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New Challenges to be Faced in 2020

Com

T

he Commentary in the March edition of the SAIMM Journal was entitled
‘Ethical Research and Scholarly Publication in the Mining and Metallurgical
Community – A New Era Dawns’. That article covered the meetings held
earlier this year between the SAIMM, ASSAf, and SciELO in an attempt to align
the SAIMM Journal with the new rules and regulations put in place by the
DHET. This article expands on that theme, with the further comment that the
‘New Dawn’, as inferred, has indeed come about in more ways than one could
possibly have imagined some four months ago.
The background to the new rules and regulations of scholarly publishing
may be found in a number of recent DHET and ASSAf reports, all aimed at improving the quality
of South Africa’s accredited scientific and technical journals. In these reports it is stated that ‘it is
in the interests of our higher education system and society in general that the quality of research
conducted in the system should be continuously improved’.
In the light of the ASSAf requests for the SAIMM Journal to meet those rules, certain
amendments to the operations of the Journal have now been implemented. The resulting changes
include, for example, the requirement that at least 75% of the papers published in the Journal
must emanate from multiple institutions. In this matter, the SAIMM Journal excels as, on average,
over 80% of the scientific papers that it publishes are sourced from organizations and institutions
in all corners of the world. A further requirement is that more than two-thirds of the members
of all Editorial Boards of accredited journals must be comprised of topic specialists from diverse
institutions. This proportion has now been met. Of specific concern to the SAIMM was the rule that
dual publication of scientific and technical papers is no longer permitted, i.e. a paper published in
peer-reviewed conference proceedings cannot be re-published in the SAIMM Journal.
It is under these rules and against these challenges that the Journal of the SAIMM now
endeavours to break new ground and seek new horizons, in the following ways.
The first challenge is to speed up the reviewing process of submitted papers in order to meet
the requirements not only of the submitting authors, but also to enhance the professional efficiency
of the Journal.
In order to improve the current turnaround time, two matters have been introduced: first, a new
system of discipline identification has been drawn up incorporating the full spectrum of subjects
covered by the SAIMM Journal. Secondly, a panel of key specialists for each of the disciplines has
been selected and these will serve to (1) aid in pre-reviewing submitted papers and (2) assist in
the selection of appropriate specialists who will undertake the full peer review function. In future,
authors will be required to identify the category (discipline) in which their papers fall. This step,
along with a double reviewing process, is being instituted in order to shorten the overall reviewing
pipeline.
The second challenge is to recognize the limitations of re-publishing papers in the Journal
that have previously been published in peer-reviewed conference proceedings. In future,
the Technical Programme Committee, working in conjunction with Publications Committee, will
review all forthcoming conferences and, on selecting certain conferences, call for papers with the
deadline some months ahead of the conference. On receipt, such papers would then be submitted
to the Publications Committee for peer review and, if acceptable, published in the Journal prior to
the conference. This will ensure full accreditation and financial reward from DHET for academic
authors. No such accreditation, and only limited reward, is possible when publishing in conference
proceedings.
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New Challenges to be Faced in 2020 (continued)
Calling for themed editions of the Journal is a further step that has been undertaken to meet
the third challenge, that of different focused interests in a multidisciplinary organization. In
this manner, papers covering topics pertaining to a specific theme would be invited, generally with
an honorary guest editor experienced in the chosen field who would work under the guidance of
the Publications Committee. A wide range of subjects can therefore be covered without the issue of
convening a conference to meet those themes.
The fourth challenge is to consider the nature of the papers when publishing in future. A
paper may be presented as a research report, wherein the results pertaining to a specific project
are presented as a simple statement of the outcome of an investigation or activity. This presents
data in a static, non-combative format. Alternatively, a paper may seek to engender discussion
and debate, to introduce new thought processes, and to challenge other authors to create
further advancement in specific topics, all in an attempt to achieve higher levels of research and
development in the field of choice. Both forms of paper are acceptable in the SAIMM Journal,
subject to their level of originality and scientific and technical contribution, but higher impact is
achieved when publishing the latter form of paper. A further and third form of paper, namely a
comprehensive review of a process, product, theme, or topic, is welcome and indeed desirable
if presented appropriately. In this case, a full review of the subject matter is required, including
up-to-date coverage of all pertinent prior publications, a detailed critical assessment of previously
published works, and the identification of gaps in knowledge, with comment on past, current, and
future trends where applicable.
The fifth challenge is the need to come to terms with the world of COVID-19. Part of the
‘new dawn’ includes facing the immediate, if not longer-term, future in the light of the spread
of the global pandemic. It is already apparent that the world of education at all levels has been
severely impacted. With talk of abandoning the academic year of 2020 and severe uncertainties
as to when scholars and tertiary students may return to academic institutions, research and
development outputs this year, and indeed any time in the near future, may be severely limited.
Similarly, much in the world of work has changed beyond recognition, including situations
in many mining, metallurgical, and related industrial operations. The closure or limited operation
of many such entities, along with the severe financial stresses being encountered in most stateowned-entities (SOEs), does not bode well for major research and development in those sectors
in the near future. However, taking a ‘glass half full’ approach, it is possible that such conditions
may lead to advances in new and more efficient technologies, higher levels of mechanization, and
the faster introduction of AI or the Internet of Things (IoT) in order to streamline operations and
minimize costs.
Such considerations may well prove to be the lifeline that could pull specific industries and
operations through this period. This, however, does not take account of the plight of the many
people in industry who will have lost their positions in the course of this major global pandemic.
The re-training, re-focusing, and diversifying of previously-gained experience into new and
innovative fields may lead to opportunities for the workforce not considered before. Such matters
can serve as food for thought and the development of new concepts for the deployment of
unemployed personnel in future. Perhaps papers highlighting such innovative developments could
find a place in the SAIMM Journal in future.

R.M.S. Falcon
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Lessons from ‘rona’

Corner

A

s the first week of June 2020 approached, the ‘R’ word had
adapted to a more positive form with the ‘Recession of
lockdowns’ in many countries around the world – the number
of coronavirus (‘rona’) infections were beginning to slow down
and so the curves were flattening and lockdowns being lifted.
However, South Africa, despite the increasing number of infections
(as more people were being tested), moved from level 4 to level
3 in terms of the National Disaster Act, driven by the need to
alleviate the effects of the lockdown on economic activity.
As we emerged, hesitantly, from the frustrations of selfimposed isolation into a semblance of normality and greater
mobility, I reflected on the many webinars that I listened to and
asked myself the question – what lessons have I learnt? Quite a
few, and I’ve captured them into five distinct messages for this
letter.
Before laying out the lessons, let me set the context with
a quote from a book that I’m restarting1 to read: ‘… creating
community, the most valuable form of social capital – the
intimate, supportive relationships that spur collaboration while
deeply satisfying our human need for connection, belonging and
meaning’. Otherwise put, ‘a life-long community of colleagues,
contacts, friends, and mentors …. social science research tells us
that satisfying these relational needs isn’t just about some soft notion of “the good life”; these are the
hard prerequisites for creativity, innovation, progress – and, at the end of that chain, profit.’2
The excerpt provides a backdrop and reference for key human traits that we at times take for
granted. These are the traits which, in my humble view, have been temporarily suspended by the
presence of ‘rona’ in our lives.
Thus, the first lesson from ’rona’ was the imperative of our time: to safeguard lives and livelihoods.
In the absence of a vaccine, adhering to appropriate protocols to ensure safety and hygiene is our only
chance of preventing further infections and transmission of the disease. The ability of people to live
normal lives has been shattered as if by the force of Thor’s hammer. It is public, private, and civil
society leadership, in an unprecedent response, that has been carrying these imperatives, high above the
shoulders, in either hand – the balance maintained while we trudge towards a vaccine will determine the
‘new normal’.
The pandemic is described firstly as a humanitarian crisis and secondly an economic disaster.
The former arises from the extent of devastation on the poor and destitute; the inadequacy of health
facilities and potential increase in poverty and inequality. However, the response to these challenges
was amazing. The unbounded combined action to save lives has never been witnessed on this scale and
depth in South Africa. This brought to mind the second lesson and confirmed that life is a value – we
have realized what matters most, viz., safety and health, wellbeing, love and care for ourselves and
others … all the emotional and mushy stuff that we often forget about.

1
2

▶
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This is this common ... right?
Excerpt from ‘Never Eat Alone … and Other Secrets to Success, One Relationship at a Time’. Keith Ferrazi and Tahl Raz., Penguin
Random House.
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Lessons from ‘rona’ (continued)
At the same time, we must show care for what we have become and created as a society, the
economy – our livelihoods and source of purpose. This creates the connections beyond family, gives
us hope, and it is where innovation happens and where we seek fulfilment because what we do in
this realm makes a difference – not only to our own lives, but to others’ lives too. ‘Rona’ has been
the sobering antithesis to this life experience.
Now enter lesson number three – politics are the other side to the economy on the social coin,
and therefore one cannot exist and act without the other. A thriving economy makes for political gain
and the economic recession expected for the balance of 2020 and into 2021 will make for interesting
politics over the next twelve to twenty-four months, both domestically and in several other countries
around the globe.
Then there was the lesson of what the new normal may look like. While we await a viable
vaccine to be found, we will need to learn to live with ‘rona’. An interesting lesson from Wuhan,
the epicentre of the virus, is how the population has been colour-coded into red, amber, and green
depending on the extent of exposure to the virus, which then determined the degree of mobility
allowed by the state. Enter the surveillance society, where with the use of technology our every
movement will be monitored, for better or for worse. Further, given the unprecedented levels of
stimulus funding provided, the role of government in markets will be different, but how different
only time will tell. Business will be a more active and responsive participant in society to address key
issues, viz:
➤	 A
 n inclusive approach to economic development that ensures a meaningful reduction in
inequality. Pay parity will become an area of public scrutiny; co-investment in infrastructure that
enables greater mobility and reduces the cost of living, to name a few. Business will be judged
by its impact in a way that changes lives.
➤	 ‘Rona’ has elevated the urgency for response to climate change – the cumulative and systemic
impacts from climate change and ‘rona’ demand a coordinated regional and global response.
‘Rona’ has demonstrated the ability for collaboration, which will be expected in relation to
climate action.
➤ The tech race will intensify, but all participants will win. Based on the coordination and
cooperation witnessed in response to ‘rona’, technical collaboration should enable developing
nations to transcend current challenges and progress for the benefit of their citizens.
Lastly, I believe we are moving towards an era of increasing engagement because of a
combination of the factors that I’ve described earlier, such as the state of the fiscus and debt troubles
faced by governments post the lockdowns, he recessionary state of the global economy and social
consequences, and policy response and effectiveness to manage economies out of the economic
trough. Government or business cannot manage this situation individually. For our society to emerge
strong from the effects of the lockdown, the acknowledged imperative of safeguarding lives and
livelihoods must persist. Leadership from the public and private sector, with the support of civil
society, must strengthen even further to build a foundation of trust amongst these social players and
in society in general, which will then provide for better collaboration

M.I. Mthenjane
President, SAIMM
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Book Review
Ground Support for underground mines
by Professor Yves Potvin and Professor John Hadjigeorgiou
Published by Australian Centre for Geomechanics, The University of Western
Australia
Reviewed by:
Emeritus Professor Barry Brady
Post-nominals: FTSE, FAusIMM, FIEAust

The seminal text on support and reinforcement of mine excavations by Hoek et
al. (1995) resulted from the acute ground control challenges then recognised in
large-scale underground hard rock mining. In the 25 years that have elapsed
since then, there have been many notable changes in demands on rock support
and reinforcement design, in operating practices, in regulatory constraints for
mining, and in the sciences and technologies which support safe, efficient and
economic mining operations.
The book under review is the result of a remarkable level of cooperation and
interaction between academic, industry and equipment supply researchers, and
industry operators, particularly in Australia, Canada and Chile. It draws on and
makes extensive reference to field observations of underground excavation and rock support behaviour and
analytical case studies of these. This is reflected, in part, in the high quality of the book’s presentation, in which
there are excellent graphics and images illustrating rock and rock support behaviour.
Underground excavations in hard rock mines are the sole concern of the book. In concentrating solely on support
and reinforcement for this application, the book avoids the different considerations required for design of civil
engineering excavations. Further, by restricting attention to hard rock mining, it is able to propose a range of
empirical solutions qualified by successful mining application. It is a quite comprehensive coverage of the defined
problem domain.
Efforts expended over the last 25 years on major improvements in the design, testing and mineworthy
qualification of rock support and reinforcement elements and systems are well documented in the text. The
catalogue of current devices and systems, and testing services, is extensive and a valuable information source.
A feature of the book is the attention to reliability and uncertainty in design data and in subsequent design and
performance of support systems. From the outset, the concern is with reliability of design input data. The
discussion of in situ state of stress in rock, an essential factor in design analyses, is probably the most thorough
recent review of stress field gauging techniques, the sources of discrepancy between them, and the measures to
be adopted to obtain the best possible estimate of the stress field in a particular mine setting.
While site investigation and characterisation are well-established and routine components of data collection for
mine design, the frequently asked (and ignored) question in the geomechanics program is ‘how much data is
enough?’. A chapter on ‘Geomechanical data confidence and reliability’ describes a disciplined process for
realisation of a reliable dataset, starting in the design stage, from a target level of confidence as the design
objective. In the context of probabilistic analysis and design techniques, more generally for deterministic
methods, and in quantitative risk assessment and management, the procedure is a significant contribution to
geomechanics engineering. It deserves application generally and routinely in mining geomechanics programs.
Considering deterministic methods of support design, each of the subsets of empirical, rational (i.e. analytical
and numerical) and observational methods is addressed separately.
The limitations of purely analytical methods restrict their application to only the most idealised design problems.
Nevertheless, they are sometimes useful canonical problems for qualifying other design approaches.
▶
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In the reviewer’s opinion, the value of numerical methods of support and reinforcement design is understated
in the book. Although numerical methods may require recourse to more information technology and human
resources, the analysis frequently provides insights into critical evolving aspects of the host rock mass behaviour.
In particular, it is possible with the appropriate modelling capability to identify in advance those areas which will
be subject to otherwise unexpected ground support requirements. It is also possible to evaluate the performance
of different support systems economically.
The proposed empirical design practices draw on so-called rock mass classification schemes. B ecause they use
some parameter characteristic of the excavation, as well as rock mass properties, perhaps such schemes should
be called explicitly empirical rock mass design utilities. The authors note the inconsistencies between frequently
applied classification schemes. S tille & P almstrom (20 0 3 ) go further, noting there are six factors which qualify a
rock mass classification scheme for reliable design applications and concluding that none of the main
classification schemes satisfy the criteria. An important element of empirical modelling is that a formulation must
be dimensionally correct, a condition violated by all existing rock mass classification schemes except arguably
GS I. The principles of rigorous methods of constructing empirical models of complex physical systems are in fact
an exact science, elaborated in such texts as L anghaaar (1951). It is noted that the authors apply Q and its
derivates in support design in a comparatively narrow range of excavation spans and rock mass conditions
compared with the original schemes. Further, it is notable that the methods are generally qualified as
‘fit-for-purpose’ by field validation. They are arguably more appropriate for generic design rather than for specific
locations. M ore generally, their value is realised in scoping studies, prefeasibility studies and full scope feasibility
studies of a prospective mining project, where their utility is accepted as indispensable.
S queez ing ground is a phenomenon being encountered more commonly in hard rock mines advancing to depth
in foliated host rock. A hard rock squeez ing index, based on foliation density, is proposed which enables strain
levels in excavations to be estimated prior to mining. While numerical methods have proven useful in support
design and management of these conditions, the authors note the frequent need for trial and modification of
support design in the light of observed excavation closure.
The evolution of mining-induced seismicity and the related phenomenon of rockbursts in hard rock mines has
occupied the industry’s attention for well over 50 years. D evelopments in mineworthy seismic equipment and
related data processing have contributed greatly to measurement, characterisation and management of the
problem. In parallel, excavation design and extraction sequencing have done much to mitigate the serious
operating problems which can occur in seismically active, rockburst-prone mines. S imilarly, the devices and
systems suitable for support design for rockburst-prone excavations have improved considerably. In spite of
these improvements, the authors concede that current support design methods for rockburst-prone conditions
are unreliable due to the lack of understanding of the governing rock dynamics. V arious site empirical approaches
are proposed, including some generic ones that may be used as a template for application in other mine settings.
Noting that ppv in the excavation surface is not a reliable predictor of seismically induced damage, it may be that
consideration of near-excavation ground motion associated with S toneley waves (1924 , 20 0 6 ) is worthwhile.
Corrosion is a much more complex and pervasive problem than is commonly recognised, resulting in
time-dependent and occasionally quite rapid loss of support capacity. The results of thorough investigation of
corrosion performance of various types and elements of support are reported, as well as potential sources of
corrosion, selection of support elements, and guidelines for corrosion mitigation and monitoring.
The final two chapters related to risk assessment and risk management in mining reflect increased emphasis on
the issue in engineering practice more generally. Chapter 15 on ‘P robability, risk and design’, by Wesseloo and
J oughin, is essential reading for those more accustomed to deterministic methods of design. The mining priority
of accounting for safety risk over economic risk is notable, as are concepts of risk tolerance, risk acceptance
criteria and design acceptance criteria. The ‘as low as reasonably practicable’ (AL AR P ) standard derived for
Australian mining is presented as a reference for other mine settings.
Chapter 16 on ‘A risk-based approach to ground support design’ describes a quantitative risk-based design
process addressing two modes of excavation behaviour – excessive deformation due to the local state of stress
and structurally controlled failure. In an example provided, some may be troubled by the method of application
of elastic analysis. S tructurally controlled instability is analysed using discrete fracture networks and probability
distributions for spacing and orientation of joints, to estimate probability of rockfalls of various siz es, and thence
to derive estimates of safety risk and economic risk. Importantly, the worked examples may be used as templates
for general application.
The book is the result of the collaboration between Y ves P otvin, J ohn Hadjigeorgiou and their colleagues at the
Australian Centre for Geomechanics (ACG). S tarting from the original stability graph method for open stope
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design in his P hD research in the early 198 0 s, in the early 1990 s Y ves led the team that developed the Cavity
M onitoring S ystem (CM S ) at the Noranda Technology Centre. From the late 1990 s, he has led the ACG at
The University of Western Australia in research focusing on managing seismic risk in mines. The research
outcomes have been widely used in mines around the world over the last two decades via the mX rap software
consortium. He has also made important contributions in the areas of mining engineering professional
development and technology transfer to the mining industry by editing/ co-editing 17 international conference
proceedings, as well as publishing over 120 technical articles.
J ohn Hadjigeorgiou has made personal scientific contributions in quantifying the uncertainty in rock mass
characterisation, orepass design and management (the outcome of which is used worldwide) and in long-term
performance of ground support in extreme ground conditions (rockburst, squeez ing ground and corrosive mining
settings). The work of his research team on squeez ing ground and corrosion has received widespread attention
and has been adopted at mine sites worldwide. His professional contributions include service on several technical
advisory boards and advising mine management of seismic risk for deep and high stress mines.
The distinguished contributions of other co-authors are well known independently, and are apparent in the text.
This book is a major contribution to mining geomechanics. It is essential reading for geomechanics engineers,
mine design staff and operating staff. For mine geomechanics engineers in particular, it is an authoritative
reference and an essential acquisition.
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Synopsis

Email:

Increasing numbers of women are entering the South African mining industry, but self-contained
self-rescuer (SCSR) devices might not be suited to female anthropometric dimensions. The aim of this
project was to assess the ergonomic design of SCSRs for use by women in the SAMI. Body measurements
and questionnaires were collected from 100 female mineworkers from one coal, one platinum, and one
gold mine in South Africa. Practical performance assessments of SCSRs when worn on the belt and when
donned and in use were conducted with 11 female mineworkers in a simulated underground mining
environment. The majority of the participants experienced pain or discomfort when wearing an SCSR
and numerous anthropometric dimensions differed from reference values. Dimensional limitations or
shortcomings of current SCSRs for use by women in mining were identified, including that the devices
were considered to be too heavy and bulky for daily wearing on the belt.
The study findings can be used to inform interventions to improve the design and fit of SCSRs.
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Introduction
Body-worn self-contained self-rescuers (SCSRs) are part of the personal protective equipment (PPE)
required in coal mines and high-risk areas in hard rock mines (SANS1737:2008; Schreiber, 1999).
These devices are designed to be worn on the body for the complete duration of a working shift
(SANS1737:2008; Schreiber, 1999). They are used in case of emergency situations, such as fires or
gas inundations, to protect the user from contaminants in the ambient air and to provide breathable
air for a sufficient amount of time to allow the worker to exit safely from the mine or reach a place
of safety (Kowalski-Trakofler et al., 2008; Sandström, 2015; Schreiber et al., 2003; Schutte et al.,
2005; Teeravarunyou, 2008). Schreiber and Sehlabana (2015) reported that there were four makes of
SCSRs deployed in the South African mining industry. The rated durations of these devices range from
25 to 40 minutes, the weights of the unopened units range from 2.1 kg to 2.5 kg, and the average
heights, widths and depths of the units are 202 mm, 185 mm and 104 mm, respectively (Afrox, 2014;
Drägersafety, 2010; MSA, 2016; Schauenburg Lighting Technologies, 2013). Some of the side-effects of
wearing SCSRs include discomfort, restriction of movement, and physical load (Bakri et al., 2012; Coca
et al., 2011; ISO/TS 16976-8:2013; Zungu, 2012).
Although the mining industry is historically male-dominated, there has been an increase in the
number of women entering the South African mining industry as a result of regulations such as the
Mining Charter and the Minerals and Petroleum Resources Development Act 28 of 2002 (South Africa,
2002a and 2002b; Zungu, 2012). Women have different anatomical and physiological characteristics
than men (van Aardt et al., 2012; Zungu, 2013). However, PPE has generally been designed based on
male anthropometric dimensions (Anglo American, 2012; van Aardt et al., 2008; Zungu, 2013). As a
result, women’s comfort, safety and performance at work may be compromised (van Aardt et al., 2008;
Zungu, 2012). Further research on the compatibility of PPE, including SCSR devices, for use by women
in mining is therefore warranted.
The implementation of ergonomics principles during the design and manufacture of any article for
use at a mine is mandated in the Mine Health and Safety Act (Act 29 of 1996) (South Africa, 1996).
The goal of ergonomics is to ensure that tasks, jobs, products, machines, equipment, environments,
and systems are suited to people in order to improve their health, safety, productivity, and well-being
(International Ergonomics Association, 2016; ISO/TS 16976-8: 2013; Schutte, 2005; Schutte and James,
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2007; Schutte and Shaba, 2003). Anthropometry is a branch of
ergonomics, and refers to the scientific procedures and processes
of acquiring surface anatomical dimensional measurements
such as lengths, breadths, girths, and skinfolds of the human
body by means of specialist equipment (Stewart et al., 2011).
Anthropometric data are required for the appropriate design of
SCSRs (ISO/TS 16976-2: 2015; Schutte and Shaba, 2003). The
aim of this study was to assess the ergonomic design of SCSR
devices for use by women in the South African mining industry,
in order to identify improvements that would make the wearing
of SCSR devices more acceptable, comfortable for the wearer, and
not impede escape. This paper was derived from the report for
a study commissioned by the Mine Health and Safety Council
(project number: SIM 160902, Hodgskiss et al., 2017).

