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uring the COVID-19 pandemic we’ve heard a lot about
waves. First waves passing, second waves arriving, and
how many such waves we might still have to endure in the
future. Despite all the talk, each wave seems to catch us largely
by surprise and we are too frequently left in a shell-shocked
state, wondering ‘How on earth could things get so bad so fast?’
The problem here is that epidemics are an exponential growth
phenomenon, and human beings are notoriously bad at grasping
the import of exponential behaviour. Our internal forecasting and world-modelling
instincts like to assume that things change linearly, and as a result we find it difficult
to prepare ourselves for the true impact of an exponential event even as our rational
minds can see it looming.
Exponential growth is linked to another part of the modern human experience,
namely the computing power of our digital machines. This means that their ability
to solve any particular problem passes from laughably impossible to difficult, then
to trivially easy in a remarkably short space of time, upsetting and revolutionizing
everything in its wake – much like a wave.
The point at which that wave breaks over your industry is determined only by
how difficult it is to compute solutions to the mathematics describing it. In process
metallurgy we might be forgiven for thinking that our engineering challenges are
so vastly complex that traditional workflows will never be replaced by computational
alternatives, but it’s only a matter of time. Right now the digitalization tsunami
is tiny and easily ignored, but the ripples are building momentum, and recent
experiences should warn us that it’s time to prepare, prepare, prepare.

Q.G. Reynolds
Pyrometallurgy Division, Mintek
Process Engineering Department, Stellenbosch University
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President’s

Diversity and Inclusion in the
Minerals Industry (DIMI)

Corner

A

t the AGM, I spoke about why the SAIMM needs to adapt to a
new and more modern mining industry. To this end, we have
developed a strategy aimed at repositioning the SAIMM brand
in the minds of our members, and indeed all of our stakeholders.
There are six key components (or ‘Pillars of Value’) in our overall
value proposition, and I intend briefly elaborating on each one
of these over the coming months. One of these pillars is the
importance of Diversity and Inclusion in the Minerals Industry
(DIMI).
Let’s ‘take stock’
by simply looking
at our gender mix.
Our industry has a workforce that is made up of
approximately 87% men and only 13% women.
This is consistent with what we see in the SAIMM
membership base, where about 11% of our 2 487
members are women.
The graph below reveals the makeup of the
mix of female members in the SAIMM. It also
shows that these numbers are dwindling, a trend
which I believe can and should be reversed.
Indeed, our Institute is well positioned to raise
awareness on issues of diversity (i.e. around
gender, ethnicity, religion, and other diversifying
factors).
We all know that people are different, yet
we are not always willing to embrace the rich
diversity that this introduces into our industry.
Our places of work should be free from any form of discrimination around, inter alia, race,
culture, sexual orientation, age, gender, religion, and disability. Our leaders should be able
to challenge conventional thinking by exploiting the mix of ideas (i.e. creativity) that usually
materialises with the wider variety of skills, experience, and cultural approaches that comes with
diversity.
We can all contribute by
simply distancing ourselves
from the levels of polarization
that we currently encounter
across our broader society. In
fact, we should move beyond
just workforce diversity and
towards also embracing
inclusion. This involves making
it easier for people from different
geographical regions, economic
environments, and cultural
groupings, to participate and
build careers in our industry.
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President’s Corner (continued)
It is for these reasons that your Institute has established a DIMI Committee to:
➣	
Advance issues of diversity (gender, ethnicity, religion, and/or other diversifying
factors) and inclusion
➣ Raise awareness regarding DIMI in the industry
➣	
Create platforms for the development of strategies and decisions that will contribute to a
more diverse and inclusive workforce
➣	
Encourage and/or promote diversity on our committees and the SAIMM Council. This
can materially complement the efforts of the mining industry as it seeks to establish a
representative pipeline of senior leaders for the mining industry
➣ Establish collaborative linkages to support DIMI.
The DIMI Committee is currently chaired by Professor Selo Ndlovu. It is made up of
passionate professionals from both industry and academia who are committed to making
a real difference. They are particularly interested in the development of students and
tomorrow’s leaders. Online webinars, seminars, and workshops will be used to guide
and assist students, who are usually unprepared for the range of cultures encountered in
the working environment. This will lead to better understanding, better integration, and
enhanced performance, which will in turn help us to retain their potential in the mineral
industry and more particularly in the SAIMM.
The DIMI Committee is also collaborating with Women in Mining South Africa (WiMSA),
and I was both privileged and pleased to have been invited to attend the Minerals Council
South Africa’s recently-held inaugural National Day of Women in Mining, which was a great
success. A DIMI conference is being planned for August 2021 and papers have also already
been published in the Journal of the SAIMM on the subject of diversity.
‘The vision of SAIMM through the DIMI committee is to provide the industry with
knowledge building platforms that will help empower the Southern African Minerals Industry
through diversity, gender parity and inclusion.’

V.G. Duke
President, SAIMM

▶
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Modelling and optimization of zinc
recovery from Enyigba sphalerite in a
binary solution of hydrochloric acid and
hydrogen peroxide
I.A. Nnanwube1 and O.D. Onukwuli2
Affiliation:
1 Department of Chemical
Engineering, Faculty of
Engineering, Madonna
University, Akpugo, Nigeria.
2Department of Chemical
Engineering, Faculty of
Engineering, Nnamdi Azikiwe
University, Awka, Nigeria.

Synopsis

ik.nnanwube@gmail.com

This work focused on the prediction of optimal conditions for zinc recovery from sphalerite in a binary
solution of hydrochloric acid and hydrogen peroxide. The sphalerite sample was characterized with
X-ray fluorescence spectrometry (XRF), X-ray diffractometry, and Fourier transform infrared analysis
(FTIR). The central composite design of response surface methodology (RSM) developed in Design
Expert software and the genetic algorithm (GA) tool in matlab, were deployed for the optimization
exercise. The leaching temperature, acid concentration, stirring rate, leaching time, and hydrogen
peroxide concentration were defined as input variables, while zinc yield was the response. An ideal zinc
yield of 90.89% could be obtained with a leaching temperature of 84.17°C, HCl concentration of 3.14 M,
stirring rate of 453.08 r/min, leaching time of 107.55 minutes, and hydrogen peroxide concentration of
3.93 M using RSM; while a yield of 87.73% was obtained using GA. Analysis of the post-leaching residue
revealed the presence of sulphur, zircon, fluorite, gahnite, anatase, and sylvite.
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Introduction
Sphalerite (ZnS), also known as zinc blende, is the primary mineral of zinc. It is usually found with
other sulphide minerals such as galena (PbS), pyrite (FeS2), chalcopyrite (CuFeS2), and barite (BaSO4).
Zinc has been recovered from sphalerite concentrate for decades via the roast-leach-electrowinning
(RLE) process (Souza, Pina, and Leao, 2007). However, the RLE process has a major shortcoming
arising from the roasting stage, as it emits SO2 which causes pollution. To avert this problem, two
similar routes were proposed in the 1970s as alternatives to the RLE procedure. The first involves
direct leaching with oxidative reagents such as acids, ferric salts, hydrogen peroxide, or magnesium
oxide (Guler, 2016); while the second process involves pressure leaching carried outs in autoclaves at
14–15 atm. oxygen pressure (Souza, Pina, and Leao, 2007; Baldwin and Demapolis, 1995). Zinc and
its compounds have found application as anti-corrosion agent, in paint production, in the manufacture
of rubber, in photocopying products, in organic synthesis, among others (Marks, Pearse, and Walker,
1985).
The leaching of sphalerite in a non-oxidizing but complexing medium like HCl would form zinc
chloride and hydrogen sulphide according to Equation [1] (Baba and Adekola, 2010), while sphalerite
leaching in a binary solution of hydrochloric acid and hydrogen peroxide leads to the formation of zinc
chloride, water, hydrogen sulphide, and elemental sulphur as illustrated in Equation [2].

ZnS(s) + 2HCl(aq) → ZnCl2 (aq) + H2S(g)[1]
2ZnS(s) + 4HCl(aq) + H2O2(aq) → 2ZnCl2(aq) + 2H2O(l) + H2S(g) + S(s)o

[2]

The well-known method for optimizing a process by changing one parameter at a time while
maintaining the others at a constant but unspecified level does not reveal the overall impact of all the
parameters involved (Nnanwube and Onukwuli, 2020). This ‘one factor at a time’ approach is tedious
and requires a vast number of experiments, which can be misleading. These limitations can be avoided
by optimizing all the parameters together by statistical experimental design such as the response
surface methodology (RSM) (Ko, Porter, and Mckay, 2000). RSM is based on polynomial surface
analysis and is a collection of mathematical and statistical techniques that are helpful for the modelling
and analysis of problems in which a response of interest is affected by a number of factors. The major
goal of RSM is to establish the optimum operational conditions for a process. The most generally applied
of RSM designs is the central composite design (CCD) (Box, Hunter, and Hunter, 1978).
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Genetic algorithms (GAs), on the other hand, are a group of
computational models inspired by evolution. These algorithms
encode a potential solution to a particular problem on a basic
chromosome-like data structure and apply recombination
operators to these structures in order to preserve critical
information. They are frequently viewed as function optimizers,
although the scope of problems to which GAs have been
applied is very wide (Nix and Vose, 1992). GAs, as opposed to
conventional methods, work concurrently with a population of
individuals, exploring a number of new areas in the search space
in parallel, thus reducing the probability of being trapped in a
local minimum. As in nature, individuals in a population compete
with each other for survival so that fitter individuals tend to
advance into new generations, while the poor ones usually die
out (Matous et al., 2000). The GA technique has been found to
be an efficient optimization tool. It has been applied in analysing
leaching data for low-grade manganese ore (Pettersson et al.,
2009), software testing (Sharma, Patani, and Aggarwal, 2016),
wireless sensor networks (Liu and Ravishankar, 2011), as well
as predicting recovery during column leaching of copper oxide ore
(Hoseinian et al., 2020), among others.
Although some work had been reported on the dissolution
of sphalerite in acids and oxidative reagents (Souza, Pina, and
Leao, 2007; Baba and Adekola, 2010; Nnanwube, Udeaja, and
Onukwuli, 2020), studies on the application of soft computing
techniques in modelling the process are scant. Hence there is
need for more research in this area. It was the purpose of this
research to assess the efficiency of RSM and GAs in predicting
the recovery of zinc from sphalerite in a binary solution of
hydrochloric acid and hydrogen peroxide. This work will serve as
a good reference material on the modelling of zinc recovery from
sphalerite.

Materials and methods
The sphalerite used for this investigation was sourced from
Enyigba in southeastern Nigeria. The sample was finely
pulverized and sieved to <75 µm. Solutions of HCl and H2O2 were
prepared with analytical grade reagents and deionized water.
Elemental analyses were carried out by X-ray fluorescence
spectrometry (XRF) using an X-supreme 600 from Oxford
instruments. Mineralogical examination was carried out with an
ARL X’TRA X-beam diffractometer from Thermoscientific (serial
number 197492086). The FTIR analysis was carried out using
a Shimadzu 8400S FTIR spectrophotometer, while the Varian
AA240 model was used to conduct the AAS analysis.

Experimental procedure
Leaching experiments were performed in a 500 mL glass
glass reactor fitted with a condenser to avoid losses through

evaporation. A magnetically-stirred hot plate (model 78HW 1)
was used for the experiments. For every leaching experiment,
the solution was prepared by dissolving 20 g/L of the sample
in hydrochloric acid/hydrogen peroxide binary solution at the
required temperature and stirring rate, as determined by the
experimental design. At the end of the reaction, the undissolved
material in the suspension was allowed to settle and separated
by filtration. The solutions obtained were diluted and analysed
for zinc using atomic absorption spectrophotometer (AAS)
(Nnanwube, Udeaja, and Onukwuli, 2020).

Experimental design and RSM model development
The effects of leaching temperature, acid concentration, stirring
rate, leaching time, and hydrogen peroxide concentration on the
recovery of zinc from sphalerite were assessed using RSM. A
central composite rotatable design (CCRD) with five levels and
five factors was deployed for the modelling and optimization
studies. Table I gives the variables and their levels while the
coded CCRD for the 32 experimental runs is presented in Table II.
The experimental runs were randomized to minimize the impacts
of unexpected variability in the observed responses. The method
employed generates a second-order polynomial that describes the
process. To connect the response to the independent variables,
multiple regressions were used to fit the coefficient of the secondorder polynomial model of the response. The quality of the fit of
the model was assessed using a test of significance and analysis
of variance. In RSM, the most generally utilized second-order
polynomial equation created to fit the experimental data and
classify the applicable model terms is presented in Equation [3].
[3]
where
Y 	is the predicted response variable, which is the percentage
yield of zinc in this investigation
β0 is the constant coefficient
βi is the ith linear coefficient of the input variable xi
βii is the ith quadratic coefficient of the input variable xi
βij 	is the different interaction coefficients between the input
factors xi and xj
ε is the error of the model.
Design Expert software package version 10.0 (Stat-Ease Inc.,
Minneapolis, MN, USA) was deployed for regression analysis and
analysis of variance.

Optimization using genetic algorithms (GAs)
A GA is a search heuristic premised on biological evolution
principles to explore the solution space to locate the global
minimum of a function (Yaghoobi et al., 2016). GAs are mostly

Table I

Levels of independent variables for CCD experimental design
Independent variable

Unit

Leaching temp.
Acid concn.
Stirring rate
Leaching time
Hydrogen peroxide

°C
M
r/min
min
M
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Symbol			
A
B
C
D
E
VOLUME 120

–α

–1

45
0.25
100
30
0.25

60
1.5
250
60
1.5

Coded variable levels
0

+1

+α

75
2.75
400
90
2.75

90
4.0
550
120
4.0

105
5.25
700
150
5.25
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Table II

Coded fractional central composite design for sphalerite dissolution in HCl/H2O2 binary solution
Run

Temperature (°C)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

+1
+1
–1
0
+1
–1
0
0
–2
+1
–1
0
0
0
–1
0
–1
+2
0
–1
0
+1
0
–1
+1
+1
0
–1
0
+1
0
0

Acid conc. (M)

Stirring rate (r/min)

–1
+1
+1
0
+1
–1
–2
0
0
+1
–1
+2
0
0
+1
0
+1
0
0
–1
0
–1
0
+1
–1
+1
0
–1
0
–1
0
0

used for optimization purposes. GAs emulate Charles Darwin’s
theory of ‘survival of the fittest’, and are employed to resolve
complex optimization problems (Goldberg and Holland, 1988).
GAs have gained popularity over conventional optimization
methods since they can resolve irregular or nondifferentiable
fitness functions proficiently (Singh et al., 2009; Gupta and
Sexton, 1999; Shen, Wang, and Li, 2007). Pillay and Banzhaf
(2009) applied an informed GA for the examination of a
timetabling problem. Alba, Luque, and Araujo (2006) studied
natural language tagging with genetic algorithms. Tseng et
al. (2008) applied GA rule-based methodology for land-cover
classification. The GA often changes the group for the individual
solutions of the problem, and these changes are known as
evolution. In each step of this evolution, two individuals from
the group are chosen arbitrarily as the parent and child, and they
are considered for the next generation. In this fashion the group
advances toward an optimal solution.
To optimize the problem in the present investigation, an
objective function for optimizing zinc recovery was established
by experimental tests (Fayyazi et al., 2015). By performing a
number of trials, a suitable choice for the initial range, fitness
scaling, selection, elite count, crossover fraction, mutation
function, crossover function, migration, and stopping criteria
was made, and lastly, the optimized solution was assessed (Ou,
2012).

Leaching time (min)

Hydrogen peroxide conc. (M)

+1
–1
–1
0
+1
+1
0
0
0
+1
+1
0
0
–2
+1
+2
+1
0
0
–1
0
–1
0
–1
–1
–1
0
–1
0
+1
0
0

+1
–1
–1
0
+1
–1
0
0
0
–1
+1
0
0
0
–1
0
+1
0
0
+1
0
+1
0
+1
–1
+1
–2
–1
0
–1
0
+2

–1
+1
–1
–2
+1
–1
0
0
0
–1
+1
0
0
0
+1
0
–1
0
0
–1
0
+1
+2
+1
–1
–1
0
+1
0
+1
0
0

reported earlier (Nnanwube, Udeaja, and Onukwuli, 2020). The
results, shown in Figure 1, revealed that ZnO, SO3, Na2O, and
Fe2O3 were the major oxides present in the ore; oxides such
as SiO2, CaO, Al2O3, Mn2O3, and MgO were present in minor
quantities, while the other constituents occurred in traces.
The XRD results revealed that sphalerite (ZnS) was the
dominant mineral with three major peaks at 28.56, 47.50, and
56.37° 2θ. The results also revealed the presence of cerium
germanium sulphide (Ce2GeS2) with three major peaks at
30.15, 43.16, and 26.03° 2θ, respectively, as shown in Figure 2
(Nnanwube, Udeaja, and Onukwuli, 2020).
The FTIR spectrum of Enyigba sphalerite is shown in Figure
3. The spectrum show the functional groups present in the ore.
The band at 504.10 cm–1 is ascribed to C-N-C and C-O-C bending.
The band at 839.08 cm–1 is attributed to C-Cl and Si-C stretches,
while the band at 1066.67 cm–1 is ascribed to SO3 symmetrical
stretch as well as Si-O-Si antisymmetrical stretch. The band at

Results and discussion
Characterization
The results of the XRF analysis of the sphalerite sample were
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 2—X-ray diffraction pattern of Enyigba sphalerite

Figure 3—FTIR spectrum of Enyigba sphalerite

1141.90 cm–1 is ascribed to C-C-N bending and C-O-C stretch,
while the band at 1413.87 cm–1 is ascribed to C-N stretch and
OH bending. The band at 1639.55 cm–1 is ascribed to C=O and
C=C stretches, while the band at 3396.70 cm–1 is ascribed to OH
stretch.

RSM modelling and statistical analysis
The central composite design for the leaching of zinc from
sphalerite with a binary solution of hydrochloric acid and
hydrogen peroxide is shown in Table II. The five experimental
factors gave a sum of 32 experimental runs with 6 centre points,
10 star points, and 16 fractional factorial design points. The
responses established from different experimental runs were very
distinctive, showing that all the factors had appreciable impact on
the response.
Models analysed include the linear, quadratic, 2FI (two
factors interaction), and cubic model. The quality of the models
can be compared based their R2 values and other parameters
such as standard deviation (SD), R2 adjusted, R2 predicted,
prediction error sum of squares (PRESS), and F- and P-values.
The closer the R2 value to unity, the better the model’s fit (Ameer
et al., 2017). From the model analyses presented as model
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summary statistics in Table III the quadratic model, with the
highest regression coefficient (R2 value of 0.9934) and standard
deviation of 1.07, shows better correlation between the observed
and model- predicted data.
The results were further analysed using the analysis of
variance (ANOVA) appropriate for the experimental design used
and presented in Table IV. The model F-value of 83.27 suggested
the model to be significant and there is just 0.01% chance that
an F-value this large could occur due to noise. The F-value for
a term is the test for comparing the change associated with that
term with the residual variance. The F-values of the independent
variables A, B, C, D, and E were 272.65, 260.16, 263.87, 237.23,
and 265.12 respectively, demonstrating that the effects of every
single independent variable on the response were considerably
high.
The model P-value (Prob. > F) is low, which also
demonstrates that the model is significant. The P-values were
used as a means of verifying the significance of each one of the
model coefficients. The smaller the P-value, the more significant
the corresponding coefficient. Estimations of P < 0.05 confirm
the model expressions to be significant. The estimations of
P for the coefficients reveal that among the tested variables
used in the design, A, B, C, D, E. A2, B2, C2, D2, E2 (where A =
leaching temperature, B = acid concentration, C = stirring rate, D
= leaching time, and E = hydrogen peroxide concentration) are
significant model terms.
Table III

Model summary statistics
Source

Std. dev.

