming 2% net mobilisation of Fe in tailings pore water.
Recovered Total water recoveries through return water from concentrate, tailings thickener
. Water - -
Material tonnes 194.22 Calculated and tailings storage facility
Sulphide concentrate tonnes 28.00 Calculated Concentrate product
Loss of Total water losses from dissipated water streams (evaporated, seepage and
material Water tonnes 39.11 Calculated entrainment water) and water in concentrate product.

! Further details regarding assumptions are provided on page 84-85
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Table 17: Foreground process data arising from the management of 100 tonnes of solid tailings — Base case

Description Units Flows per 100 Data Comments'
tonnes of solid source
tailings per day
E Electricity from the grid used only for thickening and pumping tailings to
ner,
&y Electricity kJ 407 500 Calculated | tailings storage facility.
Tailings slurry (based Feed tailings slurry. Calculation based on the addition of solids and water.
Inputs Material on a solids content of Xanthate in slurry is assumed to be 1.5ppm NICNAS (2000)
30% solids) tonnes 333.3 Calculated
Tailings to disposal tonnes 100 calculated | Assume 30 % entrainment of tailings water - 86.4 kg/100g of feed
Waste streams | Water evaporation tonnes 26.67 calculated | Assume 40% evaporation of tailings water
seepage tonnes 3.33 calculated | Assume 5% seepage of tailings water
Total acid (H+) in seepage. Calculations based on Net neutralisation potential
Acid (H+) kg 76 Calculated | (NNP) calculations.
Total sulphate in seepage. Assuming 80% net mobilisation of S in tailings pore
Sulphate (S)
kg 1072.0 Calculated | water.
. Total calcium in seepage. Assuming 60% net mobilisation of Ca in tailings
- Calcium (Ca)
Emissions to kg 92.6 Calculated | pore water.
round water Total copper in seepage. Assuming 5% net mobilisation of Cu in tailings pore
Outputs g Copper (Cu) PP pag g% gsp
kg 0.2 Calculated | water.
) Total zinc in seepage. Assuming 60% net mobilisation of Zu in tailings pore
Zinc (Zn)
kg 11.1 Calculated | water.
| . Total iron in seepage. Assuming 2% net mobilisation of Fe in tailings pore
ron (Fe) kg 497 Calculated | water.
Recovered Total water recoveries through return water from tailings thickener and TSF
. Water
material tonnes 183.33 Calculated
Loss of material Total water losses from dissipated water streams (evaporated, seepage and
Water tonnes 50.00 Calculated | entrainment water) and water in concentrate product.

! Further details regarding assumptions are provided on page 84-85
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The key assumptions underpinning the parameters in Tables 16 and 17 are as follows:

e Tailings slurry feed (i.e. feed to the desulphurisation flotation)

In line with data reported in the literature (refer to review), the feed tailings was assumed to
have a solids content of 30% and a soluble xanthate concentration (residual from prior
flotation steps) of 1.5ppm. This value is estimated based on an assumption made in the
NICNAS report (2000), which was also found it to be consistent with values measured by
Hawley (1977), who reported 0.2 to 1.2 mg/1 of xanthate residue found in tailings.

e Xanthate feed

Xanthate is the major reagent and the main focus of the desulphurisation study assessment,
therefore the amounts of other reagents used i.e. frother and modify are excluded in the study
due to insufficient information on these reagents, as well as the relatively small quantities
used. In the absence of available empirical data, and on the basis of discussions with in-house
experts, 90 % of the xanthate used in the desulphurisation flotation process was assumed to
be retained on the sulphide minerals collected as concentrate, when dried in smelters. The

remaining 10% is assumed to report to the tailings storage facility as soluble xanthate.

e Electricity consumption

It was assumed that electricity consumption for the desulphurisation flotation process was
similar to that used in a conventional flotation process of copper sulphide. In accordance with
Figures published by Marsden et al, (2008), the total energy consumption for this process,
which includes the flotation, solids handling and disposal operations is 16 300 kJ/tonne of ore
(4.5kwh/tonne). This figure was similar to that obtained from in-house specialists. In the
absence of available plant data, 25% (4 075 kJ/tonne of feed tailings) of this energy was

attributed to dewatering and solids handling (base case scenario).

e Solids content and water deportment

In accordance with literature values, the solids content in the tailings thickener underflow was
taken at 60% (Donoso et al., 2013) and that of the filtered concentrate at 90% (Bleiwas,
2012). Estimated water deportment during disposal is as follows: 40% evaporation; 30%
entrainment; 10% seepage (Bleiwas, 2012). 20% of the slurry water is returned to the mill
circuit after settling.

e Long-term behaviour of tailings deposits

As indicated in Chapter 3, subsection 3.2.1, that the waste deposit is considered as a ‘unit
reactor’ that has its own emissions which includes residual processing reagents as well as
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metals and salts which become mobilised during weathering of minerals. Only specific
tailings components, which were copper and zinc, were taken into account due to lack of
characterisation data for the tailings. In accordance with values predicted by Broadhurst
(2007a) the extents of mobilisation under disposal conditions were estimated at 80% for S,
60% for Ca, 5% for Cu, 60% for Zn and 2% for Fe. These figures are based on a conventional
porphyry-type tailings deposit with pore water in the pH range of 2-4 (Broadhurst, 2007a).
No allowances were made for the effects of potentially lower or higher pH values in the base
case or desulphurisation flotation scenarios respectively. Acid generation was calculated in
accordance with the Maximum Potential Acidity (MPA) and Acid Neutralising Capacity
(ANC) in accordance with the equation used for the Acid Base Accounting predictive test
(Stewart et al., 2006). Acid neutralising capacity is assumed to be attributed to calcite only,
whilst MPA is based on the total sulphur content. Two different sub-scenarios were created to
account for xanthate behaviour in tailings deposit. In the first scenario (Scenario A), soluble
xanthate (10% of feed) is assumed to deport to the groundwater without further
decomposition. In scenario B, soluble xanthate is assumed to decompose in to carbon
disulphide, alcohol and sodium hydroxide according to the reactions in equations 6 and 7 of
Chapter 2 (subsection 2.1.1).

5.2.2 Background datasets

Background process data for both the base case and desulphurisation flotation management
systems includes the production of South African electricity, which is coal based (Dick et al.,
2012). In terms of material addition, the background system for the desulphurisation flotation
includes xanthate production, where data was created in Chapter 4 of this thesis. Downstream
treatment of the sulphide-rich stream was not included due to lack of adequate data and
process information. Background data of relevant parameters for both scenarios are presented
in Tables 18 and 19. The background data is essentially made up of both foreground elements
(e.g. the quality of electricity consumed) and background elements (e.g. the emissions with
electricity production).
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Table 18: Background data arising from the management of 100 tonnes of solid tailings for the desulphurisation

flotation treatment scenario

Background data
Materials Units | Xanthate Electricity
9 kg) (1630000 kJ) Total
Water (process and cooling) m’ 1.0E-02 6.0E-01 6.1E-01
Fossil fuel (as hard coal @ mine ) kg 1.2E+00 1.7E+02 1.8E+02
Sulphur (S) kg 1.4E-04 1.7E-06 1.4E-04
Inputs 5
Zinc (Zn) kg 8.9E-04 5.1E-04 1.4E-03
Copper (Cu) kg 2.0E-04 6.5E-05 2.7E-04
Iron (Fe) kg 4.9E-02 7.5E-02 1.2E-01
Acid (H+) kg 0 0 0
Sulphur (as sulphate) kg 3.7E-01 2.0E+01 2.0E+01
Zinc (Zn) kg 6.7E-04 2.8E-02 2.9E-02
Copper (Cu) kg 1.1E-04 3.0E-03 3.1E-03
Iron (Fe) kg 1.2E-02 4.5E-01 4.6E-01
Outputs

Manganese (Mn) kg 4.6E-03 2.0E-01 2.0E-01
Xanthate kg 0 0 0
Sulphur dioxide (SO,) kg 3.9E-01 3.6E+00 4.0E+00
Carbon dioxide (CO,) kg 1.6E+01 5.5E+02 5.6E+02
Solid emissions (final waste flows) kg 2.8E-01 5.0E+01 5.0E+01

Table 19: Background data arising from the management of 100 tonnes of solid tailings for the base case

scenario

Materials Units Background data
Electricity (407 500 kJ)
Water (process and cooling) m’ 1.5E-01
Fossil fuel (as hard coal @ mine ) kg 4.3E+01
Sulphur (S) kg 4.3E-07
Inputs -

Zinc (Zn) kg 1.3E-04
Copper (Cu) kg 1.6E-05
Iron (Fe) kg 1.9E-02
Acid (H+) kg 0

Sulphur (as sulphate) kg 4 9E+00
Zinc (Zn) kg 7.0E-03
Copper (Cu) kg 7.4E-04
Iron (Fe) kg 1.1E-01

Outputs

Manganese (Mn) kg 4.8E-02
Xanthate kg 0

Sulphur dioxide (SO,) kg 8.9E-01
Carbon dioxide (CO,) kg 1.4E+02
Solid emissions (final waste flows) kg 1.2E+01
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Based on the management of 100 tonnes of solid tailings, background processes for the
desulphurisation flotation treatment process involves the production of 9 kg of xanthate and
1 630 000 kJ of electricity as system inputs (Table 18). The production of the coal-based
electricity consumes less materials (sulphur, zinc and copper), however it has higher
emissions to water (sulphur as sulphate, zinc, copper and iron), compared to the production of
xanthate. This process also results in higher SO, and CO, emissions, than the production of
xanthate, which is largely attributed to the use of fossil fuel for electricity production.
Background data for the base case scenario only involves the production of electricity
(407 500 kJ), which is predicted to be significantly lower (25%) than that for the
desulphurisation flotation scenario (Table 19). This results in less consumption of input
materials used (water, sulphur, zinc, copper and iron), than the desulphurisation flotation
treatment scenario. The lower electricity use also results in less emissions to water (sulphur

as sulphate, zinc, copper and iron) and air (SO, and CO,).
5.2.3 LCI analysis

Table 20 summarises the key LCI parameters derived for the two tailings treatment scenarios

on the basis of the reference feed rate (100 tonnes/day of solids).
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Table 20: Summary of key LCI parameters arising from the management of 100 tonnes of solid tailings for the

two tailings treatment scenarios

Flows per 100 tonnes of | Relative contribution of
solid tailings per day foreground system
Description (% of total)
Units |Desulphuri-| Base case [Desulphuri-| Base case
sation scenario sation scenario
flotation flotation
scenario scenario
Energy Electricity kI | 1630000 | 407500 100% 100%
Tailings slurry | tonnes 3333 3333 100% 100%
Inputs T,
Material Water in tailings
slurry tonnes 2333 2333 100% 100%
Xanthate feed kg 9.00 - 100% 100%
Acid (H+) kg 0.59 76.0 100% 100%
Sulphur (S) kg 116.35 1076.87 82.9% 99.5%
Emissions to
ground water Copper (Cu) kg 0.08 0.2 97% 99.6%
(Seepage) Zinc (Zn) kg 1.14 11.1 97.5% 99.9%
Iron (Fe) kg 4.95 49.82 90.6% 99.8%
Xanthate kg 0.02 0.01 100% 100%
o . Carbon dioxide
Emissions to air kg 562.50 137 0% 0%
Output Sulphur dioxide
utputs P ke 3.96 0.89 0% 0%
Emissions to land Unreactive solid
tailings tonnes 72 100 100% 100%
Water m’ 39.1' 50.2° 98% 99.7%
Sulphur tonnes 2.9 11.4 100% 100%
Non-recoverable Carbon kg 152.7 38.2 100% 100%
resources (Losses)
Iron tonnes 0.75 8.1 100% 100%
Copper tonnes 0.01 0.03 100% 100%
Zinc tonnes 0.01 0.13 100% 100%

Dissipative water lost as evaporation, seepage, entrainment and dewatered concentrate product; > dissipative

water lost as evaporation, seepage and entrainment.
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A comparison of the LCI data for the two tailings treatment processes indicates that the
desulphurisation flotation process consumes more carbon than the base case scenario, and
results in higher emissions of carbon dioxide (76% more), sulphur dioxide (78% more) and
xanthate (50% more) to the environment.

However, it also results in a considerable decrease in the aqueous emissions of acid (99%
less), sulphur, as sulphate (89% less) and metals [copper (60% less); zinc (90% less); iron
(90% less)], whilst simultaneously enhancing the potential to recover valuable resources,
including water and metal values (Cu, Zn and Fe) from the tailings (as seen in Table 18). The
relative emissions and resources losses are illustrated diagrammatically in Figures 33A and
33B respectively.