Methods
This project employed mixed methods as both qualitative
and quantitative data were collected. The research was crosssectional, and data collection took place between February and
April 2017. The research comprised two components, namely
an anthropometric assessment of women working at mines in
South Africa and a practical ergonomics performance assessment.
Ethical approval to conduct this research was obtained by the
CSIR Research Ethics Committee (Ref: 179/2016).
The anthropometric assessment took place at one coal, one
platinum, and one gold mine in South Africa. These mines
were located in the provinces of Mpumalanga, Limpopo and
Gauteng, respectively, and each mine made use of a different
model of SCSR. The mines were purposively selected, based
on knowledge and understanding of the project team, and
permissions received to access the sites. The participants were
selected on a convenience basis, according to availability and
due to the voluntary nature of the research. A total of 100
female mineworkers participated. Although the sample could
not be fully representative, workers from a range of locations
and demographic characteristics were included in the study.
Anthropometric measurements were taken from 27 body sites
according to the International Society for the Advancement of
Kinanthropometry (ISAK) standards (Stewart et al., 2011). In
addition, body mass index (BMI) and waist-to-hip ratio were
calculated. The identified measurements were selected primarily
with reference to ISO/TS 16976-2:2015 (Part 2) and ISO/CD
16900-5.2 (Part 5). Participants also completed questionnaires
to provide information on demographic characteristics and
subjective responses relating to the comfort of SCSRs. Despite
its potential limitations, the use of subjective data enabled the
gathering of data relating to the experiences of workers that
might not be measurable when using other methods. Researchers
fluent in local languages were available to assist the participants.
The practical ergonomics assessment involved an analysis
of the use of approved SCSRs by women when navigating a
test route. The participants for this project component were
recruited from a coal mine and a metalliferous mine to ensure
representation of these different mine types and the associated
occupations. The platinum mine was selected as the metalliferous
mine, although a gold mine would also have been appropriate.
The study sample comprised of 11 female mineworkers, who
usually worked underground and were required to wear SCSRs
for their daily tasks. Initially, six participants were selected
from each mine. However, one of the participants from the coal
mine was unable to attend both days of testing, due to work
requirements, therefore participant’s results were excluded.
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The practical ergonomics assessment was undertaken in
a simulated underground mining environment, as per sub
clause 5.2.9.1 of SANS 1737:2008. The participants were
required to complete a predetermined test route that involved
upright walking on level and sloped surfaces, stooped walking,
crawling, and going up and down stairs. A control session
involved the participants having to navigate the route while
wearing normal PPE, but without an SCSR. Testing sessions
involved navigating the route wearing each of four approved
SCSR models on the belt and while donned and activated. Prior
to testing, the correct procedures for opening, donning, and
using each make of escape apparatus were demonstrated in
accordance with the manufacturer’s instructions. Data collected
included environmental temperature, oral body temperatures,
test duration, ratings of perceived exertion (RPE) (Borg, 1962),
and body discomfort (Corlett and Bishop, 1976). The ergonomic
assessment questionnaire as included in SANS 1737:2008 was
completed, and observations and photographic recordings were
also made.
Data was captured electronically and analysed. Descriptive
and comparative statistical analyses were performed on the
quantitative data, at a significance level of p<0.05. Averages,
standard deviations (SDs), minimum and maximum values, and
percentiles were determined for each anthropometric variable,
which were compared against ISO reference values, using the
one-sample median test. For the practical ergonomic assessment,
comparisons were made of responses obtained during the control
session, when the units were worn on the belt, and when donned
and in use. Comparisons of responses while using the different
SCSR models were also made.

Results
Anthropometric assessment
Demographic information and comfort ratings were obtained from
questionnaires completed by 91 of the participants. The average
age of the participants was 34.9 (SD: 7.5), ranging from 19 to
57 years. Most of the participants were South African (95%) and
98% were Black. Almost all of the participants (99%) considered
the SCSR devices to be too heavy, and 92% reported that they
disturbed their work.
The majority of the participants reported discomfort while
wearing SCSRs on the belt during their daily work, with 68%
reporting that this occurred most or all the time (Figure 1). The
body areas where the most discomfort was experienced were the
lower back, hips, and stomach (abdomen) (Figure 2). Participants
commented that they hoped the SCSRs could be made smaller,
lighter, and more comfortable.

Figure 1—Frequency of pain or discomfort when wearing an SCSR
The Journal of the Southern African Institute of Mining and Metallurgy
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Anthropometric measurements were obtained from 98
participants. Anthropometric data, including the average, SD, and
5th, 50th and 95th percentiles, for the 27 measurements as well
as the derived indices of BMI and waist-to-hip ratio is shown
in Table I. The data was compared with torso reference values
from ISO/CD 16900-5.2 and ISO/TS 16976-2:2015 for males and
females, and for females only, to assess whether the data used
for design and testing of SCSRs was suited to women. Numerous
significant differences were evident (Table I). As expected, most
of the reference values, such as for height measurements, were
larger than the average measurements from our study, as our
study only included female participants. The measurements
for which the study sample had higher averages than the

Figure 2—Area of body with pain or discomfort when wearing an SCSR

Table I

Anthropometric data for the study sample compared with reference and previous study data*
Measurement

N

Study data

Average Standard Minimum Maximum
deviation

5th

95th

50th

percentile percentile percentile

Reference data

ISO data

ISO data

50th percentile

50th percentile

(males and females)

(females only)

1

Stature (cm)

98

160.2

5.6

147.1

172.4

150.8

168.4

160.4

169.1

162.7

2

Weight (kg)

98

76.3

15.3

49.2

121.2

52.8

101.5

75.9

80.3

72.1

3

Sitting height (cm)

93

81.6

3.1

74.9

90.3

77.0

86.9

81.5

–

–

4

Head circumference (cm)

90

58.2

3.3

52.0

69.5

53.6

63.7

57.7

56.5

55.5

5

Neck circumference (cm)

90

33.2

1.9

29.0

38.4

29.9

36.2

33.2

36.9

33.5

6

Head length (cm)

91

19.1

2.0

12.7

23.2

14.0

21.5

19.4

19.2

18.7

7

Maximum head breadth (cm)

92

13.7

1.7

8.9

17.1

9.8

15.7

14.0

15.0

14.6

8

Menton-sellion length (cm)

88

11.0

0.6

9.5

12.4

10.1

11.9

11.0

11.8

11.3

9

Interpupillary distance (cm)

92

6.2

0.5

4.6

7.5

5.3

6.8

6.2

6.35

6.2

10 Eye-to-nose diagonal (cm)

91

4.5

0.9

2.8

7.6

3.4

6.0

4.4

–

–

11

91

4.0

0.3

3.0

4.7

3.4

4.5

4.0

3.45

3.3

12 Top of breastbone to centre of
mouth (cm)

91

13.0

1.7

8.4

16.8

10.4

16.0

13.0

–

–

13 Height of prominent neck vertebra,
sitting (cm)

87

60.4

2.7

55.2

66.6

55.9

64.6

60.2

64.8

62.8

14 Shoulder (acromion) height,
sitting (cm)

87

53.9

2.8

48.4

62.2

49.8

59.3

53.8

58.7

56.9

Nose breadth (cm)

15 Mid-shoulder height, sitting (cm)

87

39.6

3.2

33.9

55.7

35.1

44.8

39.8

60.6

57.9

16 Shoulder breadth (deltoid) (cm)

87

42.3

3.0

36.3

51.9

37.5

46.7

42.2

43.7

41.6

17 Chest breadth, at level of nipples (cm)

87

29.5

2.9

22.9

37.2

25.6

35.4

29.2

30.6

28.2

18 Chest depth (cm)

87

23.0

3.6

17.2

33.6

17.8

29.4

23.0

25.0

25.1

19 Chest circumference (cm)

87

99.9

11.2

78.6

126.5

85.0

120.2

99.8

91.9

92.1

20 Trunk height to the top of the breast
percentile

92

54.4

2.9

48.5

61.8

49.4

59.2

54.3

58.5

57.3

21 Height of maximum lumbar curvature,
sitting (cm)

92

21.4

5.2

11.2

34.1

13.3

29.2

20.8

23.7

23.2

22 Sitting hip height (cm)

92

22.1

2.5

13.5

29.1

18.7

26.6

21.8

–

–

23 Lower abdominal depth (cm)

92

25.3

5.2

15.9

37.7

17.8

33.2

24.3

26.7

25.0

24 Waist breadth (cm)

92

30.5

4.5

20.1

43.2

24.2

38.3

30.0

26.2

26.4

25 Hip breadth (cm)**

92

33.9

5.8

22.9

63.3

26.0

41.5

33.8

32.4

32.1

26 Waist circumference – natural
sitting (cm)

96

84.7

11.8

52.5

107.6

67.1

103.0

84.8

80.4

76.9

27 Mid-hip circumference (cm)

96

110.5

11.9

83.1

145.0

92.2

130.3

110.5

105.8

105.6

28 BMI (kg/m2)

98

29.8

5.8

19.9

43.7

21.4

39.9

29.6

23.7

22.2

29 Waist-to-hip ratio

96

0.77

0.07

0.42

0.94

0.67

0.88

0.77

0.76

0.73

* Highlighted values indicate significant differences (p<0.05).
**Different anthropometric landmarks were used between studies for measuring hip breadth.
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reference values were for head circumference, nose breadth,
chest circumference, waist breadth, waist circumference and
hip circumference, along with BMI and waist-to-hip ratio. The
differences in data collected versus reference data indicates that
the dimensions used in the design of such equipment may not be
appropriate for the assessed population.

Practical performance assessment
The use of SCSR devices by women in the South African mining
industry was assessed in a simulated underground test route.
The average age of the 11 participants was 31.1 years (SD: 4.4,
range: 26–41), the average stature was 163.5 cm (SD: 4.3 cm,
range: 157–171 cm), and the average weight was 76.9 kg (SD:
17.4 kg, range: 62–121 kg). The average time taken to navigate
the test route with the SCSR worn on the belt was 10 minutes 15
seconds, and 10 mininutes 52 seconds while donned and in use.
The average time to complete donning and adjusting the units
was 2 minutes 32 seconds, which was longer than the expected
time of only a few seconds before breathing safely through the
unit.
Ratings of perceived exertion (RPE) and body discomfort
were provided by the participants. The RPE scale ranges from 6
(‘very, very light’) to 20 (‘very, very hard’) for both central (heart
and lung) and peripheral (muscular) exertion. Greater exertion
was evident when an SCSR was worn on the belt than when no
SCSR was worn, and the highest levels of exertion were evident
when the SCSRs were donned and in use (Figure 3).
A body discomfort map was used on which participants
indicated where they felt discomfort, along with the level of
discomfort experienced for each area, on a scale from 1 (‘very
slight discomfort’) to 10 (‘extreme discomfort’). None of the
participants reported discomfort after completion of the control
route. Discomfort while the units were worn on the belt was
mainly experienced in the lower back, hips, and quadriceps
(Figure 4). The highest comfort ratings for wearing the units on
the belt were reported for the units that were smaller, lighter, and
contoured to fit the wearer’s body. When the units were donned
and in use, the participants experienced discomfort mostly in the
neck, shoulders, jaws, teeth, throat, and chest (Figure 5). The
participants experienced the highest levels of neck and jaw strain
when a model that was worn on the head rather than on the
chest was donned.
The participants completed an ergonomic assessment
questionnaire to rate the SCSRs on various aspects on a scale
from 0 (‘totally unacceptable’) to 10 (‘highly acceptable’). The
average scores for the main categories of ‘ergonomic design for
normal wearing’ (i.e. wearing the SCSR on the belt), ‘ergonomic
design for donning’, and ‘ergonomic design for negotiating

Figure 3—Average central and peripheral ratings of perceived exertion (RPE)
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Figure 4—Average body discomfort while wearing SCSRs on the belt

Figure 5—Average body discomfort while SCSRs were donned and in use

Figure 6—Ratings of the ergonomic design of SCSRs

escape routes’ are shown in Figure 6. Although these average
scores were considered acceptable (a score of 5 or above), the
average scores for some of the SCSR models were 5 or below, and
there was variability in the responses between participants. The
average scores for each question are shown in Table II.
In general, it was perceived that the shape and weight of
the SCSRs were not suitable for normal wearing. The suitability
of the belts worn by the participants appeared to influence the
results, and it was evident that the SCSRs sometimes slipped
around the belt when the participants navigated the test route
(e.g. when crawling).
The ergonomic design for donning of the SCSRs was, on
average, rated as acceptable. However, some of the participants
experienced difficulty in opening the protective casings of the
SCSRs, and with locating and adjusting the straps. When the
SCSRs were donned and in use, the lowest score was for the
comfort of the nose-clips (which are to prevent breathing in of
toxic gases) as these were often noted as causing pain.
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Table II

Ratings of the ergonomic design of SCSRs
Category

Average

Ergonomic design
for normal wearing

(a) Shape of escape apparatus (shaped to body contours, comfort)
(b) Size of escape apparatus (too bulky for routine work, or only if in confined spaces; bruising, bumping, catching)
(c) Mass of escape apparatus (are you aware of the mass of the escape apparatus, and if so how would you rate it?)
(d) Wearing arrangement – belt and suspension to belt (comfort in negating the effect of mass?)
(e) Daily affixing of escape apparatus to the body (cumbersome?)
(f) Prevention of accidental opening of escape apparatus

4.7
5.1
4.0
5.6
5.0
7.0

Ergonomic design
for donning

(a) Ease of manoeuvring escape apparatus into donning position
(b) Ease of opening the container
(c) Ease of handling essential parts:
i. Breathing tube
ii. Insertion of mouthpiece
iii. Fixing of nose clip
(d) Ease of affixing and adjusting of ancillary webbing/equipment:
i. Head strap
ii. Bag strap
iii. Body strap

7.1
6.1

(a) Accommodation for different torso lengths and sizes in respect of breathing tube and ancillary webbing, etc.
(b) Comfort
i. Nose-clip
ii. Mouthpiece
iii. Physical contact of set with body – too hot?
iv. Breathing resistance
v. Breathing temperature

5.8

Ergonomic design for
negotiating escape routes

The breathing tubes for some of the units appeared to be too
short to comfortably accommodate all of the users. Some of the
participants also commented that the SCSRs were a bit loose on
the body, which could relate to how the units were fitted and the
straps adjusted. Some noted that their vision was obscured when
the SCSRs were donned and in use. The participants commented
that they experienced neck, jaw, and tooth strain when the
unit with the head (rather than neck) straps was donned, as
the weight of the unit was borne by the neck and jaw rather
than resting on the chest. Some noted increases in breathing
resistance and air temperature when using the SCSRs, and some
experienced headaches. It was possible that the units would heat
up further with longer durations of use and potentially burn the
chin or chest.

Conclusion and recommendations
The ergonomic design of SCSR devices for use by women in the
South African Mining Industry was assessed. It was evident
that women in the SAMI experienced pain and discomfort while
wearing an SCSR on the belt during their daily work, particularly
in the hips, lower back, and abdomen. Most considered the SCSRs
to be too heavy, and indicated that they disrupted their work.
Results of the anthropometric assessment indicated that data
used in the design of SCSRs might not be appropriate for women.
Findings from the practical ergonomics assessment showed that
the lowest strain was experienced when no SCSR was worn,
higher strain was experienced when the SCSRs were worn on
the belt, and the highest strain was experienced when the SCSRs
were donned and in use. The study findings indicated the need
for improved ergonomic design of SCSRs for use by women in the
South African mining industry.
Recommendations to improve the ergonomic design of SCSRs
for use by women were compiled with input from stakeholders
and subject matter experts. The findings of the project were
presented during a workshop for this purpose, and proposed
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recommendations were discussed and revised, based on the
feedback received. As many of the factors highlighted appeared
to be general, rather than specific to females, recommendations
to improve the ergonomics of SCSRs for women in mining might
also be expected to apply to male mineworkers. Recommended
interventions to improve the design and fit of SCSRs include:
➤ Make SCSRs lighter and smaller, as far as practically
possible
➤ Shape SCSRs to the contours of the body
➤ Consider changes to the casing material of SCSRs
➤ Ensure ease of locating parts of the SCSR when donning
➤ Avoid the use of head-mounted units in future
developments
➤ Ensure adequate length of breathing tubes
➤ Ensure adequate adjustability of neck and body straps
➤ Ensure optimal design of SCSR goggles
➤ Consider changes to the wearing arrangement of SCSRs.
Related recommendations that were indicated to have high
priority as ‘quick-win’ solutions were:
➤ Ensure the provision of specific belts recommended by the
respective OEMs
➤ Implement experiential and expectation training for the
donning and use of SCSRs.
Further recommended research included:
➤ A comparative ergonomics study of males in the SAMI:
➤ The assessment of proposed interventions and
developments
➤ Reassessment of the escape strategies of mines for female
mine workers.
Appropriate implementation of the recommendations would
assist with the development of interventions to improve health,
safety, and productivity in the mining industry.
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Synopsis
The potential use of copper slag (CS) as an adsorbent for removing arsenic contaminant from water was
examined. The influence of solution pH, initial arsenate (As(V)) and arsenite (As(III)) concentrations,
and adsorbent dosage was investigated by batch experiments to elucidate the adsorption mechanism of
arsenate onto CS. The adsorption kinetics indicated that the second-order kinetic model best described
the adsorption process. The adsorption data was analysed by the isotherm models, and was well fitted
by the Langmuir model. The maximum removal of As(V) and As(III) achieved was 98.76% and 88.09%,
respectively at an adsorbent dose of 10 g/L with an initial As(V) and As(III) concentration of 300 µg/L
This study showed that copper slag is a suitable adsorbent for removal of arsenic from water, with a
capacity to reduce arsenic levels to < 10 µg/L, below the limit set for water by World Health Organization.
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Introduction
Arsenic is one of the most harmful and toxic elements found in nature. Arsenic is introduced into water
through both natural and anthropogenic sources (Hossain, 2006). There have been reports of arsenic
poisoning in Argentina, Bangladesh, India, Nepal, Taiwan, the USA, and Turkey (Jean, Bundschuh, and
Bhattacharya, 2010). Prolonged exposure to arsenic can lead to serious health problems such as cancers
of the liver, kidney, skin, and stomach (Meng, Bang, and Korfiatis, 2000). This suggests an urgent need
for efficient and low-cost arsenic removal techniques. The World Health Organization (WHO) has set the
drinking water standard at 10 ppb (0.01 mg/L) (WHO, 1993).
Surface and groundwaters contaminated with pollutants can be treated by various methods such
as coagulation, precipitation, membrane processes, and adsorption (Mohan, and Pittman, 2007).
Many kinds of adsorbents such as iron oxide-loaded slag (Lakshmipathiraj et al., 2006), activated
alumina (Thirunavukkarasu, 2002), anionic clays (Türk and Alp, 2012), nano-magnetite (Türk, Alp,
and Deveci, 2010) and Fe-hydrotalcite (Türk and Alp, 2010) have been developed to remove arsenic.
Previous studies reported that iron-based minerals were useful in the removal of arsenic from water.
Although many adsorbents have been developed, few of them are implemented in small settlements to
remove pollutants from groundwater (Makris, Sarkar, and Datta, 2006). For these reasons, low-cost
waste materials for application in rural areas at a small scale are in high demand. An example of such
processes is the use of a waste by-product from the flotation of a copper slag (CS) as a low-cost sorbent.
CS is obtained during the smelting and refining of copper and contains copper, zinc, cobalt, and nickel
(Gorai, Jana, and Premchand, 2003). During smelting, a copper-rich matte phase (sulphides) and slag
phase (oxide-rich) are formed. The slag phase consists predominantly of FeO, Fe2O3, and SiO2, with
small amounts of Al2O3, CaO and MgO, and Cu, Co, and Ni (as metal) (Davenport
et al., 2002).
The annual CS waste production capacity in the Black Sea Copper Works is approximately 150 000t
(Alp et al., 2009). As a result, about 1.5–2.0 Mt of CS waste has been disposed of. Improper disposal
can result in the toxic metal ions leaching into the groundwater, with ensuing serious environmental
problems (Davenport et al., 2002). Due to environmental restrictions and lack of storage space, various
options for the treatment of waste materials have been investigated. CS wastes are used in various
applications to recycle waste products and to prevent pollution (Alp et al., 2009). The use of CS as an
iron source in the production of Portland cement has been reported. Adsorption is an effective and
inexpensive method of waste remediation, if adsorbent can be obtained cheaply and in large amounts
(Zhang et al., 2004). Arsenic is strongly adsorbed on Fe oxides and hydroxides (Türk and Alp,
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2012) which are abundant in CS. However, a literature review
discovered no reports on the use of CS for arsenic removal from
water. In this research, the arsenic removal characteristics of CS
were investigated.

The point of zero charge (pHpzc) of CS was found to be 7; this
was determined by equilibrating CS with 0.1 M NaCl solutions
at different pH values (3-12). Türk, Alp, and Deveci (2010) give
details of the procedure.

Experimental

Results and discussion

Materials

Adsorption of arsenic

CS obtained from the Black Sea Copper Works (Samsun, Turkey)
was used as adsorbent. The chemical composition of the slag was
determined using inductively coupled plasma mass spectrometry
(ICP-MS, ACME Analytical Laboratories). The major components
in the sample were Fe2O3 (59.08%) and SiO2 (30.60%). The
Brunauer-Emmett-Teller method was used to determine the
surface area (for CS; 4.81 m2/g). X-ray diffraction (XRD) patterns
of CS were obtained using a RIGAKU D/Max-IIIC diffractometer.
The operating conditions were 35 kV-15 mA, and the sample was
scanned between 2° and 60°. A pinch of CS sample was poured
onto adhesive carbon tape, and then its surface was covered
with a very thin (5–10 µm) gold layer by the physical vapour
deposition (PVD) technique. The results of the X-ray analysis and
a scanning electron microscopy (SEM, JEOL JSM 5600) secondary
ion image of CS are shown in Figure 1. In the example, fayalite
(Fe2SiO4), magnetite (Fe3O4), quartz (SiO2), and cristobalite (SiO2)
are present.

In adsorption processes, pH is an important parameter. It affects
the speciation of metal in aqueous solution and the surface
charge of adsorbent (Zhang, and Hideaki, 2005). Figure 2 shows
the effect of pH on the adsorption of As(V) and As(III) onto CS.
It can be seen that the arsenic adsorbed is independent of pH
value. After 5 hours of adsorption, the residual As(V) in solution
was determined to be 6.2–2.0 µg/L, and As(III) 55.2–40.0 µg/L
at pH 3-9. The pHpzc value of the CS sample was determined to
be pH 7, and at pH values greater than pHpzc, the CS surface is
negatively-charged. Although the adsorbent surface and sorbate
types were negatively charged, adsorption was not decreased at
pH values above pHpzc. This may be due to the buffer effect. In
a low-pH medium, the pH of the bulk solution increases in the
presence of CS. At high pH values, acid dissociation of CS reduces
the pH of the solution (Tian, and Shen, 2009). As a result, a pH
value of 9.0 was selected, and all experiments in the study were
performed at pH 9.

Adsorption tests

The arsenic stock solution was prepared using sodium arsenate
(Na2HAsO4.7H20, from Sigma) and sodium arsenite (NaAsO2,
Sigma) in pure water. Adsorption tests were carried out in
flasks immersed in a temperature-controlled water bath at room
temperature (nearly 25°C), and agitated at 130 r/min with a
mechanical shaker. The effects of the initial arsenic concentration
(10, 50, 100, 300, and 500 µg/L), contact time (1, 3, 5, 7, and
24 hours), adsorbent dosage (1, 5, 10, 20, and 50 g/L), and pH
(3, 5, 7, and 9) on the adsorption of arsenic were studied. The
isothermal and kinetic studies were conducted using 50 mL of
solution (a series of 100 mL flasks) of As(V) and As(III) (10, 50,
100, 300, and 500 µg/L) at an adsorbent dosage of 10 g/L. The
collected samples were then centrifuged for 10 minutes at
4000 r/min. Arsenic concentrations were determined by
inductively coupled plasma optical emission spectrophotometry
(ICP-OES).

Figure 2—Effect of pH on arsenic removal

Figure 1—(a) X-ray diffraction spectrum of CS and (b) SEM image
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Figure 3 shows the effect of CS dosage. Arsenic removal
efficiency increased with increasing CS. At the end of 5 hours at
a CS dosage of 1 g/L, the concentrations of As(V) and As(III) in
solution were 104.3 µg/L and 142.3 µg/L respectively, compared
to 6.31 and 19.3 µg/L at 10 g/L CS. All further experiments in the
study were performed at a dosage of 10 g/L CS.

Kinetic modelling
The removal of As(V) and As(III) versus time is illustrated in
Figure 4. CS removed more than 81% of the arsenic within
the first hour, and the removal efficiency increased gradually
to 99% within 3 hours. The adsorption capacity for arsenic
was approximated to 30 µg/g at sorption equilibrium. In these
experiments, only 0.5 g of CS was placed in a flask containing up
to 100 mL of arsenate solution at a concentration of 300 µg/L.
The adsorption kinetics depend strongly on the characteristics
of the adsorbent material and adsorbate species, which also
influence the adsorption mechanism (Bektaş, Akman, and Kara,
2004). Pseudo-first-order and pseudo-second-order models
were used to determine experimental kinetic data models and
to understand the mechanism of the adsorption process. The
pseudo-first-order equation (Ho, and McKay, 1998) is
[1]

[2]
where qe is the adsorption capacity (µg/g) at equilibrium, q, the
adsorption capacity (µg/g) at time t, k1 the pseudo-first-order rate
constant (min-1), and k2 is the pseudo-second-order rate constant
(g mg−1 s−1).
The first-order rate constant k1 and equilibrium adsorption
density qe (Equation [1]) at initial concentrations of As(V) and
As(III) were calculated using the slope and intercept of plots of
log(qe – -qt) versus t. The coefficients of determinations R2 were
found to be 0.947 and 0.854, respectively.
Pseudo-second-order adsorption parameters qe and k2 in
Equation [2] were determined by plotting t/qt versus t (Figure
4a, 4b). The coefficient of determination (R2) of the pseudosecond-order kinetic model is 0.999, higher than the coefficient of
determination of the pseudo-first-order model. A high coefficient
of determination suggests that the pseudo-second-order kinetic
model better represents the adsorption kinetics and that As(V)
and As(III) ions are adsorbed on the CS surface through chemical
interaction (Bulut, Özacar, and Şengil, 2008). The calculated qe
values also agreed well with the experimental data.