R2

Adjusted R2

Linear
2FI
Quadratic
Cubic

4.06
5.10
1.07
0.93

0.7748
0.7821
0.9934
0.9973

0.7315
0.5778
0.9815
0.9858

Predicted R2
0.7172
-2.1464
0.8823
0.4220

PRESS
539.53
6003.78
224.59
1102.90
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Table IV

ANOVA for response surface quadratic model
   Source

Coefficient estimate

Model
85.29
A
3.60
B
3.51
C
3.54
D
3.35
E
3.55
AB
–0.31
AC
–0.42
AD
–0.12
AE
–0.24
BC
–0.23
BD
–0.056
BE
–0.13
CD
–0.37
CE
–0.54
DE
–0.12
A2
–1.86
B2
–1.78
C2
–2.10
D2
–1.85
E2
–1.96
Residual		
Lack of fit		
Pure error		
Cor. Total		

Sum of squares
1895.62
310.32
296.10
300.33
270.01
301.75
1.50
2.81
0.23
0.95
0.86
0.051
0.28
2.18
4.73
0.23
101.75
92.42
129.36
100.39
112.97
12.52
8.30
4.22
1908.14

The ‘lack of fit F-value’ of 1.64 infers that the lack of fit is
not significant with respect to the pure error. There is a 30.21%
chance that a lack of fit F-value this large could occur due
to noise. A non-significant lack of fit demonstrates that the
model is well fitted. Since many insignificant model terms have
been eliminated, the improved model can be used to predict
successfully the responses of the percentage recovery of zinc from
sphalerite. The model with the significant coefficient is presented
in Equation [4].

 ield = 85.29 + 3.60A + 3.51B + 3.54C + 3.35D +
Y
3.55E – 1.86A2 – 1.78B2 – 2.10C2 – 1.85D2 – 1.96E2

Df

F-value

P-value (Prob > F)

20
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
11
6
5
31

83.27
272.65
260.16
263.87
237.23
265.12
1.32
2.47
0.20
0.84
0.75
0.044
0.24
1.91
4.16
0.20
89.40
81.20
113.65
88.21
99.26

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.2752
0.1447
0.6648
0.3804
0.4044
0.8368
0.6323
0.1942
0.0663
0.6648
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

1.64

0.3021

Table V

Summary of regression values
Std. dev.

Mean

CV (%)

PRESS

Adequate precision

1.07

78.12

1.37

224.59

31.308

[4]

In terms of the actual factors, the model equation is shown in
Equation [5]:
 ield = –86.65 + 1.66 x Leaching temperature + 11.14 x
Y
Acid concentration + 0.13 x Stirring rate + 0.55 x
leaching time + 12.40 x Hydrogen peroxide concn.
– 8.28 x 10–3 x Leaching temperature2 – 1.14 x
Acid concentration2 – 9.33 x 10–5 x Stirring rate2
– 2.06 x 10–3 x Leaching time2 – 1.26 x
Hydrogen peroxide concn.2

[5]

The summary of regression values is presented in Table
V. The CV estimation of 1.37% shows that the model can be
considered reasonably reproducible (Chen et al., 2010). The
signal-to-noise ratio, which is given as the adequate precision,
is 31.308 (Table V). This shows that an adequate relationship
of signal-to-noise ratio exists. The result demonstrates that the
model can be used to explore the design space.
The results were also analysed to check the correlation
between the experimental and predicted zinc yields, as presented
in Figure 4. The result shows a good correlation between
the experimental and predicted values of the response. This
demonstrates that the model selected is appropriate and that the
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 4—Plot of predicted values versus experimental values

central composite rotatable design (CCRD) can be deployed for
the optimization exercise.

Response surface plots
The combined effects of adjusting the process variables within
the design space were observed by constructing 3D surface plots
(Figure 5). Figure 5a shows the effect of acid concentration
and leaching temperature on zinc yield. From Figure 5a, as
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Figure 5—3D response surface plots on effect of process variables on zinc yield

the leaching temperature was increased from 60 to 90°C, the
percentage recovery of zinc increased from 82 to 88.5 %, while
as the acid concentration was increased from 1.5 to 4 M, the
recovery increased from 82.3 to 88.5%. The effect of stirring
rate and leaching temperature on the percentage yield of zinc is
shown in Figure 5b. As the stirring rate was increased from 250
to 490 r/min, the recovery increased from 81.9 to 88%, while
as the leaching temperature was increased from 60 to 90°C, the
recovery increased from 81.8 to 88%. The effect of leaching
temperature and leaching time on the percentage zinc yield is
shown in Figure 5c. As the leaching temperature was increased
from 60 to 90°C, the recovery of zinc increased from 81.4 to
88.6%, while as the leaching time was increased from 60 to 120
minutes, the recovery increased from 81.9 to 88.6%. Figure 5d
shows the effect of hydrogen peroxide concentration and leaching
temperature on the zinc recovery. As the hydrogen peroxide
concentration was increased from 1.5 to 4 M, the zinc recovery
increased from 81.7 to 88.5%, while as the leaching temperature
was increased from 60 to 90°C, the recovery increased from
81.8 to 88.5%. The 3D plots are helpful in understanding the
interactive effects of the process parameters within the leaching
system.

Optimization of the leaching process using response surface methodology (RSM) and genetic algorithm (GA)
The genetic algorithm tool of Matlab and the optimization tool
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of Design Expert were employed for the optimization study.
Equation [5] was solved for the best solutions to ensure that the
responses are maximized within the design space. A conventional
method, which involves selecting the most economically viable
option, was adopted. In choosing the objective for each of the
factors for the numerical optimization, various considerations
were taken into account. The significance of each of the variables
in terms of the final response was the most vital consideration.
The response was set at maximum value; and every other
single factor was kept in range except the reaction time, which
was set to a minimum target. In view of these considerations,
the software predicted optimum reaction conditions with a
desirability of 1.00. The ideal conditions for zinc recovery were a
temperature of 84.17°C, HCl concentration of 3.14 M, stirring rate
of 453.08 r/min, leaching time of 107.55 minutes, and hydrogen
peroxide concentration of 3.93 M. The yield of zinc at these
optimum conditions was 90.89%, which was validated as 89.65%
by conducting three independent experimental replicates.
The GA optimization parameters were obtained by carrying
out a number of trials. The best condition was established in
which the initial range was [1,100], the selection function
was stochastic uniform, the values of the elite count and
crossover fraction were respectively equal to 2 and 0.8, while
the mutation and crossover function were selected as well as the
migration, stopping criteria, output function, and level of display
respectively.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 6—The charts for the points obtained by GA. (a) Average distance between the individuals in each generation, (b) the best value for the fitness function, and
(c) the optimal values obtained for the fitness function’s independent variables

Figure 7—X-ray diffractogram of the post-leach residue

Figure 6a shows the average distance between the individuals
for each generation. It can be observed that for this case, the
group has good array. Figure 6b shows the best estimation of the
fitness function of generation 200, which is 87.73%. The optimal
The Journal of the Southern African Institute of Mining and Metallurgy

values of the independent variables for the leaching temperature,
acid concentration, stirring rate, leaching time, and hydrogen
peroxide concentration were equivalent to 69°C, 2.55 M, 260
r/min, 72 minutes, and 2.3 M respectively (Figure 6c). The
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zinc yield estimated was validated in triplicate with an average
value of 86.70%. This shows that GA is very effective for the
optimization exercise.

Gupta, J.N., and Sexton, R.S. 1999. Comparing backpropagation with a genetic
algorithm for neural network training. Omega, vol. 27. pp. 679–684. https://
www.academia.edu/4178464/Comparing_backpropagation_with_a_genetic_
algorithm_for_neural_network_training

Analysis of the residue

Hoseinian, F.S., Abdollahzade, A., Mohamadi, S.S., and Hashemzadeh, M. 2017.
Recovery prediction of copper oxide ore column leaching by hybrid neural
genetic algorithm. Transactions of Nonferrous Metals Society of China, vol. 27.
pp. 686–693. https://doi.org/10.1016/S1003-6326(17)60076-1

The residue from sphalerite leached with 3.14 M HCl/3.93 M
H2O2 at 84.17°C was analysed by XRD. The X-ray diffractogram
(Figure 7) showed three principal peaks at 23.24, 27.84, and
26.89° 2θ. The XRD data revealed the presence of sulphur, zircon,
fluorite, gahnite, anatase, and sylvite. It is important to note the
absence of sphalerite in the residue, which shows that the bulk of
the sphalerite must have dissolved.

Conclusion

Ko, D.C.K., Porter, J.F., and Mckay, G. 2000. Optimized correlations for the fixed bed
adsorption of metal ions on bone char. Chemical Engineering Science, vol. 55.
pp. 5819–5829. https://doi.org/10.1016/s0009-2509(00)00416-4
Liu, J. and Ravishankar, C.V. 2011. LEACH-GA: Genetic algorithm-based energy–
efficient adaptive clustering protocol for wireless sensor networks. International
Journal of Machine Learning and Computing, vol. 1, no. 1. pp. 1–7. https://doi.
org/10.7763/IJMLC.2011.V1.12

The optimum conditions for the recovery of zinc from sphalerite
with a binary solution of hydrochloric acid and hydrogen
peroxide were investigated. Response surface methodology
(RSM) and genetic algorithms (GAs) were deployed for the
modelling and optimization of process parameters. Analysis of
experimental results revealed that the quadratic model gave a
good description of the experimental data. The process input
variables for the leaching process were optimized by GA and RSM
for best zinc yield. The results indicated that GA predicted a zinc
yield of 87.73%, while RSM predicted a yield of 90.89%.

Marks, R., Pearse, A.D., and Walker, A.P. 1985. The effects of a shampoo containing
zinc pyrithione on the control of dandruff. British Journal of Dermatology,
vol. 112, no. 4. pp. 415–422. doi:10.1111/j.1365-2133.1985.tb02314.x

Acknowledgement

Nnanwube, I.A., Udeaja, J.N., and Onukwuli, O.D. 2020. Kinetics of zinc recovery
from sphalerite in acetic acid solution. Journal of Material and Environmental
Science, vol. 11, no. 3. pp. 499–511. https://www.jmaterenvironsci.com/
Document/vol11/vol11_N3/JMES-2020-1144-Nnnwube.pdf

The authors are grateful to the national research institute for
chemical technology, Zaria, Kaduna State for performing the XRF,
XRD, and FTIR analyses.

Matous, K., Leps, M., Zeman, J., and Sejnoha, M. 2000. Applying genetic algorithms
to selected topics commonly encountered in engineering practice. Computer
Methods in Applied Mechanics and Engineering, vol. 190. pp. 1629–1650.
https://doi.org/10.1016/s0045-7825(00)00192-4
Nnanwube, I.A. and Onukwuli, O.D. 2020. Modeling and optimization of galena
dissolution in a binary solution of nitric acid and ferric chloride using
artificial neural network coupled with genetic algorithm and response surface
methodology. South African Journal of Chemical Engineering, vol. 32.
pp. 68–77. https://doi.org/10.1016/j.sajce.2020.03.001

References

Nix, A. and Vose, M. 1992. Modeling genetic algorithms with Markov chains. Annals
of Mathematics and Artificial Intelligence, vol. 5. pp. 79–88. https://doi.
org/10.1007/BF01530781

Alba, E., Luque, G., and Araujo, L. 2006. Natural language tagging with genetic
algorithms. Information Processing Letters, vol. 100. pp. 173–182. https://doi.
org/10.1016/j.ipl.2006.07.002

Ou, S.L. 2012. Forecasting agricultural output with an improved grey forecasting
model based on the genetic algorithm. Computers and Electronics in
Agriculture, vol. 85. pp. 33–39. https://doi.org/10.1016/j.compag.2012.03.007

Ameer, K., Bae, S.W., Jo, Y., Lee, H.G., Ameer, A., and Kwon, J.H. 2017. Optimization
of microwave-assisted extraction of total extract, stevioside and rebaudioside-a
from Stevia rebaudiana (Bertoni) leaves using response surface methodology
(RSM) and artificial neural network (ANN) modeling. Food Chemistry, vol. 229.
pp. 198-207. https://doi.org/10.1016/j.foodchem.2017.01.121

Pettersson, F., Biswas, A., Sen, P.K., Saxen, H., and Chak, N. 2009. Analyzing leaching
data for low-grade manganese ore using neural nets and multi-objective
genetic algorithm. Materials and Manufacturing Processes, vol. 24, no. 3.
pp. 320–330. https://doi.org/10.1080/10426910802679386

Baba, A.A. and Adekola, F.A. 2010. Hydrometallurgical processing of a
Nigerian sphalerite in hydrochloric acid: Characterization and dissolution
kinetics. Hydrometallurgy, vol. 101. pp. 69–75. https://doi.org/10.1016/j.
hydromet.2009.12.001
Baldwin, S.A. and Demopoulos, G.P. 1995. Assessment of alternative iron sources
in the pressure leaching of zinc concentrates using a reactor model.
Hydrometallurgy, vol. 39, no. 1-3. pp. 147–162. https://doi.org/10.1016/0304386X (95)00027-E
Box, G.E.P., Hunter, H.G., and Hunter, J.S. 1978. Statistics for Experimenters: An
Introduction to Design, Data Analysis and Model building. Wiley, New York.
https://doi.org/10.1177/014662168000400313
Chen, G., Xiong, K., Peng, J., and Chen, J. 2010. Optimization of combined mechanical
activation roasting parameters of titania slag using response surface
methodology. Advanced Powder Technology, vol. 21, no. 3. pp. 331–335.
https://doi.org/10.1016/j.apt.2009.12.017
Fayyazi, E., Ghobadian, B., Najafi, G., Hosseinzadeh, B., Mamat, R., and Hosseinzadeh,
J. 2015. An ultrasound-assisted system for the optimization of biodiesel
production from chicken fat oil using a genetic algorithm and response surface
methodology. Ultrasonic Sonochemistry, vol. 26. pp. 312–320. https://doi.
org/10.1016/j.ultsonch.2015.03.007
Goldberg, D.E. and Holland J.H. 1998. Genetic algorithms and machine learning.
Machine Learning, vol. 3. pp. 95–99. https://doi.org/10.1007/BF00113892
Guler, E. 2016. Pressure acid leaching of sphalerite concentrate: Modeling and
optimization by response surface methodology. Physicochemical Problems
of Mineral Processing, vol. 52, no. 1. pp. 479–496. https://doi.org/10.5277/
ppmp160139

▶

616

NOVEMBER 2020

VOLUME 120

Pillay, N. and Banzhaf, W. 2009. An informed genetic algorithm for the examination
timetabling problem. Applied Soft Computing, vol. 10. pp. 457–467. https://doi.
org/10.1016/j.asoc.2009.08.011
Sharma, A., Patani, R., and Aggarwal, A. 2016. Software testing using genetic
algorithms. International Journal of Computer Science and Engineering Survey,
vol. 7, no. 2. pp. 21–33. https://doi.org/10.5121/ijcses.2016.7203
Shen, C., Wang, L., and Li, Q. 2007. Optimization of injection molding process
parameters using combination of artificial neural network and genetic algorithm
method. Journal of Materials Processing Technology, vol. 183. pp. 412–418.
https://doi.org/10.1016/j.jmatprotec.2006.10.036
Singh, V., Khan, M., Khan, S., and Tripathi, C. 2009. Optimization of actinomycin V
production by Streptomyces triostinicus using artificial neural network and
genetic algorithm. Applied Microbiology and Biotechnology, vol. 82,
pp. 379–385. https://doi.org/10.1007/s00253-008-1828-0
Souza, A.D., Pina, P.S., and Leao, V.A. 2007. Bioleaching and chemical leaching as
an integrated process in the zinc industry. Minerals Engineering, vol. 20, no. 6.
pp. 591–599. https://doi.org/10.1016/j.mineng.2006.12.014
Tseng, M.H., Chen, S.J., Hwang, G.H., and Shen, M.Y. 2008. A genetic algorithm
rule-based approach for land-cover classification. Journal of Photogrammetry
and Remote Sensing, vol. 63. pp. 202–212. https://doi.org/10.1016/j.
isprsprs.2007.09.001
Yaghoobi, A., Bakhshi-Jooybari, M., Gorji, A., and Baseri, H. 2016. Application of
adaptive neuro-fuzzy inference system and genetic algorithm for pressure path
optimization in sheet hydroformingprocess. International Journal of Advanced
Manufacturing Technology, vol. 86, no. 9-12. pp.2667–2677. https://doi.
org/10.1007/s00170-016-8349-2
u
The Journal of the Southern African Institute of Mining and Metallurgy

Integrated optimization and simulation
models for short-term open-pit mine
planning
V.F. Navarro Torres1, G.R. Mateus2, A.G. Martins3, W. Carneiro4, and
L.S. Chaves5
Affiliation:
1 Instituto Tecnológico Vale, Ouro
Preto, Brazil.
2 Departamento de Ciência da
Computação, Universidade
Federal de Minas Gerais, Belo
Horizonte, Brazil.
3 Instituto Federal de Minas
Gerais, Congonhas, Brazil.
4 Vale S.A., Nova Lima, Brazil.
5 Instituto Tecnológico Vale,
Ouro Preto, Brazil.
Correspondence to:
L.S. Chaves

Email:
leonardo.chaves@itv.org

Dates:

Received: 30 Jun. 2020
Revised: 6 Oct. 2020
Accepted: 6 Oct. 2020
Published: November 2020

How to cite:

Navarro Torres, V.F., Mateus,
G.R., Martins, A.G., Carneiro, W.,
and Chaves, L.S. 2020
Integrated optimization and
simulation models for short-term
open-pit mine planning.
Journal of the Southern African
Institute of Mining and Metallurgy,
vol. 120, no. 11, pp. 617–626
DOI ID:
http://dx.doi.org/10.17159/24119717/1266/2020
ORCID
V.F. Navarro Torres
https://orchid.org/0000-00024262-0916
G.R. Mateus
https://orchid.org/orcid.org/00000002-7238-0714
A.G. Martins
https://orchid.org/??? 0000-00030698-2300
W. Carneiro
https://orchid.org/0000-00017175-6954
L.S. Chaves
https://orchid.org/0000-00031367-6520

Synopsis
Operational mine planning is a fundamental activity in mine operations and should take into account
various characteristics of the material, the available mining faces, the requirements of discharge
points, and production hiatuses due to reduced equipment operational efficiency, in order to efficiently
allocate shovels and trucks and deliver the required tonnage and quality to the proper destinations. This
paper presents an approach for optimizing short-term day-to-day mining operations using simulation.
A mathematical model based on integer linear programming is developed. The solution is obtained
through two different software packages using discrete event simulation (Arena) and a mathematical
optimization model (Lingo). The two integrated models search an efficient solution to optimize a set of
criteria by applying goal programming to hierarchically optimize five objective functions in a logical
priority order under the operator’s standpoint and by simulating mining operations and unproductive
events to evaluate how closely the optimized results are actually achieved. The integrated models are
applied to a real large-scale iron ore mine in southeastern Brazil. A decision support system (DSS)
prototype that meets the production requirements is also applied. The results show that an increase
in the available loading equipment will not result necessarily in increased production, as expected.
The models show satisfactory results and applicability to real and complex mining situations, and the
formulation allows for easy adaptation to other mine situations.
Keywords
discrete event simulation, optimization, decision support system, mine planning, linear programming.