Further analysis of the LCI data indicated that in both cases, dissipative water losses are
attributed largely to evaporation and seepage within the sulphide tailings impoundment, both
of which are reduced in the case where desulphurisation flotation is conducted prior to
disposal. Losses of soluble sulphur and metals can also be attributed largely to the deposition
of tailings in solid waste impoundments, with all components in the solid waste streams being
considered as resource ‘losses’ as they are no longer available for utilisation, regardless of
their extent of mobilisation under disposal conditions. Losses of carbon can be attributed
almost exclusively to emissions of carbon dioxide (CO;) during fossil-fuel based electricity
production, whilst emissions of sulphur dioxide (SO,) during fossil-fuel based electricity
production also make a significant contribution to net sulphur losses for the desulphurisation
flotation tailings treatment scenario (82% of total). The higher electricity consumption by the
desulphurisation flotation process results in higher net carbon consumption and CO;

emissions relative to the base case scenario.
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B: Resource losses
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Figure 33: Relative environmental emissions (A) and resource losses (B) arising from the management of 100

tonnes of solid tailings for the two tailings treatment scenarios

5.3 Life cycle impact assessment (LCIA)

This section presents and discusses the results of the life cycle impact assessment modelling.
As discussed previously the USEtox method was used to assess human and ecotoxicity
impacts, taking into account two scenarios for the behaviourof xanthate. The ReCiPe method
was used to model climate change, fossil fuel depletion, terrestrial acidification, urban land
occupation and natural land transformation impacts, as well as human and ecotoxicity

impacts for the case where xanthate does not decompose (scenario A).
5.3.1 USEtox method for toxicity analysis
Scenario A: Soluble xanthate deports to seepage without decomposition

On the basis of available data, LCIA modelling with USEtox indicates that desulphurisation
flotation results in a considerable reduction (more than 89%) in both ecotoxicity and human
toxicity impacts (Figure 34).
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Figure 34: Relative human and ecotoxicity impacts arising from the management of 100 tonnes of solid tailings

for the two tailings treatment scenarios : USEtox method without xanthate decomposition (scenario A)

The tailings treatment process accounts for the majority of the human and ecotoxicity impacts
in both cases, with electricity production accounting for 5% of human and 3% of ecotoxicity

in the case of the desulphurisation flotation management scenario.

Figure 35 and 36 shows the relevant substances contributing to human toxicity and
ecotoxicity respectively, for both scenarios. These impacts are measured in comparative toxic
units (human toxicity) (CTUh) and comparative toxic units (ecotoxicity) (CTUe) equivalent

per management of 100 tonnes of solids tailings.

Human toxicity
CTUh equivalent per management of 100

tonnes of solid tailings (Percentage of total)

Total of all substances

Base case = 1.41E-02 (100%)
Desulphurisation =1.49E-03 (100%)

v \ 4
Zinc ion Copper ion
Base case = 1.41E-02 (99.99%) Base case = 1.74E-07 (0.001%)
Desulphurisation =1.45E-03 (97.18%) Desulphurisation = 8.90E-08 (0.01%)

Figure 35: Contributions of emissions to human toxicity impact category arising from the management of 100
tonnes of solid tailings for the two tailings treatment scenarios: USEtox method without xanthate decomposition

(scenario A)
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Ecotoxicity
CTUe equivalent per management of 100 tonnes

of solid tailings (Percentage of total)

Total of all substance

Base case = 4.36E+05 (100%)
Desulphurisation = 4.96E+04 (100%)

v v \ 4

Zinc ion Copper ion Xanthate
Base case Base case Base case
=4.25E+05 (97.45%) = 1.10E+04 (2.53%) = 5.48E+00 (0.001%)
Desulphurisation Desulphurisation Desulphurisation
= 4.36E+04 (87.92%) =5.69E+03 (11.47%) =1.10E+01 (0.02%)

Figure 36: Contributions of emissions to ecotoxicity impact category arising from the management of 100

tonnes of solid tailings for the two tailings treatment scenarios (scenario A)

The LCA results indicate that for both scenarios, the human toxicity (Figure 35) and
ecotoxicity (Figure 36) impacts can be mainly attributed to zinc emissions (88-100% of total
impacts). Copper emissions make a small contribution to ecotoxicity impacts (3-11.5%) but a
negligible contribution to human toxicity impacts (< 0.01%). The USEtox model also
predicts a negligible contribution to ecotoxicity impacts from xanthate emissions (< 0.02%),
while human toxicity impact is not characterised for xanthate emissions. This can be
attributed to both the relatively low net emissions (Table 20) and toxicity characterisation
factors for xanthate relative to zinc (Appendix J). It should, however, be noted that only the
mobilisation of Cu, Fe, Zn and Ca were considered due to lack of availability of data on
tailings composition. Other elements that could be a problem are Al, Mn, Ni, Co and As as
previously mentioned from the literature reviewed. Furthmore, the impact of emissions of
acid, iron, calcium and sulphate emissions could not be assessed as LCIA toxicity models
views salinity as an indicator that carries dissolved species such as metals, therefore its
impacts are not assessed. However as highlighted previously in the literature reviewed,
salinity impacts can lead to human and ecotoxic effects and also have adverse effect on the

quality of water and water sources.

Scenario B: Soluble xanthate decomposition to carbon disulphide, alcohol

and sodium hydroxide

As discussed in the literature review, xanthate may decompose in the tailings dam. When

considering the decomposition products of soluble xanthate (carbon disulphide, alcohol and
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sodium hydroxide) for the disposal of tailings, the LCIA modelling indicates once again that
desulphurisation flotation results in a considerable reduction (more than 89%) in both
ecotoxicity and human toxicity impacts (Figure 37). The results are similar to scenario A:
soluble xanthate in seepage, as seen in the previous subsection.
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Figure 37: Relative human and ecotoxicity impacts arising from the management of 100 tonnes of solid tailings

for the two tailings treatment scenarios (scenario B)

Figure 38 and 39 shows the relevant substances contributing to human toxicity and
ecotoxicity respectively, for both scenarios. These impacts are measured in comparative toxic
units (human toxicity) (CTUh) and comparative toxic units (ecotoxicity) (CTUe) equivalent

per management of 100 tonnes of solids tailings.

Human toxicity
CTUh equivalent per management of 100 tonnes of solid

tailings (Percentage of total)

|

Total of all substances

Base case = 1.42E-02 (100%)
Desulphurisation =1.51E-03 (100%)

A\ 4 A\ 4 l

Zinc ion Carbon disulphide Copper ion
Base case Base case Base case
= 1.42E-02 (99.93%) = 1.74E-07 (0.001%) =2.64E-06 (0.02%)
Desulphurisation Desulphurisation Desulphurisation
=1.46E-03 (96.57%) = 5.07E-06 (0.34%) =7.02E-08 (0.005%)

Figure 38: Contributions of emissions to human toxicity impact category arising from the management of 100

tonnes of solid tailings for the two tailings treatment scenarios (scenario B)
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Ecotoxicity toxicity
CTUe equivalent per management of 100 tonnes of solid

tailings (Percentage of total)

!

Total of all substances

Base case = 4.40E+05 (100%)
Desulphurisation =4.89E+04 (100%)

,, l

A\ 4

Zinc ion Copper ion Alcohol Carbon disulphide
Base case Base case Base case Base case
= 4.28E+05 (97.25%) = 1.10E+04 (2.51%) = 1.65E+00 (0.0004%) =1.22E-01 (0.00003%)
Desulphurisation Desulphurisation Desulphurisation Desulphurisation
=4.39E+04 (89.81%) =4.59E+03 (9.39%) =3.17E+00 (0.01%) =2.35E-01 (0.0005%)

Figure 39: Contributions of emissions to ecotoxicity impact category arising from the management of 100

tonnes of solid tailings for the two tailings treatment scenarios (scenario B)

Results indicate that for both scenarios, the human toxicity (Figure 38) and ecotoxicity
(Figure 39) impacts can be mainly attributed to zinc emissions (90-100% of total impacts.
Copper emissions make a small contribution to ecotoxicity impacts (2.5-9%) but a negligible
contribution to human toxicity impacts (< 0.02%). USEtox method predicts a negligible
contribution to human toxicity and ecotoxicity impacts of xanthate decomposition products
emissions, carbon disulphide (< 0.02%) and alcohol (<0.01%) which is only characterised for
ecotoxicity impact. This can be attributed to both the relatively low emissions (Appendix H,
Table H 1) and toxicity characterisation factors relative to the metals (Zn and Cu) (Appendix
J). The impact of sodium hydroxide emissions could not be assessed due to the absence of
characterisation factors for this substance, as well as other metals — both considered and not

considered.
5.3.2 ReCiPe method analysis

Based on the current assumptions in terms of energy consumption, LCIA modelling results,
using ReCiPe method (Figure 40) indicate that the desulphurisation flotation tailings
management scenario results in significantly higher climate change (76%), fossil fuel
depletion (77%) and terrestrial acidification (77%) impacts than the base case scenario.
However, it results in lower urban land occupation (27%) and natural land transformation
(26%), as well as human toxicity (50%) and ecotoxicity (85%) impacts.
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Figure 40: Relative environmental performances arising from the management of 100 tonnes of solid tailings

for the two compared scenarios using ReCiPe method

Further analysis of the relative process contributions of the scenarios to the impact categories
are shown (Figures 41 and 42) and discussed below. Detailed results are presented in
Appendix I, Table I3.
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Figure 41: Material and process contributions to the potential environmental impacts arising from the

management of 100 tonnes of solid tailings via the desulphurisation flotation scenario
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Figure 42: Material and process contributions to the potential environmental impacts arising from the

management of 100 tonnes of solid tailings via the base case scenario

e Climate change, fossil fuel depletion and terrestrial acidification

Analysis of the relative contributions of the processes in the case of the desulphurisation
flotation treatment scenario (Figure 41) indicates that climate change, fossil fuel depletion
and terrestrial acidification impacts can be largely attributed to the production of fossil-fuel
based electricity (>90% in the case of the desulphurisation flotation treatment scenario, and
100% in the case of the base case scenario). The production of xanthate makes a small
contribution to climate change (3%), fossil fuel depletion (7%) and terrestrial acidification
(8%).

e Urban land occupation and natural land transformation

These impacts can be attributed largely to the land disposal of tailings (foreground process)
for both management scenarios. As illustrated in Figure 40, the desulphurisation flotation
treatment scenario results in lower urban land occupation and natural land transformation
impacts than those for the base case scenario. This can be attributed largely to the smaller
quantities of land-disposed tailings in the case of the desulphurisation flotation treatment

process.

e Human and ecotoxicity

The human toxicity impact in the case of the base case scenario is largely attributed by the

treatment scenario itself (Figure 42). However, in the case of the desulphurisation flotation

scenario (Figure 41), LCIA results indicate that this impact category is largely dominated by
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the production of fossil-fuel based electricity (80%), while the treatment scenario itself has a
lower contribution (18%). This is in contradiction to the results obtained using USEtox
method in subsection 5.3.1(scenario A), which indicated that the tailings treatment process
accounts for the majority of the human toxicity impacts, with electricity production
accounting for only 5%. The freshwater ecotoxicity impact is largely dominated by the
treatment scenarios, contributing 99% in the case of the base case and 68% in the case of the

desulphurisation flotation scenario.

Further analysis indicates that for both scenarios, the ecotoxicity impacts (Figure 44) can be
mainly attributed to zinc emissions (62.9-98% of total impacts). However, in the case of
human toxicity impacts (Figure 43), ReCiPe model predicts a relatively high contribution of
manganese emissions (66% of total impact) for the desulphurisation flotation scenario, while
the USEtox model does not consider manganese. Although the presence and mobilisation of
manganese in the tailings deposit was not included in the study, its emission can be attributed
to fossil fuel based electricity production and the relatively high toxicity characterisation
factors for manganese relative to zinc (Appendix J). This discrepancy between the two
methods used to analyse the toxicity impacts, emphasises the high uncertainty in
characterising factors of metals in LCIA methods, as previously discussed in the literature
review. USEtox method are marked ‘interim’, which means metal characterisation factors
may be used, but with great caution due to their large uncertainty. The impact of emissions of
copper and xanthate could not be assessed due to the absence of characterisation factors for
these substances.
Human toxicity

CTUh equivalent per management of 100
tonnes of solid tailings (Percentage of total)

l

Total of all substances

Base case = 442 (100%)
Desulphurisation =210 (100%)

l ‘,

Zinc ion Manganese
Base case = 398 (90%) Base case = 33.80 (7.6%)
Desulphurisation = 30 (14%) Desulphurisation = 138.79 (66%)

Figure 43: Contributions of emissions to human toxicity impact category arising from the management of 100

tonnes of solid tailings for the two tailings treatment scenarios
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Ecotoxicity
CTUe equivalent per management of 100
tonnes of solid tailings (Percentage of total)

l

Total of all substances

Base case = 83.7 (100%)
Desulphurisation = 9.91 (100%)

A4

Zinc ion Nickel
Base case = 82.80 (98%) Base case = 0.55 (0.65%)
Desulphurisation = 6.23 (62.9%) Desulphurisation = 2.25 (22.7%)

Figure 44: Contributions of emissions to freshwater ecotoxicity impact category arising from the management

of 100 tonnes of solid tailings for the two tailings treatment scenarios

5.4 Sensitivity Anaysis: Desulphurisation Flotation Management

Scenario 1

A sensitivity analysis is used to analyse the parameters that were chosen on the basis of their
relevance and/ or level of uncertainty and to evaluate the extent to which the results of the

study were influenced by these variations and assumptions made.