Adsorption equilibrium
The equilibrium adsorption of arsenic as a function of the arsenic
concentration was investigated to determine the adsorption
capacity of CS. The Langmuir, Freundlich, Dubinin–Radushkevich
(D-R), and Temkin models were tested. The adsorption isotherms
are shown in Figure 5.

Freundlich isotherm
The Freundlich isotherm is an empirical equation based on a
heterogeneous surface and multilayered sorption. The higher the
Kf value, the higher the adsorbate affinity (Mohamad, Amir, and
Sudabeh, 2013).
The linear form of the equation (Veli, and Akyüz, 2007) is
[3]

Figure 3—Effect of adsorbent dosage

where qe is the amount of adsorbate at equilibrium (µg/g), Ce is
the equilibrium concentration of adsorbate (µg/L), n is adsorption
intensity, and Kf is the Freundlich constant. The linear plot of ln

Figure 4—Effect of time on (a) As(V) and (b) As(III) absorption. Initial conc. 300 µg/L; CS dosage 10 g/L; 25°C. The smaller inset graphs show the pseudo-second-order plots
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Figure 5—Equilibrium isotherms for adsorption

qe and ln Ce gives a slope of 1/n and intercept of ln Kf. In theory,
values of n from 1 to 10 indicate that the adsorbate is adsorbed
appropriately on the adsorbent (Konicki et al., 2012). In this
study, n = 1.73. The Freundlich adsorption isotherm model is
shown in Figures 6 and 7. The coefficient of determination of this
model is lower than those for the other three isotherms (Table I).

Langmuir isotherm
The Langmuir isotherm is the most widely used isotherm for
removal of contaminants from solutions (Crini et al., 2009;
Özacar and Şengil, 2005). The Langmuir isotherm suggests
that adsorption occurs in a single layer on the surface of a
homogeneous adsorbent (Foo and Hameed, 2010).
The linear form of the conventional Langmuir model (Kundu
and Gupta, 2007) is
[4]
where Ce is the equilibrium concentration (µg/L), b is the
adsorption constant (L/µg), qe is the amount of arsenic at
equilibrium (µg/g), and Q is the adsorption capacity (µg/g).
The Langmuir constants and coefficient of determination (R2)
values were obtained from the slope and intercept of the linear
plot of 1/qe versus 1/Ce (Figures 6 and 7, Table I). The Langmuir
model was best fitted to experimental data with high R2 values.
The Langmuir isotherm can be explained by the RL parameter
(Kundu, and Gupta, 2007), which is defined by Equation [5]
[5]
where C0 (µg/L) is the initial concentration and b (L/µg) is the
Langmuir constant. RL values may indicate unfavourable (RL
> 1), linear (RL = 1), favourable (0 < RL < 1), or irreversible
(RL = 0) adsorption (Tekin, 2006). The values of RL for our
experiments were found to be < 0.04, indicating that the
adsorption by CS is favourable.
The Langmuir isotherm is well adapted to the experimental
data. It is an indication of single layer adsorption of arsenic on
CS (Bulut, Özacar, and Şengil, 2008). The Langmuir isotherm
model is widely used in explaining chemical adsorption (Dubinin,
1960). The isotherm study was conducted using different arsenic
concentrations (50–300 µg/L) at 25°C, pH 9, 0.5 g dosage of CS,
and absorption time 5 hours. For CS, the maximum adsorption
capacities in arsenate and arsenite solution were found to be 109
and 84.8 µg/g respectively, using the Langmuir isotherm. The
maximum adsorption capacities of some iron-based adsorbent
materials are compared with this value. Thirunavukkarasu,
Viraraghavan, and Subramanian (2003) studied the adsorption of
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As(V). on iron oxide-coated sand. They found that the adsorption
capacity was 45 µg/g. Guo, Stüben, and Berner (2007) studied
As(V) removal using haematite. The adsorption capacity of
haematite was found to be 204 µg/g (As(V) from a 1000 µgL
solution at an adsorbent dosage of 10 g/L). Türk and Alp (2010)
reported adsorption capacities of 80 µg/g for As(III) on Fehydrotalcite.

Dubinin-Radushkevich (D-R) isotherm
The Dubinin-Radushkevich (D-R) isotherm model is used to
distinguish the physical and chemical adsorption of arsenic ions
on CS (Dubinin, 1960). This model is written as (Kundu, and
Gupta, 2007)
[6]
and linearized as
[7]
where QD is the maximum capacity (mol/g), BD is the D-R
constant (mol2/kJ2), and ε is the Polanyi potential and is equal to
ε=RT ln(1+ C1e ).
Figures 6 and 7 show the plot of ln qe against ε2. The
coefficient of determination R2 = 0.9166. BD was found to be
0.34 mol2/J2, and QD was 35.63 mol/g.
The free energy of adsorption (E) was determined using the
1
relationship E = √2BD (Kundu,and Gupta,2007). The value of E
is significant when ascertaining the type of adsorption. If the E
value is less than 8 kJ/mol, adsorption is physical, and if it is
8–16 kJ/mol, adsorption is chemical (Islam, Mishra, and Patel,
2011). In this investigation the value of E was found to be
0.84 kJ/mol (Table I), thus in this case, the adsorption is physical.
Similar results have been reported for the adsorption of arsenic
by iron-oxide-coated granular activated charcoal (Ananta,
Saumen, and Vijay, 2015).

Temkin isotherm
The Temkin isotherm is based on adsorbate-adsorbent
interactions. This model ignores deficient and extremely high
concentrations, and the free energy of adsorption is a function of
the surface coating. The Temkin isotherm is given as (Mall et al.,
2005):
[8]
[9]
The linear form of the Temkin isotherm is
The Journal of the Southern African Institute of Mining and Metallurgy
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[10]

Table I

where A is the equilibrium binding constant (L/µg), b is the
Temkin constant (J/mol), R is the gas constant (8.314 J/mol K),
and T is the absolute temperature (K) equivalent. The adsorption
data was analysed and the values of the Temkin constants A and
B and coefficient of determination established; these are listed
in Table I, and the theoretical plot of this isotherm is shown in
Figures 6 and 7. According to the coefficients of determination
(R2), the order of suitability of the models was Langmuir,
Freundlich, D-R, and Temkin (Figures 6, 7 and Table I). Thus, the
Langmuir model is the most suitable for describing single-layer
adsorption of arsenic on the CS surface. The adsorption capacities
(Q) for As(V) and As(III) in the Langmuir model were 109.460
and 84.83 µg/g, respectively. As a result, the isothermic order is
Langmuir > Temkin > Freundlich, > D-R isotherm.

Calculated Isotherm parameters (10 g/L CS, 25°C)

Conclusion

Temkin

In this study, the removal of As(V) and As(III) from aqueous
solution by copper slag (CS) was demonstrated. The pH effect

Parameter
Langmuir
Q (µg/g)

b 0.083
Freundlich
Kf

n

Value

QD

BD

Value

109.29

0.991

84.83

0.981

8.88

0.895

1.37

0.917

35.63

0.916

26.80

0.816

2.64

0.982

0.09

0.950

0.34

A
B

As(III)

R2

1.73

D-R

As(V)

11.4

0.030

1.00

0.23

15.5

R2

Figure 6—Adsorption isotherm plots for As(V)

Figure 7—Adsorption isotherm plots for As(III)
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study showed that the amount of arsenic adsorbed by CS was
independent of initial pH value. Kinetic studies showed that the
rate of adsorption accords with the pseudo-second-order kinetic
model and that arsenic ions are adsorbed on the CS surface
through chemical interaction. The adsorption data was analysed
by Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
Temkin isotherm models and the data was well fitted using the
Langmuir isotherm model. The Langmuir isotherm model is
widely used in explaining chemical adsorption. The maximum
adsorption capacities of the sorbent in As(V) and As(III) solution
were found to be 109.29 and 84.83 µg/g, respectively. The RL
value (< 0.04) showed that CS is favourable for the removal
of arsenic from aqueous solutions. Under optimal conditions
(adsorbent dosage 10 g/L, solution pH 9, temperature 25°C,
and arsenic concentration of 300 µg/L the adsorbent was able
to remove 98.76% of the arsenate and 85.43% of the arsenite.
CS can be used as a practical, easy to use, and inexpensive
adsorbent for arsenate and arsenite removal from water.
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Red 23 onto magnetic multi-walled carbon nanotubes-Fe3C nanocomposite:
Kinetics, equilibrium and thermodynamics. Chemical Engineering Journal,
vol. 210. pp. 87–95. doı:10.1016/j.cej.2012.08.025
KUNDU, S. and GUPTA, A.K. 2007. Adsorption characteristics of As (III) from aqueous
solution on iron oxide coated cement (IOCC). Journal of Hazardous. Materials,
vol. 142. pp. 97–104. doı:10.1016/j.jhazmat.2006.07.059
LAKSHMIPATHIRAJ, P., NARASIMHAN, B.R.V., PRABHAKAR, S., and BHASKAR RAJU, S.G.
2006. Adsorption of arsenate on synthetic goethite from aqueous solutions.
Journal of Hazardous. Materials, vol. 136. pp. 281–287. doı:10.1016/j.
jhazmat.2005.12.015
MAKRIS, K.C., SARKAR, D., and DATTA, R. 2006. Evaluating a drinking-water waste
by-product as a novel sorbent for arsenic. Chemosphere, vol. 64. pp. 730–741.
doi:10.1016/j.chemosphere.2005.11.054
MALL, I.D., SRIVASTAVA, V.C., AGARWALL, N.K., and MISHRA, I.M. 2005. Removal of Congo
Red from aqueous solution by bagasse fly ash and activated carbon. Kinetic
study and equilibrium isotherm analysis, Chemosphere, vol. 61. pp. 492–501.
doı:10.1016/j.chemosphere.2005.03.065

The authors thank the Black Sea Copper Works (Samsun, Turkey)
for providing the samples CS.

MENG, X.G., BANG, S., and KORFIATIS, G.P. 2000. Effects of silicate, sulfate, and
carbonate on arsenic removal by ferric chloride. ii, vol. 34. pp. 1255-1261.
DOI:10.1016/S0043-1354(99)00272-9

References

MOHAMAD, A.B., AMIR, H.M., and SUDABEH, P. 2013. Thermodynamic analysis of
reactive Red 198 removal from synthetic wastewater by using multiwall
carbon nanotubes. Health Scope, vol. 2. pp. 149–155. doi: 10.17795/
jhealthscope-13438

ALP, İ., DEVECI, H., YAZICI, E.Y., TÜRK, T., and SUNGUN, H. 2009. Potential use of pyrite
cinders as raw material in cement production: Results of industrial scale
trial operations. Journal of Hazardous. Materials, vol. 166. pp. 144-149.
doı:10.1016/j.jhazmat.2008.10.129
ANANTA, S., SAUMEN, B., and VIJAY, V. 2015. Adsorption isotherm, thermodynamic and
kinetic study of arsenic (III) on iron oxide coated granular activated charcoal.
International Research Journal of Environmental Sciences, vol. 4. pp. 64–77.
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Synopsis

K.C. Maluleke

Rare earth elements (REEs) are commonly extracted from various resources using hydrometallurgical
processes. However, these processes tend to be unselective, with high co-extraction of gangue
components. Co-extraction of gangue elements is undesirable as it complicates downstream separation
and purification processes. Preliminary tests were conducted on synthetic cerium oxide (chemical grade
CeO2) to investigate the technical feasibility of the sulphation roasting process for the extraction of
REEs from different resources. Sulphation roasting was also applied to a REE-bearing ore under selected
conditions. The highest REE extraction efficiency of 89% from synthetic CeO2 was achieved under
sulphation roasting conditions of 700°C over 24 hours in a gas atmosphere made up of 32% SO2 and 16%
O2 (2:1, SO2:O2 ratio). The extraction efficiencies from the REE-bearing ore were 47% Ce, 46% La, and
67% Nd, 4% Fe, and 10% Mn after sulphation roasting at 750°C for 24 hours. These preliminary results
indicate that it may be feasible to produce REEs from different resources using the established selective
sulphation roasting process.
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Introduction
The rare earth elements (REEs) are a group of 17 metals consisting of 15 lanthanides, scandium, and
yttrium, which have similar chemical properties. These metals are moderately abundant in the Earth’s
crust, with some more abundant than copper, lead, gold, and platinum (Humphries, 2011). The term
‘rare’ is a misnomer which is used to describe the REEs because they occur mostly in low concentrations
in wide distributions. REEs do not occur naturally in their elemental state or as individual rare earth
compounds. Instead, they occur as mixtures in various minerals (Gupta and Krishnamurthy, 2005).
All the lanthanides occur in nature except for promethium, which has no stable isotopes. The
lanthanides with lower atomic numbers are more abundant in the Earth’s crust than those with
higher atomic numbers, while the lanthanides with even atomic numbers are two to seven times more
abundant than the adjacent odd-numbered lanthanides (Castor and Hedrick, 2006). The lanthanides
are divided into light, medium, and heavy REEs. The light REEs (LREEs), which include lanthanum,
cerium, neodymium, and praseodymium, are characterized by lower atomic masses compared with the
heavy REEs (HREEs) (Samson and Wood, 2005). The unique properties of the LREEs make them useful
in a wide range of applications, including the manufacture of catalysts, magnets, and electronics. They
are also utilized as components in the metallurgical and glass industries (Deloitte Sustainability, 2017).
LREEs generally occur in two minerals – bastnaesite and monazite (Habashi, 1997). China and the
USA host the largest deposits of bastnaesite, while monazite is abundant in Australia, South Africa,
China, Brazil, Malaysia, and India (Humphries, 2011). In 2017, China was reported to be the main
supplier of REEs, with a global share of 95%; it was also the major consumer of these metals (Deloitte
Sustainability, 2017). Owing to the anticipated increase in demand for REEs, countries like South Africa
that contain significant reserves of LREE-bearing minerals can also contribute to the global supply.
Current extraction processes for REEs typically involve hydrometallurgical techniques, such as
acid/alkaline baking as well as acid/alkaline roasting (Sadri, Fereshteh, and Ahmad, 2017). Although
these processes achieve high REE recoveries, they tend to be unselective due to the co-extraction of
gangue metals such as Fe, Mn, and Mg. This results in the need for multiple purification stages, which
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are not only expensive but are tedious and result in complicated
process flow sheets (Shuai et al., 2017). Sulphation roasting is
an industrial technology used for the selective production of base
metals from complex mineral ores. Hence, it was attractive to test
the feasibility of sulphation roasting as an alternative process to
address the selectivity problem associated with the conventional
REE production processes.
The current study was conducted to investigate the efficiency
of the sulphation roasting process as an alternative process
for the conversion of REE oxides (REEOs) to readily watersoluble REE sulphates. The study involved the calculation
of predominance phase diagrams, using FactSage 7.3
thermochemical softwares (Bale et al., 2009), for metal-gas
systems to predict the stable phases at the different roasting
temperatures. Preliminary sulphation roasting and leaching
experiments were conducted on synthetic cerium oxide (CeO2)
and a REE-bearing ore.

Sulphation roasting
Sulphation roasting is a pyrometallurgical process utilized in the
beneficiation of metal oxide ores to produce metal sulphates that
are soluble in water or dilute mineral acids (Stanton, 2016). The
process can be made selective by controlling variables such as
the roasting temperature and gas partial pressures. Sulphation
roasting is successfully utilized in the selective extraction of base
metals such as copper and cobalt from iron-rich sulphide ores
(Guntner and Hammerschmidt, 2012). Sulphation is usually
achieved by heating the raw materials with sulphur trioxide
(SO3), made up of a stoichiometric mixture of sulphur dioxide
(SO2) and oxygen (O2). The process can be carried out in a
fluidized bed reactor, multiple hearth furnace, or a rotary kiln
(Gutner and Hammerschmidt, 2012).

Reaction mechanisms
There is insufficient information in the public domain to show the
applicability of this strategic process in the production of REEs.
There is also uncertainty regarding the actual reactions that
would take place during the sulphation roasting of REE-bearing
materials.
The sulphation roasting of metal oxides in the presence
of SO2 and O2 gases occurs in two main steps. The first step
involves the oxidation of SO2 gas by O2 to form SO3. This
reaction is described by Equation [1] (Hanf, 1979; Guntner and
Hammerschmidt, 2012).
[1]
The second step involves the reaction between the metal
oxides and SO3 to form metal sulphates and/or basic sulphates.
This reaction step is described by Equations [2] and [3] (Gutner
and Hammerschmidt, 2012).
[2]
[3]
The sulphation of REEs is predicted to follow the reaction
described by Equation [4], determined from the predominance
phase diagrams calculated using FactSage thermochemical
software. The LREEs are very similar chemically and are thus
expected to follow the same trend as cerium oxide.
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Temperature plays a vital role in the selectivity aspect of the
sulphation roasting process and needs to be controlled within a
narrow range to avoid decomposition of the formed sulphates
(Sithole, Goso, and Lagendijk, 2017). The roasting temperature is
selected based on the temperature requirement for the sulphation
of the metals of interest as well as the temperature required
for the decomposition of gangue metal sulphates. The roasting
temperature in the study was in the range 600–800°C. Fe is the
major gangue metal in the REE-bearing ore investigated in this
study. Furthermore, Fe sulphates are known to decompose to
haematite and SO2 at temperatures above 600°C (Gutner and
Hammerschmidt, 2012). The major gases present during the
roasting process include SO2 and O2 in different ratios. At a
fixed temperature, the proportions of these gases are determined
by the partial pressures of SO2 and O2. The composition of the
condensed phases is also dependent on the composition of the
gas phase. Metal and gas systems for roasting processes are
usually described using predominance phase diagrams. These
diagrams are calculated to predict the products formed at the
specific roasting temperature and gas partial pressures (pSO2 and
pO2) (Safarzadeh and Howard, 2018).

Experimental
Material and samples
The cerium oxide (CeO2), cerium (III) sulphate (Ce2(SO4)3), and
iron sulphate (Fe2(SO4)3 used in the study were supplied by
Merck. Ce2(SO4)3) and (Fe2(SO4)3 were used to evaluate their
thermal stabilities in their arbitrary binary mixture. The N2, O2,
and SO2 used in this study were all of reaction grade and were
supplied by Afrox.
The REE-bearing ore was supplied by the Hydrometallurgy
Division of Mintek. This material was accompanied by the
mineralogical and bulk chemical composition data summarized
in Tables I and II respectively. In the current study, the bulk
chemical compositions of the various samples were determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES) (Spectro Ciros Vision) and inductively coupled plasma
mass spectrometry (ICP-MS) (Perkin Elmer NexION 300Q). The
sulphate content in the samples was determined by precipitation.
The phase chemical compositions of sulphated materials were
determined by X-ray powder diffraction (XRD) using a Bruker
D2 instrument. Only crystalline phases in sufficient amounts to
diffract, usually not less than 5 mass %, are detectable through
this method.

Equipment
A schematic representation of the horizontal tube furnace used
in the test work is shown in Figure 1. The reactor is made up of a
30 mm diameter quartz tube, which is heated to a set temperature
in a resistance-type furnace. A K-type thermocouple was placed
next to the sample inside the furnace to monitor the sample
temperature throughout the test. The furnace controller was
connected to the sample thermocouple for automatic regulation of
the furnace resistance to control the temperature (Sithole, Goso,
and Lagendijk, 2017).

Thermochemical simulation
[4]

▶

Thermochemistry

FactSage 7.2 thermochemical software (Bale et al., 2009) was
used to calculate the predominance phase diagrams in the
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These diagrams are also important in the study for deducing
the probable process conditions that needed to be verified by
empirical sulphation roasting tests.

Mineral

Empirical sulphation roasting

Table I

Goethite
Haematite
Magnetite
Quartz
Crandallite
Mica
Rutile
Ilmenite
Gypsum
Barite
Monazite*
Cheralite*
Ce-pyrochlore
REE-Apatite*
Florencite*
Gorceixite

Formula

Grade

FeO(OH)
Fe2O4
Fe3O4
SiO2
(Ca, Sr, Ba, Pb)Al3(PO4)(POß3OH)(OH)6
K2Mg6Si8O20(OH)4
TiO2
FeTiO3
CaSO4.2(H2O)
BaSO4
(Ce, La, Nd, Th)PO4
(Ce, Ca, Th)(P, Si)O4
(Ce, K)2(NbTiFe)2O5F,OH
(Ce, La, Ca)5(PO4)3(OH, F, Cl)
CeAl3(PO4)2(OH)6
BaAl3(PO4)2(OH)6

Major
Major
Major
Major
Major
Major
Trace
Trace
Trace
Trace
Trace
Trace
Trace
Trace
Trace
Trace

Major: 20-50 mass %; trace: <5 mass %; determined by scanning electron microscopy
(SEM) coupled with energy dispersive spectrometry (EDS). * REE phosphate

Table II

Bulk chemical composition of the REE-bearing ore
Element
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Yb

ppm

Element

ppm

Element

%

1 075.0
6 775.0
10 944.0
1 105.0
3 812.0
541.0
141.0
358.0
44.2.0
242.0
39.3
146.3
58.5

Li
Be
V
Cr
Co
Ni
Cu
Zn
As
Cd
Pb
Th
U

49.7
56.3
617.0
198.0
122.0
188.0
71.6
1 564.0
104
123
424
315
3.73

Na
Mg
Al
Si
P
S
Ca
Ti
Mn
Fe
Sr
Ba

0.5
0.8
3.3
3.5
2.8
0.2
1.7
2.5
4.9
28.1
0.7
1.5

For the sulphation roasting tests, discrete masses of 10 g of feed
samples (synthetic CeO2, mixed synthetic cerium (III) sulphate
(Ce2(SO4)3) and iron sulphate (Fe2(SO4)3, and REE-bearing ore)
were weighed into sample boats. The sample boats were placed
at the centre of the 30 mm quartz reactor in the horizontal tube
furnace. SO2, O2, and N2 gases were mixed and controlled using
a gas mixing board that was connected to the furnace inlet. The
total flow rate of gases was 300 standard cubic centimetres per
minute (sccm) or 5.46 × 10-6 m3/s. The outlet of the reactor was
connected to a double caustic scrubber (made up of 10% NaOH)
to ensure that the surplus toxic SO2 gas was not emitted directly
to the atmosphere but reacted to form Na2SO4 in the solution. A
summary of the test matrix is given in Table III.
The development of the roasting conditions was guided by
the need for highly sulphated REEs under conditions where
the base metal or gangue mineral sulphates were unstable to
avoid simultaneous leaching of REE sulphates with gangue
metal sulphates. The main parameters were roasting time, which
was varied between 24 hours and 48 hours, and temperature,
which was varied between 630°C and 800°C in a reaction gas
composition of 16% O2, 32% SO2 (or 1:2 ratio of O2 to SO2), and
52% N2. N2 was used as a carrier gas – this option of a carrier
gas offers an opportunity to make a preliminary assessment of
the technical feasibility of sulphation when O2 is supplied as a
component in air.
The phase chemical compositions of the sulphated materials
were determined by XRD. The bulk chemical compositions of
the sulphated materials were determined by ICP-OES, ICP-MS,
and precipitation. The sulphated materials were also subjected to
leaching trials to establish the corresponding leaching efficiencies
of the REEs after the respective tests.

Leaching of sulphated materials
The objective of these tests was to determine the sulphation
efficiency of the roasted REE materials, i.e. to determine how
much of the initial REE oxide had been converted into soluble
sulphate and dissolved into solution. The leaching test work

Table III

Summary of sulphation roasting test conditions
Test
Figure 1—Schematic representation of the sulphation roasting experimental
set-up (Sithole, Goso, and Lagendijk, 2017)

temperature range of 630–800°C. This temperature range was
chosen as it is in the range where gangue metal sulphates,
such as Fe, start decomposing to metal oxides. The predom
module of the software was used for these calculations. Factsage
predominance phase diagram calculations are based on the
Standard Gibbs free energy equations for the metals involved.
Predomince phase diagrams were calculated to predict the
stable products formed in the Ce-S-O and Ce-Fe-S-O systems
at specific roasting temperatures. The two-metal systems are
useful for determining the possibilities of selective sulphation.
The Journal of the Southern African Institute of Mining and Metallurgy

Test material

Reaction time (h) Roasting temperature (℃)

Sulphation roasting of CeO2
1
2
3
4
5
6
7
8

CeO2
CeO2
CeO2
CeO2
CeO2
CeO2
CeO2
CeO2

24
48
24
48
24
48
24
48

630
630
700
700
750
750
800
800

Sulphate stability test: sulphation roasting of Ce2(SO4)3–Fe2(SO4)3
9

Ce2(SO4)3- Fe2(SO4)3
(1:1 mass ratio)

24

750

24
24

630
750

Sulphation roasting of REE-bearing ore
10
11

REE-bearing ore
REE-bearing ore
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was conducted on the products from tests 1–8, 10, and 11 to
study the effect of roasting time and temperature on the leaching
efficiency of REEs as well as prominent gangue elements such
as Fe and Mn. The same leaching methodology was used for the
various samples.
The leaching tests involved leaching a known mass of
sulphated material in water. The sulphated solid sample was
transferred into a 250 mL glass reactor equipped with an
overhead stirrer with pH and temperature control, and the
leaching solution was added. The pH of the system was adjusted
to 3.5–4.0 by adding 98% sulphuric acid. A hotplate was used to
maintain the reactor contents at the required temperature. The
pulp density of the slurry ranged between 2% and 10% (m/m).
The tests were conducted at a temperature of 80°C for 4 hours,
with hot water added every 30 minutes to make up losses due to
evaporation.
At the end of each test the slurry was filtered in a vacuum
filtration unit. The residue was dried at 50°C for 8 hours in an
oven. The mass of the residue and volume of the filtrate were
recorded, and the residue was subjected to chemical analysis.
The efficiency of the extraction of the REEs was calculated using
Equation [5].