Introduction

Mine planning involves solving complex problems while taking into consideration various parameters
and events that may arise through the life of mine. Mining problems such as truck and shovel
allocation, ore blending, pit optimization, multi-pit mining, and multiple destinations, etc., are very
complex problems that depend on various operational factors, classified as NP-hard problems (Fioroni et
al., 2008; Souza et al., 2010; Thiruvady, Ernst, and Singh, 2014; Patterson, Kozan, and Hyland, 2017;
Samavati et al., 2017). In both long- and short-term mine planning, similar problems occur: a mine
planner indicates the blocks to be extracted and the mining sequence, respecting quality, production,
and any other constraints that may exist, but with different model, constraints, and timespan for each
horizon (Blom, Pearce, and Stuckey, 2018). The loading and hauling operations are usually responsible
for the highest operating costs in open-pit mining, representing 50–60% of the total mining operational
cost (Ercelebi and Bascetin, 2009; Moradi Afrapoli and Askari-Nasab, 2017; Chaowasakoo et al.,
2017; Upadhyay and Askari-Nasab, 2018). The strong relationship between material handling systems
and mineral processing plants implies that any delay in material handling causes extra operational
costs for the mineral processing plant (Moradi Afrapoli, Tabesh, and Askari-Nasab, 2019). Therefore,
the management and allocation of shovels and trucks are fundamental problems that require special
attention and efficiency, so that short- and long-term production plans can be executed efficiently.
Truck allocation in mining dispatching systems should take into account the ore quality and
the production target required by the processing plant, and should comply with the stripping ratio
and other important KPIs provided by the mining plan. Typically, efficiency of truck allocation relies
on dispatchers’ experience since truck dispatchers usually allocate trucks at the beginning of the
shifts, based on past data and user experience (Ta, Ingolfsson, and Doucette, 2013). Short-term and
operational planning in open pit mines are recurrent problems solved by different methodologies,
including linear programming (LP), mixed integer linear programming (MILP), heuristics and
metaheuristics, stochastic optimization, and by applying simulation combined with other mathematical
programming techniques.
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This paper presents a solution for the short-term mine
planning problem through the techniques of optimization and
simulation. The solution has some similarity to the simheuristics
method, as described by Juan et al. (2015): it solves an NP-hard
combinatorial optimization problem by combining a mathematical
programming technique with simulation to deal with uncertainty,
although it uses an exact model instead of a metaheuristic. The
optimization is a MILP model that applies goal programming
to hierarchically optimize five objective functions in a logical
priority order under operational standpoint. The model also
allows for easily modifying the analysed scenarios, equipment,
discharge points, and material quantity and characteristics.
The outputs are the allocation of loading equipment to the
mining units, the number of trips each truck fleet must carry
forward, and the destination-origin flows. The discrete event
simulation model imports the optimization results and simulates
the mining operations in order to fulfil the indicated values by
the optimizer, considering the unproductive events that reduce
equipment operational efficiency. The unproductive events
include maintenance, bad weather, fuel supply, shift changes,
and waiting for blasting for both shovels and trucks, and the
probability distributions of unavailability events were determined
based on experimental samples.
The problem described in this work differs from others in
the literature in the complexity of the problem, by managing
different objective functions and considering multiple possible
destinations, multiple possible material types in the same mining
unit, multiple acceptable quality ranges, multiple acceptable
particle size ranges, and the mining sequence between units
within a mine region. The presented solution can be easily
adapted to be applied in other mines with different available
equipment, infrastructure, and material types. The models
also provide an integrated solution for attending to production
requirements simultaneously with minimizing deviations
on multiple objectives, and embody an original feature by
incorporating particle size requirements, since beneficiation
plants have different production circuits based on the particle size
ranges, resulting in different products such as lump ore, sinter
feed, and pellet feed.
The paper also presents a case study using a database
from one of Vale’s iron ore mines in southeastern Brazil. Three
scenarios were examined, varying the number of items of loading
equipment. The site produces material from three pits, each
with a different planned stripping ratio, four lithological units,
six quality parameters, and six particle size ranges. Quality
control is necessary for maintaining a quality balance through
the production phase and avoiding production stoppages due to
inadequate quality products. In the case study, iron content is
controlled by a lower bound while silica, phosphorus, aluminium,
and manganese contents are controlled by an upper bound. There
are four possible material destinations, including stockpiles,
processing plants, and the waste dump. Both processing plants
have a homogenization stockpile after the crusher in case
production exceeds target or more material is required to achieve
the objectives, five types of loading equipment, and four different
truck fleets with a total of 34 trucks with different capacities and
shovel compatibility.
The problem statement is first presented, followed by an
outline of the methodology, descriptions of the optimization and
simulation models, and finally the case study and conclusions.
A brief literature review on mathematical programming and
simulation applications for short-term and operational planning
is provided in Appendix A.
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Problem statement
This work deals with short-term, day-to-day mine planning
with dynamic allocation of shovels and trucks. The problem
consists of selecting mining units for allocating shovels and then
allocating truck fleets to these loaders, with the objectives of
minimizing deviations in production, quality, and particle size,
and maximizing waste extraction and mining rate in areas with
more available material. The actual achievement of the optimized
results is affected by unplanned downtime for both loading
and hauling equipment, which is assessed by discrete event
simulation based on practical data provided by the mine dispatch
system.
The processing plants are designed to perform in ranges
of feed particle size and metal, mineral, and/or contaminant
contents, therefore, quality requirements are pre-defined
according to the specifications of each processing route, and the
same applies to acceptable particle size ranges. The operational
planning must consider blending and size requirements, and
multiple options of available material in order to allocate shovels
and trucks to the mining units and discharge points in a way
that maximizes the profit, maintaining the required final product
quality. It is still common in the mining industry to encounter
‘manual’ analysis and decision-taking for production and quality
assurance based on visual observations, professional experience,
and little available data. In these cases, the solutions are achieved
in a trial and error process that may not consider all restrictions
and targets simultaneously (Silva Jr., 2019).
It is important to stress that loading and hauling allocation
cannot solve the short-term mine planning problem. The main
task of truck and shovel operation is material handling, but it
also has to comply with quality requirements for ore blending
according to the daily extraction plan, which needs to comply
with the extraction sequence to deliver the planned quality.
Owing to the great structural and quality variability of iron
ore deposits located in the Ferriferous Quadrangle Mineral
Province, it is crucial at most mines to apply simulation in order
to validate the short-term planning and indicate whether the
planned objectives are achievable. The simulation may indicate
planning problems arising both from equipment utilization
and from ore quality in stockpiles and products. Stockpiling is
also important in this case, since it contributes to ensuring the
production tonnage and quality, providing material with known
quality when any other production problem arise or when the
active mining faces cannot meet product quality requirements.
Therefore, it is also important that the stockpile quality is known
and homogeneous.
The mine complex for which this solution is applied is divided
into pits, each with its own stripping ratio defined by the mining
plan and which may contain one or more mining areas that can
be mined independently. Each mining area may comprise more
than one mining bench, named according to the area of the
mine and the elevation of the working floor of the equipment
allocated to this bench. The benches are divided into mining
units (MUs), corresponding to the minimum area required to
allocate equipment, named with the bench name plus a sequential
number to indicate the shovel mining sequence. Mining of the
units within a mining bench should respect the order of the MUs
(Figure 1). Each unit may contain as many subdivisions as the
number of different material types, termed selective mining units
(SMUs). The mining order of each SMU must respect the physical
order of the mining sequence as the different material types
appear in the MU.
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 1—Schematic of mining in bench 1000, divided into three sequential MUs

Methodology
The proposed methodology consists of optimizing the loading
and hauling fleet allocation in order to meet production, quality,
size, and stripping ratio requirements. A simulation model
implemented in Arena software version 14.70.6 informs the
optimizer which MUs are available. The optimizer, implemented
in Lingo software version 15.0, performs the MILP modelling
with the objective of providing the ideal blending between the
available MUs to comply with the defined requirements. The
combined models are integrated in a software package named
Simulavra, which determines the number of trips required for
each truck and the allocation of each item of loading and hauling
equipment in order to comply with production requirements with
minimum deviations in other parameters. The optimizer defines
the fleet allocation based on a MU 30 m wide, 50 m long, and
10 m high, resulting in a minimum volume of 15 000 m³ for
allocating the equipment at an available MU.
The MILP model performs five hierarchical optimizations
and returns the number of trips required by each truck fleet to
achieve the production targets in each MU and the allocation of
the loading equipment. The simulator evaluates whether the fleet
can achieve the proposed targets, considering hauling, loading,
and dumping times, the intervals between failures, as well as
their duration, and the probability of occurrence and duration of
the various events affecting production such as maintenance, bad
weather, fuel supply, waiting for blasts, or shift changes. Trucks
must be directed to loading equipment, and after they are loaded,
to discharge points. The decision which loading equipment to
allocate the truck to is based on a number of factors, including
the number of available items of loading equipment, queue
size, compatibility between equipment types, and mining rate.
The decision which discharge point the truck should be directed
to may vary according to the type of material, availability and
capacity of crushers, and compatibility between trucks and
unloading points.
The simulator calls the optimizer again if one of the following
conditions occurs:

simulated. Therefore, communication between the optimizer and
the simulator occurs in a cyclic routine during the entire period
until an ending condition is encountered. The ending conditions
are (i) extraction of the entire planned mass, (ii) end of the
simulation period requested, or (iii) all the available MU requires
drilling and blasting.

Optimization model
The problem sets and parameters are presented in Table I and the
decision variables are presented in Table II, separated into groups
according to their function. The proposed optimization MILP
model is composed of five optimization functions in a hierarchical
order that prioritize the objectives according to the optimization
order by employing the results from the first optimization as
constraints to the second, and so on. The first objective function
(Equation [1]) prioritizes achieving the planned production
target required by longer-term mine plans. The production
result enters as constraints for the second optimization function
(Equation [2]), which reduces deviations in the total quality
limits, accounting for the upper and lower limits of various
control variables, such as elements, minerals, or physical/
mechanical properties of the rock. The third objective function
(Equation [3]) minimizes the deviations in granulometry size
fractions expected by adding the first two solutions (production
and quality deviation) as constraints to the model. The fourth
function (Equation [4]) maximizes waste extraction in an attempt
to keep the stripping ratio close to the planned values. Finally,
the fifth objective (Equation [5]) maximizes mining extraction
at areas with more available material. Therefore, the proposed
model prioritizes multiple objectives in a logical order under the
operator’s standpoint.
[1]

[2]

➤	Completion of 75% of the scheduled trips
➤	The simulator remains 60 minutes without any trip of a
truck
➤ The number of trucks waiting for allocation to loading
equipment exceeds 60% of the total number of trucks.

[3]

When any of these conditions occurs, the simulator return to
the optimizer the part of the MU that could be executed and the
optimizer generates a new solution with this new scenario to be

[4]
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Table I

Description of the problem sets and parameters of the model
Problem sets
D

Set of ore discharge points d (crushers and stockpiles)

L

Set of loading equipment l

F

Set of MUs f

S

Set of granulometry sizes s

G

Set of control variables g

U

Set of SMUs u

H

Set of hauling equipment h		

pitu

Pit to which u belongs

capu

Maximum number of items of loading equipment allowed simultaneously in u

regu

Region to which u belongs

amassu

Available mass in u

nbu

Mining bench to which u belongs

atvu

If ntypeu is ore it equals to 1, if waste, 0

nfu

Mining unit to which u belongs

ntypeu

Material type of u

mass_regu

Total available mass for loading in the region to which u belongs

copd

Informs if d is a crusher or a pile

Problem parameters

matdntype(u)

Compatibility between material types in u and d

benchf

Mining bench to which f belongs

frontf

MU to which f belongs

all

Informs if l is available or in maintenance

pmaxl

Maximum productivity for l

pit_compl

Compatibility of each pit with l

reg_compl

Compatibility of mining region with l

ocaph

Ore nominal capacity for trucks from fleet h

wcaph

Waste nominal capacity for trucks from fleet h

ctimeh

Average cycle time for trucks from fleet h

fnh

Number of trucks in fleet h

yd,h,l

Binary matrix that informs if d is compatible with h and l

cgu,g

Control grade g of u

partu,g

Partition control grades g of u

ubgd,g

Upper bound of control g for discharge d

lbgd,g

Lower bound of control g for discharge d

ubsd,s

Upper bound of control s for discharge d

lbsd,s

Lower bound of control s for discharge d

szu,s

Size distribution s of available material in u

str

Planned stripping ratio

time

Total duration of the planned period, in hours

eproda1d	Auxiliary variable related to minimum deviations above the production target for
d, obtained in the first optimization

eprodb1d

Auxiliary variable related to minimum deviations below
eug1
production target for d, obtained in the first optimization		

Auxiliary variable related to the minimum sum of deviations of g to the upper
boundary limits of d, obtained in the second optimization

elg1

Auxiliary variable related to the minimum sum of deviations of g to
eus1
the lower boundary limits of d, obtained in the second optimization		

Auxiliary variable related to the minimum sum of deviations of s to the upper
boundary limits of d, obtained in the third optimization

els1

Auxiliary variable related to the minimum sum of deviations of s
estr1
to the upper boundary limits of d, obtained in the third optimization		

Auxiliary variable related to minimum deviations in waste extraction in relation
to the planned stripping ratio, obtained in the fourth optimization

Table II

Description of the decision variables of the model
Allocation variables
xu,l
xff,l

Binary matrix that informs if l is allocated in u
xb(f,l)
Binary matrix that informs if l is allocated in b
Binary matrix that informs if l is allocated in f		

wd,u,h

Informs the number of cycles required to be performed by h from u to d

Wu,d

Mass from u discharged in d

eprodad
eugd,g
eusd,s
estr

Deviation above the target production of d
Deviation of control variable g to upper boundary for discharge d
Deviation of control variable s to upper boundary for discharge d
Deviation of the waste extraction to meet the planned stripping ratio

plcd,g
grlcd,s

Partition control grade g in the stockpile after discharge d
Size distribution s of material in the stockpile after discharge d

Number of trips variables
Mass variables

Wff,d		

Deviation variables

eprodbd
elgd,g
elsd,s
dprodd

Deviation below the target production of d
Deviation of control variable g to lower boundary for discharge d
Deviation of control variable s to lower boundary for discharge d
Target hourly mass production for discharge d

gecd,g
mlcd

Control grade values g in the stockpile after discharge d
Mass stockpiled after discharge d

Stockpile variables

[5]

Mass from f discharged in d

The optimization functions presented are subjected to the
following constraints:
[6]
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[7]
[25]

[8]
[9]

[26]
[10]

[11]
[27]

[12]

[13]

[14]
[28]
[15]

[16]

[29]

[17]

[18]

[19]
[30]
[20]

[21]
[31]

[22]

[32]
[33]

[23]

[34]

[35]

[24]
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[36]

[37]

[38]

[39]
The allocation constraints ensure that for each SMU,
identified by index u, only available loading equipment (l)
may be allocated (Equation [6]). The amount of loading
equipment allocated to u depends on its capacity (Equation
[7]). The equipment allocated to a SMU must be allocated to a
mining bench, xbf,l or to a MU, xff,l, to which the SMU belongs
(Equations [8] and [9]). The equipment allocated to a bench or
to a MU must be available equipment (Equations [10] and [11]).
The mass moved in each bench or MU must be less than or equal
to the allocated loading equipment’s capacity in order to allow for
execution within the defined period (Equations [12] and [13]),
and must equal the sum of the moved masses in the respective
SMUs within this bench (Equations [14] and [15]). The mass
moved from each SMU must be lower than or equal to the
available mass in that SMU (Equation [16]). The total production
for each discharge point must be equal to the total mass moved
by all fleets from u to d (Equation [17]). Compatibility constraints
ensure the loading equipment must be allocated to a mine or
a region that it is compatible with (Equations [18] and [19]).
Considering the size of the blocks used in the mine, the total
number of fleet trips h from u to d must not exceed 60 (Equation
[20]) nor the maximum possible trips calculated using truck
cycle times, fleet number of trucks, and planned mining period
(Equation [21]). Production constraints ensure minimum
production targets are achieved in each crusher (Equations [22]
and [23]). The ore production deviations for each crusher are
calculated based on the difference between the actual production
achieved by each discharge and target values (Equations [24]
and [25]). Only compatible material types are sent from u to d
(Equation [26]). Quality constraints ensure upper and lower
quality limits are respected for each quality control variable g
(Equations [27] and [28]). Particle size constraints ensure both
upper and lower production target limits for each particle size
range are respected (Equations [29] and [30]). The planned
stripping ratio must be respected (Equation [31]). Production
deviations obtained in each optimization for each d must be
lower than or equal to the values obtained by the first hierarchical
optimization (Equations [32] and [33]). Similarly, quality mass
deviations related to the upper and lower limits must be lower
than or equal to the values obtained by the second optimization
(Equations [34] and [35]), and particle size deviations related to
both upper and lower limits must be lower than or equal to the
values obtained by the third optimization (Equations [36] and
[37]). Equation [38] defines the total maximized waste extraction
obtained in the fourth objective function, and deviations on waste
mass for complying with the stripping ratio, obtained by the last
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optimization should be less than or equal to the result obtained
by the fourth optimization solution (Equation [39]).
Each objective function considers several of the presented
constraints, but not all of them simultaneously. Function
[1] minimizes the production deviations in relation to target
production, constrained by the following equations: [6–8], [10],
[12], [14], and [16–26]. The second optimization minimizes
quality deviations subjected to the following constraints:
[6], [7], [9], [11], [13], [15–25], and [27–33]. Function [3]
minimizes production deviations of each particle size range,
restricted by the same equations of the second optimization plus
the constraint Equations [34] and [35]. The fourth objective
function maximizes waste extraction restricted to the following
constraints: [6], [7], [9], [11], [13], [15–25], [27–30], and [32–
38]. Finally, the last objective function maximizes mining rate at
regions with larger amounts of available mass, constrained by
the same equations of the third optimization, plus the constraints
of Equations [36], [37], and [39].

Simulation model
The simulation is conducted by numerical evaluation of discrete
events, considering the following factors: (i) interaction between
the parts, (ii) dynamics of events occurrence over time, and (iii)
randomness of events, providing ‘predictability’ with respect
to the result of a mining plan through the testing of various
scenarios to evaluate the effect of planning decisions. The
simulation model may be seen as a set of entities that analyse the
resources of the system to carry out an activity, subject to both
productive and unproductive events. In this work, the entities are
the shovel and trucks that will serve the available MU, loading
resources, routes, and the unloading resources in order to load
and haul the ore and waste to their proper destinations. Each unit
operation is described as an element in the simulated system, has
a particular operating logic, and is treated independently in the
simulation model implemented in the Arena software. Figure 2
provides a schematic diagram for a typical haul cycle in an open
pit mine.
The cycle starts with the loading process at the SMU, after
which the truck is directed to an unloading point according to
the loaded material type, travels to its allocated destination, and
discharges. After unloading, the truck is allocated to a loading

Figure 2—Hauling cycle
The Journal of the Southern African Institute of Mining and Metallurgy
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point with an available shovel, which is not necessarily the same
point as in the previous cycle, travels to the loading point, arrives
and queues until the shovel is available for loading this truck,
and starts a new cycle. Figure 3 shows the main logical cycle for
an item of hauling equipment with its unavailability events, and
Figure 4 shows the cycle for loading equipment.
As shown in Figures 3 and 4, both loading and hauling
cycles are subjected to the same unavailability events; however,
the operational cycle differs and the hauling cycle involves more
stages, which were used in the model to evaluate the moment in
the cycle each unavailability event occurs, such as truck loading,
travelling full, dumping, or travelling empty. The loading cycle is
much simpler, since the equipment is relatively fixed in the MUs
compared to the hauling equipment. The haul cycle considers that
each truck must be instructed which loading equipment it should
be directed to in order to be loaded, based on the following
factors: number of available items of loading equipment, queue
size, compatibility between loading and hauling equipment,
and mining rate. The same decision must be made regarding
the unloading point, which may vary according to the material
type, the availability and capacity of crushers, and compatibility
between the trucks and the unloading point. These indicators
depend directly on the occurrence of the dynamic and random
events, which are site-specific. At the end of the unloading stage,
the occurrence of the unavailability events is verified based on
the probability distributions of each event’s duration and the
interval between consecutive events. The unavailability events
include the waiting time for a blast, shift changes, supply, bad
weather, and maintenance. Waiting for a blast is the time lost

while equipment needs to move and stop operation for safety
reasons until blasting takes place. Supply is assigned when
the truck needs refuelling or any other supply. Bad weather is
assigned when weather conditions affect the productivity and
safety of employees and equipment, such as heavy rain and fog.
All the events described are random and independent from
each other, except the shift changes, which occur regularly,
and are represented by probability distributions obtained from
historical data in order to account for the frequency of occurrence
and the event’s duration. Two tables were used to account for the
probabilities of duration and intervals between events, one with
the date and time of each event assigned by the truck operators
and the other with the moment in the truck cycle each event was
assigned by the truck operator, such as load, full travel, dump,
or empty travel. The availability of each item of equipment is a
consequence of equipment breakdowns that require corrective
maintenance and of other events such as shift changes,
refuelling, bad weather, and waiting for a blast. For each event,
two customized probability distributions were generated based
on dispatch system information and transformed to continuous
distributions in the Arena software, one for the duration of the
events and other for the time interval between events.