The parameters chosen using sensitivity analysis were: energy consumption, ore mineralogy,
mobilisation of metals as well as xanthate deportment to the tailings storage facility. The
sensitivity analysis was performed by varying the identified parameters to observe the effects
they had on the impact categories. The results are presented graphically and show the
percentage change in impact category as a function of a percentage in the parameter. Only the
impact categories with significant changes are shown. A negative change indicates reduced
contributions to an impact category, and thus reflects the potential for an improved
environmental profile of the treatment and management of tailings. Detailed results of the

varied parameters are presented in Appendix K.
5.4.1 Effect of electricity consumption

The LCIA modelling results indicated that the climate change, fossil fuel depletion and
terrestrial acidification impacts of both treatment processes can be largely attributed to the
consumption of fossil fuel based electricity. In the absence of empirical data on electricity

consumption, generic data as derived from the open literature was used (see Table 2). This
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key model input parameter is thus characterised by a probability of overestimation, as the
conventional flotation operations, on which this data was based, involve extensive regrinding
circuits, which can be highly energy intensive. The sensitivity analysis results for the
desulphurisation flotation process (Figure 45) confirm the significance of electricity
consumption in terms of environmental performance, with a 40% decrease in electricity
consumption (equivalent to 2.7 kWh/tonne) resulting in a decrease of 39% in climate change

and 37% in both fossil fuel depletion and terrestrial acidification impacts.

Percentage change in impact category
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Figure 45: Sensitivity analysis of impacts to energy consumed during the treatment of 100 tonnes of solid

tailings using the desulphurization process.

5.4.2 Effect of zinc and copper in the tailings
e Zinc

LCIA modelling using both USEtox and ReCiPe indicated that zinc emissions are the
primary contributor to human toxicity and ecotoxicity for both tailings treatment scenarios.
Ultimately the environment emissions of zinc for any given tailings treatment process will be
dependent on the concentration of zinc in the feed tailings and the extent to which zinc is
mobilised under disposal conditions. Zinc concentration in the feed tailings of the base metal
tailings sample used for this study was 0.13%, which is significantly higher than the
concentrations of 0.01-0.06% reported for a typical porphyry-type copper sulphide tailings
stream (Broadhurst et al., 2007b). When investigating the sensitivity of human and
ecotoxicity to total zinc concentration in the feed tailings, by means of USEtox for scenario A
(assuming no decomposition of xanthate). As expected, the sensitivity results (Figure 46)
show that the human and ecotoxicity impacts for both tailings treatment scenarios are highly
sensitive to the zinc concentration in the feed tailings. For the desulphurisation flotation
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process a decrease in zinc concentration in the feed tailings from 0.13% to 0.01% (90%
reduction) results in a 91% and 82% decrease in human toxicity and ecotoxicity impacts

respectively.
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Figure 46: Sensitivity analysis of toxicity impacts to total zinc concentration in the feed tailings, during the

treatment of 100 tonnes of solid tailings

e (Copper

The LCIA modelling results in scenario A (Figures 38 and 39) indicated that copper makes a
small to negligible contribution to human and ecotoxicity impacts for both tailings treatment
scenarios. However, the copper concentration in the base metal feed tailings sample used in
this case study was relatively low (0.03%) in comparison to the values of 0.08-0.17%
reported for a typical porphyry-type copper sulfide tailings (Broadhurst and Petrie, 2010). As
expected, the results of the sensitivity analysis (Figure 47) indicate that the ecotoxicity and ,
in particular, the human toxicity impacts are considerably less sensitive to copper than to zinc
feed concentrations. An increase in the copper feed concentration from 0.03% to 0.17%
(467% increase) results in an increase in the ecotoxicity impact of 44% in the case of the
desulphurisation flotation process, and has a negligible effect on human toxicity.
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Figure 47: Sensitivity analysis of toxicity impacts to feed copper concentration, during the treatment of 100

tonnes of solid tailings
5.4.3 Effect of zinc and copper mobility
e Zinc

Similar to zinc concentration in the feed tailings, the extent of zinc mobilisation under
disposal conditions has a significant effect on human toxicity and ecotoxicity (Figure 48). For
the desulphurisation flotation process, a decrease in the predicted extent of Zn mobilisation
from 60% (after Broadhurst and Petrie, 2010) to 30% (i.e. a 50% reduction), results in a 52%
and 47% decrease in human toxicity and ecotoxicity impacts respectively. Increasing the
extent of Zn mobilisation to 90% (i.e. a 50% increase) results in a 43% and 39% increase in

human toxicity and ecotoxicity respectively.

[*N
(<=

=== Human toxicity
(desulphurisation)
> == Ecotoxicity
S) (desulphurisation)
&
<
Q

Human toxicity (Base
case)

-100
== Ecotoxicity (Base case)

Percentage change in impact

Percentage change in zinc mobilisation

Figure 48: Sensitivity analysis of toxicity impacts to the extent of zinc mobilisation during disposal, during the

treatment of 100 tonnes of solid tailings
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Assuming that the extend of mobilisation of zinc for the desulphurisation tailings disposal
scenario is less (45% mobilisation) than the assumed 60% because of neutral to weakly
alkaline pH values (7-9) experienced, whereby zinc tends to mobilise less at this condition
and forms carbonate precipitate. The mobilisation of zinc for the base case is kept constant at
the assumed 60% mobilisation because of the lower acidic condition. As expected, sensitivity
results in a 26% and 23% decrease in human toxicity and ecotoxicity impacts respectively
(Figure 49), and no change is experienced for the base case tailings scenario. These results
emphasize the potential benefits of the desulphurisation process which is expected to render
the tailings neutral and prevent or significantly reduce metal mobilization as compared to non
desulphurised tailings (Base case scenario).
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Figure 49: Sensitivity analysis of toxicity impacts to the extent of zinc mobilisation at weakly alkaline pH values,

during the treatment of 100 tonnes of solid tailings
o (Copper

Copper is assumed to have very low net mobility (5%). The predicted mobilisation from
literature is < 10% (Broadhurst, 2007a). The sensitivity analysis (Figure 50) indicate that an
increase of 100% (10% net copper mobilisation) will result in an increase in ecotoxicity
impacts of 11% for the desulphurisation flotation process, and no impact change on human
toxicity. Decreasing the copper net mobilisation by 80% (1% net copper mobilisation), results

in an ecotoxicity impact improvement of 9% for the desulphurisation flotation process.
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Figure 50: Sensitivity analysis of toxicity impact to extent of copper mobilisation during disposal, during the

treatment of 100 tonnes of solid tailings
5.4.4 Effect of xanthate deportment

A sensitivity analysis is performed to explore the potential environmental effects of
decreasing and increasing the assumed remaining 10% deportment of xanthate to the tailings
storage facility for the desulphurisation tailings scenario. Results are presented in Figure 51.
A decrease of 50% (5% deportment) or an increase of 100% (20% deportment) of the soluble
xanthate reporting to the tailings storage facility, results in no change (0%) in human and

ecotoxicity impact categories.
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Figure 51: Sensitivity analysis of toxicity impacts to deportment of soluble xanthate during desulphurisation

tailings disposal, during the treatment of 100 tonnes of solid tailings
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5.4.5 Summary of sensitivity analysis

Sensitivity analysis results have shown that changes in key parameters (electricity, ore
mineralogy and mobilisation of metals) can greatly affect the environmental performance of
the two scenarios. In the case of the desulphurisation flotation scenario, significant
environmental improvements are mostly observed with a decrease in: (1) electricity
consumption, a 40% reduction of which results in a 39% decrease in climate change impacts
and a 37% in both terrestrial acidification and fossil depletion impacts; (2) zinc feed
concentration in tailings, with a 90% reduction resulting in a 91% and 82% decrease in
human toxicity and ecotoxicity impacts respectively; (3) zinc mobilisation, with a 50%
reduction resulting in a 52% and 47% decrease in human toxicity and ecotoxicity impacts

respectively.

5.5 Limitations of the study

Limitations of this study pertain to the quality of the input data (in terms of both availability

and certainty), the impact categories considered, as well as the LCIA modelling capabilities.

(a) Input data availability and quality

As indicated in Tables 18 and 19, the life cycle inventory was based on a number of
assumptions due to the lack of currently available empirical data to adequately describe the
treatment scenarios. This relates in particular to the consumption of electricity and the
mobilisation of zinc under disposal conditions, both which have been shown to have a

significant effect on the environmental performance.

Another key uncertainly related to the deportment and behaviour of xanthate salts during
desulphurisation flotation and tailings disposal. The literature reviewed indicated that
xanthate is relatively unstable and may decompose fairly rapidly to form toxic by-products
such as carbon disulphide (NICNAS, 1995). Whilst, in a more recent study by Rostad et al.
(2011), only the xanthate degradation products ispropyl xanthyl sulfonate and isopropyl
xanthyl thiosulfonate were detected in tailing pond water samples. However, when
considering the decomposition products of soluble xanthate (carbon disulphide, alcohol and
sodium hydroxide) for the disposal of tailings, as modelled in subsection 5.3.1, Scenario B,
the USEtox model indicated negligible toxicity impacts from xanthate and its decomposition

products at the predicted residual concentration levels.

It should be noted that mining operations throughout the world have different and specific
flotation characteristics and handling of disposed tailings. For example, depending on the
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weather conditions of where the mine is situated, evaporation of water in the tailings storage
facility can vary for a specific mine. Applying these results into different contexts and mining
operations could lead to different results (i.e. the results are not directly transferable to
different contexts). Variations in feed composition and feed throughput over the operational
life of a mine could also give rises to significant differences in environmental performance.
As an example, sensitivity analysis has indicated that variability of key parameters
(electricity, ore mineralogy and mobilisation of metals), can greatly affect the environmental
performance of the two scenarios. The same applies to the fact that electricity grid mix is not
the same in most mining sites in the world. For example energy used in South African mines
is mostly based on fossil fuel while other countries use renewable energy which might

decrease impacts related to electricity production.
(b) Impact categories considered and system boundary

This study focused on seven key impact categories: human toxicity, ecotoxicity, climate
change, fossil fuel depletion, terrestrial acidification, urban land occupation and natural land
transformation. However, as indicated in Figure 4B, the parameters analysed indicate that the
desulphurisation flotation treatment option is also likely to have a significant benefit in terms
of recovery of natural resources such as water and minerals. LCIA modelling of water
depletion and mineral resource depletion impacts was, however, not conducted in this study,
as the relevant upstream and downstream operations for the further processing of these
resources did not fall within the defined system boundary. Inclusion of these background
processes would have increased input data and information requirements considerably, and
was considered beyond the scope of this particular study. It is, furthermore, postulated that
the downstream utilisation of desulphurised tailings material, as proposed by Harrison et al.
(2013), could also have a significant impact on land use or natural land transformation
impacts. Once again, the boundary of the system and the LCI would need to be expanded to
include the downstream tailings management processes in order to holistically evaluate their

environmental implications.

(c) LCIA modelling capabilities

The results of this study have shown that current commercially-available LCIA models
continue to be deficient in terms of the ability to assess many of the impacts of key relevance
to solid mineral wastes, particularly aqueous acidification and salinisation of local water
resources. As highlighted previously in the literature reviewed these impacts can lead to
human and ecotoxic effects and also have adverse effect on the quality of water and usability
of water sources, 1.e. agricultural uses. There are also uncertainties around modelling of metal

impacts. The LCIA results have shown that the metals (especially zinc) make a significant
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contribution to human and ecotoxicity impacts and that the relative characterisation factors of
the metals assessed are different for the two LCIA methods used. Characterisation factors of
metals in LCIA models do not take into account relevant information i.e. metals chemistry,
persistence in the environment, speciation and bioavailability. It should also be noted that
LCA does not take into account the temporal behaviour of emissions from solid wastes and
hence cannot be used to predict actual quality of seepage and water resources in the vicinity

of'a waste dump.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

Xanthate salts, produced by Senmin® International (Pty, Ltd) through the conversion of
carbon disulphide at their facility in Sasolburg, South Africa, are commonly used as
collectors in the mineral processing of sulphide ores. They have also been used in the
desulphurisation flotation of sulphidic mine tailings, with a view to mitigating acid rock
drainage (ARD) risks through the pre-disposal removal of sulphide minerals. Having
commissioned a new state-of-the-art plant for the production of carbon disulphide, using
methane rather than charcoal as a carbon source, no attempt has been made to quantify the
environmental benefits of this new process for the production of xanthate in the Sasolburg
plant. Similarly, whilst the technical feasibility of using desulphurisation flotation to reduce
the ARD generating potential of mine tailings has been demonstrated in a number of case
studies, little attention has been given to the broader environmental implications of this
tailings treatment option. This study has applied life cycle assessment tools to identify and
compare: (i) the environmental impacts of the current and previous carbon disulphide
production processes, as well as the subsequent effects of such on xanthate production; (ii)
the environmental benefits and/or impacts of the desulphurisation flotation and conventional
base metal tailings treatment and management processes, insofar as xanthate is used as a
sulphide collector in the desulphurisation process. These objectives were achieved by

answering the following research key questions:

(1) How does the environmental performance of the new facility for CS, production
compare with that of the previous process?

(1)  What effect has the new CS, production process had on the environmental
performance of subsequent xanthate production?

(ii1))  How does the environmental performance of the desulphurisation flotation
process for the pre-disposal treatment of sulphide tailings compare with the
conventional management approach?

(iv)  What are the key environmental issues and challenges associated with the
proposed desulphurisation flotation process for the mitigation of ARD?

(v) What are the strengths and limitations of current LCA tools in terms of reliably

quantifying the systems under investigation in this study?
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These research key questions were first addressed through literature review, followed by the

application of LCA tools that used a cradle-to-gate and a gate-to-gate system approach.