Results and discussion

Predominance phase diagrams for Ce-S-O systems at 600°C,
700°C and 800°C are shown in Figure 2, 3 and 4 respectively.
These diagrams show that Ce can exist as a stable sulphate
phase, Ce2(SO4)3, at all these temperatures. The increase in
temperature shows that the formation of the stable Ce-sulphate
phase will require higher O2 partial pressures, as shown by
the shift of the Ce2(SO4)3 region to the left. An increase in
temperature also results in an increase in the number of stable
Ce oxide and Ce sulphide phases at lower O2 partial pressures as
shown in Figure 4.
Sulphation roasting is used commercially to selectively
convert metal oxides to metal sulphates. The regions of selectivity
can be predicted from predominance phase diagrams calculated
for multiple metal systems. Figure 5 shows the predominance
phase diagram calculated for a Ce-Fe-S-O system at 750°C. Ce is
the metal of interest, while Fe is the major gangue metal in the
REE-bearing ore. Therefore, the stability regions for these metals
are important in this study. Regions of selectivity are shown
by the presence of stable Ce sulphate phases, while Fe is in its
stable oxide forms. Figure 5 shows that selectivity in the roasting
process can be achieved at relatively lower O2 partial pressures
and higher SO2 partial pressures, where Ce is in the form of
Ce2(SO4)3 and Fe is in the form of FeS2.
The diagrams are useful in narrowing down roasting
temperatures through the prediction of stable phases of the
metals of interest but not fordetermining operational conditions,
such as roasting time, for the formation of these stable phases.

Predominance phase diagrams

Mass change evaluation

Predominance phase diagrams were calculated to predict the
phase relations that exist at specific temperatures and gas
compositions. The axes on the predominance phase diagram
depict the logarithms of the partial pressures of SO2 and O2 in
the gas phase. The diagram is divided into areas or domains
of stability of the various solid compounds of the metal, S, and
O. The conditions for coexistence of two and three solid phases
are indicated respectively by the lines and triple points on the
diagram (Pelton, 2014).

The mass changes as a result of the sulphation roasting of the
synthetic CeO2 are shown in Figure 6, while the mass changes
for the stability tests and the roasting of REE-bearing ore are
tabulated in Table IV. A positive mass change indicates the
sulphation of oxides, whereas a negative mass change is an
indication of the decomposition of sulphates and the dehydration
of the synthetic Fe and Ce sulphates.
The net mass change in the sulphation of synthetic CeO2
(tests 1–8) is consistently and considerably positive, suggesting

[5]

Figure 2—Predominance diagram for the Ce–O–S system at 630°C
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Figure 3—Predominance diagram for the Ce–O–S system at 700°C

Figure 4—Predominance diagram for the Ce–O–S system at 800°C

significant sulphation of the oxides. The net mass changes
are lower at lower roasting temperatures and roasting times.
However, at 800°C the trend changes as the net mass change
starts to decrease, suggesting that any Ce sulphates formed are
becoming unstable and starting to decompose. The evaluation of
the mass changes suggests that 750°C may be the temperature
(for both 24- and 48-hour periods) for optimum sulphation, but
the stability of the gangue sulphates needs to be evaluated.
The stability roasting test conducted on hydrated Ce2(SO4)3
and Fe2(SO4)3 at 750°C for 24 hours resulted in a negative net
mass change. This was attributed to the dehydration of Ce and
Fe sulphates and the decomposition of Fe2(SO4)3 to Fe oxide. The
net mass gain for the sulphation roasting of the REE-bearing ore
sample was higher at 630°C than at 750°C.
The Journal of the Southern African Institute of Mining and Metallurgy

The REE-bearing material contains significant amounts of
Fe, which tends to be sulphated together with Ce during the
roasting process. The higher net mass at lower temperatures
(630°C) suggests the stability of Fe sulphates, and the decrease
in the net mass at higher temperatures (750°C) suggests that
the sulphates became unstable and decomposed to their oxides.
The mass change of the ore at 630°C (25.2% mass change)
follows a similar trend to that of the synthetic CeO2 at the same
temperature (23.2% mass change), which is an indication of
applicability of the roasting conditions.

Mineralogical characterization
A summary of the phase chemical compositions of the sulphated
synthetic CeO2 is given in Table V. The phases are listed in order
VOLUME 120
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Figure 5—Predominance diagram for the Ce-Fe–O–S system at 750°C

The XRD results for the sulphation of Ce2(SO4)3 and Fe2(SO4)3
at 750°C for 24 hours show the presence of CeOSO4, Fe2O3, and
Fe2(SO4)3 (in order of decreasing abundance). This shows that
Ce2(SO4)3 decomposes to CeOSO4, whereas Fe2(SO4)3 is mainly
decomposed to haematite after 24 hours. This suggests that
selective sulphation can be achieved at 750°C as Ce is present
mainly as a sulphate, while Fe is mainly present as haematite.
The XRD results for the sulphation roasting of the REE-bearing
ore sample are not reported because the individual rare earth
oxides (REOs in the sample were below the detection limit of 5%.

Leaching of sulphated materials
Figure 6—Graphical representation of mass changes for the sulphation of
synthetic CeO2 at different temperatures

Table IV

Summary of the mass changes for the stability tests
and the sulphation of the REE-bearing ore
Material

Operational
temperature (°C)

Roasting
time (h)

Mass change
(%)

Ce2(SO4)3- Fe2(SO4)3

750

24

-29.0

REE-bearing ore

630

24

25.2

750

24

15.6

of decreasing abundance. The XRD results show the formation
of cerium oxy-sulphate (CeOSO4), and not a complete sulphate
as predicted by FactSage. This phase was the dominant phase at
all the sulphation roasting conditions studied for synthetic CeO2.
The presence of CeOSO4 and CeO2 phases is an indication of the
decomposition of cerium (IV) sulphate (Ce(SO4)2), which occurs
at temperatures between 400°C and 900°C. The products of
sulphation roasting tests conducted at 630°C, 750°C, and 800°C
also contained Ce as CeO2, while CeOSO4 was the only phase
present at 700°C for both the 24-hour and 48-hour tests. The
phases detected at 800°C are contrary to the findings by Poston
et al. (2003), that only CeO2 exists at this temperature (Poston et
al. conducted the sulphation through the detrimental acid pasting
and roasting procedure).
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Effect of sulphation temperature and roasting time on Ce
leaching
The effect of sulphation roasting temperature on the leaching
efficiency for synthetic CeO2 is shown in Figure 7, and for the
REE-bearing ore sample in Table VI. The leaching efficiency of
Ce varied extensively with temperature. From the graph it can
be noted that the leaching efficiency increased with increasing
temperature from 630°C to 700°C for both sulphation roasting
times. It was also noted that the leaching efficiency was higher
for tests conducted for 24 hours than for those at 48 hours.
The highest leaching efficiencies achieved at 700°C were 89%
and 79% for sulphation conducted for 24 hours and 48 hours
respectively. An increase in temperature to 750°C is associated
with a decrease in the leaching efficiency in experiments
conducted at both 24 hours and 48 hours. This is not consistent
with the increases noted at 800°C.
Table V

Summary of the phase chemical compositions of the
sulphated CeO2
Temperature (°C)

630
700
750
800

REE products after
24 hours (order of
decreasing abundance)

REE products after
48 hours (order of
decreasing abundance)

CeOSO4, CeO2
CeOSO4
CeOSO4, CeO2
CeOSO4, CeO2

CeOSO4, CeO2
CeOSO4
CeOSO4, CeO2
CeOSO4, CeO2
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As observed in Table VI, the sulphation roasting of the
REE-bearing ore material at 630ºC did not result in any REE
dissolution; however, an increase in the temperature to 750ºC
resulted in 47% Ce, 46% La, and 67% Nd dissolution. Adversely,
4% Fe and 10% Mn dissolution also occurred. The presence of
Fe and Mn in the solution is indicative of the co-sulphation of
the gangue metals at a roasting temperature of 750ºC, which was
predicted by the FactSage thermochemical calculations (Figure 4).

Conclusions
The technical feasibility of sulphation roasting as an alternative
process for the conversion of rare earth element oxides (REEOs)
to readily soluble REE sulphates was studied.
The predominance phase diagrams calculated for the Ce-S-O
system between 630ºC and 800ºC showed that Ce can exist as
a stable sulphate phase, Ce2(SO4)3, at all these temperatures.
However, an increase in temperature results in higher pO2
requirements for the formation of this stable sulphate phase. The
increase in temperature also shows the introduction of stable
Ce-sulphide and oxide phases. The predominance phase diagrams
for the Ce-Fe-S-O system at 750°C showed a narrow region for
selective conversion of Ce to Ce2(SO4)3, while Fe was in a stable
oxide phase.
XRD analysis of the sulphation roast products from
processing synthetic CeO2 revealed the formation of an oxysulphate phase, CeOSO4, as the major phase at all the roasting
temperatures. The presence of CeOSO4 as well as CeO2 is an
indication of Ce sulphate decomposition.
The stability tests conducted on Ce2(SO4)3 and Fe2(SO4)3 at
750°C resulted in a negative net mass change, which indicates
the possible dehydration and/or decomposition of the metal
sulphates. XRD results of this test showed that that the abundant
phases were CeOSO4 and Fe2O3, with small quantities of
Fe2(SO4)3, indicating that selective sulphation is possible at this
roasting temperature.
Mass changes calculated for the tests on synthetic CeO2 were
positive and relatively high for all the conditions in the study,

Figure 7—Graphical representation of the effect of sulphation temperature
and roasting time on Ce leaching efficiency

Table VI

Summary of the leaching results for the REE-bearing
ore sulphated for 24 hours
Operational temperature (℃)
630
750

Ce
0
47

Leaching efficiency (%)
La

Nd

Fe

Mn

0
46

0
67

0
4

0.7
10
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while for the REE-bearing ore the mass change was higher at
630°C than at 750°C. The applicability of the roasting conditions
obtained from the sulphation roasting of synthetic CeO2 was
shown by a similar trend in the mass change in synthetic CeO2
at 630°C (23.2% mass change) and the REE-bearing ore (25.2%
mass change) for experiments conducted at 630°C for 24 hours.
The highest leaching efficiency for synthetic CeO2 roast
products was 89% at 700°C after 24 hours. The leaching tests
on the REE-bearing ore resulted in efficiencies of 47% for Ce,
46% for La, 67% for Nd, 4% for Fe, and 10% for Mn for tests
conducted at 750ºC after 24 hours.
For further proof of the technical feasibility of the sulphation
process for REE extraction, tests should be conducted on REE
resources to determine the effect of the sulphation roasting time
and temperature. The sulphation roasting mechanisms of REEs
will also need to be investigated further to establish the actual
reactions taking place during the process. Experiments should
also be conducted in a fluidized bed set-up.
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SAMCODES NEWS
Check out the latest SAMCODES News here (https://www.samcode.co.za/)
▶ Environmental, social, and governance (ESG) issues continue to be a priority for
shareholders and investors alike. A superﬁcial search of the internet indicates
that a myriad of standards and guideline exist and that many companies
globally voluntarily sign up to demonstrate their adherence to socially and
environmentally responsible mining. Since 2017, the South African Guideline
for the Reporting of Environmental, Social and Governance parameters within
the solid minerals and oil and gas industries (SAMESG Guideline) has been
available to assist South African mining and exploration companies to navigate
the essential ESG information that should be provided in Public Reports. The
SAMESG was speciﬁcally designed to supplement SAMCODE compliant
documents, but has attained international recognition – in 2019, SAMESG was
the recipient of the United Nations Intergovernmental Working Group of Experts
on International Standards of Accounting and Reporting (ISAR) Honours Award for
Outstanding National Initiative to Advance the Sustainable Development Goals.
So, how are South African companies doing in application of the SAMESG
Guidelines? – read more on https://www.samcode.co.za/samcode-ssc/samesg
▶ See the latest, updated CRIRSCO template eﬀective November 2019.
▶ Your contributions in terms of photos, articles, and content is welcome – please
send to sam@saimm.co.za
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Synopsis
The Rio Tinto Iron and Titanium (RTIT) Havre St-Pierre (HSP) mine located in Quebec, Canada has
implemented a grade estimation system based on the determination of the apparent density of the
material loaded into mine trucks. The system is used to segregate economic ore from waste as part of
the re-handling of a historical waste stockpile. The system takes advantage of the strong relationship
established between ore density and grade for the HSP mineralization. The apparent density is derived
from the measurements of (i) the volume of the truck load using a laser-based scanner and (ii) the mass
of the truck load provided by an onboard truck scale. The ore grade is then calculated by applying a void
factor to the apparent density measurement. In the future, this in-truck grade estimation technology
could be expanded to the entire mine operations and be instrumental in ore vs waste discrimination and
production reconciliation.
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grade estimation, apparent density, laser scanning.
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Introduction
Rio Tinto Fer et Titane (RTFT) operates an open pit haemo-ilmenite mine located at Havre St-Pierre
(HSP) in the province of Quebec, Canada. The mine supplies the RTFT smelter located in Sorel, Quebec,
some 800 km upstream on the St Lawrence River. Processing activity at the HSP mine is limited to
crushing of the ore to minus 3 inches (–7.62 cm). Since 2017, due to a change in the legislation relating
to waste disposal, the HSP mine has had to re-handle a historical waste rock pile (WRP) totalling 25 Mt,
named Petitpas (PTP). An opportunity has been identified to valorize part of the PTP WRP, estimated
at approximately 20%, by mixing the higher-grade material extracted from the WRP with the regular
output from the mine.
Some means of evaluating the ore grade from the WRP was needed in order to ensure the proper
blending ratio of this material with the run-of-mine ore. Published accounts of prompt measurement
or estimation of ore grade very early in the mining process are scarce. An approach using RFID tags
to trace ore movement on conveyors in underground mines was attempted at Vale Inco (Fiscor, 2007)
and at KGHM (Bardzinski et al., 2020). This approach, however, relies on modelling qualitative data
(ore source and type, RFID timestamps, etc.) in an integrated flow pattern leading to the estimation
of ore quality loaded in train bins and does not provide a specific evaluation of a given ore load or
sample. Direct in-field ore grade estimations was what was precisely sought for in the present case.
Thus, initially, few on-site methods were available to attain this objective. Firstly, periodic geophysical
mapping of the WRP benches could be carried out to qualitatively delineate the grade distribution prior
to excavating the material. This technique, however, is limited to a depth of 5 m. Secondly, a close
visual inspection of the WRP excavation face could be performed by the mine geologist. Both methods,
however, are of a qualitative nature only and thus subject to potential uncertainties. Hence it soon
appeared that a more quantitative method was needed. Through collaborative research an in-truck
ore grade estimation system was recently implemented (late 2018). This system is used to provide a
quantitative assessment of the PTP WRP material loaded in a truck; from this information, a decision
can be made whether to route the payload to the crusher for valorization or to an alternative WRP
as final waste. In this paper we describe the in-truck grade estimation system covering the following
aspects: theory and model development, experimental procedure, trial run results, and the next steps
and potential future applications.
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Background – theory and model development
The characteristics of the HSP mine ore are described in Charlier
et al. (2010). From a practical point of view, particularly in the
day-to-day operation of the mine, the ore can be considered
as a binary matrix with end components haemo-ilmenite and
anorthosite (Guéguin and Cardarelli, 2007). Hence, the material
loaded in a truck bin can be viewed as a weighted mixture of the
two end components. Throughout the mine, the composition of
the end components varies only slightly and it is thus possible to
attribute an average density of 4.81 to haemo-ilmenite and 2.79
to anorthosite. Given the large density difference between the end
components, there is a very good correlation between the grade
and the density of the ore. Figure 1 illustrates the relationship
between ore grade and density.
The assumption of constant density for the end components
allows the density of a blend to be derived from first principles as
follows:

where D is the density of the blend and G is the haemo-ilmenite
grade (on a weight basis; in practice, grade is computed from iron
and titanium assays).
Solving for grade yields the basic grade-density equation as
follows:

where A and B are constants.
On theoretical grounds, A and B are functions of the densities
of the two end components. In practice, the constants were rather
fitted to experimental data (Bourque, 2015); more than 10 000
samples were used for this purpose.
The in-truck ore grade estimation system measures the
apparent density (Da) of a payload. The volume occupied by the
material loaded in the truck bin is measured by a laser-based 3D
scanner and the mass by an onboard weight scale. In order to
obtain the density of the broken ore from the apparent density,
a void factor (f) has to be applied. Given that the size range of
the blasted ore can vary widely (typically from fines up to 1.5 m
diameter rocks), trying to estimate the void factor directly on the

Figure 1—Grade determined by assaying (ICP) and grade calculated by the
grade-density equation as a function of measured density of ore samples;
each data-point is the average for a grade class and each class covers a
grade range of 5%
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load appeared difficult at start. It was deemed more reliable to
sample and assay the ore load and subsequently back-calculate
a corresponding ore density using the grade-density equation;
having previously measured the corresponding apparent density
in the truck bin, the void factor could then be calculated as
follows:

Through a calibration run with multiple samples, an average
void factor was subsequently set for general application.

Experimental
Hardware
HSP mine’s truck fleet comprises Caterpillar models 777D and
777F, nominally rated for payloads up to 100 t. The truck bins
were specially designed and fabricated by Maxter (Montreal)
and a Hardox liner was welded by the mine’s workshop to cover
all internal faces. Excluding the canopy over the driver hub, the
truck bins measure 6.5 m in length by 4.8 m in width (internal
dimensions).
The Truck Payload Measurement system (TPMS) developed
by Caterpillar is used to determine the weight of a truck’s payload
(Caterpillar, 2016). The TPMS measures the change in pressure
in the four suspension cylinders as the truck is being loaded. The
pressure difference is interpreted as additional mass according to
a pre-established pressure-mass relationship. Upon completing
the loading of the truck bin, the truck status is set to « Loaded »
and the mass is then recorded. The TPMS is deemed accurate to
±5% on 95% of payloads under normal operating conditions.
The 3D scanner selected is the Load Volume Scanner (LVS)
from Loadscan, New Zealand (Loadscan, 2019); an automated
three-way adjustable mounting bracket was also purchased from
Loadscan. The system uses ID tags to identify individual trucks.
Each truck equipped with an ID tag is first scanned empty to
store the ‘empty’ reference; subsequently, when a truck passes
under the LVS, the ID tag is detected and a scan is launched
automatically. Measurement specifications are ±0.1 m³ for loads
up to 130 m³; in the present case, loads were on the order of
40 m³.
A supporting structure was tailor-made to hold the LVS
head and controller (see Figure 2). The LVS head comprises two
cameras (one longitudinal and one lateral) and is fixed on an
extension arm, some 10 m above ground with a lateral offset of
5 m. The extension arm is articulated in its middle so that the
upper branch can be lowered, thereby allowing the cameras to
be serviced easily. The base of the extension arm is fixed on a
platform that also holds a cabin to house the control system.
This system includes a dedicated computer for autonomously
controlling the LVS; the computer can be interrogated through
a wi-fi connection and the whole system can be remotely
controlled. The cabin has temperature and humidity controls built
in and is powered by a gas generator. The platform is 7.6 m long
by 3.6 m wide and is fitted with skids that allow the system to be
towed to location in the mine.
A driveway was delineated with concrete blocks to properly
guide the trucks under the LVS head. Driving requirements
concerning speed and trajectory have been instituted to ensure
that good measurements can be recorded by the scanner. The
driveway must be maintained clear of mud, snow, or other debris
that could affect the area scanned by the LVS.
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Figure 2—Ore grade estimation system implemented at the RTFT-HSP
mining operation

Trial run set-up
The trial run was held in June 2018 and comprised two types of
tests: a calibration run and reproducibility tests.
The calibration procedure required the procurement of
material beforehand in five nominal grades: 10%, 30%, 50%,
70%, and 90%; these materials were identified and localized
throughout the mine from geophysical data and visual
observations. For each nominal grade, some 500 t (or five truck
payloads) were stacked nearby the LVS system. All five trucks
were to pass under the scanner and the payloads subsequently
dumped in succession in the crushing circuit’s dumping bin.
Crushing reduced the material to a size of less than 3 inches
(7.62 cm) in diameter. On exiting the crushing zone, a means of
dynamically sampling the crushed material was available. Trucks
no. 1 and 5 were considered as transition (or isolating) loads.
Trucks no. 2, 3, and 4 were sampled by scraping some 4–5 t of
material off the conveyor. The top of the heap was pushed aside
and some 400 kg of material were then shovelled to fill a drum
(one drum per truck); these drums of sampled material were
submitted to a laboratory for assaying. To minimize intermixing
of payloads, a means of managing the flow of material was
applied in the dumping bin; this was done using a backhoe to
push the material towards the crusher’s entrance door between
each truck unloading.
Reproducibility tests were conducted in the following manner.
Firstly, a truck was loaded with ore and this load was passed
five times under the scanner head. The load was then dumped
on the ground, reloaded in the same truck and passed under the
scanner again. Dumping was executed on a solid, flat and clean
area near a solid wall; reloading was done using a bucket loader
by pushing the material against the wall in order to load the very
same material as best as possible. This reloading process was
repeated four times. Both types of tests (repetition and reloading)
were performed first with sterile material and then with rich ore.
Following the trial run, some mechanical adjustments were
made on the trucks and on the ground set-up and a running-in
period took place during the fall of 2018.

System operation and communication interface
Prior to the implementation of the in-truck grade estimator, a
The Journal of the Southern African Institute of Mining and Metallurgy

locally-developed fleet management system, called TioGo, was
deployed at the mine. TioGo manages, in real time, the flow of
information (inputs and outputs) between the user module (in
the trucks) and the mine’s dispatch centre, for example. The
system connects to the truck’s electronic control module (ECM)
and can read the truck’s payload mass in real time.
TioGo is equipped with GPS capability and wi-fi connectivity.
The application keeps track of all trucks (and other equipment as
well) by geolocalization inside the mine area. The mine survey
team initially defined zones inside the mine using AutoCAD; these
zones are automatically synchronized by wi-fi with the trucks.
Zones can be modified and new ones can be defined as needed; a
specific LVS zone was thus set to cover the vicinity of the scanner.
TioGo detects trucks entering or exiting zones according to their
GPS-reported position, with a resolution of 1 m.
Taking advantage of the TioGo system, the in-truck grade
estimation system was thus put under TioGo control. Loadscan
was requested to modify the LVS control application so that
the status of the device could be accessed through the mine’s
wi-fi network. As soon as a truck enters the LVS zone, TioGo
communicates directly with the 3D scanner by wi-fi in a ‘peerto-peer’ mode. The status of the scanner is displayed on the
truck’s screen inside the driver’s cabin throughout the scanning
sequence. A few seconds after a successful scanning sequence,
TioGo computes the ore grade based on the mass and volume
readings. This grade value is displayed on the truck screen along
with an indication whether the payload is waste or valuable ore
(item 3 in Figure 3). In the event of a problem during the reading
sequence, the truck operator is sent an error message indicating
the origin of the problem (speed, course, mismatch, obstruction,
etc.).
The application allows adjusting of the cut-off grade between
waste and ore and modifying at will the parameters in the
ore grade equation (such as the void factor). All readings and
parameters are archived and eventual changes are synchronized
automatically; parameter changes can be retrofitted to any
selected and valid time window. The LVS data is synchronized
with the data server and all information is accessible from any
corporate workstation.
The TioGo screen at the mine’s dispatch centre displays the
LVS status in real time. Hence, the dispatch operator continually
knows if the scanner is ready and operational even before routing
an ore truck for some duty in the mine. Reading errors for each
truck and each driver are also displayed; this can be very useful
for diagnostics and allows live retroaction with the drivers.
Figure 3 illustrates the process under TioGo control. Trucks
are identified by number and their positions in the mine are
known at all times. The origin and destination of payloads are
recorded, the latter being determined according to the grade
estimation issued by the control system.