Case study
The case study is from a large-scale iron ore mine in southeastern
Brazil, using a database of one monthly mining plan. There
are three pits, each of which should attempt to comply with
a specific stripping ratio, four possible destinations (waste
dump, stockpile, and dry and wet processing plants, each with

Figure 3—Hauling cycle implemented in the simulation model

Figure 4—Loading cycle implemented in the simulation model
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Table III

  Specification of the loading equipment considered in the simulation
Loading equipment

Productivity (t/h)

Payload (m³)

Scenario 1

Scenario 2

Scenario 3

457
626
1450
1200
1100

6.0
11.0
19.0
19.9
21.0

4
4
1
2
1

4
4
0
2
1

3
3
1
2
1

CAT390
CAT992
CAT7295
L1350
RH170

Table IV

  Specification of the hauling equipment considered in
the simulation
Hauling equipment
CAT775
CAT785
MT33000
Scania

Payload (t)

Number

Loading equipment

64
135
135
36

13
10
2
9

CAT992 / CAT390
L1350 / RH170 / CAT7295
L1350 / RH170 / CAT7295
CAT992 / CAT390

a homogenization stockpile after the crusher) according to the
material type (haematite, itabirite, canga, or waste). The material
delivered to the destinations is also evaluated according to six
quality parameters (iron, silica, phosphorous, aluminium, and
manganese contents, and loss on ignition) and six size ranges.
The work was carried out considering seven mining regions,
five types of loading equipment (Table III), and four different
truck fleets, each compatible with specific loading equipment, as
described in Table IV.
The ore and waste properties were extracted from the
block model and the loading, unloading, manoeuvring, and
holding times, as well as the truck speed are real data taken
from the mine’s dispatch system, to account for the probability
distributions of the cycle times, resulting in different distributions
for empty trips, loading, full trips, unloading, and spot time.
The database used also presents the queue time, which was
not considered since it is an output of the simulation. Three
scenarios were simulated for this study with differences in the
number of items of loading equipment, as detailed by Table III.
Scenario 1 considered a full-load fleet, including a CAT7295,
a RH170, two L1350s, and four each of the CAT390 and
CAT992. Scenario 2 differs from the first in that the CAT7295
is not used, and scenario 3 has one CAT390 and one CAT992
less than scenario 1. For each scenario, a 29-day period was
simulated in order to account for monthly production. The
period of 29 days was selected rather than the expected 30 days
to allow for the completion of the simulation rounds without
exhausting the mining monthly plan. The tests were run on a
Windows 10 computer, i7 processor, 2.3 GHz, 16 GB of RAM,
and it took around 20 minutes to conclude the monthly plan in
each scenario, using the presented algorithm with five objective
functions, 18 decision variables, and 34 constraints. Figure 5
shows the cumulative ore production and Figure 6 shows the
cumulative waste production obtained for the three scenarios.
Both ore and waste production presented an approximate
linear behaviour over the 29 days, as expected. However,
contrary to what was expected, the reduction in the loading
equipment resulted in an increase in ore and waste production.
This result led to the conclusion that there is an excess of loading
equipment and possibly the removed equipment was allocated far
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from the destination points, with the long trip between loading
and unloading resulting in reduced productivity. Figure 5 shows
that ore production decreases close to the end of the period, while
Figure 6 shows the opposite behaviour for the waste production,
increasing over time. Figure 7 shows the stripping ratio over the
simulated period for the extracted and remaining masses.
The decreasing ore and increasing waste production rate
result in a successive increase in the remaining stripping ratio,
as expected. This leads to the conclusion that most of the ore
in the evaluated SMUs was extracted to achieve the production
target, and even when including an objective function to
maximize waste extraction, most of the remaining material will
be waste. The conclusions from this observation highlight the
need to include multiple objectives in the optimization model
and the high complexity of the problem, showing it is not always
possible to comply with multiple requirements simultaneously. It
is fundamental to keep to a constant stripping ratio through the
life of mine and to respect longer-term mining plans, avoiding

Figure 5—Cumulative ore production over the simulated period for each
scenario

Figure 6—Cumulative waste production over the simulated period for each
scenario
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 7—Stripping ratio over the simulated period for the extracted mass
(primary vertical axis) and for the remaining mass (secondary vertical axis)

Figure 8—Iron content fed to the dry processing plant for each simulated
scenario

production shortfalls due to unavailability of MUs. In order to
evaluate the quality achievements, the global iron content of the
ore hauled to each processing plant is presented in Figures 8 and
9 for the dry and wet plants, respectively, including the lower and
upper quality targets.
As expected, there is a large variation of the iron content
through the simulation period. Such variation is due to a number
of factors, including the very restricted monthly mining plan,
geological variability of the rock mass, or spatial arrangement of
the UMLs not favourable in the short term.

Conclusions
The integrated methodology presented represents a DSS that
demonstrates an important solution to the mine planning and
fleet management problems, especially in short-term dayto-day activities. The contributions of the solution include
applicability to complex industry problems, as shown by the case
study, the possibility of managing different objective functions
simultaneously, and easy adaption to other site characteristics.
The results show relatively large variations in the ore quality
delivered to the processing plants, which would be expected in
such short-term horizons and may be related to the restricted
monthly planned production, with limited available mass.
The quality variation may affect adherence to and compliance
of the indicators. This limitation could possibly be overcome
by planning excessive monthly production. In order to make
decisions, the ideal scenario would to simulate longer periods
than a month in order to further adjust the simulator.

Appendix A
Literature review
Mathematical programming and simulation are important
techniques in the operational research field with significant
applications in the mining industry (Fioroni et al., 2008). Early
work in short-term planning of open pit mines was based
predominantly on linear programming (Blom, Pearce, and
Stuckey, 2018). Chanda and Dagdelen (1995) presented a goaloriented programming model for a coal ore blending problem,
considering the economic results for minimizing deviations
related to production and quality requirements. Pinto and
Merschmann (2001) presented two linear programming models
integrated with a simulator in order to allocate loading equipment
to the mining faces with the objective of maximizing production,
subject to quality and production requirements. Moraes et al.
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 9—Iron content fed to the wet processing plant for each simulated
scenario

(2006) proposed a linear goal-programming model to optimize
the composition of the iron ore stockpiled at Vale’s Cauê mine in
southeastern Brazil.
Talbi (2016) observed that the best results found for many
optimization problems in science and industry are obtained
by hybrid optimization algorithms, by combining optimization
tools and/or machine learning. Souza et al. (2010) presented a
hybrid algorithm based on the general variable neighbourhood
search technique to deal with operational planning in open pit
mining with dynamic truck allocation. The model considered a
single discharge point and the objectives were to determine the
extraction rate at each pit and minimize the number of trucks
required to satisfy both production and quality goals. Samavati
et al. (2017) applied the local branching technique combined
with a new adaptive branching scheme, and also developed a
new heuristic, to find a feasible solution for the open-pit mine
production scheduling problem with the objective of determining
the block extraction sequence that maximizes the project’s net
present value.
Integrating simulation and optimization is a common
approach that provides a tool for verifying the likeliness of
actually achieving an expected result, and the interaction of
the simulator with the solver allows robust and near-optimal
solutions to be found to complex or stochastic optimization
problems (Juan et al., 2015). Camargo et al. (2018) proposed
a method of integrated process simulation that supports the
development of a decision support system (DSS) considering
product quality, process productivity, and production costs to
simulate and evaluate the financial impacts of management
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decisions along the production chain, production quantities,
and product qualities. Juan et al. (2015) describe a general
methodology, simheuristics, that allows the extension
of metaheuristics through simulation to solve stochastic
combinatorial optimization problems as a special case of
simulation-optimization approaches, typically optimizationdriven, which can be classified either as an evaluation function
or as an analytical model enhancement, depending on its
implementation.
Chaowasakoo et al. (2017) proposed a new approach based
on differences in the match factor, which is the ratio of the
truck arrival rate and the shovel service time, to evaluate and
determine ranges for the number of different types of trucks in an
optimal fleet considering different scenarios with heterogeneous
fleets. Ozdemir and Kumral (2018) proposed an agent-based Petri
net simulation model framework to evaluate the performance of
material handling systems and the feasibility of the mine plan,
observing that the approach can be seen as a risk quantification
tool for technical uncertainties. Later, a further step was taken
to link the simulation model to the optimization framework for
real-time truck dispatching to improve the utilization of mining
equipment and production efficiency in a two-stage system.
The proposed system increased production by 9.4% in a shift,
compared to the previous dispatching system used in the mine
of the presented case study (Ozdemir and Kumral, 2019).
Shishvan and Benndorf (2019) proposed a new multi-stage
simulation-based optimization approach combining deterministic
optimization with stochastic simulation in order to solve a
transportation and scheduling problem in a continuous coalmining process. Stochastic optimization is also used for modelling
and solving optimization problems under uncertainty. However,
much of the recent work in stochastic optimization is related to
long-term planning (Blom, Pearce, and Stuckey, 2018).
There are many different approaches described in the
literature for solving the truck and shovel allocation problem.
Ercelebi and Bascetin (2009) described modelling approaches
for truck and shovel operation and optimization, and used
closed queuing network theory and LP for dispatching trucks.
Ta, Ingolfsson, and Doucette (2013) presented a model for
minimizing the number of trucks for a given set of shovels,
subjected to production and quality constraints. Patterson, Kozan,
and Hyland (2017) proposed a MILP formulation to schedule
excavation and haulage activity at an open-pit coal mine with
the objective of minimizing energy consumption in shovel
and truck operations to meet production targets, considering a
heterogeneous equipment fleet, explicit calculation of waiting
time, and an energy consumption objective function. Upadhyay
and Askari-Nasab (2018) presented an optimization and
simulation framework to generate short-term plans within the
constraints of the optimal long-term strategic plans, resulting
in an uncertainty-based short-term schedule and simulated
scenarios for decision-making. Moradi Afrapoli, Tabesh,
and Askari-Nasab (2019) developed a multiple objective
transportation model for real-time dispatching, attempting to
minimize simultaneously the shovel idle times, truck waiting
times, and deviations from the path production requirements.
Marínquez, González, and Morales (2019) proposed an
optimization model based on MILP considering multiple
objectives, taking into account the usual restrictions of mine
sequencing and both the time and cost for movement between
phases of each shovel, by applying hierarchical and weighted
sum methods.
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Synopsis
The risk-based approach is the only approach that views the full spectrum of risk, following transparent
international guidelines (ISO 31000) which can add value. It is also the only truly holistic approach that
includes all stakeholders.
Mining is now under the spotlight as never before owing to open-pit and tailings failures, and also
general activist perceptions that can affect investment and operations. It must be seen to reduce the range of
risks and the effects that are the consequences of its operations. The key lies in the integrated solution that
includes risk management, new and resilient technology, effective procedures, the provision of real-time
ground truth, and the ability to act fast. This is now possible due to advances in the IoT and automation.
The display of actionable ground truth-based data that can trigger a tested and speedy response is not a
luxury, but a necessity. There is now the ability to automate that response, reducing risk even further. A
leading authority has recommended that the most effective approach is risk-informed safe design.
The issuing of the Global Tailings Standard in August 2020 will also exert pressure for this matter to be
addressed more effectively than hitherto.
The risk-based approach is cost-effective and can deliver added value, not only for more effective
operational management, but also with regard to oversight for ethical investment following IFC Guidelines
and the Equator Principles, as well as any other compliance requirements.
This paper describes the methodology to be followed and the possible solutions that could result. The
technical communications element was developed in conjunction with providers. It also covers the economic
and ethical benefits of following this course of action, and implicitly the costs of not doing so.
Keywords
water management, tailings, open pit, risk-based approach, best practce.

Introduction
Recent disasters such as Brumadinho (Feijão Dam Expert Panel, 2019) have focused attention on
the mining industry as never before. By charging the CEO of Vale with 250 counts of homicide, the
Brazilian government has directly challenged mining companies both to reduce the risks from their
operations, and to be seen to do so. There is also a significant effect on future investment potential.
Tailings disasters have led to the International Council on Mining and Metals (ICMM) to publish
their draft Global Tailings Standard, which seeks to impose standards for compliance for their members
first, but with the intention that this will spread across the industry. This is supported by the Ethical
Investment Advisory Group (EIAG) of the Church of England and their Investor Mining and Tailings
Safety Initiative.
This paper will explain the relevance of the application of the risk-based approach that follows the
international guidelines laid down in ISO 31000, and which can also incorporate other ISO standards as
appropriate (quality, HSE, environment, and infosec are other key associated areas). It will apply this
approach to water management, including tailings storage facilities (TSFs), and seek to demonstrate
how a combination of a clear risk management plan, supported by ground truth and effective
technology, can be used to prevent disasters, rather than just give warning of them.
The requirements of environmental, social, and governance (ESG) concerns are growing relentlessly;
as are the demands for compliance with standards for ethical investment, which will be crucial to raising
capital in the future. Again, this can be addressed by the same provision of ground truth provided by a
system that monitors and measures key indicators once they have been established.
Associated to this is insurance. Reduction of risk should so have the potential to reduce premiums,
or just simply render companies more ‘insurable’.
There is also a value add. This approach and the integrated solution that it will propose are scalable
across the breadth of an operation to include many other key activities such as in-vehicle monitoring
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systems (IVMS), access control, and personnel on board (POB),
as well as loss prevention to name but some; and also working
across multiple operations separated geographically.

The risk-based approach
The risk-based approach as detailed in the ISO 31000 guidelines
is internationally accepted best practice. It describes a very
straightforward process for the management and treatment of
risk which, if followed, can benefit an organization’s overall
management profile, increase efficiency, reduce risk significantly,
add value, and provide transparency where required.
In business terms this comes down to maximizing profit and
returns while keeping costs down and maintaining production
within acceptable levels of risk. Added to that is the need to
avoid liability and to be seen as acting ethically as well as in an
environmentally responsible way. The increasing significance of
the Equator Principles1 in new investment for mining, as well as
activist and ethical investment bodies, marks this as an area, or
indeed a risk, which can no longer be ignored. This needs to be
fed with ground truth data that proves and supports compliance.
The key difference between this approach and a narrower
technically based one is that the risk-based approach seeks
to identify the full range of risks in detail. This enables them
to be evaluated in the context of both the operation and
their relationship with other risks. The best treatment can
then be developed and owned by the most appropriate level
of management. This solution can be technical, procedural,
behavioural, or equipment-based. It is most effective when a
combination of all of these. It can only succeed after proper
evaluation and when subject to continuous oversight and regular
review by the appropriate level of management. The integrated
approach then becomes the integrated solution.
Part of the methodology is to determine what actually needs
to be known – what is the ‘information requirement’? Once that
requirement has been defined, the best way of monitoring and
measuring the item or event can be established. That method can
be procedural or technical, but it should display all information
outputs in one place, on a dashboard for example, enabling
timely collation and evaluation, which can then trigger an action.

Water management in open pits and tailings
Water management (also referred to as ‘comprehensive hydraulic
solutions’ in certain areas) is the most critical risk that a mining
operation has to address and manage. Tailings are part of
water management; however, tailings dam monitoring systems
(TDMS) address only part of the water risk. This is a risk that
in most cases should be addressed more comprehensively.
Professor Norbert Morgenstern of the University of Alberta,
a widely respected authority on water and tailings, proposed
a system for performance-based risk-informed safe design
(PBRISD), construction, operation, and closure of tailings storage
facilities as recently as 2018 (Morgenstern, 2018). This can be
scaled to include water risk; the principles are the same. It is
worthy of note that a world-leading authority on the subject is
recommending risk-informed design.
So often discussion of recent tailings disasters has focused
on strategic planning, whereas these incidents really should be
viewed in the broader context of water management. There are
The Equator Principles is a risk management framework, adopted by financial
institutions, for determining, assessing and managing environmental and social risk in
project finance.
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currently two approaches to this: warning and prevention. The
first (warning) is most commonly used. Here slope stability is
reactively measured by LiDAR, or proactively by piezometers
positioned to warn of movement on the X, Y, or Z axes and
imminent collapse. There are various steps in an integrated risk
approach where there could be deficits:
➤	Not enough data (e.g. piezometer water levels) is obtained,
or data is obtained too infrequently
➤	Although data is available it is not converted into
information, e.g. piezometer data not used to undertake
slope stability assessments or not compared against trigger
levels
➤	There are no, or inappropriate, actions associated with
trigger levels or stability assessment outcomes, e.g.
inappropriate action would be to just issue a warning
(sound a siren, evacuate people) and not try to lower the
water level causing the trigger to be activated.
This in itself does nothing to mitigate the risk of collapse; it
simply reduces some of its potential effects by issuing warnings,
which if validated procedures are in place and followed, can
enable an effective reaction. The collapse will still happen; and
though lives may be saved, the destruction of communities and
livelihoods and lost production will be major effects.
When De Beers states that it wants to manage its water as
well as it manages its money it is clear that this is a serious issue.
Jwaneng mine in Botswana lost almost 4 months of production
due to a pit collapse in July 2012, primarily due to water pressure
(Debswana, 2013). This enables an estimate of the cost of
failing to prevent such an occurrence. More recently a legacy pit
collapse at a Glencore mine in the DRC killed 43 artisanal miners
(Financial Times, 2019). A verbal survey conducted at DRC
Mining Week the month before found the two greatest concerns
of mining companies in Katanga were water and artisanal
mining. This event took place at a site often accessed by up to
2000 artisanal miners, in spite of security and the cooperation
of Gecamines. The consequences were both financial (repair
work and the fall in share price) and reputational/political, which
can also affect the ‘social licence’ to operate. In the worst-case
scenario, it can lead to the loss of the ‘legal licence’ to operate
in that country as well, and also longer-term reaction from
investors.
The risk prevention approach for water differs in that the
emphasis is on the measurement of pore pressure in sufficient
time to enable effective water management measures (if put
in place) to be taken to relieve that pressure (Morton, 2020).
This is the critical difference for effective risk management: the
ability to prevent rather than just the ability to warn – or not.
It is the difference between accepting and mitigating a risk. At
Brumadinho, several villages downstream received either late
warning or no warning at all of the impending disaster because
the processes were not in place or were not robust enough.
It would be interesting to know whether they had ever been
validated or recently checked, and by what level of management.
These events can happen so fast that effective warning could
only give a few minutes for action, but these minutes could make
a difference between life and death (at Brumadinho the flow
speeds would have given 3.5 to 7 minutes’ warning to the first
settlement downstream). That time data itself can be used as
part of TARP planning. The real value of obtaining information
‘in sufficient time’, such as the high water levels and unwanted
seepage recognized at Brumadinho for a long time (years) before
The Journal of the Southern African Institute of Mining and Metallurgy
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the failure, would have been the ability to then take effective
corrective action.
The technology is available, and the ethical requirement
exists to minimize risk to life and property. In addition, the
prevention of a pit collapse through proactive water management
is a self-evident cost-effective method of avoiding long periods
of lost production, and worse in the case of artisanal miners or
anyone downstream who may be killed by such an event. Most
of the fatalities at Brumadinho were Vale employees or their
families.
Tailings dams can be categorized as ‘active’, ‘dormant’, or
‘legacy’ dams. Active dams are still being deposited on, dormant
dams are no longer receiving tailings and may be part of an
operating or defunct mine, and legacy dams are no longer part
of an operating mine, may have little or no human presence, but
may still pose a threat to their area and therefore still require
monitoring. Brumadinho was not a legacy dam but an actively
monitored one. The media claim that TUV SUD certified the dam
as ‘safe’.
‘TUV-SUD said that the dam was stable, meaning the factor
of safety was greater than one, within the error of their method
of calculation. But the real error is the lack of complete and exact
knowledge of the physical properties of the mine tailings. For
that reason, the Dam Safety Guidelines of the Canadian Dam
Association recommend a factor of safety of at least 1.5. Civil
engineering structures are not supposed to be built or maintained
at a point just slightly safer than the point of failure. In summary,
TUV-SUD did not claim that the dam met generally recognized
dam safety guidelines. They just said that they were certain that
the factor of safety was greater than one.’(Emerman, 2019).
On the day that of the failure boreholes were being drilled on
the dam to install piezometers. So, unlike many dormant dams,
it cannot be said that in the case of Brumadinho there was no
monitoring or human presence just because it was a dormant
dam.
For a standard to be effective it has to be enforced. This
concept enables a ‘trust but verify’ approach.
In many countries mining companies have set aside funds to
cover TSF closure costs, in theory though not always in practice,
as funds may have been diverted by those holding them. In
Africa the most legacy tailings dams are in South Africa (252)
and Ghana (45) (Grid Arendal, 2020).
Water pressure, levels, and density have all been measured
by proven instrumentation for many years. Now, technology can
enhance that and, when in combination with focused supporting
procedures, actually provide an effective and cost-effective
solution that gives actionable information in real time. There is
considerable potential for artificial intelligence (AI) to enhance
this, driven by data.
Figure 1 shows water flowing down the side of an open-pit in
the DRC.

is triggered by the processing of that data, and which reduces,
mitigates, or removes a risk.
For tailings and slope stability the key metric is pore pressure
trend and distribution (Morton, 2020). The usual device for
measuring pore pressure is a vibrating wire piezometer
(Figure 2).
The other key parameters for water are movement in the X,
Y, and Z axes. More inputs can also be measured but they will be
surrogates. The collation, evaluation, and accurate interpretation
of this data is a crucial stage in delivering the effect required.
Beyond measuring water pressure, there are ranges of
sensors that can measure and report data on almost anything.
Drones are being increasingly used to carry sensors to monitor
environmental effects that are of interest to both communities
and investors. For example, the structural integrity of some major
dams is monitored by thermal imaging.
Reliable connectivity is crucial to a resilient system. Sensors
can be integrated fully into the system but the technical backbone
and output must be sensor-agnostic.
Figure 3 shows a sim card-enabled wireless transmitter for
connection to a sensor.