The first objective of the study was in line with the first two key questions, and was used to
address LCA1 (life cycle assessment of xanthate production). To address the second
objective, LCA 2 (life cycle assessment of xanthate utilisation in ARD mitigation) was
conducted. This was in line with the third and fourth key question of the dissertation, where
a case study was applied which involved the treatment of tailings slurry stream generated
during the milling and flotation of base metal sulphide ores using xanthate. The results of this
study were also used to assess the strengths and limitations of current LCA tools, which were
in line with last key question. The outcomes of this study in the light of the key questions
stated above are communicated in sections 6.1 and 6.2, while section 6.3 makes

recommendations for future work.

6.1 Summary of key research findings

Subsection 6.1.1 summarises the key findings of the LCA 1 (life cycle assessment of xanthate
production) study in terms of comparing the environmental impacts of the old and new
processes of carbon disulphide and ultimately the effects that these processes have to the
subsequent production of xanthate. Subsection 6.1.2 presents key findings of the LCA 2 (life
cycle assessment of xanthate utilisation in ARD mitigation) study in light of comparing the
environmental impacts of the desulphurisation flotation with the conventional management
approach, issues and challenges of the pre-disposal treatment of sulphide tailings and

limitations of current LCA tools under the case study.
6.1.1 life cycle assessment of xanthate production (LCA 1)

The foreground inventory analysis of the two compared CS, production processes indicate
that the new process uses significantly lower energy and water usage, and produce less solid
waste by 25%, 67% and 87% respectively. This in turn results in significantly lower
environmental impacts, particularly in terms of climate change, human toxicity and

freshwater ecotoxicity by 54%, 49%, and 58% respectively, in comparison to the old process.

The consumption of steam, which is produced from coal, contributes significantly to the
environmental footprint of CS, for both processes. This can be reduced significantly in the
new CS, process by improving the recovery and reuse of generated steam, especially with
respect to climate change, human toxicity and freshwater ecotoxicity (up to a 75%, 93% and
90% improvement respectively, as compared to the old CS; process). The xanthate process
has a reduced environmental footprint when produced via the new CS; process, particularly
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in terms of climate change, human toxicity and fresh water ecotoxicity by 39%, 23% and
32% respectively, compared to that produced by the old CS, process. Because of its
significant contribution to the production of xanthate, the new CS, process is a major
contributor to the environmental footprint of xanthate, particularly in terms of terrestrial
acidification (91% of total) and this can be attributed to SO, emissions. Also making a
significant contribution to xanthate’s life cycle is the production of caustic that contributes a
large portion of total human toxicity (60%) and fresh water ecotoxicity (51%), while the
production of alcohol makes a substantial contribution to fossil depletion (36%) and climate
change (21%).

6.1.2 Life cycle assessment of xanthate utilisation in ARD mitigation (LCA
2)

A comparison of the life cycle inventory data for the two tailings treatment processes indicate
that the desulphurisation flotation process consumes more carbon than the conventional
process, and results in higher emissions, for instance the emissions for carbon dioxide,
sulphur dioxide and xanthate were higher by 76%, 78% and 50% respectively. This is
attributed to the additional energy and xanthate required for this process. However, it results
in a considerable decrease in the aqueous emissions of acid (99% less), sulphur, as sulphate
(89% less) and metals [copper (60% less); zinc (90% less); iron (90% less)], whilst
simultaneously enhancing the potential to recover valuable resources, including water and

metal values (Cu, Zn and Fe) from the tailings.

LCIA modelling indicated that the incorporation of a desulphurisation flotation unit for the
pre-disposal removal of sulphide minerals from tailings results in a significant decrease in
both the human and ecotoxicity (89% less) impacts, due predominantly to reduced zinc
emissions during subsequent disposal, as well as urban land occupation (27% less) and
natural land transformation impacts (26% less). However, desulphurisation flotation also
results in an increase in climate change (76% more), fossil fuel depletion (77% more) and
terrestrial acidification (77% more) impacts, which can be attributed largely to fossil fuel

based electricity production.

Sensitivity analysis results have shown that by varying key parameters (electricity, ore
mineralogy and mobilisation of metals), can greatly affect the environmental performance of
the two scenarios. In the case of the desulphurisation flotation scenario significant
environmental improvements were observed with a decrease in: (1) electricity consumption
(40% less), resulting in 39% in climate change, 37 % in both terrestrial acidification and
fossil fuel depletion impacts; (2) zinc feed concentration in tailings (90% less), resulting in a

91% and 82% decrease in human toxicity and ecotoxicity impacts respectively; (3) zinc
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mobilisation (50% less), resulting in a 52% and 47% decrease in human toxicity and

ecotoxicity impacts respectively.

Despite the holistic and systemic nature of the LCA approach, this study has indicated that
the existing LCA modelling tools are still deficient in terms of their ability to reliably and
comprehensively assess the environmental impacts associated with solid mineral wastes. This
pertains, in particular, to aqueous acidification, salinisation and trace metal impacts. There
was also poor or no agreement between the two methods (ReCiPe and USEtox) used to
analyse toxicity impacts for the compared scenarios, especially with regards to metals, which
are characterised by high uncertainty factors. The characterisation factors of metals in
USEtox method are marked ‘interim’, which means they may be used, but with great caution

due to their large uncertainty.

6.2 Concluding remarks

The study has successfully demonstrated the application of LCA in the quantitative
assessment of the improved environmental performance of the new CS, production process
relative to the old process, particularly with respect to human and ecotoxicity and climate
change. Moreover this has positive environmental impacts on the subsequent performance of

the xanthate production process.

LCA has also been used to conduct a holistic assessment of the relative environmental
benefits and burdens of using xanthate for the pre-disposal removal of sulphur from tailings,
by means of flotation, which results in a significant decrease in human toxicity, ecotoxicity,
urban land occupation and natural land transformation impacts, but an increase in climate
change, fossil fuel depletion and terrestrial acidification impacts. However, these increases
could potentially be offset by avoiding mining emissions if the recovery of metals from the

concentrate were included.

Despite limitations with respect to current LCA modelling tools and input data, this study
provides useful information in the identification of opportunities for improving
environmental performance across the carbon disulphide-xanthate-desulphurisation flotation
process system, thus playing a key role in guiding further developmental studies, which are
addressed in the next section.

6.3 Recommendations for further work

This section makes recommendations for further work on the desulphurisation flotation

process (sub-section 6.3.1) and on the LCIA methodology (subsection 6.3.2)
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6.3.1 Recommendations for further development into the desulphurisation

flotation process

Further developmental studies are recommended for the desulphurisation flotation process.
Firstly, that an experimental analysis is performed for the deportment and behaviour of
xanthate salts during desulphurisation flotation and tailings disposal, in order to holistically
evaluate their environmental implications to the environment. Secondly, there is a need to
obtain and improve the quality of input data and information pertaining to electricity
consumption and mobility of tailings components during disposal as this information had a

high level of uncertainty in the study.

Thirdly, although not specifically modelled in this study, an analysis of inputs and outputs
indicated that the desulphurisation flotation process also has the potential to result in a
significant increase in the recovery of valuable resources, including metal values, sulphur
and, to a lesser extent, water. To analyse the environmental performance assessment of these
recovered resources, it is recommended that an extension of the system boundary and the
generation of a life cycle inventory of relevant downstream and upstream processes be

incorporated.
6.3.2 Recommendations for further LCIA methodology development

Development of suitable indicators and characterisation factors based within the LCIA
methodologies is recommended to adequately assess the environmental performance of the
extended desulphurisation flotation process associated with resource depletion and efficient

use of the recovered resources.

It is highly recommended that further studies are conducted to develop life cycle indicators
and methods which extend and compliment current LCIA methods such as USEtox and
ReCiPe, to fully address LCA deficiencies in terms of its ability to assess key relevant
emissions related to ARD impacts, particularly aqueous acidification, salinisation and soluble
trace metals. This involves improving and developing characterisation factors for these

emissions.

It is also recommended that a water assessment study be conducted according to the recently
published ISO 14064 standards across the carbon disulphide-xanthate-desulphurisation
flotation process system, as the methods for water use (at both inventory and impact
assessment levels) in LCA were still undergoing improvement when the study started.
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APPENDIX B: Old CS; process

Table B 1: Input and output raw data for old CS; process

Year 2009 Electricity Steam Fuel gas Total energy Water Nitrogen Solid waste Hazardous Liquid effluent SO,
waste
Month GJ GJ GJ GJ m’ m’ kg kg m’ kg
Jan-09 3257.17 7214.158 339.11 10810.44 2392 28400.00 4278.19 4650 336.00 3369
Feb-09 3569.05 6774.236 498.01 10841.29 2401 31725.00 7617.75 7150 350.00 13476
Mar-09 3900.07 7965.496 945.25 12810.82 2688 31162.50 10416.07 10850 365.00 23583
Apr-09 3578.41 7242.298 1063.28 11883.99 3141 32000.00 5080.83 4800 365.03 26952
May-09 2743.77 6582.884 963.01 10289.66 2487 35000.00 3310.65 3900 383.00 10107
Jun-09 3934.95 7744.128 1128.34 12807.42 2541 35075.00 92891.78 8200 406.00 43797
Jul-09 3480.21 6456.254 1153.68 11090.14 2051 32712.50 40259.49 8150 356.00 30321
Aug-09 3347.87 8655.864 868.00 12871.73 2789 28587.50 7002.31 8250 324.00 57273
Sep-09 3421.92 8602.398 687.00 12711.31 3235 31787.50 28575.86 32950 364.00 20214
Oct-09 4177.09 10721.34 798.45 15696.88 3183 29487.50 7793.78 8450 338.00 23583
Nov-09 3397.55 9838.682 5631.28 18867.52 2594 34262.50 4663.00 5350 376.00 0
Dec-09 4090.77 8676.5 677.43 13444.70 2911 25450.00 128364.57 14200 678.00 3369
Total 42898.82 96474.24 14752.84 154125.90 32413 375650.00 340254.26 116900 4641.01 256044
Average 3574.90 8039.52 1229.40 12843.82 2701.08 31304.17 28354.52 9741.67 386.75 21337
Unit per
tonne of CS, 5.66 12.73 1.95 20.34 4.28 49.57 24.61 8.45 0.34 33.78
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Table B 2: Key mass flow parameters per tonne of CS;produced (Old CS, process)

Unit operation

Charcoal preparation

Sulphur preparation

Carbon disulphide production

fuel waste calcined fresh feed recycled waste | hazardous solid effluent | product
Description charcoal gas gas charcoal | sulphur | sulphur | sulphur gas waste waste gas
Stream number 1 2 3 4 5 6 7 8 9 10 11 12
Units kg kg kg kg kg kg kg kg Kg kg m’ kg
Carbon species
Solid carbon 185.58 - 0.00 185.58 - - - 16.98
CO, - - 96.32 - - - - 11.61
methane (CH,) - 35.10 - - - - - -
CS, - - - - - - - - 8.281 1000
Sulphur species
elemental sulphur - - - - 891.82 990.91 99.09 - 0.0848 10.20
H,S - - - - - - - - 0.0338 4.08
Sulphur dioxide 33.78
Other
entrained moisture 11.18 - 9.16 2.02 0.45 0.50 0.050 2.47
Water 78.88 0.34
ash 4.47 - 0.44 4.03 3.59 3.99 0.399 - 7.62
arsenic - - - - 0.00 0.00 0.000 -
bitumen - - - - 2.69 2.99 0.299 -
Volatiles 22.36 - 12.27 10.09 - - - 10.09
Total 224 35.10 197.07 201.72 898.56 998.40 99.84 57.95 8.45 24.61 0.34 1020.41
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Table B 3: Mass flows in streams (Old CS, process)

Stream Calculations Assumptions and information
No
1 Mearbon() = (Mes2 * MW carpon/MWes2)/85% e The conversion efficiency in the furnace is
85% (based on discussions with plant
Meharcoal(1) = Mearbon(1) /Cearbon(1) personnel).
e The charcoal calcination process does not
Mnoisture(1) = Meharcoal(1) *Cmoisture(1) result in any loss of solid carbon.