Results and discussion
Repeated measurements results
The results for the test comprising repetitive measurements of
the same truck payload are shown in Table I. Standard deviation
figures for mass are zero by design due to locking of the onboard
mass record after the first reading. In the case of rich ore, the
standard deviation on volume was equal to the resolution of the
instrument. For sterile material, the superior standard deviation
on volume can potentially be related to the coarser size of this
material. In fact, the successive volume readings decreased quite
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Figure 3—In-truck grade estimation data flow and reporting

Table I

Results for the repeated measurements test
Item

Mass (t)

Volume (m³)

Apparent density (t/m³)

Sterile material
N
Mean
Std dev
Rel. std dev

5
77.9
0
0.0%

5
43.6
0.3
0.6%

5
1.8
0.0
0.6%

5
99.2
0
0.0%

5
33.7
0.1
0.2%

5
2.9
0.0
0.2%

Rich ore
N
Mean
Std dev
Rel. std dev

values reported indicate higher standard deviations on both
measured variables (mass and volume). This was to be expected
with this kind of test, inasmuch as it could not be assured that
the exact mass could be picked up anew after dumping the load.
Indeed, at each iteration of the test, underlying ground could be
scraped off and added to the payload or, conversely, some ore
material could be left on the ground. Hence the scope of this test,
although of interest, is more of a qualitative nature. Nevertheless,
it is again seen here that the results for rich ore are better than

Table II

Results for the reloading test
Item

consistently by about 0.1 m³ throughout the five passes under
the scanner. There is a historical and definite trend towards
finer blasting of material of increasing grade at this mine. It is
hypothesized that coarser material will initially pack into less
stable heaps in the truck bin and some settling of material is thus
likely to occur during transportation.

Reloading results
The results for the reloading test are shown in Table II. The
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Mass (t)

Volume (m³)

Apparent density (t/m³)

Sterile material
N
Mean
Std dev
Rel. std dev

5
79.8
3.6
4.6%

5
42.5
2.0
4.6%

5
1.9
0.1
3.6%

5
100.6
2.8
2.8%

5
34.0
0.9
2.5%

5
3.0
0.1
1.9%

Rich ore
N
Mean
Std dev
Rel. std dev
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for the sterile material. The larger standard variation observed
for anorthosite may be due to its greater hardness compared to
haemo-ilmenite – which in effect is very friable – thus leading to
a coarser size with potentially greater associated variability in the
void factor.

Calibration results
A total of 23 truck payloads were passed under the scanner, 15
of which were sampled for assaying. Figure 4 shows the results
obtained in sequence, wherein the apparent density computed
from the load data is compared to the assayed grade of the
corresponding load. A clear relationship can be seen between
these variables, and the correlation (R²) was calculated at 0.84. It
can be observed that the nominal grades of 50% and 30% differ
more significantly from the corresponding assays; this testifies to
the difficulty of estimating the bulk grade by eye.
From the discrete apparent densities measured, a void factor
could be calculated for each of the 15 payloads for which assays
were available. The average void factor was 0.33. Applying this
overall average in the grade equation led to estimated grades
from apparent density as shown in Figure 5 (black dots and black
interpolation line). The computed R² in this case is 0.93 and the
mean error on grades compared to the assays was then ±8.1%
(absolute).
It was observed that the void factor varied as a function of
grade; namely, the void fraction increased from approximately
0.28 to 0.36 over the range of grades assayed (from 10% to
90%). This is a trend that was hypothesized beforehand on the
basis of the varying size of the fractured material according
to grade; indeed, poorer ore resulting in coarser-blasted loose
material is likely to pile up with greater voids. Calculating an
average void factor for each nominal grade material tested led
to improved estimated grades, as can be seen in Figure 5 (red
dots and red interpolation line). In this manner, although the R²
barely improved (0.94), the slope of the interpolation line became
essentially unity and the ordinate quasi-null. The mean error
on grades estimated in this way relative to the assayed grades
reduced to ±4.7% (absolute).

Figure 5—Estimated grades from apparent density as a function of assay
grades

Figure 6—Histogram of estimated grade calculated from apparent density
during the running-in period

Running-in results
During the running-in period, a total of 619 valid readings
were recorded by the in-truck grade estimation system. The

histogram of recorded grades appears in Figure 6. The range
of grades covered from 12% to 91%, with an average of 63.5%
and a standard deviation of ±10.7%. These figures were in
line with those forecast by the production department of the
mine. The running-in period, however, revealed a high number
of invalid readings (resulting in no data being recorded),
amounting to some 40% of the truck passes under the scanner.
The great majority of these failures (over 90%) could be
attributed to driving errors: too fast, uneven speed, off centre,
etc. A recommendation was issued to narrow the driveway to a
minimum and driver instructions were stressed in order to correct
the situation.

Discussion

Figure 4—Comparison of apparent densities and assays throughout the
measurement sequence
The Journal of the Southern African Institute of Mining and Metallurgy

The results of the trial tests demonstrated the applicability of
the method to estimate the grade of material (waste and ore)
loaded in a truck. The implementation involved setting up a
measurement station where the trucks pass under the 3D scanner
and building a structure to support the scanner. Instrumental
to the success of the system is the control program (TioGo
application) allowing tracking of each truck via the exchange
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and recording of data concerning its location, including its origin,
actual position and destination, its onboard mass and volume,
etc.
The forecast uncertainty on grade estimations was initially
set at ±10%. This was a level judged ‘workable’ in view of the
objectives pursued by the production team at the mine. The ±8%
obtained in the calibration run (when applying an overall average
void factor) is thus in line with this objective. The number of
data-points collected (15) remains somewhat low in terms of
statistical significance. Adding new data-points in future and
potentially recurrent calibration runs would allow the method to
be improved and strengthened.
An important issue, calibration-wise, and particularly at this
scale, is ensuring the representativeness of the sample taken for
each truck payload. This implies managing the flow of material
in the dumping bin in order to minimize intermixing of material
from consecutive payloads; however, means to do so are limited
by structural and operational constraints. Thorough modification
of the dumping bin not being an option in the short term,
physically manipulating the material to free the ‘dead’ zones in
the bin, for example, becomes an important factor. Furthermore,
safety considerations adopted at the mine (some of which are
under automatic control) prohibit letting the dumping bin run dry
while the crusher circuit is operating. The measures applied in the
trial run turned out to be adequate, but there still remains room
for refining the practice.
The void factor of the material as loaded in the trucks is a
paramount variable in the calculation of the grade. It can vary
from load to load on account of natural (statistical) variability. In
addition, environmental conditions such as the moisture content
of the material can influence the void factor. Moisture particularly
influences pile-up of fine grains (say less than a few millimetres
in size), but for coarse-blasted material it is expected to be of
minimal to negligible importance. The scanner selected in the
present implementation does not have the ability to determine the
size distribution of the loaded material. However, image analysis
systems for this purpose do exist on the market; adding this
capability to the instrument could prove helpful in the future.
The existence of a relationship whereby void factor varies
with grade of material can offer an interesting second-order
refinement. As shown in this work, a rough estimation of void
factor as a function of grade can significantly improve the
accuracy of the grade estimation. While expected and observed
in this work, the relationship needs more data (via a specific
investigation for example) to more firmly set the grade-void
factor model specific to this mine.
Finally, the system relies on the accuracy of the truck weight
scale and the 3D laser scanner. Default factory settings and
calibration methods are currently used for both devices, but
means of providing mass and volume standards at the 100 t scale
are being sought.
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A system for estimating the grade of onboard material in a
mine truck was implemented at RTFT’s haemo-ilmenite mine in
Havre-Saint-Pierre, Quebec. The initial objective was to monitor
the grade of waste material re-handled to recover residual value.
The estimation is based on the relationship between grade and
density and, by extension, apparent density, the latter being
computed from onboard mass and volume measurements. The
calibration carried out on site indicates a mean error of the order
of ±8% on grade, with potential to significantly lower this figure
by applying an effective grade vs void factor relationship. The
system allows sorting out of under-grade material as final waste
and optimally blending the recovered values with the ore from
the mine for treatment in the beneficiation and smelting circuits.
Extending the use of the system to the entire extraction operation
in the mine is envisaged in the foreseeable future.

References
BARDZINSKI, P., JURDZIAK, L., KAWALEC, W., and KRO, R. 2020. Copper ore quality tracking
in a belt conveyor system using simulation tools. Natural Resources Research,
vol. 29, no. 2. pp. 1031–1040.
BOURQUE, Y. 2015. Density vs grade relationship. Internal report, Rio Tinto Fer et
Titane, Sorel-Tracy, Quebec.
CATERPILLAR. 2016. TPMS (payload) system CAT 777D (2016). https://www.
academia.edu/19668809/TPMS_Payload_System_CAT_777D
CHARLIER, B., NAMUR, O., MALPAS, S., DE MARNEFFE, C., DUCHESNE, J-C., AUWERA, J.V., and
BOLLE, O. 2010. Origin of the giant Allard Lake ilmenite ore deposit (Canada) by
no. 1–4. pp. 119–134.

The in-truck grade estimation system is currently utilized to
valorize material from a waste rock pile, the objective being to
maximize the recovery of high-grade material therein and ensure
appropriate blending of this material with run-of-mine ore to
meet the smelter grade requirement. The methodology described
in this paper allowed testing to confirm the applicability of the
in-truck grade estimation system. Extending the deployment of
332

Conclusion

fractional crystallization, multiple magma pulses and mixing. Lithos, vol. 117,

Future applications

▶
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grade to the beneficiation circuit and, in turn, in ensuring optimal
metallurgical performance at the Sorel smelter.
Currently, there is little data available pertaining to the grade
of the waste material. The in-truck grade estimation system could
bridge this knowledge gap and contribute to maximizing value
recovery from higher-grade waste as well as improving the waste
and ore reconciliation process.
The in-truck grade estimation system could also be
implemented in support of an eventual preconcentration process
whereby below cut-off grade material (say in a window from
55% to 72% grade) could be upgraded to 80% grade or better.
The system would direct ore trucks to either the crusher, for
direct shipping to the Sorel smelter, to the preconcentrator for
upgrading, or else to the waste deposit according to estimated
grade. Should a preconcentration circuit be implemented only
at some distant date, for example towards the end of the life
of the mine, the 55–72% grade material could be stocked in a
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Synopsis
Two carbon-based refractories were studied to elucidate the main wear mechanisms when in contact
with SiMn alloy. The aim was to determine which refractory would be most suitable for application in
the hearth area of a SiMn producing furnace. Thermodynamic calculations were conducted in FactSage™
7.2 at temperatures of 1550°C, 1600°C, and 1650°C, with alloys containing 15, 17, and 18 mass % Si,
in contact with type K or type SiC refractories. The calculations revealed that the SiMn alloy was
not saturated in either C or SiC. In line with FactSage™ calculations, type SiC refractory (15 mass %
Si) experienced the most wear when the temperature was varied. SEM analysis revealed that SiMn
infiltrated both refractories, with type SiC experiencing more infiltration due to its porous nature. Type
K refractory underwent the most wear when the temperature was 1600°C and the Si content varied
from 15 to 18 mass %. Carbon solubility in the alloy decreased with increasing Si content, and the alloy
was saturated with SiC at 17 mass % Si. SEM analysis revealed SiC precipitation products on the type
K refractory surfaces. Similar to observations on temperature tests, higher infiltration was observed
in type SiC refractory than in type K refractory. Type K refractory was assessed as the most suitable
refractory to use in the hearth area of a SiMn producing furnace. In industry, carbon-based refractories
generally last 1.2 times longer than SiC-based refractories in the tap-hole.
Keywords
carbon solubility, SiC solubility, FactSage™, rotating finger test, ramming paste.

Introduction
A study of chemical wear of two carbon-based refractory materials, namely carbon block and carbon
ramming paste, in a silicomanganese (SiMn) furnace tap-hole was undertaken by Steenkamp (2014).
The complex reactions between slag and carbon-based refractory materials were investigated to obtain
an improved understanding of the potential for chemical wear of refractory material when tapping
SiMn slag. Steenkamp (2014) observed that corrosion was the main wear mechanism, and determined
experimentally that silicon carbide (SiC) and an alloy containing Si and Mn formed as reaction products
between slag and refractory, thereby contributing to chemical wear of the carbon-based refractory
material. Subsequent thermodynamic calculations on alloy compositions from an industrial furnace,
using tap data collected over three months, revealed the potential for interaction between the SiMn alloy
and refractory being a further source of wear, not only of the tap-hole refractory but also of the hearth
refractory.
Based on these findings, a further investigation of wear mechanisms of carbon-based refractory
material by SiMn alloy on a laboratory-scale was then required. The overall objective of the study was
to investigate the wear mechanism of the carbon-based refractories by SiMn alloy. The goals of the
study were firstly to develop a rotating finger experimental set-up that would allow the study of carbonbased hearth refractory wear by SiMn alloy, and secondly, to characterize the refractory and alloy before
and after reaction based on techniques developed by Steenkamp (2014) and other relevant methods
to quantify the extent of wear. Lastly, we sought to compare thermodynamic calculations conducted
in FactSage™ to experimental results, and compare the extent of wear between type K and type SiC
carbon-based refractories. In detail, the study sought to investigate the wear mechanism of type K and
type SiC refractories wear under different laboratory conditions and evaluate their suitability for use in
the hearth area of an industrial furnace for producing SiMn alloys.

Background
Carbon-based refractories are classified into two groups: carbon bricks or blocks and carbon-containing
The Journal of the Southern African Institute of Mining and Metallurgy
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monolithic materials. Carbon-based refractories have superior
properties relative to other refractories, namely high thermal
conductivity, low thermal expansion, high resistance to
thermal shock, and chemical inertness to process slag in some
applications (Ewais, 2004; Tomala and Basista 2007). The raw
materials for carbon and graphite refractories include naturally
occurring graphite, coal, petroleum coke, coal tar pitch, artificial
graphite, coke, gas-calcined anthracite, and electrically calcined
anthracite (Ewais, 2004). Binding materials include tar pitches,
petroleum pitches, and other organic materials (Ewais, 2004).
The mixtures are baked in conventional furnaces at temperatures
around 800°C to 1400°C to carbonize the binder, with the
resulting product containing carbon aggregate particles and
carbon binder material (Dzermejko, Baret, and Hubble, 1999).
The manufacturing process determines the final properties of the
refractory material. Porosity in carbon refractories results from
volatile liquids escaping as the mixture is baked, and can create
cracks and pores that allow for infiltration of process material
(Dzermejko, Baret, and Hubble, 1999).
Silicon carbide refractories are prepared using petroleum
coke, pure silica sand, sawdust, and minor amounts of common
salt (Chesters, 1963). The raw materials are electrically heated
to a temperature of about 2500°C. Plastic fireclay is added to a
dry, graded, and mixed batch of silicon carbide, and isostatic
pressing, tamping, or dry pressing is used to shape the batch.
The shaped products are then fired at a temperature of at least
1300°C (Chesters, 1963). Special properties of silicon carbide
refractories include high thermal conductivity, thermal shock
resistance, high abrasion resistance to various gases, acids, slags,
and molten metals, and high strength up to high temperatures
(Chesters, 1963; Hancock, 2006). Similar to carbon bricks,
the major disadvantage of the silicon carbide refractory is its
tendency to react with oxygen and steam, forming silicon dioxide
(SiO2), specifically in the temperature range between 1000 and
1200°C (Hancock, 2006; Routschka, 2008). Above 1200°C silicon
dioxide starts forming a coat on the silicon carbide grains, which
causes expansion in the volume of the refractory and retards the
oxidation rate of the silicon carbide refractory (Routschka, 2008).

Potential refractory wear mechanisms
Attack on refractory materials on a commercial furnace is a
complex phenomenon involving not only corrosion wear but also
erosion (Lee and Zhang, 2004). Refractory wear mechanisms in
a submerged arc furnace (SAF) producing manganese ferroalloys
may also include densification and spalling. Densification is
caused by slag or alloy infiltrating pores and/or reacting with the
refractory material. Spalling is caused by thermal stresses due to
thermal gradients across a single refractory body, resulting in the
refractory material on the hot face fracturing and breaking away
due to densification and/or thermal stress (Steenkamp, 2014).
In the hearth, refractory integrity depends on uninterrupted
cooling. The hearth is normally cooled from the cold face of
the refractory, and in cases where a conductive refractory
lining is used, the hearth refractory performance relies on
uninterrupted and effective heat transfer through the refractory
containment system. Above the critical reaction temperature of
the carbonaceous refractory material, molten alloy infiltrates the
refractory, resulting in erosion and wear. During chemical attack,
the binder and aggregate particles in the refractory materials
are attacked, thus the material strength and properties are
compromised. (Dzermejko, Baret, and Hubble, 1999). Mølnås
(2011) described erosion as the wear of refractories due to
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turbulent gas or liquid flow. The wear associated with erosion is
related to abrasion, which can be defined as physical wear caused
by solids.

Chemical/corrosion wear mechanism
Researchers define chemical/corrosion wear differently. Brosnan
(2004) defined corrosion of refractories as wear by loss of
thickness and mass from the exposed face of the refractory
as a consequence of chemical attack by a corroding fluid in
a process in which the refractory and corroding fluid react,
approaching chemical equilibrium in the zone of contact between
the refractory and the fluid. Jansson, Brabie, and Bohlin (2004)
defined corrosion as any type of interaction between a solid phase
and a fluid phase that results in a deleterious effect to either of
the phases. They described corrosion as consisting of three major
categories, namely: (i) dissolution, which is a chemical process
by which the refractory material is continuously dissolved; (ii)
penetration or infiltration, through which the slag penetrates
the refractory and causes mechanical effects; and (iii) erosion,
which is the abrasion of the refractory material exposed to gas
and slag movement, thereby facilitating categories (i) and (ii). In
a study to investigate the wear mechanisms between refractory
materials and slag, Jansson, Brabie, and Bohlin (2004) observed
that corrosion started with dissolution of the refractory materials
into the slag, followed by infiltration of the pores and grain
boundaries and dispersion of the grains into the slag.
According to Lee et al., (2002), corrosion wear of refractory
material by slags/alloy involves liquid infiltration and dissolution.
Dissolution may be direct or indirect, with the latter involving
the generation of one or more, usually solid, reaction products
at the aggregate/slag interface. Lee, Argent, and Zhang, (2002)
proposed that chemical wear involves many reactions that
contribute to corrosion, some of which are heterogeneous and
involve different phases. In the case of a liquid phase, corrosion
is controlled by direct dissolution of the refractory (with or
without precipitation), redox reactions, or by complex reactions
leading to the formation of a new product. In some cases the
new products form a protective layer on the refractory material,
thereby protecting it from further wear, and thus the wear rate is
expected to decrease.
The oxidation/reduction state of the environment can
participate in and influence the chemical reactions that take
place (Brosnan, 2004). Thus, the driving force behind corrosion
wear is the chemical potential differences between refractories
and slag and/or an alloy (Mattila, Vataneen, and Härkki, 2000).
Corrosion reactions proceed in a direction towards localized
chemical equilibrium. Therefore, phase equilibrium diagrams
and/or thermodynamic calculation software can be used to
analyse corrosion situations and to predict chemical strategies to
minimize corrosion and wear rates (Brosnan, 2004).
In this study, chemical wear is defined as a chemical process
taking place between the refractory and a non-saturated alloy
which results in the dissolution of the unsaturated component
from the refractory (solid phase) into the alloy (liquid phase)
and/or precipitation of the saturated components from the
alloy (liquid phase) into the refractory (solid phase) (Equation
[1]). Erosion is defined as the physical wear of the refractory
by moving liquid alloy, and abrasion as physical wear of the
refractory surface by solids.
[1]
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Effect of porosity on refractory wear
Most refractories contain void spaces or porosity. Porosity
may comprise open pores that can be penetrated by fluid
media and/or closed pores that are not easily penetrated by
fluid media (Brosnan, 2004). Brosnan (2004) also proposed
that open porosity allows corrosive media to penetrate the
refractory, causing destructive reactions behind the hot face. In
essence, porosity in refractories has a direct relationship with
refractory wear. A refractory with higher porosity in contact
with unsaturated alloy/slag will experience increased corrosion
rates compared to one with lower porosity, due to increased fluid
infiltration. Brosnan (2004) investigated alumina-silica bricks
used in ferrous foundry applications. In an apparent porosity
range of 12–16%, slag corrosion rates were found to increase
linearly with the percentage of apparent porosity in the refractor.
Bazan et al. (2011) investigated the wear of ceramic filters of
different porosity in contact with C and Mn steel alloys. Tests
were conducted in an induction furnace at temperatures of
1560°C, 1600°C, and 1680°C for 20 minutes, while the porosity
of the refractories was increased by increasing the content of
various organic materials from 3 to 10 mass %. Bazan et al.,
(2011) observed that corrosion wear was accompanied by
deformation of the refractory.

and a step size of 0.02° 2θ. Microscopic examination of the
refractory was conducted using a Zeiss Evo MA15. The specific
phase chemistry of different phases present in the refractory was
characterized by scanning electron microscopy–energy dispersive
spectroscopy (SEM-EDS) using an acceleration voltage of 20 kV,
and electron microprobe analysis (EMPA) using an acceleration
voltage of 15 kV (Banda, Steenkamp, and Matinde, 2016).
The bulk density of a porous material is the ratio of its mass
to bulk volume (Baxendale, 2004), and was calculated using
Equation [2]. The apparent porosity is the ratio of the open pores
in the material to the bulk volume and was calculated using
Equation [3]. The Archimedean evacuation method was used to
measure both the bulk density and apparent porosity. A method
based on ASTM standard C20-00, developed by Mushwana and
Steenkamp (2015), was used as the standard measurement
procedure.
[2]
where
ρ = Bulk density of the sample (g/cm3)
ρo = Density of auxiliary liquid (g/cm3)
ρL = Density of air (taken as 0.0012 g/cm3)
P = [(W – D)/V] * 100

Experimental
Material characterization
Material characterization and method development were reported
in detail in a method development paper presented at EEC 2016,
the 11th European Electric Steelmaking Conference and Expo
(Banda, Steenkamp, and Matinde, 2016). The methods are
summarized here for completeness. Bulk chemical compositions
of three representative SiMn samples were determined by wet
chemistry and X-ray fluorescence (XRF), and the carbon content
of the alloy was determined using ultimate analysis (LECO
instrument). The refractory material was subjected to chemical
analysis to evaluate the concentrations of the elements present.
The bulk chemical analyses included proximate (ASTM-D3172,
2013), ultimate, and ash analyses (ASTM-D3174, 2012).
Proximate analysis was done on the refractory samples; the
moisture, ash, and volatile matter content were measured, and
the fixed carbon was calculated by difference (ASTM-D3172,
2013). The moisture content of a sample was determined using
a drying oven, with the moisture content being obtained by
difference of the masses before and after drying (ASTM-D3173,
2011). Thermogravimetric analysis (TGA) was used to obtain the
volatile matter content and ash content by noting the temperature
variations which result in mass changes in the sample as the
atmosphere changes from inert to oxidizing. Fixed carbon was
determined by difference (Banda, Steenkamp, and Matinde,
2016). Lastly, ultimate analysis was done to obtain elemental
analyses of the carbon-based refractory materials. The results
from ultimate analysis were used to determine the composition of
the refractory, including carbon, hydrogen, nitrogen, and sulphur.
Oxygen was determined by difference (SGS, 2015).
Bulk phase chemical analysis was done using X-ray
diffraction (XRD), which provided means of quantifying
and characterizing different crystalline phases as well as the
amorphous phases present. A Bruker D8 diffractometer with an
acceleration voltage of 35 kV and cobalt tube with Fe-low beta
filter was used with the 2θ angle ranging from 2 to 80 degrees
The Journal of the Southern African Institute of Mining and Metallurgy

[3]
where
P = Apparent porosity (%)
W = saturated weight (g)
D = dry mass (g)
V = exterior volume (cm3), based on Equation [3]
V=W–S
[4]
where
S = suspended weight (g)

FactSage™ thermodynamic calculations

FactSage™ thermodynamic software was used to predict the
potential for chemical wear by one of the wear mechanisms
applicable (Bale et al., 2016). The Equilib module in FactSage™
7.2 was applied in thermodynamic calculations. The FeMn
database developed by Tang and Olsen (2006) is known to be
more reliable for SiMn/FeMn systems and was used together
with the FactPS database. For the calculations the temperature
was varied at 1550°C, 1600°C, and 1650°C and the Si content
in the alloy was varied at 15, 16, and 17 mass % for both type
K and type SiC refractory. Carbon solubility in Mn-Fe-Si-C
alloys with a Mn:Fe mass ratio of 4.4 at 1550°C, 1600°C, and
1650°C was calculated with FactSage 7.2 (FactPs and FeMn or
FSstel databases). 100 g SiMn and 100 g of each refractory was
assumed, togehther with the as-received SiMn alloy composition
reported in Table I.