Artificial intelligence, machine learning, and robotics
AI and robotics have the ability both to enhance resilience and to
manage and act upon data more efficiently than humans.

Figure 1—Water pouring from a pit slope, affecting stability and production

The technical approach
A number of possible solutions based around technology, data,
and connectivity are available. They offer the ability to continue
to measure those areas noted above, but also to manage the
data more speedily, and therefore more effectively. However, the
key question with data is: ‘What does it enable me to achieve
in terms of risk reduction?’. The answer is that data of itself is
not a solution. Technology may provide a more efficient way of
gathering the data, but there still needs to be a response that
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 2—Example of a vibrating wire piezometer prior to insertion (Morton,
2020)
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Figure 3—Wireless transmitter sim card installation (Morton, 2020)

This is a great opportunity for digitalization, which could
culminate in digitalizing the whole project from end to end.
Digital workers can automate many of the tasks and activities,
including making decisions and escalating issues where these
are rules-based – ‘if the data says this, then do that’. The bots
can send alerts to the human operators for them to action. AI
means many things. In the case of mines AI (machine learning)
can process data to learn things, make predictions, spot trends,
and tell whoever needs to know details that may not be apparent
based on their experience / intuition alone.
The robotics/AI opportunities make most sense when
implemented at scale (which allows for redundancy). For
example, a single digital operations room, as an outsourced
utility, can monitor activities at any number of mines, providing
a totally reliable, resilient, and low-cost service (the bots will
always turn up, work 24×7, do not get tired or sloppy, are totally
accurate, do not act malevolently) working remotely and cost
effectively to support any mining operation, anywhere on the
globe.
This can make the system as close to 100% reliable as it gets,
and therefore constitutes a very effective and transparent risk
treatment measure. It also provides strong evidence of effective
governance. Security from vandalism and theft is an issue, but
work is being done to ‘harden’ possible vulnerable parts of the
system.

Procedure
Data is only as good as the effect it can deliver or prevent.
Effective and validated procedures based around the risk
management process are a key element of the system. It was
a failure of procedures that resulted in the consequences of
Brumadinho being worse than they should have been. The
primary cause of the failure was poor design (too steep). The
secondary cause was not implementing sufficient corrective
actions when high water levels were observed. As the Expert
Report states: ‘The failure is also unique in that it occurred with
no apparent signs of distress prior to failure. High quality video
from a drone flown over Dam I only seven days prior to the
failure also showed no signs of distress. The dam was extensively
monitored using a combination of survey monuments along the
crest of the dam, inclinometers to measure internal deformations,
ground-based radar to monitor surface deformations of the face
of the dam, and piezometers to measure changes in internal
water levels, among other instruments. None of these methods
detected any significant deformations or changes prior to failure.
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‘That such a catastrophic failure can develop with no signs of
distress, and no indication that stability was being compromised,
is a great surprise. It implies that the failure was extremely
brittle. The Expert Panel looked in detail at all of the monitoring
data, and undertook a back analysis of historical InSAR data.
They conclude that the dam was settling at rates of up to 30
mm per year, but this was expected and could not be used to
infer that stability was compromised’ (Feijão Dam Expert Panel,
2019).
This shows clearly the need to validate the applicability of
various data to a specific site, and to have procedures in place to
ensure that no gaps exist in the data cover or processing. When
the human interface is part of any risk treatment process, that
process can be complete only when properly validated procedures
are in place and universally practiced and understood.

Connectivity and system resilience
Connectivity can be based on the GSM network where available
and switch to satellite when GSM is no longer available. It is not
satellite-reliant; satellite connectivity just gives full resilience. The
system on site will be connected through a long-range wide area
network (LoraWAN) network, which operates via GSM or satellite
as necessary. In fact, integration with legacy communications and
IT systems on site can now be part of the solution. The remote
sensors can be monitored for serviceability and resilience on an
hourly basis, or even less, using remote AI. This has been proven
in field tests with ‘management by exception reporting’, which
also provides a verifiable systems resilience audit trail.
Figure 4 shows a possible connectivity network. The
acronyms are explained in the glossary at the end of this paper.

Ethical conduct and investment
There has been an increase in the demand for ethical investment
oversight, and also environmental, social, and governance (ESG)
compliance. Here the stakeholders are from a broad range and
can be as diverse geographically as they are by discipline and
organization. Their influence is increasing to the extent that they
form a key element of the investment due-diligence process.
Their demand accurate information and transparency, in near-real
time, will only increase.
The effects on communities and the environment are
now identified as critical risks by investors. Addressing these
risks and concerns, openly and efficiently, may be crucial to
securing investment; being able to assure investors of continued
compliance may also be the key to subsequent investment. This
The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 4—The connectivity network

Figure 5—The fully integrated mine

technology can support a variety of relatively cheap sensors
that monitor and measure those environmental effects that are
now the cause of such concern (for example, area water and air
quality supported by sampling and testing). Just as importantly,
they can continue to do so through the life of a project and
beyond. This is one of the areas where the integration of drones
with the appropriate sensors has significant potential.
The Church of England’s EIAG has growing influence with
multi-billion dollar funds, investment from which is key to the
raising of capital. It is no coincidence that the cover of their most
recent report was a picture of a mine pit in Africa. Investors want
to be able to monitor compliance with set environmental and
ethical standards, not just when raising capital, but throughout
the life of the project. This is part of the overall risk management
process and is a realistic by-product of this proposed system.

Insurance
Insurance is a significant operating cost to most mining
The Journal of the Southern African Institute of Mining and Metallurgy

companies. An effective system to prevent or mitigate the major
risks associated with water can affect a company’s ‘insurability’
and could even lead to a reduction in premiums once the
effectiveness of the system has been proven. This could add to
the business case for implementing such a system. This area is
being developed with the insurance industry, insurance being a
widely used risk treatment option (ISO 31000).

Value addition
The ability to access real-time ground truth has a significant
operational value. The integration of legacy systems is now a
reality, enabling the display of all information deemed important
at multiple locations across operations and continents in real
time. Investment in the mitigation of key risks can bring with it
increased operational efficiency at little extra cost.
Figure 5 shows the range of additional functions that can be
integrated to maximize the potential of the technology and deliver
a fully integrated mine.
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Acronyms and glossary
Acronym

Meaning

Comment

AI

Artificial Intelligence
[Can also stand for augmented intelligence, but not in this context].

Machines or computers that mimic cognitive functions that humans associate
with the human mind, such as ’learning’ and ’problem solving’.

Edge
Not an acronym
		

Edge computing is a distributed, open IT architecture that features decentralized
processing power, enabling mobile computing and Internet of Things (IoT) technologies.

EIAG

Ethical Investment Advisory Group

A Church of England agency that leads on this subject.

ESG

Environmental, social ,and governance

An increasingly important area of consideration for investors.

GSM

Global system for mobile communications

The mobile phone network

ICMM

International Council on Mining and Metals

InSAR

Infometric synthetic aperture radar

An effective way to measure changes in land surface altitude.

IVMS
In-vehicle monitoring system
		

Monitors activity such as mileage, speed, braking, seat belt use. Part of HSE policy for
many mining companies.

LiDAR
Light detection and ranging
		

A method for measuring distances by illuminating the target with laser light and
measuring the reflection with a sensor.

LoraWAN

Long range wide area network

Enables long-range connectivity for Internet of things (IoT) devices in different industries.

POB

Personnel on board

In vehicle or on site.

POP
Point of presence
		
TARP

Trigger action response plan

TDMS

Tailings dam monitoring system

TSF

Tailings storage facility

TX

Not an acronym

A demarcation point, access point, or physical location at which two or more networks or
communication devices share a connection.

Often used interchangeably with ’tailings dam’.
Transmission

UNEP
United Nations Environment Programme
		
UNPRI

United Nations Principles for Responsible Investment

Coordinates the UN’s environmental activities and assists developing countries in
implementing environmentally sound policies and practices.
UNEP body

Conclusion
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ensuring that all those who need to know ground truth can do so,
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importantly, this offers a cost-effective and transparent approach
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Synopsis
This study investigates the fragmented nature of the global and local titanium metal value chains. South
Africa has the fourth most abundant titanium reserves in the world. However, South Africa mainly
exports titanium ore and imports value-added titanium products, which impacts the potential to derive
more economic benefit from this resource. For South Africa to benefit from its titanium reserves, an
understanding of the current fragmented nature of the global titanium value chain would assist in
entering the global titanium industry. Information on the global and South African titanium value chains
was collected by means of a desktop study. It was found that the leading countries operating within both
the upstream and the downstream titanium industry are the USA, China, Japan, Russia, and Kazakhstan.
The key drivers that caused fragmentation were identified as technology, markets, production costs, and
the availability of titanium mineral reserves. An important outcome of this study is the identification of
the local need for a technological foundation in support of downstream titanium processing to marketcompetitive titanium mill and powder products.
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Introduction
Titanium is found in most countries and is the ninth most abundant element in the Earth’s crust
(Tarselli, 2013). However, in its metallic form titanium is one of the world’s scarcest and most expensive
structural metals (Abkowitz et al., 1990; Woodruff and Bedinger, 2013). Titanium is mined in several
countries, but the difficulty of refining the ore has contributed to a fragmented global titanium value
chain. According to Cardarelli (2013) the fragmentation is notable due to the long distances between
titanium mining companies and the companies that supply the market with finished products.
Although South Africa is one of the leading titanium mining countries (USGS, 2018), the country
is not benefitting optimally from this resource through beneficiation. After mining of titanium minerals
(rutile and ilmenite), South Africa exports ilmenite slag (titania) and upgraded natural rutile, mainly
to be used for titanium pigment production (Roskill, 2013; WITS, 2018). Minor quantities of rutile are
exported to Japan and the USA to be used for titanium sponge production (Roskill, 2013). South Africa
does not produce titanium metal, but imports it as powder, mill products, and final products (mainly for
the industrial, medical, and consumer markets) (Roskill, 2013, 2019).
The aims of this study were to identify:
➤	Countries with a fragmented titanium metal value chain
➤	Countries with a complete titanium metal value chain
➤	The reasons why certain countries have a complete or fragmented titanium metal value chain
➤	South Africa’s current stance with regards to the global titanium metal value chain
➤	The gaps in the South African titanium metal value chain.

Background
The high cost of titanium metal is related to its reactivity. This high cost is a consequence of the high
production cost and low yield of metal (Bordbar, Yousefi, and Abedini, 2017). Titanium is not present
in its metallic state in nature and the purification process is lengthy and expensive (Tarselli, 2013).
The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 120

NOVEMBER 2020

633

◀

The fragmented nature of the titanium metal value chain
Approximately 95% of titanium mined is used to produce
white TiO2 pigment, and little is available for titanium metal
production (Bordbar, Yousefi, and Abedini, 2017). Nevertheless,
the properties of titanium metal make it the material of choice
for selective applications within niche high-value industries.
Titanium has an exceptional corrosion resistance to a broad range
of alkalis, acids, industrial chemicals, and natural waters. The
metal is resistant to corrosion attack by salt water and marine
atmosphere. Compared to most metals, titanium has a superior
resistance to erosion, but this depends on the severity of the
erosion as well as the energy of the impacting particles. Titanium
is biocompatible and the metal and its alloys are used, for
example, in various prosthetic implants. The metal has a superior
strength-to-weight ratio (Abkowitz et al., 1990), which makes
it highly suitable for jet engines and airframes, and also for ship
structures, pumps, deep sea submersibles, condensers, water-jet
propulsion systems, weapon systems, fuel gas desulphurization,
steam turbines, fan blades, piping systems (e.g. chemical
industry), biomedical parts, and compressor discs (Abkowitz et
al., 1990).
Titanium is mined as an enriched ore that undergoes several
processing stages to produce a finished titanium product. All of
the production stages can be divided into three main sections,
namely raw material, the processes and technologies, and finally
finished products for the market (Du Preez, Damm, and Jordaan,
2013). The three sections can be further subdivided into the eight
production stages (Roux, Van der Lingen, and Botha, 2019).
Each stage is dependent on its specific precursor and in turn is
needed to produce the input for the next stage. This outlines the
titanium metal product value chain and is illustrated in Figure 1.
Stage 1 represents the titanium minerals or reserves.
Stage 2 is the production of titanium slag or synthetic rutile
by upgrading/purifying the natural raw minerals containing
titanium. Stage 3 is the production of titanium tetrachloride
(TiCl4), which is the precursor for both titanium pigment and
titanium metal production. Stage 4 represents the production
of titanium sponge, which is (to an extent) a form of pure
titanium metal. During sponge production TiCl4 is reduced with

magnesium (the Kroll process) or sodium (the Hunter process).
Stage 5 is the melting process to produce ingots, blooms, billets,
and slabs, which are processed forms of titanium sponge.
Stage 6 involves the production of intermediate and final mill
products, e.g. sheet, plate, bar, wire, and forgings used in the
fabrication of final parts and products. The latter also form part
of stage 6 as per the Roskill (2019) reference to mill products
as finished or part-finished components used by consumers.
Stage 7 involves titanium metal powder. The dotted lines shown
in Figure 1 indicate alternative routes that can be followed
to produce titanium metal powder. The route from stage 3
(TiCl4) to stage 7 (titanium powder) is the Armstrong process,
a direct electrochemical reduction process, whereas powder
production from stage 4 (sponge) could, for example, be by the
hydrogenation-dehydrogenation (HDH) process. The dotted red
lines from stages 1 and 2 represent processes that are still in
the research phase world-wide, aimed at establishing a route to
produce titanium powder directly from slag and/or minerals; no
commercial process is currently available. Titanium powder (stage
7) can also be produced directly from titanium rods (stage 6)
by the plasma-rotating electrode process (PREP). Stage 8 is the
production of components/parts and final products from titanium
metal powder. A complete titanium metal product value chain
can thus end at stage 6 with mill products/parts or stage 8 with
powder products/parts.
The global titanium value chain can be described as being
fragmented. Fragmentation is the geographical separation of
activities involved in producing either goods or services across
two or more countries (Athukorala and Yamashita, 2007).
Production fragmentation differs from the standard trade
data analysis, which is based on the exchange of goods that
are produced (start to finish) in one country (Athukorala and
Yamashita, 2007). Linking this definition to the fragmented
titanium value chain means that titanium mined in a specific
country would not necessarily be processed to a finished marketready product in that same country. Thus at some stage of the
value chain a raw titanium product is exported from its country of
origin to be processed in a second and/or third country, only to be
imported back into the origin country as a final high-cost product.

Figure 1—The titanium metal product value chain (modified from Roux et al., 2019). The dotted lines represent alternative routes that can be followed. The red
dotted lines represent routes that are not yet commercially applied
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This study investigated the fragmented nature of the global
and South African titanium value chains to identify the countries
that have a complete titanium value chain and those with a
fragmented titanium value chain. Where available, information
was gathered on the causes of the fragmentation and factors that
promote a complete titanium metal value chain.

Method
Information by means of secondary data was collected through
a desktop study. Limited information has been published on the
fragmented nature of the titanium value chain, and this study
made use of peer-reviewed journal articles, company websites,
news articles, reports, and books.
The major countries involved in each stage of the titanium
metal value chain were identified (Figure 1), based on a keyword
search for each stage of the titanium metal value chain. The
countries that had sufficient representation to draw conclusions
on their value chain status were then identified, and their
involvement in the titanium metal value chain studied. Eleven
countries were selected based on sufficient information in the
literature.
In order to ascertain the fragmented nature of the titanium
metal value chain, a matrix was produced to indicate which
stages of the titanium metal value chain each of the identified
countries were involved in, and which ones not. An example of
this matrix is presented in Table I.
The shaded blocks represent stages of the value chain that
are commercially active in the specific country (on a commercial
production scale, and not pilot plants), and unshaded blocks
represent no commercial activity. It should be noted that only
titanium metal and related processes were considered. For
instance, if a country produced TiCl4 for pigment, but not for
titanium metal production, the TiCl4 stage for that specific country
would be shown as unshaded. Under stage 7, powder production,
DE refers to powder production by the direct electrochemical
method, and SP from titanium sponge.
A complete value chain for a country would be established if
a country is able to beneficiate the mined ore to a finished part/
product (mill or powder) without importing or exporting along the
value chain (this excludes imports and exports due to demand or
surplus conditions). Different routes could be followed to reach
a final product, as indicated in Figure 1. Once the countries were
identified and their value chains determined (fragmented or not),
the reasons for the fragmented or complete value chain were
investigated.

Results and discussion
The fragmented titanium metal industry
More than 15 countries are mining titanium, with the top five
being Australia, Canada, China, South Africa, and Mozambique
(Dewhurst, 2013; USGS, 2018). The mined production quantities
for Canada and China are fairly equal, as well as for South Africa
and Mozambique. Possession of economically viable reserves of
titanium minerals does not guarantee that a country will have
a thriving titanium industry (Abkowitz et al., 1990). Stages 1
(mineral reserves and mining) and 2 (mineral upgrading) of the
value chain (Figure 1) make use of well-developed processes.
Mining is mostly conducted on natural concentrated heavymineral deposits (placer deposits) with an average titanium
recovery rate of 90%. After mining, the material (depending on
the quality) undergoes processing (such as oxidation, reduction,
leaching, screening, and magnetic separation) to improve the
purity (van Tonder, 2010) and this is referred to as upgrading
(stage 2). These first two stages are globally at a mature level
with regard to the technology required.
Fragmentation is observed from stage 3 onward, which is
the production of TiCl4 through the chloride process. The bulk of
the TiCl4 produced is used in the production of titanium pigment,
and smaller quantities of high-quality TiCl4 are used to produce
titanium metal (Van Vuuren, 2009; Van Tonder, 2010). South
Africa’s titanium metal value chain is fragmented from stage 3
as the country does not have the technology to produce TiCl4.
Australia processes most of its titanium to low-quality TiCl4 for
pigment production. This low-quality TiCl4 is not suitable for
titanium metal production, although it can be further purified
to metal grade (Tronox, 2020). According to Balinski (2015),
Coogee Chemicals in Australia can produce a metal-grade TiCl4
feedstock using fluidized bed technology on a pilot scale.
Stage 4 of the titanium metal value chain incorporates
mainly the Kroll process. This is the leading commercial process,
producing approximately 99% of the world’s titanium metal,
and is referred in the literature as the conventional titanium
production method (Nagesh et al., 2004; Van Tonder, 2010).
Over the years several advancements on the Kroll process have
been proposed, but the standard Kroll route remains the preferred
titanium metal producing process. Globally, eight countries
produce titanium sponge, mainly via the Kroll process. These
countries are China, India, Japan, Kazakhstan, Russia, the USA,
Ukraine, and most recently Saudi Arabia (Dewhurst, 2013;
Asian Metal, 2014; Roskill, 2019). Among the sponge producing