Mash(1y = Maharcoal(1) *Cash(1)

= 3
Mvolatiles(l) - Mcharcoal(l) Cvolatiles(l)

2 Mincthane2) = (Guel gas/Hmethane) * 1076 * Methane content in natural gas is 98 mass %
MW pethane/ 1000

Mnatural gas(2) — Mmethane(Z) *0.98

3 Mc023)=(Gtuel gas/Hmethane) * 1076 * Waste gas contains CO, and water generated
Mwco,/1000 through the combustion of fuel gas, as well as
moisture, ash and volatiles from the feed
Mwater(3)=(Gfuel gas/ Hinethane) * 1076 * charcoal.
MWHZO/ 1000

Mmoisture(3) = Mmoisture(3) - Mmoisture(4)

Mash(3) = Mash(1) - Masna)

Mylatites3) = Muolatiles(1) = Myolatiles(4)

4 Mearbon@™Mearbon(1) The charcoal calcination process does not

result in any loss of solid carbon.
Mcalcined charcoal(4)=Mcarbon(4)/ Ccarbon(4)

— *
Mmoisture(4) - Mcalcined charcoal(4) Cwater(4)
— *k
Mash(4) - Mcalcined charcoal(4) Cash(l)

— *
Mvolatiles(4) - Mcalcined charcoal(4) Cvolatiles(4)

6 Mso6)= (Mcs2 * 2*MW gyiphu/ MWes2)/85% Extent of conversion of sulphur to carbon
disulphide is 85% (based on communications
Mot s(6) = Miso(e) /Csoe) with plant personnel)

Mmoisturc(6) = Mtotal S(6) * Cmoisturc(6)
Mash(é) = Mtotal S(6) * Cash(6)
Marsenic(6) = Mtotal S(6) * Carsenic (6)

Mbitumen(6) = Miotal 56) * Chitumen (6)
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7 Mootal s¢7) = Miotal s6) ¥10% 10% of the total feed sulphur to the reactor is
recycled (in accordance with design
Mso(7) = Miotar s * Cson) specifications)
Mmoisture(7) = Mtotal S(7) * Cmoisture(7)
Mash(7) = Mol S(7) * Cash(7)
Marsenic(7) = Mtotal S(7) * Carsenic(7)
Muitumen(7) = Miota 57y * Chitumen(7)
8 Mcoxs= Msozs) * Mweo/ (Mwso, * 2) e Stoichiometric CO, release assumed
o My, is taken from the production sheet
Mnoisture(8) = Mmoisture(#) T Mmoisture(s))- o All residual moisture and volatiles in the
Mnoisture(11) charcoal and sulphur feed streams report to
the product and waste gas streams
MVolatiles(S) = Mvolatiles(4) - Mmoisture(l 1)
9 Mecs29) = Mhazardous waste@) *Cesa(i1) e The hazardous waste stream comprises
largely CS, with the same chemical
Mso(9) = Mhazardous waste(®) *Cso(11) composition as the product stream
e Total flow of hazardous waste is taken from
Min5(9) = Mhazardous waste(9) *Craas(i1y the production sheet
Mresidue(‘)) = Mhazardous waste(9) *Cresidue(l 1)
10 Mcarbon(10) = Misotid waste(10) —Mash(10) e The solid waste stream comprises the
balance of the ash (product-feed) and solid
Masn10)= (Mash@) T Masn(s))- Masn11) carbon.
e The total sold waste flow is taken from the
production sheet
11 Mootal product (11) = Mesaany/ Cesaqiny Mcsaai1y= 1000 (unit flow)

Mso(11) = Miotal product (1) *Cso(11)
Mis(11)= Miotal product (11) *Crias(i1)

— *
Mresidue(l H— Mtotal product (11) Cresidue(l 1)

Where:

M, = unit mass flow per tonne of CS, of component x in stream no y

x(y)

Mw,= molar mass of species x

Cq() = concentration (%) of component x in stream no y (see chemical compositions below)

Giuel gas = Gas energy (GJ) of fuel gas per tonne of CS; in stream 2 = 1.95 GJ (production

sheet)

Hethane = Heat of combustion of methane = 891 kJ/mol

Reaction in furnace: C +2S =CS,

Combustion of fuel gas in calciner: CH, + 20, = CO, + 2H,0
Busting of safety disc: CS, + 30, =250, + CO,




Table B 4: Stream Compositions (Old CS, process)

Component Fresh Calcined charcoal | Fresh Sulphur CS, product
Mass %) charcoal

S1 S4 Sé S11
Carbon 83 92 - -
Ash 2 2 0.4 -
Moisture 5 1 0.05 -
Volatiles 10 5 - -
Elemental Sulphur - - 99.25 1
Bitumen - - 0.3 -
Arsenic - - 0 -
CS, - - - 98
H,S - - - 0.4
Other (residue) - - - 0.6
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APPENDIX C: New CS, process

Table C 1 : Input and output raw data for new CS, process

Year 2011 Electricity Steam Steam Total natural Total Water Nitrogen Solid Hazardous Liquid SO, CO,
used produced gas energy waste waste effluent
Month GJ tonne tonne kg GJ m’ m’ Kg kg m’ kg Kg
Jan 431 4276 - 84147 16796 1410 10208 0 6350 101 0 0

Feb 788 2610 - 375229 15045 1381 0 0 0 613 43829 331240
Mar 891 2506 - 416829 15455 1543 3950 3499 3500 674 50546 362476
Apr 953 2888 1337 414001 16438 1374 6190 0 0 695 50389 357214
May 802 2908 839 316423 14899 1248 6703 0 0 546 37571 284969
Jun 827 3329 992 345025 16711 1225 9558 0 0 558 40657 322845
Jul 849 3461 101 342980 17012 1118 4959 0 0 524 36232 321990
Aug 535 4121 225 247938 22742 1127 4086 13100 13100 101 4677 520026
Sep 878 2707 1502 441745 16541 1378 15253 0 0 710 53090 395023
Oct 915 3014 1524 484585 18081 1636 25102 0 0 783 57108 420998
Nov 903 2757 1565 479465 17176 1525 40202 5399 5400 757 57520 403730
Dec 839 3422 1412 396434 17799 1316 27873 0 0 579 46712 349796
Total 9618 37999 10412 4344801 204700 16286 154088 21999 28350 6641 478331 4279673
Ave. 801 3166.58 1156 362066 17058 1357 12840 1833 2362.5 553.42 39860 356639
Unit per tonne of CS, 0.81 3217 0.9 367.8 17.33 1.38 13.05 1.86 2.40 0.56 40.50 362.36
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Table C 2: Key mass flow parameters per tonne of CS, produced (New CS; process)

Unit operation

Sulphur preparation

Carbon disulphide production

Description Fresh Additives Solid | Feed Recycled | Natural | Fuel Waste | Hazardous | Effluent | Product
sulphur waste | sulphur | sulphur gas gas gas waste gas

Stream number la 1b 2 3 4 5 6 7 8 9 10

Units kg kg kg kg kg kg Kg Kg kg m’ kg

Carbon species

CO, 362.36

Methane (CHy) 219.54 | 140.97

CS, 2.352 1000.00

Sulphur species

Elemental sulphur 877.37 1.11 | 965.11 87.74 0.024 10.20

H,S 0.0096 4.08

Sulphur dioxide 40.5

Other

Ashes 0.89 0.16 0.89 0.89

Organic substances C 1.33 0.21 1.33 1.33

Acid 0.18 0.18 0.18

Entrained moisture 1.77 1.77 1.77

Water 0.56

Arsenic 0.27 0.27 0.27

Lime (CaOH)2 0.17

Filter aid 0.35 0.05

Activated clay 2 0.27

CaSO4 0.05

Other (residue) 0.0144 6.12

Total 881.78 2.52 1.86 | 969.96 88.18 219.54 | 140.97 | 402.86 24 0.56 1020.41
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Table C 3: Mass flows in stream (New CS; process)

Stream Calculations Assumptions and information
No
la Mgo(1a) = (Mcsz * 2*¥*Mw e The conversion efficiency in the furnace is 96%
sulphur/ MWcs2)/96% (based on discussions with plant personnel).

e Cso1y=99.5 % (plant information)
Miotal s(12) = Mso(1a)/Cso(1a)

Mmoisture(la) = Mol S(1a) * Cmoisture(la)
Mash(la): M S(1a) * Cash(la)
Marsenic(ia) = Miota stay * Carsenic (1a)
Macidia) = Miotar s(ra) * Cacid (1)

Mcarbon(la) = Mtotal S(la) * Ccarbon (la)

1b ® M jime caomy (1a) = 0.17 (design specs)
® M Fijeraid (12) = 0.35 (design specs)
* M activated clay (la) — 2 (d651gn specs)
2 Ms, 2)= Miotais2) * Cso(1ay * Cso(1y= 60 % (design specs)
® Miotais2) = 1.86 (production data)
Mash2) = Miotat s2) * Casn(1a)
Mcarbon = Mtotal (S2) * Ccarbon(la)
Miime 2)= Miotal (s2) * Clime(1b)
Meitter aid 2) = Motal (s2) * Crilter aid (1b)
Mactivated clay(2) = Mtotal (S2) * Cactivated
clay(1b)
Mcas042) = Mol (s2) * Ccasos 2)
3 Mso3) = Mso(ia) - Mso2)
4 Msoy = (0.1 * Mgo1y) 10% excess sulphur added to furnace (based on
discussion with plant personnel).
5 Mmethane(S) =098 * Mnatural gas(5) o Mnatural gas(5) =219.54 (Methane is 98% in natural
gas from production data)
6 Mmethane(6) =0.98* Mfuel gas(6) L4 Mfucl gas(6) — 140.97 (Methane 18 98% in fuel gas
from production data)
7 Mgo2(7y= 40.5 (production sheet)

Moz = 362.36 (production sheet)
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8 Mesas) = Mhazardous waste(®) *Cesa(10)
MSO(S) = Mhazardous waste(8) >kCSo(lO)
MHZS(S) = Mhazardous waste(8) *CH2S(10)

Mresidue(g) = Mhazardous waste(8) *Cresidue(lo)

e The hazardous waste stream comprises largely CS,
with the same chemical composition as the product
stream

e Total flow of hazardous waste is taken from the
production sheet

® M fiiuent 9) = 0.56 (Production sheet)

10 Migtat product (10) = Mesa(10y/ Cesaqioy
Mso(10) = Miotal product (10) *Cso(10)
MHZS(]O) = Mtotal product (10) *CHZS(IO)

— *
Mresidue(lO) - Mtotal product (10) Cresidue(lO)

Mcsz(g): 1000 (unit ﬂOW)

Where:

Mw,= molar mass of species x

CS,; generation: CH4 + 4S = 2H,S + CS,

M,(y) = unit mass flow per tonne of CS2 of component x in stream no y

Cy) = concentration (%) of component x in stream no y (see chemical compositions below)

Sulphur recovery: 2H,S + O, = 2S + 2H,0

Overall reaction: CH, + 2S + O, = CS2 + 2H,O

Table C 4: Stream Compositions (New CS; process)

Component Fresh Sulphur Solid Waste CS; product

(Mass %) S1 S2 S11
Elemental sulphur 99.5 59.92 1
Ashes 0.1 8.61 -
Acid 0.02 - -
Carbon 0.15 11.44 -
Moisture 0.2 - -
Arsenic 0.03 - -
Lime(Ca(OH), - - -
Filter aid - 2.93 -
Activated clay - 14.65 -
CaS0O4 - 2.44 -
CS2 - - 98
H2S - - 0.4
Other (residue) - - 0.6
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APPENDIX D: Xanthate process

Table D 1: Input and output process data for xanthate liquid (SEX). Data is expressed as per tonne of xanthate

produced.

Year 2011 Electricity Water Nitrogen
Month GJ m’ m’
Jan-11 0.14 0.71 11.06
Feb-11 0.20 0.69 9.17
Mar-11 0.24 0.66 7.87
Apr-11 0.29 0.63 8.80
May-11 0.24 0.61 10.40
Jun-11 0.24 0.57 9.44
Jul-11 0.26 0.53 9.01
Aug-11 0.26 0.53 10.13
Sep-11 0.24 0.61 8.57
Oct-11 0.24 0.70 7.60
Nov-11 0.26 0.75 7.07
Dec-11 0.23 0.59 6.95

Total 2.83 7.58 106.07
Average 0.24 0.63 8.84
Per tonne of
xanthate prod
(100%) 0.00014 1086.74 0.01

Stoichiometric chemical equations:
Liquid xanthate (SEX): CH;CH,OH + CS, + NaOH = CH3CH,0CS,Na + H,O
Calculations: Mx,nthate = Mproduct ™ Cxanthate

Mesz = Mxanthate *MWesoy/MWanthate

M aicohol = Mxanthate *MWatcohot/ MWyanthate

— *
MCaustic - MXanthatc chaustic/ waanthatc
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Where:
e My = Annual production mass of X
e Cxanthate = concentration (mass %100) of xanthate in the product = 0.4 for the liquid xanthate

e  Mwy = molecular weight of X

APPENDIX E: Description of data sets used

Table E 1: Description of data sets used for the old and new CS; process, and xanthate process

Note : Datasets taken from ecoinvent were not modified

Materials Selected datasets Description of data sets (Included processes)

Electricity Electricity from coal ZA U Electricity production in SA using coal, the transmission
network and direct emissions to air, Electricity losses during
medium —voltage transmission from high-voltage are
accounted for.

Steam Heat, at hard coal industrial furnace 1- | Industrial heat production. The module describes the

10MW/RER U combustion process and includes softened water
requirement, coal transport, ash disposal and electricity
requirement.

Nitrogen Nitrogen, liquid, at plant/RER U Electricity for process, cooling water and waste heat.

Infrastructure for air separation plant.

Natural gas

Natural gas, at production
onshore/RU U

Exploration and production of gas onshore. Data doesn't
include combusted fuels for turbines, motors etc. It includes
well testing (fuel requirements and emissions).

Charcoal

Charcoal, at plant/GLO U

Production of charcoal from forest wood including
emissions. Infrastructure can be considered of minor
importance and is neglected.

Sulphur

Secondary sulphur, at refinery/RER U

All processes on the refinery site excluding the emissions
from combustion facilities, including waste water treatment,
process emissions and direct discharges to rivers.

Effluent

Treatment, condensate from light oil
boiler, to wastewater treatment, class
2/CHU

Infrastructure materials for municipal wastewater treatment
plant, transports, dismantling. Land use burdens.