Rotating finger experimental design

To further investigate the wear shown by thermodynamic
calculations, a rotating finger experiment set-up was designed
and built. Static and dynamic tests were carried out and the
results compared to the thermodynamic calculations. Figure 1
shows the design of the experimental set-up. The refractory
cylinder, with a diameter of 50 mm and a height of 55 mm, was
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Table I

Normalized SiMn alloy XRF and wet chemistry analysis
for SiMn alloy 1 used in static tests, and normalized
ICP analysis for SiMn alloy 2 used in dynamic tests
Alloy
SiMn1

Average (XRF)
Std. dev 0.19
Average (wet chemistry)
Std. dev 0.08

SiMn2

Average (ICP_FeMn metals)
Std. dev 0.3

Mn

C*

Si

Fe

Total

67.5

1.7

15.3

15.5

100

0.02

0.14

0.11

67.3

1.7

14.7

16.3

100

0.02

0.41

0.11
15.5

100

67.8

2.2

14.5

0.01

0.12

0.15

*Carbon analysis was by ultimate analysis

attached to a cylindrical graphite rod with a height of 550 mm
and diameter of 20 mm using graphite glue. The graphite rod was
mounted onto an extension arm which was connected to
the rotating motor. The graphite crucible (outer diameter
200 mm, height 250 mm) was placed inside the 25 kW induction
furnace to facilitate heat transfer, and alumina bubbles was added
between the crucible and the furnace chamber to achieve the
required height and minimize energy losses to the environment.
The alumina crucible (outer diameter 100 mm, height 115 mm)

was placed inside the graphite crucible with alumina foam to
obtain the required height inside the graphite crucible. The
SiMn alloy and refractory cylinder interacted inside the alumina
crucible when the operating temperature was reached. B-type
thermocouples were used to measure the temperature inside the
furnace.
The variables in the experiments were temperature, mass
per cent Si in the alloy, and rotational speed. The fixed variables
included reaction time, which was maintained according to the
Mintek standard operating procedure for induction furnace tests
(90 minutes). The heating rate was also based on the Mintek
standard operating procedure, and was manually adjusted at
increments of 0.5 A every 30 minutes. The reaction chamber
was purged with argon to maintain an inert atmosphere. The
controlled variables are listed below. When the influence of a
specific variable on refractory wear was evaluated, all other
variables were fixed at the baseline value.
1. The temperature was varied between 1550 and 1650°C,
at 50°C intervals. The baseline value for temperature was
1600°C. These values represent the typical temperatures
for SiMn producing furnaces.
2. The Si content of the alloy was varied between 15, 17,
and 18 mass %. The baseline value was 15 mass %. The
SiMn composition of the alloy was below grade B, which
is normally produced by the local SiMn producer, thus the

Figure 1—Rotating finger experimental set-up
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values chosen cover the composition of the characterized
alloy, as well as those specified by the ASTM standard for
grade B (ASTM A483, 2010).
3. The motor speed was set at either zero (static) or
100 r/min (dynamic). Zero was chosen to allow better
comparison with thermodynamic calculations and
100 r/min was chosen as it was the best maximum speed
that resulted in good alignment of the graphite rod, and
allowed mechanical wear to be investigated.

Results and discussion
Material characterization
Figure 2a and 2b show the as-received SiMn alloy and the
corresponding SEM BSE image. The bulk chemical composition of
the SiMn alloy 1, which was used for the mechanical equipment
testing and static tests, is reported in Table II and Table II. Table I
also shows the bulk chemical composition for SiMn alloy 2 used
for the dynamic tests.
Phase chemical analysis of the SiMn alloy revealed that there
were two phases present (Figure 2b). The two phases can be
distinguished by a light grey area (A) and a dark grey area (B).
SEM-EDS and EMPA result in Table II indicate that phase A is a

high-Mn and low-Si phase, while phase B is a high-Si phase with
lower Mn levels relative to phase A. The presence of carbon was
also identified in phase A.
Figure 3a (1 and 2) shows the as-received type SiC refractory.
The corresponding SEM-BSE image can be seen in Figure 4.
SiC occurs as the major phase, with Si oxide and Si present as
minor phases. Figure 3b (1 and 2) shows the as-received type K
refractory, and the corresponding SEM-BSE image is shown in
Figure 5. The type K refractory contains a major carbon phase,
which consists of carbon aggregate and binder particles, as
well as minor intrusions (25 µm length × 30 µm breadth) of
SiC and FeO particles which may have resulted from surface
contamination when the samples were prepared at Elkem.
Table III and Table IV list the proximate and ultimate analyses
of the as-received refractory samples.
Density and porosity measurement results for the two
refractory samples are presented in Table V. The average
measured density values are in line with the values supplied by
the manufacturer’s data-sheets (Elkem Carbon, 2009, 2015). The
calculated porosity value for type K refractory is also comparable
to that given by the manufacturer. A comparison of the bulk
densities of the two refractories shows that for a given volume,
type SiC refractory will have a larger mass than type K refractory;

Figure 2—SiMn alloy. (a) Photograph of as-received material and (b) SEM BSE image. Images acquired at 20 kV acceleration voltage

Table II

Composition of the two SiMn alloy phases present in
as-received industrial samples, identified by SEM in
Figure 2b. The calculated average composition was
determined by normalized EDS analysis at
20 kV acceleration voltage. EMPA was conducted on
randomly selected grains at 15 kV and 20 nA, spot size
5 μm (Banda, Steenkamp, and Matinde, 2016)
Area
A

B

C

Si

Mn

Fe

Total

SEM-EDS

9.3

75.3

15.5

100.0

Std. dev

1.7

5.0

3.4

EMPA

2.4

9.7

73.9

14.0

Std. dev

0.2

0.2

1.3

0.8

SEM-EDS

20.4

65.6

14.0

Std. dev

0.4

1.0

0.6

EMPA

23.1

62.9

14.9

Std. dev

0.2

0.9

0.9

100.0
100.0
100.0
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Figure 3–(a1) Top view and (a2) side view of type SiC refractory cylinder as
received from Elkem. (b1) Top view and (b2) side view of type K refractory
cylinder as received from Elkem
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Figure 4—SEM image of type SiC refractory measured at 20 kV acceleration voltage. Rectangle in (1) indicates the position of the magnified image in (2)

Figure 5—SEM image of type K refractory measured at 20 kV acceleration voltage. Rectangle in (1) indicates the position of the magnified image in (2)

Refractory wear under different laboratory conditions

Table III

Proximate analysis of type K and type SiC refractory as
received from the refractory supplier. The table shows
average values of three representative samples, and
the standard deviations are indicated in parentheses
Type K refractory
Type SiC refractory

Ash

Fixed carbon

Moisture

Volatiles

Total

10.9 (7.3)
95.9 (1.0)

86.4 (9.9)
1.6 (2.7)

0.3 (0.1)
0.4 (0.0)

2.4 (2.5)
2.4 (1.8)

100.0
100.2

Table IV

Ultimate analyses of type K and type SiC refractory as
received from the refractory supplier. The table shows
average values of triplicate results, and the standard
deviations are indicated in parentheses
Hydrogen Nitrogen Oxygen
Type K refractory
Type SiC refractory

0.6 (0.3)
0.2 (0.0)

0.4 (0.1)
0.2 (0.0)

4.7 (7.6)
0.0 (0.0)

Carbon Sulphur Total
96.7 (1.0) 0.1 (0.0) 102.5
30.7 (0.8) 0.0 (0.0) 31.1

also that porosity is directly proportional to bulk density and
inversely proportional to true density, as seen in Equation [5]
(Mushwana and Steenkamp, 2015). It can also be seen from
Table V that the porosity of type SiC refractory is 1.3 times greater
than that of type K refractory.
[5]
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Effect of temperature
The SiMn alloy composition in Table I was used to calculate
C solubility in Mn-Fe-Si-C alloys with a Mn:Fe mass ratio of
4.4 at 1550°C, 1600°C, and 1650°C, using FactSage 7.2™
in conjunction with FSstel, FactPS, and the FeMn database
developed by Tang and Olsen (2006), as shown in Figure 6.
Compositions are given as mass percentages. The as-received
alloy was unsaturated in both C and SiC and thus will tend to
dissolve both C and SiC refractories. For Si mass percentages
below the dual saturation point on the curve, the stable solid
phase at saturation is graphite. SiC is the stable phase at
saturation for higher Si contents. It can be seen in Figure 6 that
the solubility of C increases with increasing temperature from
1550°C to 1650°C, and thus it is expected that wear in both
refractories would increase with increasing temperature.
Table VI contains the FactSage™ calculation results. It was
shown that both refractories would dissolve into the alloy as
the temperature increased. The calculations also show that type
SiC would experience more mass loss than type K. In Figure 6
it can be seen that increasing the temperature from 1550°C to
1650°C at a constant Si content of 14.5 mass % will result in the
dissolution of type K refractory until the alloy is C-saturated, and
as the temperature increases type K will dissolve further into the
alloy. On the other hand, at a constant Si content of 14.5 mass %,
the alloy remains SiC-unsaturated and thus type SiC experiences
more mass loss due to dissolution into the alloy.
To quantify the loss in refractory thickness due to wear (ΔR),
the refractory diameter was measured before (RO) and after (Rf)
The Journal of the Southern African Institute of Mining and Metallurgy
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Table V

Density and porosity properties of type SiC and type K refractories. The standard deviations for the average measured
densities are given in parentheses
Density (kg/m3)

Porosity (%)

Average measured density

Calculated bulk density

Manufacturer’s data-sheet

Calculated porosity

Manufacturer’s data-sheet

1480 (0.002)
2324 (0.007)

1818
3000

1460
2300

18
23

19
Not supplied

Type K refractory
Type SiC refractory

Figure 6—Carbon solubility in Mn-Fe-Si-C alloys with a Mn:Fe mass ratio of
4.4 at 1550°C, 1600°C, and 1650°C calculated with FactSage 7.2™ (FSstel,
FeMn, and FactPS database)

Table VI

FactSage 7.2™ calculation results for refractory mass
loss with temperature variation
Temperature (°C)

25

1550

1600

1650

Type K (mass in g)
Type SiC (mass in g)

100
100

99.5
97.7

99.3
97

99
96.2

the experiments, and the difference was plotted against refractory
height (Figure 7a). The alloy/refractory interface was around
30 mm in height and the argon gas/refractory interface around
20 mm (Figure 7b). When only the temperature was varied and
the Si content kept constant at 14.5 mass %, the experimentally
determined static refractory wear profile (Figure 8) and the

Figure 8—Static wear analysis of type K and type SiC refractories at (a)
1550°C, (b) 1600°C, and (c) 1650°C

dynamic wear refractory wear profile (Figure 9) were found
to agree with the FactSage™ prediction. In Figure 9b and 9c,
‘negative refractory wear’ can be seen; this was due to refractory
expansion caused by the alloy infiltrating the refractory along

Figure 7—(a) Refractory wear thickness (ΔR) calculation diagram, (b) alloy/refractory interface
The Journal of the Southern African Institute of Mining and Metallurgy
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conditions, at a temperature of 1600°C and Si content of 15 mass
%. In Table V it can be seen that type SiC refractory had a higher
porosity value (23%) than type K (18%), thus making type SiC
refractory more susceptible to alloy infiltration. The observations
are in line with studies conducted to understand the relationship
between refractory characteristics and corrosion wear mechanism,
which have revealed that porosity plays a significant role in
promoting infiltration, thus increasing corrosion (Brosnan, 2004;
Bazan et al., 2011).
SEM analysis of the two refractories at 200 µm scale
(Figure 11) shows that type SiC refractory allowed greater alloy
infiltration depth (1087 µm), resulting in refractory expansion,
while erosion of type K refractory was more surfacial with an
infiltration depth of 653 µm. Increased alloy infiltration can also
be identified from the white areas in the SEM images, where
for type SiC (Figure 11b) there is more white area (alloy phase)
compared to type K (Figure 11a). At static conditions, both type
K and type SiC refractory had alloy infiltration depths greater
than 100 µm when the temperature was varied. Alloy infiltration
depths of above 100 µm were also observed by Brosnan, (2004).
Overall, at a constant temperature of 1600°C and 14.5 mass
% Si , type SiC experienced more wear than type K due to the
alloy being SiC-unsaturated, and to a lesser extent due to the
motion of the refractory. The dissolution reaction taking place in
type K is C dissolving into the alloy phase (Equation [6]), and for
type SiC, SiC dissolving into the alloy phase (Equation [7]).
[6]
[7]
Figure 9—Dynamic wear analysis of type K and type SiC refractories at (a)
1550°C, (b) 1600°C, and (c) 1650°C

with the refractory height. It can also be seen that the type SiC
refractory surface (on the 50 mm plane) in contact with the
alloy lost a greater thickness than type K refractory on the same
plane. The results presented In Figure 8a are contradictory, and
this deviation could have been introduced by the measurement
relative error of 1.69 % on type SiC refractory.
Varying the rotational speed from zero (static) to 100 r/min
(dynamic) at constant Si content and temperature (Figure 10)
resulted in more wear in type SiC refractory than type K. The
dynamic motion introduced erosion wear, but the effect was not
as significant as chemical wear. To further allow comparison
of infiltration depth, both refractories were selected at static

Effect of Si content
The FactSage™ calculations in Table VII show a decrease in mass
loss for type K refractory with an increase in alloy Si content
from 14 mass % to 16 mass % Si, but the mass loss increased
again, with increasing precipitation of SiC product, at 17 and
18 mass % Si. The wear profile analysis on type K refractory
(Figure 12) revealed that the wear increased with increasing Si
content from 14.5 to 17 mass %, then decreased at 18 mass %
Si, contrary to the FactSage™ calculations. In Figure 6 it can be
seen that C solubility decreases with increasing Si content in the
alloy; the alloy is unsaturated in C and thus increasing the Si
content from 14.5 to 17 mass % resulted in decreased solubility
of C in the alloy. The alloy still dissolved type K refractory until
saturation was reached, and at the dual saturation point SiC
was precipitated. Further increasing the Si content to 18 mass

Figure 10—Dynamic and static mechanical wear of type K and SiC refractories at 1600°C and 15 mass% Si

▶

340

MAY 2020

VOLUME 120

The Journal of the Southern African Institute of Mining and Metallurgy

An investigation into the wear mechanisms of carbon- and silicon carbide-based refractory materials

Figure 11—Infiltration depth comparison under static conditions, at constant temperature (1600°C) and Si content (15 mass %). (a) Type K and (b) type SiC

Table VII

Refractory dissolution and SiC precipitation for K-type
refractory
Si (mass %)
14
15
16
17
18

Components (g)
Initial mass

Final mass

SiC precipitation

100.0
100.0
100.0
100.0
100.0

99.2
99.4
99.5
99.4
99.0

0
0
0
0.54
2.0

% resulted in a SiC-saturated alloy. In this region, SiC was
precipitated and type K refractory was expected to dissolve
further since the alloy is C-unsaturated. There is a possibility
that the precipitated SiC formed a protective layer around the
refractory, hence the reduction in wear at 18 mass % Si (Lee,
Argent, and Zhang, 2002; Lee and Zhang, 2004). SiC precipitated
from SiMn alloy on type K refractory at various Si contents can be
seen in the SEM micrographs in Figure 13.
The FactSage™ calculations in Table VIII show that the mass
loss for type SiC refractory would decrease with increasing Si
content and that C would be precipitated at 14 and 15 mass %.
Si. Precipitation of C would decrease with increasing Si content.
In Figure 12 it can be seen that type SiC refractory wear area
increased with increasing Si content from 14.5 to 18 mass %. At
a constant temperature of 1600°C and 17 mass % Si, C and SiC
are at dual saturation (Figure 6), thus wear from dissolution is
not expected. At 1600°C and 18 mass % Si, the alloy is SiCsaturated and C-unsaturated and thus type K refractory was
expected to undergo more dissolution, and none was expected
for type SiC refractory. Experimentally, it was found that type
SiC wore more than type K; this was mostly due to the physical
properties of type SiC, such as high porosity, which resulted in
preferential attack on the carbon binder.
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 12—Dynamic wear analysis of type K and type SiC refractories at
1600ºC, (a) 15 mass % Si, (b) 17 mass % Si, and (c) 18 mass % Si

Post-mortem refractory sample diameter was measured and
the volume loss at various temperatures was calculated using 3D
modelling on Autodesk Fusion 360 3D CAD/CAM design software
(Figure 14). The volume was then converted to mass loss to
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Table VIII

Refractory dissolution and carbon precipitation for the
SiC-type refractory
Si (mass %)
14 100.0
15 100.0
16 100.0
17 100.0
18 100.0

Initial mass
96.3
97.7
98.9
99.5
100.1

Components (g)
Final mass

C precipitation

0.7
0.3
0.0
0.0
0.0

Comparison of FactSage™ thermodynamic calculations to experimental results

Figure 13—Product attachment on type K refractory surface, (a) 15 mass %
Si, (b) 17 mass % Si, and (c) 18 mass % Si

compare with the FactSage™ results (Figure 15). FactSage™
mass loss data was then recalculated with the same initial mass
of the as-received type K and type SiC samples; 145.29 g and
228.15 g respectively.
Using the calculated mass to compare the experimental and
thermodynamic calculations results, it can be observed in Figure
15 that the refractory mass loss due to wear in the experimental
tests was greater than that shown by the FactSage™ calculations,
due to the preferential attack on the binder phase and resultant
loss of structural integrity. FactSage™ also does not take into
account the kinetics of the chemical reactions taking place, the
physical properties of the refractories such as porosity, nor fluid
dynamics. The deviation in total mass was therefore expected,
but the general refractory behaviour from the thermodynamics
point of view was expected to agree, and this can be observed in
Table IX, where the carbon dissolution into the alloy calculated
using FactSage™ at 1550°C and 15 mass % Si was found to agree
with the experimental results .

Figure 14—3D comparison of actual experimental refractory wear under static and dynamic conditions as the temperature was varied with Si content fixed
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Figure 15—Comparison of mass loss (in grams) from FactSage™ calculations to the actual experimental refractory wear under static and dynamic conditions as
the temperature was varied at a fixed Si content

Table IX

Final alloy C content (mass %)
Method
FactSage™
Actual static
Actual dynamic

Type K

Type SiC

2.7
2.3
2.6

2.4
2.3
2.3

Wear mechanism in type K and type SiC refractories
The predominant wear mechanisms at static conditions for both
refractories (Figure 16a) were infiltration and chemical wear by
dissolution. At dynamic conditions (Figure 16b) wear was by
infiltration, chemical dissolution, and erosion. The main wear
mechanism was chemical wear as it was shown that erosion
had a minor impact on the overall mechanical wear at constant
temperature and composition. These observations are in line with
the results of Lee, Argent, and Zhang (2002), Jansson, Brabie,
and Bohlin (2004), Lee and Zhang (2004), and Steenkamp
(2014).

Refractory suitability for use in the hearth area of an
industrial SiMn furnace
The study sought to investigate the wear mechanisms of type K
and type SiC refractories under different laboratory conditions
and their suitability for use in the hearth area of an industrial
furnace producing SiMn alloys. Table X summarizes the
conclusions from the investigation. For Mn-Fe-Si-C alloys with a
Mn:Fe mass ratio of 4.4 the findings are as follows:
➤ At various temperatures and constant Si content at 14.5
mass %, type SiC refractory experienced more wear than
type K. Increasing the temperature at constant Si content
resulted in the alloy becoming C-saturated and SiCunsaturated.
➤ With varying Si content and a constant temperature of
1600°C, type K refractory was expected to experience more
wear, and when the alloy was SiC-unsaturated type SiC was
expected to experience more wear. Experimentally, type K
behaviour was contradictory as the alloy experienced less
wear, which could be attributed to the SiC product forming
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 16—Flow diagrams of refractory wear under static and dynamic
conditions

Table X

Summary of worst behaving refrectory in each scenario
based on FactSage™ calculation results and actual
wear against the tested variables
Variable
Temperature
Si (mass %)
Rotational speed

FactSage™

Experimental

Type SiC
Type K
-

Type SiC
Type SiC
Type SiC

Table XI

Typical furnace reline, tap-hole rebuild, and taphole repair timelines for a SiMn production furnace
(Sutherland and Gous, 2018)
Furnace

Refractory type

Tap-hole rebuild

Tap-hole repair

1

SiC bricks

4

2 years: replace only front
of SiC block

3

SiC bricks

6

3 years: replace only
front SiC block

5

Graphite block

6

6 months: only front
mickey replacement

6

SiC block

4

2 years: replace only
front mickey

7

Graphite block

6

6 months: only front
mickey replacement
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a protective layer that inhibited further refractory wear. The
behaviour of type SiC was also contradictory, and this was
due to physical properties such as porosity, which allowed
the alloy to preferentially attack the carbon-based binder,
thus promoting refractory disintegration.
➤ When the rotational speed was varied from static to
dynamic at constant Si content and temperature, type SiC
refractory experienced more wear than type K. The effect of
mechanical wear was not as significant as chemical wear.
In summary, type K refractory is better suited for use in the
hearth area of an industrial furnace provided that the Si content
of the alloy is below 17 mass %. Also, the physical properties
of type K refractory, such as low porosity and bulk density,
make the refractory more versatile by limiting infiltration to the
surface. Table XI shows that the observations made in this study
are similar to what was observed in the tap-hole areas of five
industrial furnaces producing SiMn alloy (Sutherland and Gous,
2018). The carbon-based refractories (graphite) generally lasted
1.2 times longer than the SiC-based refractories in the tap-hole.