Table I

Matrix indicating fragmentation within the titanium metal value chain
Country

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Stage 6

Stage 7

1							

SP

2							

SP

Stage 8

3
’n’							
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countries, India and Saudi Arabia are not investigated further
in this article as limited information was obtained during the
literature search. Only one plant in the USA, namely Honeywell
Electronic Materials, produces a small amount (approximately
0.3 kt/a) of titanium sponge via the Hunter process. This sponge
is of very high purity and is used for electronics (Roskill, 2019).
Donachie (2000) reported on titanium sponge production in the
UK in 2000, but no mention this was found in the more recent
literature. It is important to note that three of the titanium sponge
producing countries mine little or no titanium ore (USGS, 2018).
These are Russia, Saudi Arabia, and Japan, with Japan having
no economic titanium reserves. Russia, on the other hand, has
no rutile deposits and the ilmenite deposits that are mined have
no compositional equivalents elsewhere (Sokolov, 2011). Russia
is therefore dependent on new and unique technologies to make
mining and upgrading of its reserves profitable and sometimes
purchases raw titanium materials from the former Soviet Union
countries at huge cost to fulfil demand (Kukhmazov, 2016).
Saudi Arabia, on the other hand, has only titanium resources and
no reserves. These three countries import ore and chlorinate it
locally to produce titanium sponge.
Limited academic literature is available, specifically on
countries that participate in stage 5 (melted products) and
stage 6 (mill products) of the value chain. According to the
2019 Roskill report the production of titanium sponge and the
subsequent melted product step are mostly done on the same
site (Roskill, 2019). Once the titanium sponge is processed into
titanium melted products it can be shipped anywhere in the world
for further processing. The Roskill report also states that there
is limited global trade in melted products as these are mostly
further processed to mill products (stage 6) on the same site or
in the same country (Roskill, 2019). The top countries for mill
product output in 2017 were China, the USA, Russia, Japan, and
unspecified countries in Europe (Roberts, 2018).
Stage 7 in the titanium metal value chain is the production
of titanium metal powder. This could either be by crushing of
titanium sponge (the conventional method) or by the direct
titanium powder production route which is under development
by several nations. The global leading titanium metal powder
producers are the USA, China, Japan, and Europe (QY Research
Group, 2017). The bulk of titanium metal powder is produced
from titanium sponge precursor and the most popular processes
used are HDH, gas atomization, and PREP (Oh et al., 2014). The
countries currently producing titanium powder from titanium
sponge are the USA, Japan, China, Russia, Australia, Ukraine,
Canada, France, Germany, Sweden, and the UK (Moxson,
Senkov, and Froes, 2000; QY Research Group, 2017; Roskill,
2019; Titanium Institute, 2019). Coogee Chemicals in Australia
commissioned a 200 t/a titanium alloy powder demonstration
production facility in 2019. This facility uses the same chemistry
as the Kroll process but runs on a continuous rather than a batch
basis, and produces a powder product instead of titanium sponge.
The technology was developed by the CSIRO using the TiRO
method (Doblin, Freeman, and Richards, 2013).
The direct production of titanium metal powder has been
identified as a viable way to reduce the high production cost of
titanium metal (Bolzoni, Ruiz-Navas, and Gordo, 2017). This
cost reduction can be attributed to two main aspects. The first
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is the direct reduction of the host mineral or an intermediate
precursor (TiCl4) to titanium metal powder (Roskill, 2013). The
second is the reduced cost for processing and manufacturing of
the powder compared to the conventional metallurgical route
(Bolzoni, Ruiz-Navas, and Gordo, 2017). The leading producer
of titanium metal powder by direct electrochemical reduction is
the USA, through the Armstrong process. The Armstrong process
had the capacity to produce 1800 t annually in 2019 (Roskill,
2019). The second country to consider is Australia with the TiRO
process. Although this process is based on Kroll sponge principles
the end product is a titanium metal powder.
Several other countries are developing a method to produce
titanium powder (Whittaker, 2012). The leading countries are:
➤	The UK with the Metalysis process, formerly known as
the Fray-Farthing-Chen or FFC process (Okabe, Oda, and
Mitsuda, 2004; Chunxiang et al., 2011; Metalysis, 2019).
Although successes have been reported, there was no
production capacity in 2019 as the company encountered
financial trouble.
➤	The CSIR-Ti process being developed in South Africa
(Whittaker, 2012; Roskill, 2019).
➤	The Preform Reduction process and its variation the OnoSuzuki process, being developed in Japan (Okabe, Oda, and
Mitsuda, 2004).
The final stage of the titanium metal value chain (stage 8) is
the production of finished products or parts from titanium powder
by means of powder metallurgy (PM). This is an innovation that
allows for a reduced cost as well as improved performance of the
part while shortening the development and production cycle times
(Gabriele, 2018). One of the leading developments within stage
8 of the titanium metal value chain is additive manufacturing
(AM), which can also be applied to metal wire instead of powder.
Powder quality, purity, morphology, and particle size influence
the mechanical properties of the final product and its application
(Goso and Kale, 2011; Fang et al., 2017). Producers will
therefore only manufacture parts according to demand (based on
the local or export market) and the technology available to them.
Similar to the trend for mill products, it is difficult to trace which
countries produce titanium powder products as the technology
is readily available. Titanium powder and mill products are
readily available on the market and are used in the production
of final products for several established industries, such as the
automotive, aerospace, biomedical, and petrochemical industries
(QY Research Group, 2017).

Titanium metal value chain fragmentation
Eleven countries were identified as the main countries involved
in the global titanium metal industry. In order to determine
the fragmentation of the titanium metal value chain within
these countries, the fragmentation matrix described under the
Methodology section was applied. The results, based on the eight
stages of the titanium metal value chain, are presented in Table II.
Table II indicates that five of the 11 selected countries
have completed titanium metal value chains. These countries
are China, Russia, Kazakhstan, Ukraine, and the USA. China,
Russia, the USA, and Kazakhstan are the only four countries
that are involved in all eight stages of the titanium metal value
chain. Ukraine does not produce titanium metal powder, but
The Journal of the Southern African Institute of Mining and Metallurgy
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Table II

   Fragmentation matrix applied to 11 identified countries (alphabetic order) (SP=powder from Ti sponge; DE= powder from
direct electrochemical reduction)
Country

Stage 1:
Ti reserves

Stage 2:
Ti slag

Stage 3:
TiCl4

Stage 4:
Ti sponge

Stage 5:
melted products

Stage 6:
mill products

Stage 7:
Ti powder

Stage 8:
powder products

Australia				*			 *
Canada							

SP

China							

SP

Japan							

SP

Kazakhstan							

SP

Mozambique								
Russia							

SP

South Africa								
Ukraine								
UK							

DE

USA							

DE/SP

*The TiRO process is based on Kroll sponge principles and produces a titanium metal powder, and not a titanium sponge.

also qualifies as a country with a full value chain for mill end
products. China (together with Russia, Japan, Kazakhstan and
the USA) produces powder from titanium sponge, while the USA
and the UK are following the direct electrochemical route. Limited
feedstock from ilmenite mines is supplied to Russian titanium
sponge producer VSMPO-Avisma, which requires this plant to
have TiCl4 production capacity (TZMI, 2012).
Australia, Canada, and South Africa are currently
experiencing similar fragmentation at stages 4 and 5. These
three countries have large titanium reserves but export the
raw material and import processed titanium at a higher cost.
These countries have established some downstream processing
capability in titanium metal, in contrast to Mozambique which is
only involved in the first two stages of the titanium metal value
chain.
Japan does not have titanium mineral reserves, but
is involved in the remainder of the value chain. Japan
produces titanium metal powder from titanium sponge and
is also researching the production of powder through direct
electrochemical techniques. The UK imports ingots and metal
oxide powder to produce both mill products and titanium powder
products.

Fragmentation of the South African titanium metal value
chain
South Africa is one of the largest producers of mined titanium
(rutile and ilmenite) (Woodruff and Bedinger, 2013; USGS,
2018). Based on this, one would assume that the country has a
The Journal of the Southern African Institute of Mining and Metallurgy

thriving titanium industry, but the technological gap for further
processing (post-mining) to high-value downstream products is
large. South Africa does not have a complete titanium metal value
chain and the country is involved in only four of the value chain
stages on a commercial level. Two of these stages fall within the
upstream, and two within the downstream, of the value chain
(Roux et al., 2019). The fragmented South African titanium
metal value chain is presented in Figure 2.
The blue shaded blocks in Figure 2 depict the four stages of
the value chain currently operating in South Africa. The white
arrows indicate the exports (minerals, slag, mill products, and
powder products) and the dark arrows indicate imports (mill
products, titanium metal powder, and titanium metal powder and
melted products). The grey stage blocks indicate the gaps within
the South African titanium metal value chain. These include
production of TiCl4, (stage 3), titanium sponge (stage 4), melted
products (stage 5), and titanium metal powder (stage 7).
South Africa is involved in stage 1 (mining) and stage 2
(upgrading) in the upstream section of the titanium metal value
chain on a commercial level. In the downstream section of the
value chain, South Africa is involved with stage 6 and stage 8
on a commercial level. With regard to mill products (stage 6),
several South African companies are machining imported ingots
and mill products and selling the final products on the local or
international markets (Daliff, 2019; Ti-TA MED, 2019). South
Africa is also actively involved in the manufacturing of powder
products (stage 8). Several local companies are fabricating
specialized parts from titanium metal powder. One of the most
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Figure 2—The South African titanium metal product value chain (modified from Roux et al., 2019)

well-known examples of this is the Aeroswift project. The
Aeroswift machine is a high-speed AM machine that is able to
produce very large and complex parts for aerospace and other
industries (Department of Trade and Industry, 2017).
Developing the titanium industry in South Africa by filling
the value chain gaps is envisaged carrying large socio-economic
benefits for the local industry, the government, and the people
of South Africa (Rokita, 2017). The development of the titanium
industry falls under one of South Africa’s Key Action Plans as
set out in the annual Industrial Policy Action Plan (IPAP) report
(Department of Trade and Industry, 2014). This report highlights
the country’s vision to improve and upscale its industrial
development objectives. The IPAP action plans are addressed by a
collaborative effort between the DST (Department of Science and
Technology; now DSI – Department of Science and Innovation),
and the dti (Department of Trade and Industry; now dtic Department of Trade, Industry and Competition) (Department
of Trade and Industry, 2014). Although only four stages of the
value chain are represented on an industrial level, research is
ongoing locally on every stage of the titanium metal value chain.

Possible reasons for fragmentation of the titanium
metal-value chain
From Table II, six countries with fragmented titanium metal value
chains were identified. The reasons for fragmentation within
these six countries are rarely similar, although some overlap and
duplication occurs. The identified reasons for the fragmention are
the complexity of the metal production process, the (low) purity
of the mineral feedstock, environmental concerns, availability of
the required technologies, distance to the market, as well as the
absence of economic titanium mineral reserves. Each of these
possible reasons, with examples taken from the six countries, are
discussed.

Complexity of metal production process
The complexity of producing titanium metal adds to the
production cost at every stage of the titanium metal value chain.
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The production of titanium metal involves a number of complex
steps to get from the raw mineral to a metal product. The
reactivity of titanium is the major reason for the complexity and
necessitates expensive processing steps. The metal must be not
only purified of the inherent contaminants, but also prevented
from reacting with external contaminants. In order to ensure
that a high-quality product is obtained, the titanium should
be protected from reacting with other elements during most
stages of the value chain. This could be achieved by working
in a vacuum or an inert atmosphere. Examples include vacuum
distillation during titanium sponge production (stage 4), vacuum
arc re-melting during ingot production (stage 5), working under
an inert atmosphere with titanium powders during the HDH
process (stage 7), during vacuum plasma spraying (stage 8), and
vacuum annealing of titanium alloys (stage 6) to produce pure
finished products (Roskill, 2013; Oh et al., 2014; Fang et al.,
2018). Countries that lack the necessary skills and technologies
are particularly challenged to successfully conduct the complex
processes for manufacturing titanium powder. These countries do
not have the resources to process titanium metal or powder, and
thus export raw material to be processed elsewhere.

Purity of the mineral feedstock
The general precursor for titanium metal is TiCl4, which is
expensive compared to the feedstocks for aluminium and steel
production (Roskill, 2019). Although TiCl4 is expensive, it is
the most effective and practical intermediate for titanium metal
production (Van Tonder, 2010). The issue here is that the
quality of the TiCl4 is determined by the impurities present in
the titanium minerals used during chlorination, and therefore
if the feedstock is contaminated it might not be possible, or too
expensive, to produce pure titanium metal from the TiCl4 (Dooley,
1975). Alternative methods, which replace TiCl4 as the precursor
for titanium metal, are currently being researched. These include
the Fray-Farthing-Chen (FFC)-Cambridge process and the EMR/
MSE (Electronically Mediated Reaction/Molten Salt Electrolysis)
process, but the overall cost reduction is limited (Van Tonder,
The Journal of the Southern African Institute of Mining and Metallurgy
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2010). Examples of countries in which titanium metal production
has been influenced by TiCl4 purity include Australia and Russia.
Before the commercialization of the TiRO process Australia did
not produce a pure enough TiCl4 to be used in titanium metal
production. Russia, on the other hand, has low-quality titanium
reserves and only a small portion of local ilmenite is suitable for
metal production. Russia is highly dependent on titanium mineral
imports to sustain its titanium industry.

Environmental concerns
Environmental concerns could also contribute to the fragmented
nature of the titanium metal industry. During the production
of metals, emission of unwanted solids, liquids, and gases
are produced (Norgate, Jahanshahi and Rankin, 2007). The
environmental concerns are applicable to several stages of the
production value chain. Ores are often physically beneficiated
and undergo chemical transformation in order for the metal to
be extracted to produce the industrial-grade material required.
The amount of energy required is also an aspect that needs to be
considered, together with the use of reagents, water, and fuel.
The toxicity of the reagents used is also a concern (Norgate,
Jahanshahi, and Rankin, 2007). This reason affects every stage
of the titanium metal value chain and therefore all the countries
in the study.

Availability of technology
The availability of technologies to process titanium also
contributes to the fragmented nature of the titanium value
chain, especially stages 3, 4, 5, and 7. The availability of new
technology overlaps with the high cost of obtaining existing
technology, the environmental impact of applying the technology,
as well as the development of new types of technologies that
would reduce the cost of titanium metal production. This reason
for fragmentation is applicable to all the countries that export
their mineral reserves and import value-added products, e.g.
South Africa, Australia, Canada, and Mozambique.

Distance to the market
The major consumers of titanium metal are China, North America,
Europe, Russia, and Japan, as well as the combined markets of
South Korea and Taiwan (Roberts, 2018). These consumers are
located large distances from some of the major titanium mining
countries such as South Africa, Australia, and Mozambique.
These mining countries do not necessarily have a large enough
market to consume the mined and upgraded minerals locally, and
this opens up trading opportunities with other countries.

Absence of economic titanium reserves
Some countries such as Japan and the UK do not mine titanium
minerals and are dependent on imports. The absence of economic
titanium reserves is the major reason why these countries have a
fragmented titanium metal industry.

Conclusions
The global titanium metal industry is fragmented. Only five of the
countries investigated have complete titanium metal value chains.
These are China, Kazakhstan, Russia, Ukraine, and the USA. Of
these countries, only four are involved in every stage of the mill
product and powder product value chains – China, Kazakhstan,
Russia, and the USA. South Africa is one of the countries with
The Journal of the Southern African Institute of Mining and Metallurgy

a fragmented titanium metal value chain. The South African
government is striving to promote research on the remainder
of the value chain phases, but in order to do this, the gaps and
possible reasons for fragmentation first need to be addressed.
The results from this study are based on 11 countries that are
involved in the global titanium metal value chain. The fragmented
nature of the value chain was analysed based on country-specific
fragmentation. This analysis highlighted six possible reasons for
global fragmentation within the titanium metal industry:
i.
ii.
iii.
iv.
v.
vi.

Complexity of the metal production process
Purity of the mineral feedstock
Environmental concerns
Availability of the required technologies
Distance to the market
Absence of economic titanium mineral reserves.

Four of these reasons apply to South Africa, namely the
complexity of the metal production process (which also includes
the cost of the process), environmental concerns, availability
of the needed technology, and distance to the market. South
Africa needs to evaluate the global markets and decide whether
it should continue to strive for a complete titanium metal value
chain or focus on improving the stages of the value chain that
it is currently involved in. When this decision has been made,
South Africa should investigate the four reasons influencing
fragmentation and find ways to address these reasons where
applicable.
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Synopsis
Although carbon is typically considered a reductant in pyrometallurgical smelting processes, it can also
be applied as refractory material in the furnace containment system. The paper introduces researchers,
new to the field, to refractory materials and the role they play in the design of the furnace containment
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Introduction
Pyrometallurgy is the branch of science and technology concerned with the use of high temperatures
to extract and purify metals (Stevenson, 2010). Smelting is the liquid-state processing applied in
pyrometallurgy to extract the primary alloy from the ore, often through carbonaceous reduction
processes. The vessels used are typically referred to as furnaces or smelters. Refining of the primary
alloy is a further liquid-state processing step that could also occur in a ladle. Refractory materials form
part of a containment system that serves to contain the high-temperature process materials, allowing
the chemical reactions to occur and preserving the energy required for, or generated by, the process.
Refractory materials are often referred to as the refractory lining (Steenkamp, Denton, and Hayman,
2017) and are typically supported by a steel structure. An additional function of the refractory lining
is therefore to restrict the temperature of the support structure to levels that will maintain structural
integrity (Schacht, 2004; Brosnan, 2004).
Although carbon is typically used as a reductant in smelting processes, it can also be applied
as refractory material in the containment system. The authors both completed their PhD studies at
the University of Pretoria, graduating in 2014 and 2019 respectively, focusing on various problems
associated with the application of carbon as refractory material. The results of their work have been
presented elsewhere (Steenkamp, 2014; Steenkamp, Pistorius, and Tangstad, 2015a, 2015b, 2015c);
Thethwayo, 2019; Thethwayo and Cromarty, 2015a, 2015b; Thethwayo and Garbers-Craig, 2012,
2014). As both researchers would like to encourage further research in the field, the intention with
the paper presented here is to introduce new researchers to refractory materials and the role they play
in furnace design, and specifically to provide an overview of carbon-containing and carbon-based
refractory materials and their applications.

Background
Refractory lining design philosophies
In the containment system, the refractory lining can serve either as a thermal insulator or as a heat
conductor (Lindstad and Aursjø, 2018; Carniglia and Barna, 1992). Service is dependent on the
philosophies applied to the containment system design, whether insulating or conductive, as depicted
in Figure 1 (Steenkamp, Denton, and Hayman, 2017). Note that the refractory lining often consists of
layers of different materials based on their thermal conductivity, gas permeability, temperatures the
material can withstand, resistance to chemical wear by process material (in insulating designs), and
cost.
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Figure 1—Conceptual layout of the furnace containment system for an insulating refractory lining design (left) and a conductive lining design (right) (Steenkamp,
Denton, and Hayman, 2017)

In an insulating lining design, the refractory material
serves as a thermal insulator with its low thermal conductivity
(often obtained by using materials with a low specific thermal
conductivity and a thicker lining), resulting in minimal heat
transfer to the surroundings. This results in the furnace shell
being protected, the heat being retained within the vessel as
heat losses to the environment are minimal, and the process
temperature being maintained (Lindstad and Aursjø, 2018;
Duncanson and Toth, 2004; Steenkamp, Denton, and Hayman,
2017). The refractory materials are typically in contact with the
liquid process materials, which can potentially be very corrosive
towards the refractory. It is therefore essential to select refractory
materials that are compatible with the process materials at
the operating conditions, these refractory material properties
(chemistry, phase chemistry, and porosity) all playing a role in
the selection process (Lindstad and Aursjø, 2018; Steenkamp,
Denton, and Hayman, 2017).
For an insulating lining, the inner lining (hot face) consists of
oxide refractories while the cold face is typically a steel shell. The
insulating material protects the steel shell against high operating
temperatures. Temperatures are high through the insulating
lining since there is no deep cooling on the cold face, and the
temperature gradient from the hot face to the cold face is minimal
(Lindstad and Aursjø, 2018).
A freeze lining, or conductive lining, design philosophy
comprises a refractory material with high thermal conductivity
(and often with a thinner wall or bottom) in conjunction with a
robust cooling system to extract the heat away from the refractory
material (Lindstad and Aursjø, 2018; Duncanson and Toth,
2004). The material in the hot face (inner lining) has to have
a high thermal conductivity in order to conduct the heat away
from the hot face. The cold face or outer surface of the lining
typically has a steel shell with closed water channels or water
sprays; copper coolers are also used for cooling in the conductive
lining design (Lindstad and Aursjø, 2018; Thethwayo, 2019).
For a conductive lining, the hot face of the lining is kept at a
temperature lower than the melting temperature of the melt. This
is achieved through the effective extraction of heat through a
conductive lining and deep cooling from the cold face.
Owing to the low temperature at the inner surface (hot face),
the melt (process materials) freezes on the inner surface of the
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lining forming a solid, frozen protective layer (as shown in Figure
1). This solid layer prevents the liquid process material from
corroding the refractory material. In a conductive lining design,
it is the physical properties of the refractory material that are of
importance, more specifically its thermal conductivity (Duncanson
and Toth, 2004).
Carbon, with its high thermal conductivity, high mechanical
strength, and ability to withstand temperatures above 3000°C is
a typical refractory material used at the hot face in conductive
lining designs (Lindstad and Aursjø, 2018).
The drawbacks with using carbon against a hot melt are as
follows.
➤	Carbon is a reductant in most processes, therefore the
refractory can be consumed as a reductant
➤	Molten metals can dissolve substantial amounts of carbon
➤	Carbon is susceptible to oxidation (Lindstad and Aursjø,
2018).