Solid waste

Disposal, municipal solid waste,
22.9% water, to sanitary landfill/CH
U

Waste-specific air and water emissions from incineration,
auxiliary material consumption for flue gas cleaning. Short-
term emissions to river water and long-term emissions to
ground water from slag compartment (from bottom slag) and
residual material landfill (from solidified fly ashes and
scrubber sludge). Process energy demands for MSWI.
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Hazardous

Disposal, hazardous waste, 25%

Waste-specific air and water emissions from incineration,

waste water, to hazardous waste auxiliary material consumption for flue gas cleaning. Short-
incineration/CH U term emissions to river water and long-term emissions to
ground water from residual material landfill (from solidified
fly ashes and scrubber sludge). Process energy demands for
HWIL
Transport Transport, lorry >16t, fleet Operation of vehicle; production, maintenance and disposal
(Lorry >16 average/RER U of vehicles; construction and maintenance and disposal of
tonnes) road.
Transport Transport, natural gas, pipeline, long This dataset describes the energy consumption and the
(Pipeline) distance/RER U emissions linked to the transport of 1 tkm average natural
gas in Europe.
Activation Packing, clay products/CH U Includes the process of packing, transportation within the
clay plant and loading of the bags on pallets. The machines used
therefore are included in the infrastructure. The waste
treatment after use by the end-user and transports of the
packing materials are included.
Lime Lime, hydrated, packed, at plant/CH Includes the packing and one part of the total heating energy
U for ‘production’ and ‘administration’
Sodium Sodium hydroxide, 50% in H20, Process establishing an average European sodium hydroxide
hydroxide production mix, at plant/RER U production from the three different electrolysis cell
technologies (mercury, diaphragm, membrane). Module that
establishes only an average of the different technologies
used for sodium hydroxide production - thus no process-
specific emissions are included into this dataset.
Ethyl alcohol | Ethanol from ethylene, at plant/RER Direct hydration of ethylene including materials, energy
U uses, infrastructure and emissions.
Carbon Carbon disulphide new process, at Developed in chapter 4 of thesis. Production of carbon
disulphide plant/ZA U disulphide via methane and charcoal as raw materials in
South Africa. Data includes materials, transportation of raw
material and energy uses, as well as emissions.
Xanthate liquid xanthate (SEX), new CS, Developed in Chapter 4 of thesis. Production of xanthate in

process, at plant/ ZA U

South Africa including materials and energy use.
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APPENDIX F: Process contribution of old and new carbon disulphide, and xanthate process

Table F 1: Process contribution of old and new CS, process

Climate change Human toxicity Terrestrial acidification Freshwater ecotoxicity Fossil depletion
kg CO2 eq kg 1,4-DB eq kg SO2 eq kg 1,4-DB eq kg oil eq

Old CS2  New CS2 Old CS2 New CS2 Old CS2 New CS2 Old CS2 New CS2 Old CS2 New CS2
Process
Steam production 1.67E+03  8.57E+02 4.92E+02 2.53E+02 1.08E+01 5.54E+00 8.80E+00 4.52E+00 3.81E+02 1.96E+02
Electricity production 1.59E+03  2.29E+02 2.62E+01 3.77E+00 1.58E+01 2.27E+00 3.45E+00 4.97E-01 4.88E+02 7.02E+01
Carbon disulphide
production 1.08E+02  3.62E+02 0.00E+00 0.00E+00 3.38E+01 4.05E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Sulphur at refinery 2.83E+02  2.77E+02 2.98E+01 2.92E+01 2.88E+01 2.83E+01 5.06E-01 4.97E-01 1.01E+02 9.96E+01
Charcoal production 2.32E+02 - 1.07E+01 - 2.87E-01 - 1.21E-01 - 1.07E+01 -
Natural gas production 1.40E+02  1.10E+02 1.99E+00 6.37E+00 9.99E-02 1.02E+00 3.67E-02 8.05E-02 5.78E+01 5.62E+02
Nitrogen production 2.55E+01  6.61E+00 1.65E+01 4.29E+00 1.06E-01 2.75E-02 3.55E-01 9.23E-02 7.37E+00 1.91E+00
Disposal of solid waste 1.24E+01  9.27E-01 8.38E+00 8.25E-01 8.52E-03 2.22E-04 3.86E-01 4.07E-02 2.07E-01 1.40E-02
Disposal of hazardous
waste 2.05E+01  5.82E+00 2.72E+00 7.72E-01 2.26E-02 6.41E-03 1.18E-01 3.34E-02 2.37E+00 6.74E-01
Wastewater treatment 1.18E-01 1.95E-01 5.05E-02 8.31E-02 2.38E-04 3.92E-04 5.72E-02 9.42E-02 1.92E-02 3.16E-02
Transport
(pipeline/truck) 1.49E+01  1.94E+01 1.89E+00 5.12E-01 8.54E-02 4.04E-02 4.07E-02 1.19E-02 5.63E+00 7.42E+00
Clay production - 1.11E-02 - 1.19E-02 - 4.83E-05 - 2.59E-04 - 3.59E-03
Lime production - 1.29E-01 - 2.70E-03 - 1.13E-04 - 5.98E-05 - 1.59E-02
Total of all processes 4.10E+03  1.87E+03 5.91E+02 2.99E+02 8.98E+01 7.77E+01 1.39E+01 5.87E+00 1.05E+03 9.37E+02
Relative performance
(%) 100 46 100 51 100 87 100 42 100 89
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Table F 2: Process Contribution of xanthate process

Climate Human Terrestrial Freshwater Fossil

change toxicity acidification ecotoxicity depletion

(kg COyeq) (kgl4-DBeq) (kgSO;eq) (kg 1,4-DB eq) (kg oil eq)
Process
Carbon disulphide 1.87E+03 2.99E+02 7.76E+01 5.86E+00 9.36E+02
Sodium hydroxide 5.81E+02 5.90E+02 2.50E+00 8.73E+00 1.67E+02
Ethyl alcohol 7.60E+02 7.75E+01 1.99E+00 1.43E+00 6.68E+02
Electricity production 3.16E+02 5.19E+00 3.13E+00 6.83E-01 9.66E+01
Nitrogen production 2.14E+01 1.39E+01 8.91E-02 2.99E-01 6.19E+00
Total of all processes 3.54E+03 9.85E+02 8.53E+01 1.70E+01 1.87E+03

142



APPENDIX G: Desulphurisation flotation treatment process

(6) Conc. product

Total return water

A

(8) Thickener

return water

(1) Feed tailings 1

—> . (7) Con. return water

! Flotation cell (3) Con. slurry R Conc. >
(2) Xanthate : dewatering

i (4) Tailings slurry

! v

! Tailings (5) Tailings > Tailings dam (9) Dam return water

! thickener underflow (12) Entrainment water

__________________________________________________________________________________

(11) Seepage (10) Evaporation

Figure G 1: Simplified Flow sheet (desulphurisation flotation treatment scenario)
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Table G 1: Key mass flow parameters per management of 100 tonnes of solids tailings (Desulphurisation flotation)

Desulphurisation flotation Dewatering Return water Dissipated water streams

Feed Flotation Desulphur Desulphur Thickener Dewater Conc. Return Thickener Seepage Entrainment
Description tailings reagents conc. tailings underflow conc. H,O return H,O Dam return H,O | Evap. H,O H,O
Stream number 1 2 3 4 5 6 7 8 9 10 11 12
Units tonnes/day | tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day
Solids 100 28 72 72 28
Water 233.3 34.22 199.11 48.00 3.11 31.11 151.11 12 19.20 240 144
Slurry 333.3 62.2 271.11 120.00 31.11
Sulphides minerals, solids
Total sulphur 10 9.1 0.90 0.90 9.10
S (sulphide) 9.38 8.54 0.84 0.84 8.54
S (sulphate) 0.62 0.56 0.06 0.06 0.56
Zn 0.13 0.12 0.01 0.013 0.12
Cu 0.03 0.02 0.01 0.012 0.02
Fe 8.13 7.38 0.75 0.75 7.38
Pyrite (FeS,) 17.4 15.83 1.57 1.57 15.83
Sphalerite (ZnS) 0.19 0.17 0.02 0.02 0.17
Chalcopyrite (CuFeS,) 0.10 0.05 0.05 0.05 0.05
Xanthate - - - - - - - - - - -
Calcite 2.7 0.27 243 2.43 0.27
Other (gangue material) 79.61 11.67 67.94 67.94 11.67
Total solids 100 28 72 72 28
Soluble species ppm
Xanthate 0.00035 1.5 0.00014 0.0008 0.000192 0.0000125 0.000125 0.00061 0.00005 0.0000 0.000021 0.00012
Acid (H+) - 0.00059 0.00356
S (sulphate) - 0.0965 0.5789
Calcium - 0.08348 0.5009
Copper - 0.00008 0.0005
Zinc - 0.00111 0.0067
Iron - 0.0045 0.0270
Xanthate decomposition products
CS2 1.02E-04 -
Alcohol 6.15E-05 0.00005 1.91E-06 1.15E-05
Sodium hydroxide 5.34E-05 0.00005 7.53E-07 4.52E-06
Xanthic acid 1.63E-04 -
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Table G 2: Mass flows in streams (Desulphurisation flotation)

Stream Calculations Assumptions and information
No
1 Mipurry(1) = Misoligs(r) * 30% Miigs(1) = 100 (unit flow)
o Feed tailings are 30% solids
Mater(1) = Maturry(1) — Misolids(1) e Xanthate residue in tailings feed slurry is
1.5ppm
Miotat suphur(ty = Crotal sutphur(ty ™ Miotids(1y e Concentration of elements (Cu, Fe and
Zn) is calculated from the weight
Miuiphide() = Csuiphide()y * Msolids1) percentage of minerals as given in
literature:
Mauiphate(1) = Csuiphate(ty  * Miolids(1) Pyrite (FeS,) = 17.4%
Sphalerite (ZnS) = 0.19%
Mzny = Cznty * Moias(1y Chalcopyrite (CuFeS,) = 0.1%
Mecuay = Ceuy * Molias(1y Where:
Mee(1y = Cre(1) * Maiias(1) Ccu= Ceures2™*( MW/ MWeyres?)
Mpyrite(ty = Chpyrite(t) * Miotids(1) Cre = Cres2*( MWge/ MWresp) + Ceypes2™
(MWFe/ MWCuFeSZ)
Msphalerite(l) = Csphalerite(l) * Msolids(l)
Cza= Czns™( Mwzy/ Mwyzys)
Mchalcopyrite(l) = Cchalcopyrite(l) * Msolids(l)
Mcalcite(l) = Ccalcite(l) * Msolids(l)
Cother(l) = 100'( Mpyrite(l) + Msphalerite(l) +
Mchalcopyrite(l) + Mcalcite(l))
Mother(l) = Cother *(IOO/Msolids(l))
annthate(l) =1.5/10"6 * Mwater(l)
2 Manthate, solid2y= Msoligs(ry * 90 / 106 e  Xanthate addition is 90g/tonne of
tailings
3 Miolids3= Misolias(r) * 28% e 28% of the concentrate reports to

M= Maatiascs) * 100% /45%
Myater3) = Misturry3) — Misolids(3)
Mootal sulphur(3) = Miuiphur(1y * 91%
Muiphide3) = Mautphide(y ™ 91%
Miuiphate3) = Miuiphide(3) = Miulphide(3)
Mzu) = Mzaqy *90%

MCu(3) = MCu(l) * 605%

the tailings

e The solids content of the
concentrate is 45 %

e Recovery of total and sulphide
sulphur to the concentrate is 91%

e Recovery of Zn to the concentrate
is 90%

e Recovery of Cu to the concentrate
is 60.5%
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MFe(S) = (Mchalcopyrite(3) * MWFe/ chhalcopyrite) +
(Mpyrite(S) * MWFe/ wayrite)

Moyrite3) = Mauphide3) — Miphaterite(3) * MWs/
Mwsphalerite) - (Mchalcopyrite(3) *2 ¥ MWS/
chhalcopyrite)) * wayrite/ (2 * MWS)
Msphalerite(3) = MZn(S) * Mwsphalerite/ MWZn
Mchalcopyrite(3) = MCu(S) * chhalcopyrite/ MWCu
annthate(3) = annthate(Z) *90%

Matcite3) = Mearcitery * 10%

Mother3) = Miolias3) — (Mpyrite 3) + Msphaterite(3) T
Mchalcopyrite(3) + annthate(3) + Mcalcite(3))

anmhate, soluble species(3) (10% * (annthate(l) +
anmhate(Z)) * (Mwater(3)/ (lvlwater(})jL Mwater(4)))

90% of the added xanthate is
adsorbed to the solid concentrate
phase

10% of the calcite deports to the
concentrate

10% of the xanthate deports to the
solution during flotation, giving
rise to a soluble xanthate
concentration in the flotation cell of
4 ppm.