Conclusion
Thermodynamically, the alloy was not saturated in either C or
SiC, and hence it was expected that both type K and type SiC
refractories would dissolve into the alloy. Using FactSage™
it was shown that the predominant wear mechanism for both
refractories at the temperatures employed was chemical wear,
with type SiC experiencing the most wear. Increasing temperature
at a constant Si content of 14.5 mass %, the alloy reached
saturation but temperature increases above 1550°C resulted in
increased C solubility into the alloy. At a constant Si content of
14.5 mass % the alloy remained SiC-unsaturated, hence type
SiC refractory was expected to wear the most. Experimentally, it
was also found that type SiC experienced more wear than type K
refractory. Microscopic examination revealed greater infiltration
into type SiC refractory because of its porous nature, promoting
more chemical wear by dissolution compared to type K, where
refractory wear occurred on the surface.
Using FactSage™ it was shown that both refractories would
undergo wear when the Si content was varied. The mass loss was
due to chemical wear by dissolution, with type SiC experiencing
the most wear. Increasing the Si content at a constant
temperature of 1600ºC resulted in a decrease in C solubility, and a
further increase in the Si content from the dual saturation point,
from 17 to 18 mass %, resulted in the alloy being C-unsaturated
and SiC-saturated. Experimentally it was found that type SiC
refractory experienced more wear than type K, which contradicted
the FactSage™ results. Microscopic examination revealed greater
infiltration into type SiC refractory because of its porous nature
and preferential attack on type SiC carbon binder. Chemical wear
was experienced by type K, with SiC precipitated on the refractory
surface.
Type K refractory was found to be the most suited material for
use in the hearth area of an industrial furnace, provided that the
Si content of the alloy is maintained below 17 mass % for MnFe-Si-C alloys with a Mn:Fe mass ratio of 4.4. This observation
is in agreement with what has been found in industry, where
carbon-based refractories generally last 1.2 times longer than
SiC-based refractories in the tap-hole. The main wear mechanism
was chemical wear by dissolution. Erosion was introduced with
dynamic motion, but the effect was insignificant compared to the
chemical reaction.
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Synopsis
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Different thiol collectors are widely used to improve the flotation performance of PGM-containing ore.
They are used either as a single collector or as a collector blend. The performance of sodium n-propyl
xanthate (SNPX), dithiocarbamate (DTC), and O-isopropyl-N-ethyl thionocarbamate (IPETC) collectors
was evaluated in order to improve the recovery of PGMs from UG2 ore. SNPX was used as single collector,
followed by SNPX blends with DTC and IPETC. The best blend improved the 3PGM + Au recovery from
81% to 86% without compromising the grade. As thiols remain the most widely used collectors in the
recovery of PGMs from sulphide ores, particularly with leaner and more complex occurrences, there is
room for continued research on the most effective blends.
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Introduction
Platinum group metals (PGMs) are one of the main sources of mineral revenue in South Africa. The
orebodies are located in the Bushveld Complex in Limpopo, North West, and Mpumalanga provinces.
The PGMs are found in the UG2 Reef, Merensky Reef, and Platreef and are associated with sulphides,
base metals, and gangue minerals (Cawthorn, 1999). The different orebodies are distinguished by their
mineralogical composition. The Merensky Reef consists mainly of approximately 60% orthopyroxene,
20% plagioclase feldspar, 15% pyroxene, 5% phlogopite, and some olivine. The Platreef is comprised of
a complex suite of serpentines, calc-silicates, and pyroxenites (McFadzean, 2014). The UG2 Reef has a
high content of chromite and silicates.
UG2 ore is dominated by chromite gangue, comprising 60–90% by volume, with some silicate
minerals (5–30% pyroxene and 1–10% plagioclase) (McLaren and de Villiers, 1982; McFadzean, 2014).
Chromite is hydrophilic by nature, but it can report to the flotation concentrates through entrainment
and this can be detrimental to the downstream smelting process (Wesseldijk et al., 1999; McFadzean,
2014). The maximum limit recovery and grade for chromite are 2.5% and less than 5% respectively
(Wesseldijk et al., 1999; Valenta, 2007; McFadzean, 2014). It is therefore important to recover a high
percentage of the valuable minerals and leave as much chromite as possible in the tailings. Hence the
effect of different parameters on the recovery and grade of PGMs has to be taken into consideration
during optimization of a flotation plant (Valenta, 2007), and this poses quite a challenge for a
metallurgist. Considering the fact that UG2 ore has a high chromite content, thiol collectors tend to be
very effective in achieving the desired results, and the use of blends can bring about improved recovery
without compromising grade.
Thiol collectors have been around for over 100 years and they are still relevant in the froth flotation
industry. Thiols are compounds containing a –SH group in combination with an organic radical
(Bulatovic, 2007), and they play a significant role during flotation of valuable minerals. Thiol collectors,
which are also known as sulphydryl compounds, are widely renowned for being selective and powerful
in the flotation of sulphide minerals (Wills and Napier-Munn, 2006).
Xanthate hydrolyses and forms unstable xanthic acids in the presence of moisture; it further
decomposes into carbon disulphide and alcohol (Bulatovic, 2007; Fuerstenau, 1982a). In solution,
xanthate decomposition increases with decreasing pH, and xanthates are stable in alkaline media
(Bulatovic, 2007; Wills and Napier-Munn, 2006). The length of the carbon radical determines the
dissociation of xanthates in an acid medium, and xanthates with a shorter hydrocarbon radical
dissociate faster than those with longer carbon chains (Bulatovic, 2007; Fuerstenau, 1982b), hence
sodium n-propyl xanthate (SNPX) was used as the primary collector in this study.
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Dithiocarbamates have some comparable properties with
xanthates but are more expensive, hence they are used as
secondary collectors. They are stable over a wide pH range (from
pH 5−12) and can achieve flotation rates which are faster than
xanthates (Ngobeni and Hangone, 2013). Thionocarbamates
belong to the family of xanthates and dithiocarbamates, due
to the similarity of the surface coordinating solidophilic groups
in these compounds. They are selective collectors of copper
sulphides. They are stable in acid media down to a pH of 4
(Ackerman et al., 1984; Jiwu, Longllng, and Kuoxiong, 1984;
Wills and Napier-Munn, 2006). The thionocarbamates have an
outstanding selectivity against pyrite and pyrrhotite (Nagaraj et
al., 1988; Liu, 2004).
Collectors can be used either as a single reagent or a mixed
system. Glembotskii (1958), Lotter and Bradshaw (2010), and
Ngobeni and Hangone (2013) have proven that it is beneficial to
mix or blend collectors. These benefits included faster kinetics,
increased carrying capacity of the froth phase, and recovery
of middling and coarse particles (Lotter and Bradshaw, 2010).
The performance benefits are derived from the interaction
between various components of the mixed collectors rather
than the singular main effects. According to Bradshaw (1997)
and Makanza, Vermaak, and Davidtz (2008), the adsorption
of xanthates onto the mineral surface occurs through charge
transfer between the collector and the mineral surface, whereas
dithiocarbamates adsorb through the formation of metalthiolate on the mineral surface. Therefore when dithiocarbamate
and xanthate collectors are blended, the blends will manifest
adsorption characteristics of both collectors, and as a result
bring about improved adsorption characteristics resulting in an
improved coverage of the mineral surface.
Three different types of thiols, namely sodium n-propyl
xanthate (SNPX), dithiocarbamate (DTC), and O-isopropyl-Nethyl thionocarbamate (IPETC) were evaluated in this work,
and a case study of their application as collector blends is
presented. The aim was to investigate the performance of
SNPX, DTC, and IPETC, with DTC and IPETC as co-collectors to
improve the recovery of PGMs from a UG2 ore from the western
Bushveld Complex (North West Province). This work is part of a
postgraduate study with Vaal University of Technology aimed at
improving the recovery of PGMs through blending collectors.

Experimental details
Sample collection and preparation
The UG2 ore sample was obtained from a mine in the western
limb of the Bushveld Complex. The bulk sample was crushed,
blended, riffled, and split into portions of 2 kg. The 2 kg
samples were wet milled at 67% solids by mass in a laboratory
rod mill for 60 minutes to 75% passing 75 µm. The rod mill
was charged with 28 stainless steel rods, ten of which were
20 mm × 310 mm, another ten were 15 m × 310 cm, and eight
were 9 mm × 310 mm.
SNPX was received in powder form, and DTC and IPETC were
received as liquids. All these collectors were of analytical grade.
SNPX was dosed at 150 g/t, as a single collector, but at 100 g/t
with a 50 g/t complementary dose of either DTC or IPETC as
the co-collector. Copper sulphate as an activator for sulphide
minerals, and carboxyl methylcellulose (CMC) as depressant for
gangue minerals, were received in powder form, and were dosed
346

Flotation procedure

The wet-milled slurry was transferred into a 5 litre Denver batch
flotation cell, and flotation was carried out at a pulp density
of 35% solids. The impeller was operated at a speed of
1200 r/min throughout the test. The pulp pH was first regulated
to 8.0. Reagent conditioning was done in the following order:
copper sulphate at 40 g/t for 5 minutes; SNPX or SNPX cocollector at 150 g/t or 100 g/t and 50 g/t respectively for 2
minutes; CMC at 60 g/t for 2 minutes; and lastly polypropylene
glycol at 22 g/t for 1 minute. Thereafter, air was introduced into
the cell at a flow rate of 5 l/min.
Four concentrates were collected into a pan by scraping off
the froth at intervals of 15 seconds for collection times of 1, 2,
5, and 12 minutes. The collected concentrates and the tailings
were weighed, filtered, dried, and weighed again. The dried
concentrates and tailings were analysed for four elements (4E: Pt,
Pd, Rh, and Au) and chromite using fire assay (by lead collection
with an inductively coupled plasma–optical emission spectrometry
finish). Since the focus of this study was on blending collectors,
all other reagents and their dosages were kept constant during
the tests. Each test was conducted in triplicate. To ensure
procedural precision, mass pulls were compared and any runs
that deviated by more than 5% were rejected and repeated.

Results and discussion

The effects of collector blending (SNPX, SNPX plus IPETC blend,
and SNPX plus DTC blend) are presented in this section. The
4E built-up and assayed head grades of the UG2 ore used,
cumulative 3PGE + Au (4E) recoveries versus time, cumulative
3PGE + Au recoveries versus cumulative 3PGE + Au grades, and
chrome recoveries versus water recoveries, were used to quantify
these results.
Table I indicates the built-up (reconstituted) head grade
which was calculated, and assayed head grade measured at
Mintek, for different conditions.
Figure 1 shows the cumulative 3PGE + Au recoveries versus
flotation time using SNPX and SNPX-IPETC and SNPX-DTC
blends. With SNPX at a dosage of 150 g/t the recovery increased
rapidly for the first 8 minutes, and thereafter increased gradually
until the twentieth minute, when the last concentrate was
collected. The overall cumulative recovery was 81%, which is the
same as the overall cumulative recovery of the SNPX-DTC blend.
This may be due to the fact that SNPX is a short hydrocarbon
chain xanthate, and therefore the reaction between the xanthate
and the minerals may have been faster than with the SNPX-DTC
blend but slower than with the SNPX-IPETC blend.
According to Glembotskii (1958), and Lotter and Bradshaw
(2010), blends of xanthates and DTCs exhibit synergistic effects.
However, the SNPX-DTC blend achieved an overall cumulative
recovery similar to that of SNPX alone (Figure 1). By twenty
Table I

Reagents

▶

at 40 and 60 g/t respectively. Polypropylene glycol (22 g/t) was
used as the frother.
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4E built-up (reconstituted) head grade and assayed
head grade (measured) of the UG2 ore

SNPX
SNPX-DTC
SNPX-IPETC

4E head grade
(reconstituted) (g/t)

4E head grade
(as analysed) (g/t)

Standard
deviation

3.53
4.14
3.78

3.69
3.69
3.69

0.11
0.32
0.06
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Figure 1—Cumulative 3PGM + Au recoveries obtained with SNPX and SNPX blended with IPETC and DTC

Figure 2—Cumulative 3PGM + Au grade versus cumulative 3PGM + Au recovery obtained with SNPX and SNPX blended with IPETC and DTC

minutes, the maximum recovery had been attained for the SNPX
condition, and it was apparent that additional flotation time
would not improve the recovery (as indicated by the asymptotic
curve); while the SNPX-DTC blend curve continued with a
positive gradient, indicating that a further increase in flotation
time would result in increased recovery. This is evidence of a
synergistic effect. However, such further increase in recovery
generally compromises grade disproportionately (see discussion
on Figure 2). It is also notable that the kinetics under SNPX alone
is faster than that under SNPX-DTC. This agrees with the known
effects of chain length and branching of hydrocarbon group in
collector ions. The linear and shorter group in SNPX results in a
higher reaction rate compared to the dialkyl structure in R2NCS2–
from DTC. The DTC blend therefore does not present a clear
indication of improvement in flotation performance.
The SNPX-IPETC blend, however, gave an improved overall
cumulative recovery of 86%, which is 5% higher compared to the
SNPX-DTC blend. Inferring from Figure 1, this improved recovery
is also accompanied by a higher recovery rate over the entire
duration of the test. The rate and recovery improvements are
positive indicators of desired synergistic effects from a collector
blend. It can be inferred that the different interaction obtainable
from the thionocarbamate (ROCSNHR) effectively complements
that from the dithiocarbonate ion (ROCS2–) to achieve more
collector interaction at surface sites otherwise interactable for
xanthate only. A recent study (Bu et al., 2018) indicated that
The Journal of the Southern African Institute of Mining and Metallurgy

IPETC is able to remove hydroxide ions from the mineral surface
and interact at such freshly activated site.
Figure 2 illustrates the cumulative 3PGM + Au grade versus
cumulative 3PGM + Au recovery from SNPX, SNPX-IPETC,
and SNPX-DTC. The SNPX-IPETC and SNPX-DTC blends show
overall concentrate grades of 60.1 g/t and 60.2 g/t respectively,
while SNPX shows higher grades from the start of flotation
until dropping markedly to 60.53 g/t after recovery stagnated
between 12 and 20 minutes (Figure 1). Although Figure 1 shows
an improvement in recovery could be expected with extended
flotation time, Figure 2 shows that this will be accompanied by
a trade-off in grade. Bhaskar Raju and Forsling (1991) state
that because dithiocarbamate loses electrons easily, resulting
in a stronger but less selective collector, xanthate can be more
selective than DTC. This can explain the cumulative grades curve
under SNPX-DTC being below those for the other conditions
(Figure 2).
IPETC, on the other hand, has an advantage over xanthate
due to its higher selectivity for base metal sulphides and longterm storage stability, yet it is not considered a powerful collector
(Nagaraj, Wang, and Frattaroli, 1986). But since the overall
cumulative grades for all three conditions are within 1 g/t, while
the overall cumulative recovery of the SNPX-IPETC blend is 5%
higher than for the other conditions, the SNPX-IPETC blend
clearly performs better in improving PGM beneficiation from this
ore.
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Figure 3—Chrome recovery versus water recovery obtained with SNPX and SNPX blends with DTC and IPETC

Figure 3 shows the relationship between the chromite
and water recoveries at each stage of flotation under different
conditions. The recovery of chromite increased in the order SNPX
< SNPX-DTC < SNPX-IPETC. The cumulative chromite recoveries
were 1%, 1.1%, and 1.3% respectively. At the beginning of the
flotation procedure chrome was mostly entrained and recovered
together with finer particles, but over time chromite recovery
decreased, supporting the notion that chromite is hydrophilic.
Furthermore, the SNPX-IPETC blend yielded the highest mass
recovery of water together with percentage chromite recovery,
supporting the trends shown in Figure 1.

Conclusion
This study established conditions under which flotation
recoveries of 3PGE + Au from a Bushveld UG2 PGM ore can
be improved by introducing the appropriate blend of collectors,
specifically the SNPX-IPETC blend. The synergistic adsorption
characteristics of SNPX and IPETC improved recovery without
compromising the grade. The SNPX-DTC blend did not give such
improvement. Au+3PGE recovery increased from 81% with SNPX
alone to 86% with the SNPX-IPETC blend. The accompanying
chromite recovery was minimal (0.4% maximum during the
first few minutes of flotation). Although the cost of using two
collectors may be more than that of a single collector, the increase
in recovery may compensate for the extra cost.
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Synopsis
The CSIR is developing a process to produce commercially pure (CP) Grade 4 titanium metal powder
via direct metallothermic reduction of TiCl4. Crude titanium produced by this method is inevitably
contaminated with unreacted reducing metal and titanium subchlorides occluded in halide salt. For the
product to meet stringent titanium industry quality requirements, the concentration of impurities must
be held to acceptably low levels. Acid leaching was identified as a suitable method for purifying the crude
reduction mass, due to the solubility of the by-products and the potential for cost-saving provided by
this method compared to vacuum distillation. However, purification by leaching poses drawbacks such
as high oxygen impurity concentrations in the product, due to the dissolution of subchlorides in water to
form insoluble hydroxides and oxychlorides that concentrate on the surface of the titanium powder. The
crude titanium was leached under different conditions using water and 1 M and 0.035 M hydrochloric
acid at a temperature below 50°C. The 1 M acid leach yielded a product with the lowest oxygen content,
demonstrating that when the pH of the media and temperature are controlled, the drawbacks associated
with acid leaching can be overcome and the process used successfully for downstream purification of
the crude product.
Keywords
titanium metal, metallothermic reduction, purification, acid leaching.

Introduction
Titanium and its alloys exhibit an exclusive combination of distinct properties such as low density, good
corrosion resistance, and biocompatibility (Oosthuizen, 2011; van Vuuren, Oosthuizen and Heydenrych,
2011; Froes, 2012; Fang et al., 2018).These properties are required to produce longer life components
capable of mitigating environmental problems (Hansen and Gerdemann, 1998). However, the high
cost of titanium and its alloys compared to competing materials like stainless steel and aluminium
limits their widespread use in the full range of potential applications (Froes and Ashraf Imam, 2010;
Oosthuizen, 2011; van Vuuren, Oosthuizen, and Heydenrych, 2011; Peters et al., 2012).
Powder metallurgy (PM) techniques have been identified as a viable alternative to potentially
lower titanium product costs and to ultimately spur growth (Low, Qian, and Schaffer, 2012; Fang et
al., 2018). Compared to conventional fabrication methods, where up to 50% wastage is common, PM
allows the use of near-net-shape technologies, which reduces scrap generation and machining (Hansen
and Gerdemann, 1998; Bolzoni, Ruiz-Navas, and Gordo, 2013). In addition, the fine grain size possible
with this method enhances mechanical properties and makes it possible to engineer unique alloy
combinations that may not be possible with conventional ingot metallurgy (Fang et al., 2018). Despite
these advantages, titanium PM is currently limited to niche applications due to the unavailability of lowcost quality powder (Froes and Ashraf Imam, 2010; Peters et al., 2012).
Commercially available powders are much more expensive than titanium sponge and other metal
powders because they rely on titanium sponge as starting material (McCracken and Collin, , 2010; van
Vuuren, Oosthuizen, and Heydenrych, 2011; Bolzoni, Ruiz-Navas, and Gordo, 2013; Oosthuizen and
Swanepoel, 2018). The sponge is produced by metallothermic reduction of titanium tetrachloride (TiCl4)
with either magnesium (Kroll process) (Hockaday and Bisaka, 2010; Liang et al., 2018) or sodium
(Hunter process) (Poulsen and Hall, 1983). Titanium sponge has the disadvantage that it is ductile and
cannot be easily ground to form powder for PM applications, but instead has to either be first embrittled
to form titanium hydride by heating in hydrogen, then crushed and converted into powder (Sun et al.,
2017; Liang et al., 2018), a method used in the multistep hydride-dehydride (HDH) process, or be
melt-refined and wrought-processed into mill forms, then reprocessed into powder, a process route used
to produce gas atomized (GA) and plasma rotating electrode process (PREP) powders (Sun et al., 2017;
Fang et al., 2018). For these reasons, researchers have been attempting to replace current commercial
powder production methods with a process that can produce good quality titanium powder directly
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from TiCl4 without melt purification at a cost comparable to that
of impure sponge (van Vuuren, Oosthuizen, and Heydenrych,
2011).

of titanium finished products (Wartman, 1948; Froes and Ashraf
Imam, 2010; Yan, Tang, and Qian, 2015). For these reasons CP
titanium is rated by its oxygen content in the form of grades (Sun
et al., 2017), as illustrated in the standard (Table I).

CSIR Ti process

Background
Basis of the current work

The CSIR is developing a process to produce ‘non-melt’
commercially pure (CP) titanium metal powder directly by
metallothermic reduction of TiCl4 with an alkali/alkali earth metal
(van Vuuren, Oosthuizen, and Heydenrych, 2011; van Vuuren
and Oosthuizen, 2012; Oosthuizen and Swanepoel, 2018). This
technique could increase the economic viability of titanium
powder, given the potential to eliminate most of the processing
steps involved in conventional wrought and powder titanium
metallurgy, as illustrated in Figure 1.
Compared to titanium sponge, ’meltless’ titanium powder has
the advantage that components can be fabricated directly using
PM techniques (Froes, 2012). By just considering the production
process steps, the CSIR Ti process has the potential to be a
breakthrough in cost reduction for CP grade pre-alloyed powder
production. However, for the CSIR primary powder to make
significant inroads in the titanium PM industry it has to meet
the stringent quality requirements, which in titanium PM involve
two main aspects, namely chemical composition and morphology
(Sun et al., 2017). For the purpose of this study greater emphasis
will be placed on chemical composition, more specifically oxygen
because it is non-volatile and once in the product cannot be easily
removed either chemically or by melting in vacuum (Yan, Tang,
and Qian, 2015; Sun et al., 2017), and must be maintained at a
minimum as its presence deteriorates the mechanical properties

The CSIR Ti powder is produced by metallothermic reduction of
TiCl4. Reduction is believed to proceed stepwise with intermediate
species in the order: TiCl4→TiCl3→TiCl2→Ti (Poulsen and Hall,
1983; Liang et al., 2018). Crude titanium produced by this
method comprises a heterogeneous reaction mass consisting
of titanium and its subchlorides, with excess alkali/alkali earth
metal encapsulated in halide salt (McKinley and Avondale, 1955;
Aleksandrovskii et al., 1982; Gambogi andGerdemann, 2001;
Liang et al., 2018). Depending on whether the metallothermic
reduction process is completed with a stoichiometric excess of the
reducing metal or TiCl4, the quantities of by-products in the crude
product are expected to be similar to those for the Hunter or Kroll
processes, as illustrated in Table II.
Kelly (1963) acknowledged that in practice it is impossible
to obtain the by-products in the crude product at the levels
postulated in Table II, due to the difficulty associated with
obtaining steady-state conditions – a consequence of the fast
reaction rates. This was reiterated by Liang et al. (2018), who
reported recoveries of subchlorides during vacuum distillation of
magnesium-reduced sponge. For titanium powder to be useful
downstream and to meet product specifications, it has to be
separated from the reaction by-products.

Figure 1—Block diagram summarizing the current titanium metal production process steps, including the CSIR process (adapted from Fang et al. (2018)

Table I

Chemical composition of commercial titanium powders by mass % (Goso and Kale, 2011)
Type
Commercially pure grades 1–4

O

N

Fe

Applications

0.18–0.4

0.03–0.05

0.20–0.5

Industrial applications

Table II

Typical composition of the crude products from metallothermic reduction (Garmata et al., 1970; Aleksandrovskii et al.,
1982)
Process
Hunter
Kroll
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Excess reducing metal (%)

Ti subchlorides (%)

Alkali/alkali earth metal salt (%)

0
34–35

0.1–4
0

70–80
9–10
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The removal of impurities is a significant technical challenge
in titanium production as the residual by-products have direct
implications for the chemical composition of the final product
(Low, Qian, and Schaffer, 2012; Yan, Tang, and Qian, 2015;
Liang et al., 2018). For instance, the alkali/alkali earth metal
salt is hygroscopic and incomplete removal may lead to the salt
absorbing water and accumulating water of hydration (van
Vuuren, Oosthuizen, and Heydenrych, 2011), while titanium
subchlorides in the product may react with the water of hydration
to form titanium oxychlorides/hydroxides which promote an
increase in oxygen content in the powder, thus degrading quality.
Alkali salt and subchlorides are sources of chlorine and as such
also contribute to the high content of total chlorides in the salt
(Nechaev and Polezhaev, 2016)

Purification methods
Impurities can be removed by either vacuum distillation or acid
leaching (Poulsen and Hall, 1983; Gambogi and Gerdemann,
2001). The selection of a suitable purification process to obtain
pure titanium powder involves intricate trade-offs such as
taking into account whether the selected finishing operation is
cost-effective, salt downstream processing requirements, ease
of recycling the brine at the required concentration suitable for
re-use upstream, ease of operation, product yield efficiency, and
product quality (van Vuuren, 2009). The fundamental difference
between vacuum distillation and acid leaching is that the latter
removes impurities by dissolving soluble constituents, and the
former by evaporating the volatiles (McKinley and Avondale,
1955).
The drawback with vacuum distillation is that the process
is slow and energy-intensive (Gambogi and Gerdemann, 2001;
Liang et al., 2018). Hansen and Gerdemann (1998), in their
efforts to produce titanium powder by continuous vapour phase
reduction, found that powder purified by vacuum distillation
tends to contain low oxygen levels but unacceptably high levels
of chlorides due to the sintering of titanium at high temperatures
resulting in powders with chloride inclusions. Acid leaching
has the advantage that it consumes less energy, uses simple
equipment, and large quantities of salt can be removed, resulting
in reduced operating costs (Garmata et al., 2001). However,
purification by leaching has drawbacks such as high oxygen and
chloride impurities in the final product. This is a consequence of
subchlorides dissolving in water and alkaline solutions to form
insoluble hydroxides and oxychlorides, which concentrate on
the surface of the titanium powder, and oxidation of titanium
by water at elevated temperatures (Garmata et al., 1998).
Considerable difficulties are also encountered in leaching, due to
the large amounts of heat of dissolution released by the excess
reducing metal, for example, 460 KJ/g-atom of Mg and 237 KJ/gatom of Na (Garmata et al., 1970). It was discovered that with
large excesses of reducing metal and small solution volumes, the
solution is heated to boiling, which results in vigorous oxidation
of the titanium and rapid precipitation of the hydroxides
(Wartman, 1948). The heat of dissolution released by titanium
subchlorides is not so high as to warrant cooling (Garmata et al.,
1970)
Acid leaching was identified as the most suitable purification
method, as it supports the CSIR’s objective of a cost-effective
production route. The decision was motivated by the high
solubility of the alkali metal halide salt in water compared to that
of magnesium chloride and sodium chloride, the straightforward
nature of recovering the anhydrous metal chloride from the
The Journal of the Southern African Institute of Mining and Metallurgy

aqueous solutions, in addition to the other advantages discussed
above (van Vuuren, 2009). The aim of these initial experiments
was to demonstrate that acid leaching can be used effectively to
purify crude titanium powder from the CSIR process to produce
a CP Grade 4 product as a minimum, and to also develop process
knowledge. The preliminary results should be seen in that light

Methodology
Experimental

Crude titanium samples used in this study were from a particular
batch production run that was conducted at the CSIR with raw
materials that included TiCl4 (99.9% by mass) and alkali/alkali
earth metal (99.8% by mass minimum, both from Sigma Aldrich,
as well as hydrochloric acid (32% by mass minimum) from
Protea Chemicals. The reduction step was completed with a slight
stoichiometric excess of TiCl4, thus it was postulated that the byproducts in the product were in proportions similar to those
in processes that were completed with excess reducing metal
(Table II).

Procedure
Leaching experiments were conducted using a 2-litre
polypropylene beaker fitted with a Velp Scientifica ES variable
speed overhead stirrer with a blade-type impeller. The samples
were leached following two approaches, namely acid leaching and
plain water leaching, as indicated in Table III. A volume of water
was added to a beaker, the initial temperature and pH recorded,
and then agitated. The feed was charged slowly to minimize
localized heating. After charging the feed, the temperature was
measured with a thermometer and recorded at 5-minute intervals
for the first 15 minutes, and then at 30-minute intervals. The
pH was monitored and recorded simultaneously. The leaching
progress was followed by decantation of the pregnant leach liquor
and water washing, until the powder was virtually acid-free and
the conductivity of the solution close to that of pure water. The
solid residue was dried at 60°C for 12 hours in a vacuum oven.
The experimental procedures for leaching at the two different
acid concentrations were similar, the difference being that the
samples were leached with hydrochloric acid solution in the
first three cycles or until there were no bubbles in the leachate,
and the leaching procedure was completed by washing the
sample with water to dissolve all the alkali salt. The residue
was subjected to the same drying conditions. The samples
were analysed for oxygen and nitrogen with an ELTRA 900
O-N analyser, and the microstructure and crystallinity were
determined by scanning electron microscopy (SEM, using a JOEL
EDS system), Further chemical analysis was conducted using
inductively coupled plasma–optical emission spectrometry (ICPOES) and X-ray diffraction (XRD – Bruker, D8 Advance) with
Cu-Kα radiation).