Classification of refractory materials

Typically, refractory materials are based on one or more of six
high melting-point, crystalline oxides (Al2O3, CaO, Cr2O3, MgO,
SiO2, ZrO2), as well as carbon, or a combination of these (Ewais,
2004; Carniglia and Barna, 1992; Routschka and Barthel, 2008).
Refractory materials can be classified according to their
chemical composition as follows (Banerjee, 2004; Amavis, 1990;
Carniglia and Barna, 1992):
–	
Basic: Calcia (CaO), magnesia (MgO), doloma (CaOMgO), magnesia-chromite (MgO Cr2O3), chromite (Cr2O3),
and spinels (typically MgO-Al2O3)
–	
Non-basic (acidic): Alumina-silica based materials such
as alumina (Al2O3), fireclays (Al2O3-SiO2), silica (SiO2),
and calcium aluminate (CaO-Al2O3)
– Oxide-carbon: Magnesia-carbon (MgO-C), calciamagnesia-carbon (CaO-MgO-C), alumina-carbon
(Al2O3-C), alumina silicon carbide-carbon (Al2O3-SiC-C),
and fireclay silicon carbide-carbon (Al2O3-SiO2-SiC-C)
– Specialized: Carbon (C), graphite (C), zirconia (ZrO2),
carbides (SiC, TiC), nitrides (BN, AlN, SiN), and borides
(TiB2).
The carbon-containing or carbon-based refractory materials
of interest to the discussion presented here are oxide-carbon
The Journal of the Southern African Institute of Mining and Metallurgy
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Table I

L
 ist of common refractory materials and their applications, with the carbon-based or carbon-containing refractory
materials highlighted in a light shade of red
Formula		

Application

3Al2O3–2SiO2

Steelmaking

Al2O3

Ducting, laboratory ware, laboratory tube furnaces

Al2O3–C

Submerged entry pour tubes, nozzles and shrouds, continuous steel casting, monoblock stoppers and sliding gate valves (Chen et al., 2018; Wang et al., 2018)

Al2O3 SiC–C

Iron and steel making (hot metal pre treatment vessels, blast furnace tap-holes, troughs, and torpedo ladles), heat exchangers

Al2O3–SiO2

Blast furnaces, aluminium smelters

Al2O3–SiO2 SiC–C

Iron and steel making (blast furnace tap-holes, troughs and torpedo ladles)

C	Alumina smelters, steelmaking, ferroalloy production, and PGM smelters (Steenkamp, Pistorius, and Tangstad, 2015a; Thethwayo, 2019; Thethwayo and
Cromarty, 2015a, 2015b; Thethwayo and Garbers-Craig, 2012, 2014)
CaMg(CO3)2

Blast furnaces

CaO

Heat exchangers

CaO–MgO

Glass furnaces

Cr2O3

Glass furnaces

Cr2O3–Al2O3

Fibreglass and insulation wool production

Cr2O3–FeO

Glass furnaces

Cr2O3–MgO

Cement kilns

MgO

Glass furnaces, kilns

MgO–Al2O3

Glass furnaces, kilns

MgO–C

Basic oxygen furnaces, electric arc furnaces, and steel reining ladles utilized in steel making

MgO–CaO

Rotary kilns, glass furnaces

MgO–CaO–C

Steel refining ladles, basic oxygen furnace (not on slag line)

MgO–Cr2O3

Cement kilns, glass furnace, nonferrous metal production

MgO–nAl2O3

Steel making and cement kilns

MgO–ZrO2

Cement kilns

SiC

Blast furnaces, zinc production, kilns

SiO2

Laboratory ware, nozzles, troughs for Al and Cu production

ZrO2

Induction furnaces (steel making)

ZrO2–C

Continuous casting hollow ware

ZrO2–SiO2

Blast furnaces

ZrO2–SiO2–Al2O3

Glass furnaces

or specialized refractory materials. A summary of the common
refractory materials and their applications is presented in Table I,
with the materials of interest highlighted.
Refractory materials can also be classified according to their
form: they are either pre-shaped or unshaped (monolithic)
products. Pre-shaped refractory materials can be either fired
or unfired. Fired refractory products are pre-treated at elevated
temperatures to remove moisture, volatiles, and bonded water.
Firing also densifies the refractory. Unshaped (monolithic)
refractory materials include plastic mixes, castables, rammables,
vibrateables, gunning, fettling, coating, and mortars (Banerjee,
2004).

Components of refractory material
The major components of a refractory material are the aggregate,
matrix, and pores (Landy, 2004).

Aggregates
Aggregates are the primary building blocks of the refractory
material and comprise particles exceeding 200 µm in size. They
form the bulk of the refractory material and accounts for up to
70% of its weight by mass (Landy, 2004).

Matrix
A matrix is sintered fine materials which hold together the larger
The Journal of the Southern African Institute of Mining and Metallurgy

and smaller aggregate particles, either in bonded bricks or in
monolithic refractory materials (Brosnan, 2004; Lee and Zhang,
1999; Barthel, 2008). It typically consists of a binder phase as
well as fillers added to improve the properties of the refractory
material (Pierson, 1993; Landy, 2004).
Binders can be inorganic or organic. Inorganic binders include
various clay materials, soluble sulphates, phosphoric acid,
boric acid, and some phosphates, among others (Landy, 2004).
Organic binders are pitches and resins. Pitch bonds graphitize
at higher temperatures and give better oxidation resistance
than resin (Richmond, 2004). Pitches originate from coal and
petroleum, they contain dangerous carcinogenic hydrocarbons,
and therefore are applied less. Resins applied in refractory
materials typically also originate from coal and petroleum, but
they are environmentally friendlier than the pitches. Resins
also require less energy to produce than pitches require (Landy,
2004). Resin bonds typically have higher strength and emit less
fumes (Richmond, 2004).
Fillers are used to pack the spaces between the aggregate
material. Their particle size is typically <1 µm (Landy, 2004).
Additives are fillers used to enhance the wear resistance of the
brick (Nitta, Nakamura, and Ishii, 2008), and are discussed
further in the subsequent section in the context of carbon as
refractory material.
VOLUME 120

NOVEMBER 2020

643

◀

A review of carbon-based refractory materials and their applications
Pores
Pores are unfilled or void spaces in the refractory structure
(Landy, 2004). Pores can be present both in the aggregate and
in the binder phase; usually the matrix has more pores and
impurities than the aggregate particles. In refractory materials,
pores are classified as apparent porosity (open pores) and
closed porosity. Open pores can be penetrated by liquids (alloys,
mattes, or slags), whereas closed pores are not easily penetrated
(Brosnan, 2004). The porosity of a refractory is expressed as the
average percentage of pore volume in the total refractory volume
(Carniglia and Barna, 1992).

Refractory wear mechanisms
In order to understand the role carbon plays in improving the
properties of refractory materials in specific applications, it is
important to identify the refractory wear mechanisms applicable.
Wear of a refractory material by a liquid melt can proceed through
corrosion or mechanical (physical) wear. Although contact
between the liquid melt and refractory material would be of
major concern when an insulating design philosophy is applied,
it is also relevant to a conductive design when cooling of the
refractory is insufficient to form a freeze lining at the interface
between the refractory and liquid process material.
Corrosion was mentioned when the two refractory lining
design philosophies were introduced. In the context of refractory
materials, corrosion can be defined as any type of interaction
between a solid and a fluid phase that results in damage to either
of the phases (Jansson, Brabie, and Bohlin, 2004). Corrosion of a
refractory material is characterized by loss of thickness and mass
(Brosnan, 2004).
The first stage of corrosion involves penetration of the liquid
melt into the immediate hot face of the refractory material.
If the temperature of the refractory drops below the solidus
temperature of the liquid melt, the melt freezes and penetration
ceases (Brosnan, 2004). If the melt does not freeze, it infiltrates
into the capillaries of the refractory material; this is the second
stage of corrosion. The liquid melt penetrates the refractory
material through capillary suction, which affects the matrix of
the refractory (Brosnan, 2004). Infiltration typically occurs where
there are large temperature gradients from the hot face to the
cold face of the refractory material. The third stage of corrosion
is when the refractory material is infiltrated by the liquid melt to
such an extent that the aggregate is held together by the melt as
the matrix has been corroded (Brosnan, 2004).
Penetration and infiltration of the refractory material by the
liquid melt is typically affected by the porosity and wettability of
the refractory, viscosity and surface tension of the melt, contact
time, and temperature (Lee and Zhang, 1999; Jansson, Brabie,
and Bohlin, 2004; Silva et al., 2005; Carniglia and Barna, 1992).
Open porosity is a measure of the effective pore volume in the
refractory into which the liquid can penetrate. The porosity of a
refractory is expressed as the average percentage of pore volume
in the total refractory volume. The resistance of a refractory to
penetration by liquids is improved by reducing the open porosity.
If the microstructure of the refractory has open joints, cracks,
or gaps, the liquid invasion can be very rapid and proceed
through the full extent of the refractory wall. If the refractory has
connected pores the liquid invasion can be rapid but it occurs
progressively. If the refractory is chemically bonded or has a
matrix, the liquid invasion is moderate and progressive (Carniglia
and Barna, 1992).
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Wetting is characterized by a contact angle between a solid
refractory and a liquid. A contact angle of <90° is regarded as
wetting and a contact angle >90° is non wetting. In general, an
increase in temperature will increase wettability (Bhoi, Ray, and
Sahajwalla, 2008). An increase in temperature also enhances
reactions and decreases surface tension of the liquid (Bhoi, Ray,
and Sahajwalla, 2008). A wetting angle less than 90° enhances
the penetration depth of liquid through a refractory (Lee and
Zhang, 2004; Jansson, Brabie, and Bohlin, 2004).
The viscosity of the melt affects the penetration and
dissolution of the refractory. A slag with low viscosity will be
more likely to penetrate and dissolve the refractory (Lee and
Zhang, 1999).
Resistance to corrosion or compatibility of a refractory
material with a liquid melt is defined as the ability of the
refractory to resist penetration of, or chemical reaction with,
or dissolution into, a liquid melt (Lee and Zhang, 2004). The
best refractory material should therefore have a low solubility
in the liquid melt (Lee and Zhang, 2004), a high resistance to
chemical reaction with the liquid melt (Rigaud, 2011), and a high
resistance to penetration by the liquid melt it is exposed to.
Mechanical or physical wear involves erosion (Lee and
Zhang, 2004). Erosion is abrasion of a refractory material
and occurs mainly when the material exposed to gas and slag
movement (Jansson, Brabie, and Bohlin, 2004).

Carbon in refractory materials

Carbon is an element that can occur in nature in three forms:
diamond, graphite, and coal (Ewais, 2004). Carbon has excellent
refractory properties such as non-wettability by slag and high
thermal conductivity (Lee and Zhang, 1999; Barthel, 2008). It
can be used as a refractory in two forms: as an additive or a
binder (coal tar, petroleum pitch, or resin) in carbon-containing
refractory materials, and also as aggregate in carbon-based
refractory materials (Lee and Zhang, 2004; Barthel, 2008).
In the remainder of the paper, carbon-based and carboncontaining refractory materials are discussed in more detail. As
an introduction, the common additives used in carbon-based
refractory materials are listed and discussed:
Antioxidants: Antioxidants reduce carbon oxidation by
undergoing preferential oxidation, which decreases the oxygen
partial pressure inside the refractories. The oxide compounds that
are formed block pores to limit liquid penetration and prevent the
exchange of atmosphere, essentially protecting the carbon from
oxidation (Yao et al., 2017). Antioxidants or oxygen inhibitors
delay carbon debonding and graphite oxidation (Rigaud, 2011).
Typical antioxidants used in MgO-C brick are Al, Si, AlSi, AlCaSi,
AlCr, Mg, AlMg, Al-B4C, B4C, and ZrB2, among others (Ewais,
2004; Yao et al., 2018; Liao et al. 2018). Al is the most common
antioxidant; it can react with carbon to form Al4C3, which causes
a substantial volume effect. The drawback with Al4C3 is that it
undergoes hydration to Al(OH)3, which leads to a large volume
expansion (Yao et al., 2017). B4C promotes the crystallization
and graphitization of the resin carbon and thus improves its
resistance to oxidation (Liao et al., 2018).
Al2O3: Addition of alumina improves the resistance to erosion
(mechanical wear), alkali attack, and dissolution by the liquid
metal (Tomala and Basista, 2007).
Boron-based additives: Boron compounds block open pores
and reduce oxidation by formation of liquid phases (Lee and
Zhang, 1999). Borides are seldom used because of their high cost
(Yao et al., 2017).
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CaO, CaO MgO, and CaMg(CO3)2 are common basic slag
additives which are added to refractory materials used in primary
steelmaking as they retard the dissolution of refractory materials
(Lee and Zhang, 1999).
Carbon: Carbon as an additive gives the refractory material
specific properties. Graphite additions to oxide refractories
effectively increase the refractory’s thermal conductivity and also
improve its thermal shock resistance. As carbon is non-wetted
by slag, its presence in the refractory limits slag penetration (Lee
and Zhang, 1999; Barthel, 2008; Shen, Fujii, and Nogi, 2009).
MgO increases the resistance to attack by molten iron (Chen
et al., 2010). Addition of spinel (Al2O3 MgO) to carbon-based
refractories improves corrosion resistance to slag (Zhang and
Lee, 2004).
Si: When Si is added to a carbon refractory it forms SiC
whiskers, which reduce pore size, improve permeability, and
improve abrasion resistance. SiC also improves the microporous
structure of the material (Dzermejko, 2004). Si improves the
resistance of the refractory to alkali attack by preventing the
infiltration of the alkalis to the brick (Nitta, Nakamura, and Ishii,
2008). Alkalis (potassium and sodium) react with carbon to
form lamellae compounds that swell, causing volume expansion
and spalling of carbon. Alkalis react with the SiO2 and form
compounds that do not swell, which avoids volume expansion
and spalling of the refractory (Dzermejko, 2004; Tomala and
Basista, 2007; Nitta, Nakamura, and Ishii, 2008).
SiC, and Si3N4 improve the corrosion resistance, and SiC
inhibits carbon oxidation by the formation of a thin and stable
layer of SiO2 at the surface of SiC, preventing further oxidation of
carbon. Addition of SiC to ZrO2-C enhances thermal conductivity,
decreases thermal expansion, and prevents disintegration of the
matrix (Ewais, 2004).
TiO2: In blast furnace applications TiO2 is reduced to TiN,
which forms a protective layer and/or reduces the flow rate of
liquid iron near the surface of the refractory. TiO2 reduces slag
wettability and increases slag viscosity, thus reducing slag
penetration. When MgO-TiO2 is added to the refractory, it forms
high-melting phases when it reacts with the slag (Zhang and Lee,
2004).
Metallic additives such as Fe, Ni, or Co promote the
crystallization and graphitization of the resin carbon and thus
improve its oxidation resistance (Liao et al., 2018).

Lee and Zhang, 2004; Rigaud, 2011). In the 1950s and 1960s,
pitch-bonded doloma, doloma magnesia, magnesia-doloma,
and magnesia bricks were used in basic oxygen steelmaking
furnaces. In 1970s resin-bonded magnesia-carbon refractory
was introduced for electric arc furnace applications. Graphite
became the principal carbon constituent in the magnesia-carbon
refractory brick, where up to 35% C was added. In the 1980s the
magnesia-carbon refractory brick was introduced in basic oxygen
furnaces (Landy, 2004). Today, magnesia-carbon refractory
bricks are typically applied in steelmaking basic oxygen furnaces
and electric arc furnaces (Lee and Zhang, 1999).
The aggregate of the magnesia-carbon refractory brick is
magnesia. Magnesia-carbon refractory brick can either be pitch
bonded, pitch impregnated, or synthetic resin bonded. The
properties of the magnesia-carbon refractory brick vary, based
on the type of bonding and the manufacturing process (Ewais,
2004). A pitch-bonded magnesia-carbon refractory brick is
manufactured by hot pressing and tempering at 250–350°C. After
tempering, pitches are added under vacuum. This step produces
a pitch-impregnated brick. Resin-bonded brick is manufactured
cold or at temperatures less than 100°C. Liquid phenolic resin
and a hardener are used as binders. The binders are hardened
at 120°C to 200°C (Ewais, 2004). The addition of carbon to
magnesia bricks started in the 1980s, with the manufacturing
of resin-bonded magnesia-graphite bricks. The carbon content
of the magnesia-carbon refractory brick typically ranges from
<2% to 25% (Ewais, 2004; Lee and Zhang, 1999). The type of
carbon used has an effect on the quality of the brick. Replacing
carbon with graphite improves the service life of the brick,
whereas adding more carbon than graphite increases the porosity.
With increasing graphite, the thermal expansion of the brick is
decreased, the thermal shock resistance is increased, and the
resistance to thermal spalling is increased. Carbon increases
the wetting angle of the brick, thereby reducing wettability and
potentially increasing resistance to corrosion (Carniglia and
Barna, 1992).

Carbon-containing refractory materials
Carbon-containing refractories are manufactured by incorporating
graphite or carbon into the oxide refractories (Chen et al., 2018).
In carbon-containing refractory materials, the aggregate consists
mainly of one or more of the six high melting-point oxides or
their associated mineral phases. (Lee and Zhang, 1999). Carbon
is typically present in the matrix either as the binder phase or as
the additive, or both (Lee and Zhang, 2004). The microstructure
of a typical carbon-containing refractory material is shown in
Figure 2. This refractory has large grains of SiO2 as aggregate,
with a carbon binder, and Al-Si-Ox and metallic additives forming
the matrix. The metallic additives serve as antioxidants.
Carbon-containing refractory materials can further be
differentiated as basic or non-basic materials.

Basic carbon-containing refractory material
Carbon-containing calcia, magnesia, and doloma (sintered
dolomite) are considered as basic oxide refractory materials,
with magnesia being the most commonly used (Habashi, 2002;
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Figure 2—Backscattered electron micrograph of a carbon-containing refractory consisting of (a) aggregate-SiO2, and the matrix material consisting
of (b) carbon, (c) (Al,Ca)2SiO5, and (d) metallics (Fe-Si, Fe, and Ti)
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Carbon increases the resistance of an MgO-C brick to
penetration through the reduction of magnesia by carbon,
forming gaseous Mg and CO. Gaseous Mg can be re-oxidized to
form a dense deposit of secondary MgO at the slag-refractory
interface. In this way, secondary MgO prevents penetration by
the melt. Gaseous CO and Mg provide internal pressure which
also resists the ingress of melt (Lee and Zhang, 1999). These
mechanisms further enhance the resistance of the refractory
material to corrosion.
Additives preserve the carbon content of the magnesiacarbon refractory brick as they increase resistance to oxidation
and corrosion. Typical additives are Al, Si, AlSi, AlCaSi, AlCr,
Mg, AlMg, Al-B4C, and B4C, among others (Ewais, 2004).
Antioxidants protect the refractory material by forming CO and
Mg gas, which act as a buffer to O2, inhibiting carbon oxidation
by reducing CO to C, and forming a protective oxide layer and
decreasing porosity (Ewais, 2004). As an example, in the case
of Al a dense MgAl2O4 spinel phase forms, which stops slag
penetration and prevents corrosion.
Doloma is a CaO-MgO refractory produced from dolomite
(CaMg(CO3)2) by sintering and/or fusing. Doloma refractory
materials are typically used in the steel industry as linings for
basic oxygen furnace converters, ladle furnaces, and electric arc
furnaces (Ewais, 2004; Lee and Zhang, 1999).
One of the disadvantages of a doloma refractory material
is its susceptibility to hydration. The free lime (CaO) in the
refractory brick reacts easily with water vapour or moisture
(Richmond, 2004). Hydration leads to the formation of a
hydroxide (Ca(OH)2) and the breaking apart of grains into
smaller particles (Richmond, 2004), resulting in the material
being pulverized and the particles cracking (Ghasemi-Kahrizsangi
et al., 2017). Magnesia refractory material is also susceptible to
hydration, with similar consequences (Steenkamp et al., 2011).
Doloma-carbon refractory bricks are made by adding
pitch, tar, or flake or vein graphite to the dolomite mix. Carbon
addition enhances the brick’s resistance to thermal shock,
lowers the porosity, increases the wetting angle, and improves
the hydration resistance (Ewais, 2004; Lee and Zhang, 1999).
Sintered dolomite grains are typically bonded with resin or tar.
The mixture is subsequently pyrolized at 200–400°C. Organic
binder can be used for high-fired brick, which is fired at high
temperature and impregnated with tar (Lee and Zhang, 1999).
The corrosion resistance of doloma-carbon refractory bricks
depends on the basicity of the slag that they are in contact with.
For a slag with low basicity and low Fe content, the corrosion
resistance of doloma carbon refractory brick is better than that
of magnesia-carbon bricks. This is due to the fact that CaO
reacts with SiO2 to form high-melting phases. For a slag with
high basicity and high Fe content, the corrosion resistance of
the magnesia-carbon refractory brick is better than that of the
doloma-carbon refractory (Lee and Zhang, 1999).