Motias4) = Msotias(1) = Misolids(3)
Mwater(4) = Mwater(l)_ Mwater(3)
M

M M

stlurry(4) — Maslurry(1) = Mslurry(3)

Miotat sulphur4)y = Miotat suphur(1) ~ Miotal sulphur(3)
Muiphidedy = Miuiphide(1) = Misulphide(3)
Muiphate(d) = Miuiphate(1) = Miulphate(3)

MZn(4) = MZn(l)_ MZn(3)

Mcu@) = Meuy— Meyg)

Mee4) = Mre(1) — Mre3)

Mpyrited) = Mpyrite(1) = Mpyrite(3)

Miphalerite(4) = Msphaterite(1) - Msphalerite(3)
Mchalcopyrite() = Mehatcopyrite(1) — Mehalcopyrite(3)
Maicite@™Mealcite(1) — Mealcite(3)

Mothcr(4):M0thcr( 1y~ Mothcr(3)

. = . *
annthate, soluble species(4) (annthatea soluble species(2)

10%) * (Mwater(4)/ (Mwater(4) + Mwater(S)))

Motids(s)y = Msolids(4)

Underflow solids content is 60%
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Myaters) = Maturry(s) — Miolids(s)
Miurry(s) = Misoliass) * 100% / 70%
Miotal sutphur(s) = Miotal sulphur(4)
Miuiphide(s) = Miulphide(d)
Muiphate(s) = Msulphate(4)

Mznis) = Mzna)

Mcus) = Mcuw

MFe(S) = MFe(4)

M M

pyrite(5) — Vlpyrite(4)
Msphalerite(S) = Msphalerite(4)
Mnatcopyrite(s) = Mehalcopyrite(4)
Matcite(s) = Mealcite(4)

Mmher(S) = Mother(4)

anmhate, soluble species(5) = (annthatea soluble species(4) *
1076 / Mwater(4)) * (Mwater(S)/ 10/\6)

Mcarbon disulphide, xanthate decomposition products(5) — (annthatea

k
soluble species(5) / MWxanthate MWcarbon disulphide

Malcohol, xanthate decomposition products(5) — (annthatea soluble

*k
species(5) / MWxanthate MWalcohol

Msodiun hydroxide, xanthate decomposition products(5) — (anmhate,
*
soluble species(5) / MWxamhate MWsodium hydroxide

annthic acid, xanthate decomposition products(5) — (anmhate,

*
soluble species(5) /MWxamhate MWxanthic acid

The solids content of the dewatered
concentrate is 90%

No chemical changes occur during
thickening.

Msolids(é) = Msolids(3)

Myater(6) = Msturry(6) — Misolids(6)
Miotat suiphur(6) = Miotal sulphur(3)
Muiphide(s) = Miuiphide(3)
Msulphate(é) = Msulphate(3)

MZn(é) = MZn(S)

MCu(6) = MCu(3)

MFC(G) = MFC(3)

Solids content in dewatered
concentrate product is 90%
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M M

pyrite(6) — pyrite(3)
Msphalerite(é) = Msphalerite(S)
Mchalcopyrite(6) = Mchalcopyrite(})
Mcalcite(6) = Mcalcite(3)

Mother(6) = Mother(3)

= *
anmhate, soluble species(6) — (annthate> soluble species(4)

1076 /Mwater(4)) * (Mwater(6)/ 10/\6)

7 Mwater(7) = Mwater(3)_ Mwater(6)
annthate, soluble species(7) — (annthatm soluble species(3) ~
annthate, soluble species(6)
8 Mwater(S) = Mwater(4)_ Mwater(S)
annthate, soluble species(8) (annthatm soluble species(4) *
1076 /Mwater(4)) * (Mwater(8)/ 10/\6)
9 Myater(9) = Muaters) * 25% e Return water is 25% of tailings thickener
underflow
anmhate, soluble species(9) = (annthatea soluble species(4) *
1076 / Mwater(4)) * (Mwater(9)/ 10/\6)
Malcohol, xanthate decomposition product (9) — (annthatea soluble
species(4) * 1076 /Mwater(4)) * (Mwater(9)/ 10/\6)
Msodium hydroxide, xanthate decomposition product (9) — (anmhate:
soluble species(4) *10%6 / Mwater(4)) * (Mwater(9)/ 10/\6)
10 Muyater(10) = Myaters) * 40% o Evaporated water is 40% of tailings
thickener underflow
11 Mwater(l = Mwater(S) *5%

annthate, soluble species(11) — (annthatea soluble species(5) ~
*

annthatea soluble species(9)) Mwater(l I)/ (Mwater(l 1) +

Mwater(lZ))

Malcohol, xanthate decomposition product (11) — (Malcohol,
xanthate> decomposition product (5) — Malcohol, xanthate decomposition

product (9)) * Mwater (11) / (Mwater (11 + Mwater (1 2))

Msodium hydroxide, xanthate decomposition product (11) — (Msodium
hydroxide> xanthate> decomposition product (5) — Msodium hydroxide,

*
xanthate decomposition product (9)) Mwater(l 1)/ (Mwater(l 1) +
Mwater(lZ))

Seepage from tailings storage facility is
5% of tailings thickener underflow

MPA/ AP: Conversion sulphide (%) to
acid (kg H2SO4/t of solids) is 30.625

NP (kg H2SO4/ tonne of solids) = 9.8 *
% CaCO3

Oxidation of sulphide S in tailings pore
water is 100% and results in
stoichiometric formation of sulphuric
acid

Neutralisation of acid formed through
of sulphuric acid occurs through calcite
dissolution.
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Acid production

MPA/AP: Muasosapr) = Msuiphide) * 100/
Miotidgs) * 30.625 * 2 / MW;s04

ANC/NP: Mipsosane) = (Meatcite@) * 100 / Mgligs(4))
*908*2/ MWH2504

Macida1) = ((Mu2sosar) - Musoaave)) * Msotiases)) *
(Mwater(l 1)/ (Mwater(l 1) + Mwater(lZ)))

Msulphate(ll) = (Msulphide(4) * 80%) * (Mwater(ll)/
(Mwater(l 1) + Mwater(lZ)))

Mcalcium(ll) = (Mcalcite(S) *Mw, * 60%) * (Mwater(ll)
/ (Mwater(l 1) + Mwater(lZ)))

Mcuiy = Mews) * 5%) * Muater1y/ Muager(i1y T
Mwater( 1 2)))

Mz = Mzugs) * 60%) * Myateriy/ (Myateri1y +
Mwater(]Z)))

Miron(l]) = (Mpyrite(S) * 2%) * (Mwater(ll)/ (Mwater(ll)
+ Mwater(]Z)))

e Net mobilisation of sulphate in tailings
pore water is 80%

e Net mobilisation of Ca in tailings pore
water is 60%

e Net mobilisation of Cu in tailings pore
water is 5%

e Net mobilisation of Zn in tailings pore
water is 60%

e Net mobilisation of iron in tailings pore
water is 2%

12

Mwater(lZ) = Mwater(s) * 30%

annthate, soluble species(12) — (annthatea soluble species(5) ~
*

annthatea soluble species(9)) Mwater(lz)/ (Mwater(l 1) +

Mwater(lZ))

Malcohol, xanthate decomposition product (12) — (M alcohol, xanthate

decomposition product (5) = Malcohol, xanthate decomposition product

(9)) * Mwater(lz)/ (Mwater(ll) + Mwater(lZ))

Msodium hydroxide, xanthate decomposition product (12) — (M
sodium hydroxide, xanthate decomposition product (5) — Msodium

k
hydroxide, xanthate decomposition product (9)) Mwater(lZ) /
(Mwater(l 1) + Mwater(lZ))

Macid(lz) = ((MHZSO4(AP) - MHZSO4(NP)) * Msolids(S)) *
(Mwater(IZ)/ (Mwater(l 1) + Mwater(lZ)))

Muiphate(12) = (Muiphides) * 80%) — Mguiphate(i1)
Mcalcium(lZ) = (Mcalcite(S) * Mw, * 60%) - Mcalcium(ll)
Mcuz) = Meys) * 5%) - My

MZn(12) = (MZn(S) *60%) - MZn(ll)

Miron(12) = (Mpyrite(s) * 2%) = Miron(11)

e  Entrainment of water in the tailings
storage facility is 30% of tailings
thickener underflow
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Where:

M,y = unit mass flow per tonne of solid tailings of component x in stream no y

Mw,= molar mass of species x

Cy) = concentration (%) of component x in stream no y (see chemical compositions below)
Reactions:

FeS, + 30, + 2H,0 = Fe*" + 2H,S0,

CuFeS, + 30, + 2H,0 = CuFe + 2H,S0,

ZnS + 302 + 2H20 =27n+ 2H2504
HzSO4 + CaCO3 = CaSO4 + H2O + C02

Decomposition of xanthate:
CzH5OCSzNa + H2O — C2H50CS2H + NaOH

C2H5OCSZH — CSZ + C2H5OH

Table G 3: Stream composition (Desulphurisation flotation)

Component Feed tailings

(Mass %) S1
Total sulphur 10
S (sulphide) 9.38
S (sulphate) 0.62
Zn 0.13
Cu 0.03
Fe 8.13
Pyrite 17.4
Sphalerite 0.19
Chalcopyrite 0.1
Calcite 2.70
Other (gangue material) 79.61
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APPENDIX H: Conventional treatment process (Base case)

(1) Feed tailings > Tailings (3) Tailings .
thickener underflow
(4) Thickener

Total return water

return water

(5) Dam return

(8) Entrainment water

Tailings dam

Figure H 1: Simplified Flow sheet (Base case)

water
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Table H 1: Key mass flow parameters per management of 100 tonnes of tailings (Base case)

Feed tailings Thickener underflow Thickener return Dam return H,O Evap. H,O Seepage Entrainment
Description H,O H,O
Stream number 1 3 4 5 6 7 8
Units tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day tonnes/day
Solids 100 100
Water 233.3 66.67 166.67 16.67 26.67 3.33 20.00
Slurry 3333 166.7
Sulphides minerals, solids
Total sulphur 10 10
S (sulphide) 9.38 9.38
S (sulphate) 0.62 0.62
Zn (zinc) 0.13 0.13
Cu (copper) 0.03 0.03
Fe (iron) 8.13 8.13
Pyrite (FeS,) 17.4 17.4
Sphalerite (ZnS) 0.19 0.19
Chalcopyrite (CuFeS,) 0.10 0.10
Xanthate - - - - - - -
Calcite 2.7 2.7
Other (gangue material) 79.61 79.61
Total solids 100 100
Soluble species
Xanthate 0.00035 0.0001 0.000250 0.000025 0 0.000011 0.000041
Acid (H+) - 0.07597 0.45585
S (sulphate) - 1.07200 6.43200
Calcium - 0.09257 0.55543
Copper - 0.00021 0.00129
Zinc - 0.01093 0.06686
Iron - 0.04971 0.29829
Xanthate decomposition products
CS2 5.28E-05
Alcohol 3.19E-05 0.000025 9.93E-07 5.96E-06
Sodium hydroxide 2.77E-05 0.000025 3.91E-07 2.35E-06
Xanthic acid 8.48E-05
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Table H 2: Mass flows in streams (Base case)

Stream
No

Calculations

Assumptions and information

Mipurry(1) = Msoligs(r) * 30%

Mater(1) = Maturry(1) — Misolids(1)

Mootal sulphur(1) = Crotal sutphur(1) ™ Msolids(1)
Miuiphide(1) = Csuiphide()y * Msolids1)

Mauiphate(1) = Csuiphate(ty * Miolids(1)

MZn(l) = CZn(l) * Msolids(l)

Mcuy = Ceuqty * Maoliags(i

Mee(1) = Cre(1) * Msolias(t)

Mpyrite(ty = Cpyritet) * Miotids(1)
Mphaterite(1) = Cophaterite(t) * Maotids(1)

M hatcopyrite(1) = Cehatcopyrite(1) ¥ Miotids(1)
Matcite(1) = Cealeite(t) * Msolias(1)
Mother(y = Cother(1y * Miolias(1)

annthate(l) =1.5/10"6 * Mwater(l)

Msolids(l) =100 (unit ﬂOW)

e Feed tailings are 30% solids

o Xanthate residue in tailings feed
slurry is 1.5ppm

Motids(3) = Msolids(1)

Myater3) = Mstumy3) - Misolids(3)
Mitumy3) = Msoligs(z) * 100% / 70%
Miotar sulphur(3) = Mgai sulphur(1)
Miuiphide3 = Mulphide(1)
Muiphate(3) = Msulphate(1)

MZn(S) = MZn(l)

MCu(S) = MCu(l)

MFe(3) = MFe(l)

M M

pyrite(3) — Vpyrite(1)

e Underflow solids is 70%
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Msphalerite(3) = Msphalerite(l)

Mchalcopyrite(3) = Mchalcopyrite(l)

Mcalcite(3) = Mcalcite(l)

Mother(3) = Mother(l)

anmhate, soluble species(3) — 1.5%* Mwater(3)/ 1076

Mcarbon disulphide, xanthate decomposition products(3) — (annthatea soluble
*
species(3) / MWxanthate MWcarbon disulphide

Malcohol, xanthate decomposition products(3) — (annthatea soluble species(3)
*
/ MWxanthate MWalcohol

Msodiun hydroxide, xanthate decomposition products(3) — (anmhate: soluble

species(3) / MWxamhate * MWsodium hydroxide

annthic acid, xanthate decomposition products(3) ~ (anmhate: soluble

*
species(3) / MWxamhate MWxamhic acid

Mwater(4) = Mwater( n— Mwater(3)

anmhate, soluble species(4) =15%* Mwater(4)/ 1076

Mwater(S) = Mwater(3) *25%
annthate, soluble species(5) =15% Mwater(s)/ 1076
Malcohol, xanthate decomposition products(5) = 1.5%* Mwater(S) / 1076

%
Msodiun hydroxide, xanthate decomposition products(5) = 1.5 Mwater(S)/
1076

e Return water is 25% of tailings

thickener underflow

Myater6) = Muyaters) * 40% e Evaporated water is 40% of
tailings thickener underflow
Mater7) = Myater3) * 5% e Seepage from tailings storage

annthate, soluble species(7) = (anmhatea soluble species(3) ~ annthatea
k
soluble spccics(S)) Mwatcr(7)/ (Mwatcr(7) + Mwatcr(B))