Results and discussion
Effect of leaching medium on the leaching system and
product quality
The product leached in pure water had a remarkably high oxygen
content compared to the acid-leached samples, as illustrated in
Figure 2.
The substantial oxygen content is attributed to the presence
of excess reducing metal and titanium subchlorides reacting
with water in a standard oxidation-reduction reaction to produce
insoluble oxychlorides and hydroxides as per Equations [1–3].
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Table III

Experimental leaching conditions* for the removal of by-products
Experiment ID
1
2
3

Solvent

Concn (M)

Amount of crude product (g)

Total volume of solution (ml)

Stirring time (h)

Stirring speed (r/min)

HCl
HCl
Pure water

0.035
1
N/A

30
30
30

300
300
300

2

150

*It should be noted that the experimental conditions were dynamic, as acid concentration fell throughout the process. The sample leached in water was allowed to reach the highest pH
possible, a maximum pH of 2.5 with 0.035 M HCl sample and 1.5 with 1 M HCl.

Figure 2—(a) Oxygen and (b) nitrogen content of titanium powders in the final product produced under the different experimental conditions

Figure 3—(a) Cloudy TiO2 in the leachate formed in sample leached with pure water and 0.035 M HCl, (b) violet solution indicating Ti3+ (aq) in the
samples leached in 1 M HCl solution

[1]
[2]
[3]
The hydrolysis products precipitated out as indicated in
Figure 3a, and concentrated on the surface and in the pores of
the metal leading to contamination with oxygen.
The sample leached in 0.035 M HCl contained 0.51
mass % oxygen, which is off-specification when compared to
the CP Grade 4 oxygen content set as a benchmark for the CSIR
Ti powder. However, compared to the water-leached powder, the
product showed improvement. The unacceptable level of oxygen
in the product, despite being leached in acid, is attributed to the
excess reducing metal reacting with the acid solution, resulting
in local depletion of the acid strength, with the result that some
hydrolysis products formed when the hydrogen ion concentration
fell below minimum, as indicated by the pH increase to 2.5 and
as observed from the cloudy white TiO2 precipitate in Figure 3a,
even though it was expected that it would form much slower
in an acidic medium. This phenomenon is a result of the low
electronegativity of titanium (1.54) and the high polarizing power
of Ti3+ and Ti2+ (Cotton and Wilkinson, 1988), which makes
titanium subchlorides susceptible to hydrolysis.

▶
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The sample leached in 1 M HCl acid yielded the best result
with an oxygen content of 0.38 mass %, and by virtue of its
oxygen specification adheres to CP Grade 4. This is attributed
to the hydrogen ion concentration not falling below 1 g/l and
the acid maintaining the pH below 2, thus retarding hydrolysis
reactions. While most researchers have attested that the chemical
compositions of aqueous titanium species in acid media are
controversial, due to the difficulty associated with achieving
thermodynamic equilibrium in these systems, it has been
established that in non-oxidizing strong acids under reducing
conditions a violet Ti3+ is formed and can remain in solution as
the ion (Cotton and Wilkinson, 1988; Richens, 1997; Sole, 1999;
Assi et al., 2017), as seen in Figure 3b. All the nitrogen assays
were below specification, indicating that the passivation step
during cooling was adequate to prevent the formation of, and
contamination by, alkali/titanium nitrides.

Effect of temperature on the leaching system

The temperature of the bulk solution for all the leaching
conditions was maintained below 50°C by leaching in a cooling
water bath to retard the rate of precipitation and surface
oxidation of the titanium metal by water (McKinley and
Avondale, 1955), in order to preserve the quality of the product.
It has been established that the rate at which titanium oxidizes
in water increases with temperature in the order 0.025% when
The Journal of the Southern African Institute of Mining and Metallurgy
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the reaction mass is leached out at 30–40°C, 0.10% at 100°C,
0.15% at 150°C, and 0.2% at 200°C (Garmata et al., 1970). It
was noted that for all the leaching conditions, the temperature
increased sharply, particularly in the first 10 minutes of charging
feed, as indicated in Figure 4, despite the high liquid to solid ratio
and vigorous agitation. This is a consequence of the exothermic
reaction between the leaching solution, excess reducing metal,
and titanium subchlorides. However, after 20 minutes the
temperature reached a plateau then decreased, indicating that
equilibrium was reached and, most importantly, that the system
favours preferential dissolution and neutralization of the byproducts, due to their low Ti coordination number compared
to the reaction products, which explains their high reactivity
towards water.
A cloudy milky solution was observed with the samples that
were leached in pure water and in the 0.035 M HCl solution, as
per Figure 3a, indicating that titanium dioxide precipitated out
despite care being taken to ensure that the temperature was
maintained below 50°C, as advised. This might have been due to
localized heating of the particles, as the measured temperature
was that of the bulk solution, not the reaction contact point.
However, with the solution leached at 1 M (Figure 3b) it was
observed that the colour did not change, proving the effectiveness
of the acid solution in retarding the precipitation rate.

Further analysis
Further compositional observation of the 1 M acid-leached
product was done with a JEOL EDS system. The image showed
a titanium metal phase in various grain sizes, as well as iron
(points 001 and 002 in Figure 5). It was concluded that the
source of iron contamination was the reactor material, which
indicates that the sample was in contact with the surface of the

Table IV

ICP assay results of the 1 M HCl leached sample
(mass %)
Iron

Carbon

Other

0.015

0.04

0.412

reactor vessel. This deduction implies that the sample was either
on the sides or bottom of the vessel, because care was taken to
ensure that external iron contamination was minimized during
leaching by using polypropylene equipment except for the stirrer.
The iron-contaminated product may be removed by magnetic
separation.
ICP-OES analysis was also performed on the same sample
to quantify the metallic impurities in order to qualify the
product. According to the results (Table IV), the product was on
specification with regard to the iron, carbon, and other impurity
requirements for CP Grade 4 (Carpenter Technology, 2004).

Conclusion
Hydrochloric acid was selected as a lixiviant specifically because
it is a non-oxidizing acid that exhibits weak reducing properties,
consists of common ions and thus does not introduce foreign
species into the system, and its efficiency can be estimated by
varying the concentration. It was established that under dynamic
conditions where the hydrogen ion concentration is allowed to
fall below the minimum, i.e. pH >2, hydrolysis products of the
subchlorides and alkali/alkali earth metals still form, and that at
pH 1–1.5 the subchlorides oxidize but remain in the leachate in
aqueous form. The procedure had the advantage that there was

Figure 4—Temperature of the solution during the leaching process: (a) pure water, (b) 0.035 M HCl, (c) 1 M HCl

Figure 5—SEM image illustrating titanium metal particles after leaching
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no need to top up or to dose any additional acid, which makes it
easier to operate, and the total oxygen content after leaching was
found to be below the 0.4% specified for CP Grade 4 titanium.
It was not necessary to leach at pH 7 or in pure water,
because according to the Ti–H2O Pourbaix diagram (Assi et al.,
2017), the domain of stability of anhydrous titanium (IV) oxide
(TiO2) extends across the whole of the pH range, indicating that
it is the most stable species of titanium in ambient conditions
(water and air). However, the test was done to demonstrate the
need to leach in an acid medium and to also demonstrate that
product integrity can be preserved in an acid medium.
This method has potential to be used as a purification step
in the CSIR Ti process, especially considering that the final
washing and rinsing was completed with process water that
contained oxygen, and as a result a monolayer of oxide on the
titanium particle may have formed, contributing to the total
oxygen content of the samples (Hansen and Gerdemann, 1998).
The leaching parameters were not kept constant in order to try
to determine how flexible the system could be. There is a lot of
scope to improve the process and quality of the product. Various
fundamental studies to confirm whether the oxygen exists as a
monolayer or an interstitial impurity are under way and will be
the subject of a future report

process. Journal of the Southern African Institute of Mining and Metallurgy,
vol. 111, no. 3. pp. 203–210.
HANSEN, D.A. and GERDEMANN, S.J. 1998. Producing titanium powder by continuous
vapor-phase reduction. JOM, vol. 50, no. 11. pp. 56–58. doi:10.1007/s11837998-0289-3
HOCKADAY, S.A.C. and BISAKA, K. 2010. Experience and results from running of a 1
kg Ti scale Kroll reactor. Proceedings of the Advanced Metals Initiative: Light
Metals Conference 2010. Southern African Institute of Mining and Metallurgy,
Johannesburg. pp. 265–280.
KELLY, J.T. 1963. Metal purification process.. US patent 3085874A.
LIANG, L., LIU, D., WAN, H., LI, K., DENG, J., and JIANG, W. 2018. Removal of chloride
impurities from titanium sponge by vacuum distillation. Vacuum, vol. 152.
pp. 166–172. doi:10.1016/j.vacuum.2018.02.030
LOW, R.J., QIAN, M., and SCHAFFER, G.B. 2012. Chloride impurities in titanium powder
metallurgy - A review. Ti 2011 - Proceedings of the 12th World Conference on
Titanium, 19-24 June 2011. Zhou, L. (ed.) Science Press, Beijing.
pp. 1770–1774.
MCCRACKEN, C.G., MOTCHENBACHER, C., and BARBIS, D. 2010. Review of titanium-powderproduction methods. International Journal of Powder Metallurgy, vol. 46,
no. 5. pp. 19–27.
MCKINLEY, T.D. 1955. Recovery of titanium metaL US patent US281653A. E. I. du
Pont de Nemours and Company.
NECHAEV, N.P. and POLEZHAEV, E.V. 2016. Effect of physicochemical treatment on

Acknowledgements

titanium porous powder quality. Metallurgist, vol. 60, no. (3–4). pp. 339–341.

The authors would like to thank the CSIR and the Department
of Science and Innovation (DSI) for funding, the CSIR-TiCoc
production team for advice, as well as the laboratory team for
analysing the samples, without whom the results guiding the
research would not have been possible.

doi:10.1007/s11015-016-0296-5.
OOSTHUIZEN, S.J. 2011. Titanium: the innovators’ metal - Historical case studies
tracing titanium process and product innovation. Journal of the Southern
African Institute of Mining and Metallurgy, vol. 111, no. 11. pp. 781–786.
OOSTHUIZEN, S.J. and SWANEPOEL, J.J. 2018. Development status of the CSIR-Ti Process,
IOP Conference Series: Materials Science and Engineering, vol. 430, no. 1. p.

References

012008. doi:10.1088/1757-899X/430/1/012008

ALEKSANDROVSKII, S., BERDNIKOVA, L.M., LUKASHENKO, G.S., PINAEV, E.N., and SNISAR, G.P.
1982. Conversion of a sodium-thermic reaction mass into titanium powders.
Soviet Powder Metallurgy and Metal Ceramics, vol. 21, no. 1. pp. 4–7.
ASSI, H., MOUCHAHAM, G., STEUNOU, N., DEVIC, T., and SERRE, C. 2017. Titanium
coordination compounds: From discrete metal complexes to metal-organic
frameworks. Chemical Society Reviews, vol. 46, no. 11. pp. 3431–3452.
doi:10.1039/c7cs00001d
BOLZONI, L., RUIZ-NAVAS, E.M., and GORDO, E. 2013. Processing of elemental titanium
by powder metallurgy techniques. Materials Science Forum, vol. 765.
pp. 383–387. doi:10.4028/www.scientific.net/MSF.765.383
CARPENTER TECHNOLOGY. 2004. Product Datasheet CP Titanium Grade 4 Type Analysis
Product Datasheet. Philadelphia, PA. pp. 1–10.
COTTON, F.A. and WILKINSON, G. 1988. Advanced Inorganic Chemistry. 6th edn. Wiley,
New York. pp. 689–708. doi:10.1016/j.jaap.2011.11.019
FANG, Z.Z., PARAMORE, J.D., PEI, S., CHANDRAN, K.S.R.; ZHANG, Y.; XIA, Y., CAO, F.,
KOOPMAN, M., and FREE, M. 2018. Powder metallurgy of titanium – Past, present,
and future. International Materials Reviews, vol. 63, no. 7. pp. 407–459.

PETERS, W., CHEN, W., YAMAMOTO, Y., and WILLIAMS, J. 2012. Current status of Ti PM:
Progress, opportunities and challenges. Key Engineering Materials, vol. 520,
August 2012. pp. 1–7. doi: 10.4028/www.scientific.net/KEM.520.1
POULSEN, E.R. and HALL, J.A. 1983. Extractive metallurgy of titanium: A review of the
state of the art and evolving production techniques. JOM, vol. 35, no. 6.
pp. 60–65. doi:10.1007/BF03338304
RICHENS, D. 1997. The Chemistry of Aqua Ions. Ellis Horwood, Chichester.
SOLE, K.C. 1999. Recovery of titanium from the leach liquors of titaniferous
magnetites by solvent extraction: Part 1. Review of the literature and aqueous
thermodynamics. Hydrometallurgy, vol. 51, no. 2. pp. 239–253.
SUN, P., FANG, Z.Z., ZHANG, Y., and XIA, Y. 2017. Review of the methods for production
of spherical Ti and Ti alloy powder, JOM, vol. 69, no. 10. pp. 1853–1860.
doi:10.1007/s11837-017-2513-5
VAN VUUREN, D.S. 2009. A critical evaluation of processes to produce primary
titanium. Journal of the Southern African Institute of Mining and Metallurgy,
vol. 109, no. 8. pp. 455–461.
VAN VUUREN, D. S. and OOSTHUIZEN, S.J. 2012. Titanium powder production process. US

doi:10.1080/09506608.2017.1366003
FROES, F.H. 2012. Titanium powder metallurgy: A review - Part 1. Advanced

patent US20130000449A1. CSIR, South Africa.
VAN VUUREN, D.S., OOSTHUIZEN, S.J., and HEYDENRYCH, M.D. 2011. Titanium production

Materials and Processes, vol. 170, no. 9. pp. 16–22.
Froes, F.H. and Ashraf Imam, M. 2010. Cost affordable developments in titanium

via metallothermic reduction of TiCl4 in molten salt: Problems and products.

technology and applications. Key Engineering Materials, vol. 436. pp. 1–11.

Journal of the Southern African Institute of Mining and Metallurgy, vol. 111,

doi:10.4028/www.scientific.net/KEM.436.1.

no. 3. pp. 141–148.

GAMBOGI, J. and GERDEMANN, S.J. 2001. Titanium metal: extraction to application.
Review of Extraction, Processing, Properties and Applications of Reactive
Metals. Brajendra, M. (ed.). WIley, San Diego. pp. 175–210.
GARMATA, V.A., GULYANITSKII, B.S., KRAMNIK, V.Y., and LIPKES, Y.M.S.G. 1970. The

▶

GOSO, X. and KALE, A. 2011. Production of titanium metal powder by the HDH

WARTMAN, F.S. 1949. Production of titanium powder at Boulder City, Nevada. US
Department of the Interior, Bureau of Mines.
YAN, M., TANG, H.P., and QIAN, M. 2015. Scavenging of oxygen and chlorine from
powder metallurgy (PM) titanium and titanium alloys. Titanium Powder

Metallurgy of Titanium. Foreign Technology Division, Wright-Patterson Air

Metallurgy: Science, Technology and Applications.: Quian, M. and Froes, F.H.

Force Base, Dayton, OH. doi:10.7868/s0207401x1704015x

(eds.). Elsevier. pp. 253–276. doi:10.1016/B978-0-12-800054-0.00015-0

354

MAY 2020

VOLUME 120

u

The Journal of the Southern African Institute of Mining and Metallurgy

NATIONAL & INTERNATIONAL ACTIVITIES
2021
7–10 March 2021 — 8th Sulphur and Sulphuric Acid
Conference 2021
The Vineyard Hotel, Newlands, Cape Town, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
18–22 April 202 — IMPC2020 XXX International
Mineral Processing Congress
Cape Town, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
9–June 202 1— Diamonds – Source to Use – 2020
Conference
‘Innovation and Technology’
The Birchwood Hotel & OR Tambo Conference Centre,
Johannesburg
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
13–16 July 2021 — Copper Cobalt Africa The 10th
Southern African Base Metals Conference
Avani Victoria Falls Resort, Livingstone, Zambia
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
29–30 July 2021 — 5th Mineral Project Valuation
Colloquium
Glenhove Events Hub, Melrose Estate, Johannesburg,
South Africa
Contact: Gugu Charlie
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: gugu@saimm.co.za
Website: http://www.saimm.co.za
18–20 August 2021 — Wold Gold Conference 2021
Misty Hills Conference Centre, Muldersdrift,
Johannesburg, South Africa

Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
29 August–2 September 2021 — APCOM 2021
Minerals Industry4.0 Conference
‘The next digital transformation in mining’
Misty Hills Conference Centre, Muldersdrift,
Johannesburg, South Africa
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
21–22 September 2021 — 5th Young Professionals
Conference 2021
‘A Showcase of Emerging Research and Innovation in
the Minerals Industry’
The Canvas, Riversands, Fourways
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za
3–6 October 2021— Massmin 2020 Eight
International Conference on Mass Mining
Santiago, Chile, Contact: J.O. Gutiérrez
Tel: (56-2) 2978 4476
Website: www.minas.uchile.cl
18–20 October 2021 — South African Rare Earths
International Conference 2021
‘Driving the future of high-tech industries’
Swakopmund Hotel And Entertainment Centre,
Swakopmund, Namibia
Contact: Camielah Jardine
Tel: +27 11 834-1273/7
Fax: +27 11 838-5923/833-8156
E-mail: camielah@saimm.co.za
Website: http://www.saimm.co.za

2022
17–24 June 2022 — NAT2020 North American
Tunneling Conference
Philadelphia
Website: http://www.natconference.com

Due to the current COVID-19 pandemic our 2020 conferences have been
postponed until further notice. We will confirm new dates in due course.
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Company affiliates
The following organizations have been admitted to the Institute as Company Affiliates
3M South Africa (Pty) Limited

Expectra 2004 (Pty) Ltd

MSA Group (Pty) Ltd

AECOM SA (Pty) Ltd

Exxaro Coal (Pty) Ltd

Multotec (Pty) Ltd

AEL Mining Services Limited

Exxaro Resources Limited

Murray and Roberts Cementation

African Pegmatite (Pty) Ltd

Filtaquip (Pty) Ltd

Nalco Africa (Pty) Ltd

Air Liquide (Pty) Ltd

FLSmidth Minerals (Pty) Ltd

Namakwa Sands(Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

Fluor Daniel SA ( Pty) Ltd

Ncamiso Trading (Pty) Ltd

AMEC Foster Wheeler

Franki Africa (Pty) Ltd-JHB

New Concept Mining (Pty) Limited

AMIRA International Africa (Pty) Ltd

Fraser Alexander (Pty) Ltd

Northam Platinum Ltd - Zondereinde

ANDRITZ Delkor(pty) Ltd

G H H Mining Machines (Pty) Ltd

Opermin Operational Excellence

Anglo Operations Proprietary Limited

Geobrugg Southern Africa (Pty) Ltd

OPTRON (Pty) Ltd

Anglogold Ashanti Ltd

Glencore

Arcus Gibb (Pty) Ltd

Hall Core Drilling (Pty) Ltd

Paterson & Cooke Consulting
Engineers (Pty) Ltd

ASPASA

Hatch (Pty) Ltd

Atlas Copco Holdings South Africa (Pty)
Limited

Herrenknecht AG

Aurecon South Africa (Pty) Ltd
Aveng Engineering
Aveng Mining Shafts and Underground
Axiom Chemlab Supplies (Pty) Ltd
Axis House Pty Ltd
Bafokeng Rasimone Platinum Mine
Barloworld Equipment -Mining
BASF Holdings SA (Pty) Ltd

Immersive Technologies
Ingwenya Mineral Processing (Pty) Ltd
Ivanhoe Mines SA

BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd

Precious Metals Refiners
Rand Refinery Limited
Redpath Mining (South Africa) (Pty) Ltd
Rocbolt Technologies

Joy Global Inc.(Africa)
Kudumane Manganese Resources
Leco Africa (Pty) Limited
Longyear South Africa (Pty) Ltd

Becker Mining (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Sol
Ramika Projects (Pty) Ltd

IMS Engineering (Pty) Ltd

Leica Geosystems (Pty) Ltd

BCL Limited

Lull Storm Trading (Pty) Ltd
Maccaferri SA (Pty) Ltd

Rosond (Pty) Ltd
Royal Bafokeng Platinum
Roytec Global (Pty) Ltd
RungePincockMinarco Limited
Rustenburg Platinum Mines Limited
Salene Mining (Pty) Ltd
Sandvik Mining and Construction
Delmas (Pty) Ltd

Magnetech (Pty) Ltd
MAGOTTEAUX (Pty) Ltd
Malvern Panalytical (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd

Maptek (Pty) Ltd

SANIRE

Maxam Dantex (Pty) Ltd

Schauenburg (Pty) Ltd

MBE Minerals SA Pty Ltd

Sebilo Resources (Pty) Ltd

MCC Contracts (Pty) Ltd

SENET (Pty) Ltd

MD Mineral Technologies SA (Pty) Ltd

Senmin International (Pty) Ltd

MDM Technical Africa (Pty) Ltd

Smec South Africa

Council for Geoscience Library

Metalock Engineering RSA (Pty)Ltd

Sound Mining Solution (Pty) Ltd

CRONIMET Mining Processing
SA Pty Ltd

Metorex Limited

SRK Consulting SA (Pty) Ltd

Metso Minerals (South Africa) Pty Ltd

Time Mining and Processing (Pty) Ltd

CSIR Natural Resources and the
Environment (NRE)

Micromine Africa (Pty) Ltd

Timrite Pty Ltd

MineARC South Africa (Pty) Ltd

Tomra (Pty) Ltd

Data Mine SA

Minerals Council of South Africa

Ukwazi Mining Solutions (Pty) Ltd

Minerals Operations Executive (Pty) Ltd

Umgeni Water

MineRP Holding (Pty) Ltd

Verni Speciality Construction Products
(Pty) Ltd

Bluhm Burton Engineering Pty Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete

Digby Wells and Associates
DRA Mineral Projects (Pty) Ltd
DTP Mining - Bouygues Construction
Duraset
Elbroc Mining Products (Pty) Ltd
eThekwini Municipality
Ex Mente Technologies (Pty) Ltd

▶

HPE Hydro Power Equipment (Pty) Ltd

Perkinelmer
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Mintek
MIP Process Technologies (Pty) Limited

Webber Wentzel

MLB Investment CC

Weir Minerals Africa

Modular Mining Systems
Africa (Pty) Ltd

Worley

Welding Alloys South Africa
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SUPPORTING
AFRICAN
MINING.
We have over 135 years of
ground support experience and
have been active in the African
market for over 30 years.
We provide resin, cement and steel products to
support operations for underground coal,
hard rock and open pit mining around the world.
Resin capsules
Capsule and pumpable grouts
Rock surface protection
Thin sprayed liners
High-strength shotcrete
Injection resins

Minova is part of the Orica Group company.
Visit www.minovaglobal.com to view our range of
products and services.
+27 011 923 1900

SAIMM ONLINE

The SAIMM is going Digital!

CONFERENCE

As part of our digital transformation journey, this year we are excited to host the
Digitalization in Mining Conference as a completely new digital experience.

Mining business make-over
Exploiting the digital revolution

DIGITALIZATION
IN MINING
CONFERENCE 2020
14-30 JULY 2020
Whatever terminology you wish to use, it is obvious that the world of work is changing rapidly.
Even more so now that we are in the COVID19 lockdown.
As a result, we have instituted a number of webinar events, which can be enjoyed from home, or
anywhere. These have so far been very successful, and we are now embarking on a series of events,
which create a virtual conference, but held over several sessions. The Digitalization event is one of
these.
The Mining Industry, along the Mining Value Chain, has to be a part of the digital transformation in
order to remain competitive, and to reach its ambition of Zero Harm.
Mining businesses in Africa need to join this journey, to remain relevant and sustainable, or be left
behind. This event is a showcase and learning experience for everyone associated with the Mining
Industry, to learn about Global Best Practices, to network with global leaders in mining and other
businesses, and to do so in an exciting and interactive format that we have never used before.
Be prepared to be BLOWN AWAY and to come to these events and come away excited, informed
and modernized!
SPONSORS

FOR FURTHER INFORMATION, CONTACT:
Camielah Jardine
Head of Conferencing

E-mail: camielah@saimm.co.za
Web: www.saimm.co.za