Malcohol, xanthate decomposition product (7) — (Malcohols xanthates

*
decomposition product (3) — Malcohol, xanthate decomposition product (5))

Mwatcr (7)/ (Mwatcr ®) + Mwatcr (7))

Msodiumh droxide, xanthate decomposition product (7 = (Msodium
Y/ P! p
hydroxides xanthates decomposition product (3) — Msodium hydroxide, xanthate

decomposition product (5)) * Mwatcr(7)/ (Mwatcr(S) + Mwatcr(7))
Acid production

MPA/AP MHZSO4(AP) = Csulphide(l) * 30625 * 2 /
Mws04

facility is 5% of tailings thickener
underflow

Xanthate does not decompose to CS,

MPA/ AP: Conversion sulphide
(%) to acid (kg H2SO4/t of solids)
is 30.625

NP (kg H2SO4/ tonne of solids) =
9.8 * % CaCO3

Oxidation of sulphide S in tailings
pore water is 100%

Mobilisation of sulphate in tailings
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ANC/NP: Muasosney = Ceatcitery * 9.8 * 2/ MWiasos

Macid7) = ((Mhzsosap) - Miuzsoanr) * Mgoliass) *
(Mwater(7)/ (Mwater(7) + Mwater(S)))

Msulphate(7) = (Msulphide(3) * 80%) * (Mwater(7)/ (Mwater(7) +
Mwater(S)))

Mcalcium(7) = (Mcalcite(S) * cha * 60%) * (Mwater(7)/
(Mwater(7) + Mwater(g)))

MCu(7) = (MCu(3) * 5%) * (Mwater(7)/ (Mwater(7) +
Mwater(S)))

MZ"(7) = (MZn(3) * 60%) * (Mwater(7)/ (Mwater(7) +
Mwater(g)))

Miron(7) = (Mpyrite(3) * 2%) * (Mwater(7)/ (Mwater(7) +
Mwater(g)))

pore water is 80%

e  Mobilisation of Ca in tailings pore
water is 60%

e Mobilisation of Cu in tailings pore
water is 5%

e Mobilisation of Zn in tailings pore
water is 60%

e Mobilisation of iron in tailings
pore water is 2%

Mwater(S) = Mwater(3) *30%

anmhate, soluble species(8) = (annthatea soluble species(3) ~ annthatea
%
soluble species(S)) Mwater(S)/ (1\/Iwa.ter(7)7L Mwaler(g))

Malcohol, xanthate decomposition product (8) — (M alcohol, xanthate

*
decomposition product (3) © Malcohol, xanthate decomposition product (5))

Mwater(S)/ (Mwater(7) + Mwater(s))

Msodium hydroxide, xanthate decomposition product (8) — (M sodium
hydroxide, xanthate decomposition product (3) — Msodium hydroxide, xanthate

decomposition product (5)) * Mwater(s)/ (Mwater(7) + Mwater(S))

Macid(B) = ((MHZSO4(AP) - MHZSO4(NP)) * Msolids(S)) *
(Mwater(S)/ (Mwater(7) + Mwater(S)))

Muiphates) = (Miuiphide(z) * 80%) — Muiphate(7)
Meatcium®) = (Meatcites) * MWea * 60%) - Meatcium(7)
Mcys) = Meua) * 5%) - Mey)

Mzns) = (Mzaay * 60%) - Mzy7)

Miron(S) = (Mpyrite(3) * 2%) - Miron(7)

e Entrainment of water in the
tailings storage facility is 30%

Where:

M,y = unit mass flow per tonne of CS, of component x in stream no y

Mw,= molar mass of species x

Cy(y) = concentration (%) of component x in stream no y (see chemical compositions below)
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APPENDIX I: Process contribution to impact categories - USEtox and ReCiPe method

Table I 1 : Process contribution to impacts — USEtox (Scenario A)

Desulphurisation
hiTToine’ G Unit Total Foreground process Background processes
Desulphurisation flotation Xanthate Electricity
Human toxicity CTUh 1.49E-03 1.41E-03 3.92E-06 7.54E-05
Ecotoxicity CTUe 4.96E+04 4.80E+04 5.10E+01 1.56E+03
Base case
F Back
e oy Unit Total oreground process ackground processes
Base case Electricity
Human toxicity CTUh 1.41E-02 1.41E-02 1.87E-05
Ecotoxicity CTUe 4.36E+05 4.36E+05 3.86E+02

Table I 2 : Process contribution to impacts — USEtox (Scenario B)

Desulphurisation
F Back
iy ety Unit Total oreground process ackground processes
Desulphurisation flotation Xanthate Electricity
Human toxicity CTUh | 1.58E-03 1.50E-03 3.55E-06 7.50E-05
Ecotoxicity CTUe | 4.89E+09 4.89E+09 4.34E+01 1.55E+03
Base case
F Back
iy ety Unit Total oreground process ackground processes
Base case Electricity
Human toxicity CTUh | 1.41E-02 1.41E-02 1.87E-05
Ecotoxicity CTUe | 4.36E+05 4.36E+05 3.86E+02
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Table I 3 : Process contribution to impacts — ReCiPe method

Desulphurisation
Foreground process Background processes
I t cat Unit Total isati
A " ot Desulphul:lsatlon Xanthate Electricity
flotation
Climate change kg CO; eq 5.82E+02 0.00E+00 1.74E+01 5.68E+02
Human toxicity kg 1,4-DB eq 2.21E+02 3.98E+01 5.63E+00 1.77E+02
Terrestrial acidification kg SO, eq 5.11E+00 0.00E+00 4.07E-01 4.73E+00
Freshwater ecotoxicity kg 1,4-DB eq 1.22E+01 8.27E+00 9.66E-02 3.82E+00
Urban land occupation m’a 8.62E+01 8.51E+01 - 1.11E+00
Natural land 2
transformation m 2.72E-01 2.62E-01 2.00E-03 7 40E-03
Fossil depletion kg oil eq 1.13E+02 0.00E+00 8.72E+00 1.05E+02
Base case
g GG Unit Total Foreground process | Background Pljocesses
Base case Electricity
Climate change kg CO, eq 1.41E+02 0.00E+00 1.41E+02
Human toxicity kg 1,4-DB eq | 4.42E+02 3.98E+02 4.39E+01
Terrestrial acidification kg SO, eq 1.17E+00 0.00E+00 1.17E+00
Freshwater ecotoxicity kg 1,4-DB eq | 8.37E+01 8.27E+01 9.50E-01
Urban land occupation m’a 1.18E+02 1.18E+02 2.70E-01
Natural land transformation m’ 3.70E-01 3.60E-01 0.00E+00
Fossil depletion kg oil eq 2.60E+01 0.00E+00 2.60E+01
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APPENDIX J: Characterisation factors of contributing substances

Table J 1: Characterisation factors on human toxicity and ecotoxicity to each of the substances emitted to

ground water

ReCiPe method USEtox method
Freshwater Freshwater
Substances Human toxicity ecotoxicity Human toxicity ecotoxicity
(kg 1,4-DB eq) (kg 1,4-DB eq) (CTUh) (CTUe)
Zinc ion 36.2 7.52 1.28E-03 38600
Copper ion - - 8.63E-07 55200
Manganese 700 4.41 - -
Xanthate - - - 548
*Carbon disulphide 10.3 4.75E-05 4.67E-05 2.31
Alcohol - - - 1670
Sodium hydroxide - - - -
Acid (H+) - - - -
Sulphur (S) - - - -
Iron (Fe) - - - -
Calcium (Ca) - - - -

e  Cells marked with ‘—’ mean that the method does not have a characterisation factor for the considered

substance.

e  * gubstance emitted to air

15

8




APPENDIX K: Sensitivity analysis

Table K 1: Sensitivity analysis for electricity consumption

Base case Climate change Fossil depletion Acidification
Percentage Percentage Percentage
(kg CO2eq) change (%) (kgoileq) change (%) (kg SO2 eq) change (%)
(163000 kJ/tonne) 56.11 60.18 10.35 60.18 0.468 60.14
(Assumed value)
(407500 kJ/tonne) 140.90 0.00 26.00 0.00 1.174 0
(815000 kJ/tonne) 280.55 99.12 51.76 99.11 2.338 99.15
Desulphurisation Climate change Fossil depletion Acidification
Percentage Percentage kg SO2 Percentage
(kg CO2 eq) change (%) (kg oil eq) change (%) eq change (%)
(2282000kJ/tonne) 808.00 38.82 155.00 37.31 6.99 36.79
(1956000 kJ/tonne) 695.00 19.41 134.00 18.70 6.05 18.40
(Assumed value)
(1630000 kJ/tonne) 582.05 0.00 112.89 0.00 5.11 0
(1304000 kJ/tonne) 469.00 19.42 92.10 18.41 4.17 18.40
(978000 kJ/tonne) 356 38.84 71.2 36.93 3.23 36.79
Table K 2: Sensitivity analysis for zinc ore mineralogy
Base case
Total emissions Human toxicity Ecotoxicity
(O e o)) Percentage change
° i (CTUh) (%) (CTUe)  Percentage change (%)
0.13% (assumed
value) 1.42E-02 0.00 4.40E+05 0.00
0.09% 1.00E-02 -30 3.13E+05 -29
0.05% 5.73E-03 -60 1.84E+05 -58
0.01% 1.44E-03 -90 5.43E+04 -88
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Desulphurisation

Total emissions

Human toxicity

Percentage change

Ecotoxicity

(% zinc conc.) (CTUh) (%) (CTUe)  Percentage change (%)
0.13% (assumed value)  1.50E-03 0.00 4.89E+04 0.00
0.09% 1.08E-03 -28 3.61E+04 -26
0.05% 6.55E-04 -56 2.34E+04 -52
0.01% 1.41E-04 -91 8670.00 -82
Table K 3: Sensitivity analysis for copper ore mineralogy
Base case
Total emissions Human toxicity Ecotoxicity

(wt %) (CTUh) Percentage change (%) (CTUe) Percentage change (%)
0.03 wt %
(assumed value) 0.10 0.00 3.11E+06 0.00
0.08 wt % 0.10 0.00 3.23E+06 3.86
0.13 wt % 0.10 0.00 3.35E+06 7.72
0.17 wt % 0.10 0.00 3.48E+06 11.90
Desulphurisation
Total emissions Human toxicity Ecotoxicity
(wt %) (CTUh)  Percentage change (%) (CTUe) Percentage change (%)
0.03 wt % (assumed
value) 1.37E-02 0.00 4.66E+05 0.00
0.08 wt % 1.37E-02 0.00 5.35E+05 14.81
0.13 wt % 1.37E-02 0.00 6.12E+05 31.33
0.17 wt % 1.37E-02 0.00 6.73E+05 44.42
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Table K 4: Sensitivity analysis for zinc mobilisation

Base case

Total emissions

Human toxicity

Ecotoxicity

(% net mobilisation ) CTUh Percentage change (%) CTUe Percentage change (%)
60% (assumed value) 1.43E-02 0.00 4.41E+05 0.00
90% 2.10E-02 46.85 6.44E+05 46.03
30% 7.01E-03 50.98 2.22E+05 49.66
Desulphurisation
Total emissions Human toxicity Ecotoxicity
(% net mobilisation ) CTUh Percentage change (%) CTUe Percentage change (%)
60% (assumed value) 0.00149 0.00 4.96E+04 0.00
90% 0.00213 42.95 6.89E+04 38.91
30% 0.000719 -51.74 2.64E+04 -46.77
Base case
Total emissions Human toxicity Ecotoxicity
(% net mobilisation) CTUh Percentage change (%) CTUe Percentage change (%)
60% (assumed value) 1.43E-02 0.00 4.41E+05 0.00
60% 1.43E-02 0.00 4.41E+05 0.00
Desulphurisation
Total emissions Human toxicity Ecotoxicity
(% net mobilisation) CTUh Percentage change (%) CTUe Percentage change (%)
60% (assumed value) 1.49E-03 0.00 4.96E+04 0.00
45% 1.10E-03 26.17 3.80E+04 23.39
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Table K 5: Sensitivity analysis for copper mobilisation

Base case
Total emissions Human toxicity Ecotoxicity
Percentage change
(% net mobilisation) (CTUh) (%) (CTUe) Percentage change (%)
5% (assumed value) 1.43E-02 0.0 4.41E+05 0.0
10% 1.43E-02 0.0 4.53E+05 3
1% 1.43E-02 0.0 4.31E+05 2.3
Desulphurisation
Total emissions Human toxicity Ecotoxicity
Percentage change
(% net mobilisation) (CTUh) (%) (CTUe) Percentage change (%)
5% (assumed value) 1.49E-03 0.0 4.96E+04 0
10% 1.49E-03 0.0 5.51E+04 11
1% 1.49E-03 0.0 4.52E+04 -8.9

Table K 6 : Sensitivity analysis for xanthate deportment

Desulphurisation
Total emissions Human toxicity Ecotoxicity
Percentage change

(% xanthate to tailings) (CTUh) (%) (CTUe) Percentage change (%)
10% (assumed value) 1.49E-03 0.00 4.96E+04 0.00

5% 1.49E-03 0 4.96E+04 0

15% 1.49E-03 0 4.96E+04 0

20% 1.49E-03 0 4.96E+04 0
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