Non-basic carbon-containing refractory materials
Carbon-containing alumina, alumina-silicon carbide, fireclaysilicon carbide, and zirconia are the common non-basic, oxidecarbon refractory materials applied in iron and steel making.
Alumina-carbon refractory material is typically used in iron
and steel making, as well as in continuous casting submergedentry nozzles (Wang et al., 2018). Wear by oxidation of the
carbon is common in this brick. Metal additives (Al and Si)
retard carbon oxidation by preferentially reacting with oxygen.
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ZrO2 grains could also be added to minimize the erosion of
the refractory at the high wear zones in continuous casting.
Alumina build-up, mainly from the steel being cast but also as an
oxidation product when the additive reacts with oxygen, causes
clogging of the submerged-entry nozzles. Formation of alumina
is minimized by adding CaZrO3 (Lee and Zhang, 1999).
Alumina-silicon carbide-carbon refractory material is mostly
utilized in torpedos used to transfer liquid iron and in steel ladles.
To improve the resistance to slag attack, SiC is added to aluminacarbon refractories. Oxidation of SiC and C is the most prominent
wear mechanism, and is minimized through the addition of
suitable metallic and ceramic additives. Additives also increase
the hot strength of the Al2O3-SiC-C refractory (Lee and Zhang,
1999).
Fireclay-silicon carbide-carbon refractory materials are used
in metal pre-treatment vessels. The main wear mechanism is the
oxidation of carbon, which is inhibited through the addition of
SiC, Si, and Si3N4. These additives also reduce slag penetration
(Lee and Zhang, 1999).
Zirconia-carbon refractory materials can be used in hollow
ware, i.e. continuous casting submerged entry nozzles, as they
are more resistant to abrasion and erosion. The gases diffuse
through the ZrO2 grain boundaries and weaken the brick such
that the grains can be washed off by the slag. Graphite improves
the corrosion resistance of ZrO2 by reacting with the oxide in
slag and the impurities in the brick to form gaseous products.
The gaseous products decrease the corrosion resistance of the
zirconia-carbon refractory material. Y2O3 is added to increase the
resistance to slag attack (Lee and Zhang, 1999).
Carbon-oxide composites are a further development
in stainless steel making and have and have contributed
significantly towards a dramatic reduction in refractory
consumption. However, carbon-oxide refractories suffer two
main drawbacks (Chen et al., 2018; Liao et al., 2018; Xiao et al.,
2019):
➤	Molten metal like steel can pick up carbon from carboncontaining refractories. This increases the carbon content
in the metal, which is not desirable for high-quality steel.
➤	A high graphite content accompanied with high thermal
conductivity decreases the temperature of the molten metal.
This can adversely affect operations like tapping (Chen et
al., 2018).
Lowering the carbon content in the oxide-carbon refractories
is necessary to reduce the effect of high carbon content in highquality steel production. However, this has detrimental effects on
the properties of the oxide-carbon refractories. Carbon contents
less than 5% by weight lead to decreased thermal diffusivity and
an increased thermal expansion coefficient; subsequently, these
affect the thermal shock resistance and corrosion resistance of
the refractory (Chen et al., 2018; Yao et al., 2017; Wang et al.,
2018).
Additives and alternative carbon sources are being
investigated to attain the same refractoriness in the oxide-carbon
materials with a reduced carbon content. The following additives
are potential sources of carbon: Ti3AlC2 (Chen et al., 2018),
Al4SiC4 (Yao et al., 2017), expanded graphite/SiC or SiOx hybrids,
activated carbon, carbon black, carbon fibres, nanocarbon,
graphene, graphene oxide nanosheets, and expanded graphite
(Wang et al., 2018; Xiao et al., 2019).
Ti3AlC2 added to an Al2O3-C refractory to replace carbon
improves the resistance to corrosion by molten steel and slag.
Ti3AlC2 blocks the penetration pathway of the molten steel due
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to the volume expansion associated with the oxidation of Ti3AlC2
and a refined structure. Oxidation of Ti3AlC2 also decreases the
dissolved oxygen in the infiltrated molten steel and increases
the viscosity of the infiltrate. In contact with the slag, Ti3AlC2
gradually decomposes and dissolves in the slag (Chen et al.,
2018).
Al4SiC4 has a a high melting point (2080°C), great hydration
resistance, and it easily oxidizes at high temperatures and forms
a protective layer which prevents subsequent reactions (Yao et
al., 2017). When added to MgO-C brick, Al4SiC4 can be oxidized
to form Al2O3-SiO2 and SiC, which can serve as a protective layer.
The oxidation product Al2O3 can react with MgO to form MgAl2O4,
which leads to volume expansion, thus reducing the porosity,
MgAl2O4 also serves as a protective layer. MgAl2O4 increases the
density of the refractory by filling the pores, which improves
resistance to slag corrosion and permeation. Addition of Al4SiC4
improves the properties of the matrix in the MgO-C refractory
(Yao et al., 2017).
Carbon black can improve the thermal shock resistance
when replacing graphite in the Al2O3-C and MgO-C refractories.
Carbon nanotubes and fibres enhance the strength and toughness
of the oxide-C refractory. Addition of graphene and graphene
oxide nanosheets enhances the mechanical properties. Carbon
nanotubes, graphene, and graphene oxides are expensive and
therefore not economical to use. The addition of expanded
graphite with SiC or SiOx hybrids to Al2O3-C refractories has
been shown to improve the mechanical properties of the oxide-C
refractory (Wang et al., 2018). Expanded graphite can be coated
with nano-SiC. The layer that forms on the expanded graphite
is either SiCxOy or SiC, depending on the coating temperature.
The SiCxOy and SiC layer improves the oxidation of the expanded
graphite (Liao et al., 2018).

Carbon-based refractory materials

and Lamont, 1998; Steenkamp et al., 2014). Carbon paste can
be used as the refractory lining based on an insulating design
philosophy, as is the case for submerged arc furnaces used in
the production of silicomanganese (Steenkamp, Pistorius, and
Tangstad, 2015c), and it can also be used to fill gaps between
carbon-carbon joints.

Carbon-based shaped refractory materials
There are four classifications of pre-shaped carbon-based
refractory materials, i.e. amorphous carbon, semi- or part
graphite, semi-semi graphite, and graphite brick (Dzermejko,
2004; Hearn, Dzermejko, and Lamont, 1998).
Manufacturing of pre-shaped refractory materials typically
involves mixing aggregate with binders and shaping the mixture,
after which it is fired at the required temperatures (Carniglia
and Barna, 1992; Piel and Schnittker, 2012). For the shaped
refractory materials, the priority is to attain maximum density of
the formed shape.
A typical production flow diagram for a carbon refractory is
shown in Figure 4. Aggregate, fillers, and binders are milled,
sieved, classified to the required particle sizes, then mixed and
blended at typically 160–170°C (Pierson, 1993). The mixture is
then cooled to about 125°C and moulded to shape. Three forming
techniques are used for shaping the carbon blocks: extrusion,
compression, and isostatic pressing. After forming, the shaped
product is carbonized by heating to temperatures between
800°C and 1400°C in an inert atmosphere. This process is called
carbonization (Pierson, 1993). The product produced at this stage
is called a carbon brick (Goto et al., 2012; Dzermejko, 2004;
Hearn, Dzermejko, and Lamont, 1998).
During carbonization, the product becomes porous due to
the loss of volatile material. To achieve the required porosity
and quality, the product is impregnated with coal-tar pitch

In carbon-based refractory materials, carbon typically forms the
basis of the aggregate and the binder phase. Carbon aggregate
can consist of a blend that includes natural graphite, calcined
graphite, calcined coal, petroleum coke, carbon black, calcined
anthracite, and artificial graphite (Ewais, 2004; Piel and
Schnittker, 2012). Coal-tar pitch, petroleum pitch, and other
organic materials are typical binders used in carbon refractory
materials. Typical impregnators are coal-tar pitch and polymers.
Impregnation is used to modify the properties of the final product
(Pierson, 1993).
Figure 3 shows a carbon-based ramming mix prepared for
tap-hole applications. Carbon forms the aggregate, and the
matrix consists of carbon, oxide compounds (Al, Si), and some
metallic phases. The Al-Si oxide compounds are added for their
insulating properties and high strength; metallics are added as
anti-oxidants.

Carbon-based monolithic refractory material
The most common carbon based monolithics are electrode paste
and carbon ramming paste.
Electrode paste consists of coke or calcined anthracite as
aggregate and coal tar pitch as a binder. It is mainly used to make
electrodes but is also sometimes applied as unshaped refractory
material (Brun, 1982; Shoko, Beukes, and Strydom, 2013).
The aggregate in carbon paste can consist of calcined
anthracite, anthracite, coke, tar, coal tar pitch, resin, or a
combination of these can be used as a binder. Al2O3 and other
components can be used as an additive (Hearn, Dzermejko,
The Journal of the Southern African Institute of Mining and Metallurgy

Figure 3—Backscattered electron micrograph of a carbon-based ramming
material with (a) carbon as aggregate and a matrix consisting of (b) Al2SiO5,
(c) Fe3Si, and (d) FeS
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Figure 4—Typical process flow diagram for production of moulded graphite (after Pierson, 1993)

or polymers in a high-pressure autoclave. Impregnation and
carbonization are repeated until the required properties are
met (Piel and Schnittker, 2012; Dzermejko, 2004). During
carbonization the binders are converted to coke (Ewais, 2004).
A carbon brick that contains artificial graphite as aggregate
and petroleum pitch or coal tar pitch as a binder is called a semigraphite brick.
A semi-graphite brick is further fired at temperatures of
1600–2200°C to produce a semi-semi graphite brick. Semi-semi
graphite brick has higher thermal conductivity and resistance
to chemical attack than carbon brick and semi-graphite brick
(Dzermejko, 2004; Hearn, Dzermejko, and Lamont, 1998).
To produce graphite, semi-graphite brick is further fired at
2400–3000°C in a resistance or induction furnace to convert the
carbon to a graphitic structure (Pierson, 1993). Graphitization
increases the thermal and electrical conductivity of the material
as well as the resistance to thermal shock and chemical attack.
During graphitization puffing may occur, a condition in which the
shaped graphite expands due to the release of volatile species.
Puffing causes cracks and other structural defects (Pierson,
1993).
The properties of the raw materials used and the forming
process determine the properties and cost of the final product.
The most important properties of the raw material include the
particle size, ash content, impurities (content and composition),
and the degree of graphitization of binders (Pierson, 1993).
Extrusion produces a non-uniform, anisotropic, low-cost
material. Isostatic pressing produces a material with a more
uniform isotropic structure and fewer defects (Pierson, 1993;
Dzermejko, 2004). Porosity is reduced by multiple impregnations
with binder and re-firing (Dzermejko, 2004).
Carbon blocks have been used in blast furnace linings since
the middle of the 20th century (Nitta, Nakamura, and Ishii,
2008). The first carbon blocks were manufactured in 1965 for
application in blast furnace hearths, and consisted of roasted
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anthracite and artificial graphite flakes bonded with tar (Tomala
and Basista, 2007; Nitta, Nakamura, and Ishii, 2008). In 1975
alumina was added to improve the corrosion resistance to molten
iron. In 1981 metallic Si was added to reduce pore diameter of the
brick. In 1994 the calcined anthracite was replaced by graphite
and alumina to improve thermal conductivity and resistance to
molten iron. Carbon-based shaped refractory materials also form
the basis of conductive linings typically applied in submerged
arc furnaces producing high-carbon ferromanganese (Hearn,
Dzermejko, and Lamont, 1998) or ferrochromium (Coetzee et al.,
2010).
Microporous carbon is a carbon-based material that is
characterized by low porosity, high resistance to corrosion by
metal, and high thermal conductivity (Nitta, Nakamura, and
Ishii, 2008; Ewais, 2004). The wear resistance of amorphous
carbon and semi-graphite bricks can be improved by additives
such as alumina compounds, finely ground silicon compounds,
titanium, and titanium oxide (Piel and Schnittker, 2012; Tomala
and Basista, 2007). The typical manufacturing process for a
microporous carbon refractory involves premixing, shaping,
and curing of the components at 200°C for 10 hours. The cured
sample is put in an alumina crucible and then embedded in
graphite and baked at 1400°C for 3 hours in an air atmosphere
(Chen et al., 2010).
Super-microporous carbon is manufactured the same way as
microporous carbon, except that the aggregate for the supermicroporous carbon consists of 50% graphite particles and
50% anthracite. Graphite has a higher degree of crystallization
than anthracite. The microstructure is bonded with tar of low
permeability and low ash content. SiC, Si, and Al2O3 are the
additives in the microstructure. Double densification is achieved
by pitch impregnation under vacuum. The difference between
the microporous carbon and the supermicroporous carbon is the
proportion of graphite to anthracite and the permeability and ash
content of the tar (Silva et al., 2005).
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Graphite is a nonmetallic carbon-based refractory
material that remains chemically and physically inert at high
temperatures. Graphite is a good conductor of heat and electricity,
it has high stiffness and strength, is chemically inert, and has
high corrosion resistance. Graphite can maintain its thermal
qualities up to 3600°C. Graphite can be classified into synthetic
and natural graphite, and natural graphite can be further
classified into flake, crystalline vein, or lump and amorphous
(very fine flake graphite). Synthetic graphite is formed by heat
treatment of carbon at 2500–3000°C as shown in Figure 4. In
metallurgy, graphite is used as a refractory in the iron, steel,
ceramics, and glass production industries, among others. It is
used on its own or as a component of an oxide-carbon refractory
in crucibles, ladles, moulds, and castings for holding molten
metals (Jara et al., 2019).
Graphite refractory is commonly used in blast furnaces at
the hearth and tap-holes (Ewais, 2004). It is also used in partial
lining of the hearth of furnaces that produce Si, FeSi, and FeMn
(Banda, 2019; Steenkamp et al., 2014). In a recent development,
graphite blocks are used as a refractory in electric furnaces which
produce platinum group metals (Thethwayo and Garbers-Craig,
2014). At present, graphite blocks are used only against the
feed and slag zone at the hot face. Graphite has performed well
at the feed slag zone of industrial PGM smelters (Thethwayo
and Garbers-Craig, 2012; Thethwayo and Cromarty, 2015a).
Magnesia-chrome bricks or castables are still used at the hot face
of the matte zone in PGM smelters. The application of graphite
blocks against the liquid matte is still under investigation.
Laboratory tests have shown that graphite is poorly wetted by
synthetic and industrial matte (Thethwayo, 2019; Thethwayo
and Cromarty, 2015a, 2015b; Thethwayo and Garbers-Craig,
2012, 2014). As such, penetration of liquid matte due to capillary
pressure is not envisaged when graphite is exposed to a liquid
matte. Crucible tests conducted on graphite with matte showed
that liquid matte penetrates through a porous graphite as a
consequence of external forces (such as gas pressure); therefore,
although graphite is poorly wetted by matte, physical penetration
of liquid matte through graphite can occur if the internal pressure
is greater than the capillary pressure. The penetration of liquid
matte through graphite can be prevented by using a dense
graphite with porosity of <12% (Thethwayo, 2019; Thethwayo
and Cromarty, 2015a, 2015b).
Graphite has high resistance to chemical attack by liquid
matte. A liquid matte phase can lose sulphur due to volatilization
at high temperatures, resulting in the formation of a metal phase
(FeNi). Graphite dissolution in a sulphide phase is insignificant
but a metal phase can dissolve up to 3% by weight carbon, which
is quite significant for graphite consumption over time. Therefore
where graphite is used, sulphur loss by the matte should be
avoided to prevent dissolution of graphite in a metallic phase
(Thethwayo and Cromarty, 2015a; Thethwayo and Garbers-Craig,
2014).
The graphite tested was an extruded, high-porosity (25%
porosity) synthetic graphite. At this point graphite is used at
the concentrate and slag zone in industrial PGM smelters. At
the matte zone the conventional refractory bricks are still in
use, and the application of graphite against liquid matte has not
been commercialized owing to the high matte superheats and
anticipated pressure variation inside the furnace, which can cause
matte to penetrate through the gaps between graphite blocks as
currently observed at the slag-matte interface (Thethwayo, 2019;
Thethwayo and Garbers-Craig, 2014).
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Conclusion
Refractory materials play an enabling role in furnace containment
system design. Depending on the design philosophy, the
physical and/or chemical properties of the refractory material are
important. For example, thermal conductivity of the refractory
material would be high when a conductive lining design
philosophy is applied, and low for an insulating philosophy. As
the liquid process materials are in contact with the refractory
materials in an insulating lining, chemical compatibility between
the refractory materials and the liquid process materials is
extremely important. This is the case not only for refractory
materials based on the six major oxide components, but also for
carbon-based and carbon-containing refractory materials.
For someone new to the field, research can focus either on
understanding the applications of existing refractory materials
(and the problems associated) or development of new refractory
materials. Our research offers examples of the former, where
existing refractory materials were evaluated for application in
SiMn or PGM production. Our research focused on problems,
or potential problems, associated with both applications and
contributed to knowledge based on these specific applications.
Future research could evaluate alternative materials for the same
process applications or look into other applications of the same
refractory materials. The alternative materials considered can be
either existing or newly developed.
When evaluating refractory material for applications in
contact with liquid process materials, one would consider the
potential for chemical reactions between the process material and
refractory. As a first step, the potential for chemical reactions to
occur at equilibrium under specific process conditions (chemical
composition, temperature, and partial oxygen or sulphur
pressure) can be determined using thermodynamic software.
As a next step, laboratory-scale tests, i.e. cup, rotary finger,
or sessile drop tests, can be considered. The purpose of these
tests is to validate the results obtained through thermodynamic
calculations, often based on bulk chemical analyses of the liquid
process materials and refractory materials, and determine if some
components of the refractory materials react more readily with
the process materials. These tests are conducted under conditions
that are strictly controlled. Final testing will be on an industrial
scale, with prior pilot-scale testing should such facilities be
available, with the associated variations in process conditions. An
important tool in these evaluations is post-mortem analysis, in
which samples of refractory materials obtained from laboratory-,
pilot-, or industrial-scale tests are sectioned and studied for
infiltration and wear on the macro- and micro-scale. For the
former, regular cameras with good lighting conditions are used.
For. For the latter, microscopes i.e. optical microscopes, scanning
electron microscopes with energy dispersive X-ray spectrometer,
and electron microprobe analysers, are useful.
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Synopsis
The aim of this study was to determine the acid-generating potential of coal mine tailings located in the
Middelburg area, South Africa, using conventional assessment techniques. Four coal-tailing samples
were collected from different layers of a coal-tailing pile. The acid-base accounting (ABA), acidbuffering characteristic curve (ABCC), and net acid generation (NAG) methods were used in conjunction
with a mineralogical investigation to assess the potential of acid mine drainage (AMD) formation from
the tailings.
The results showed that the top layer of the pile, which was exposed to the atmosphere, was most
likely to form AMD, exhibiting the lowest paste pH (2.5) and ABA of zero kg H2SO4 per ton. The ABA
results were compared to ABCC results and mineralogical calculations to confirm the findings. The results
from the ABCC test and calculations based on mineralogy indicated that the ABA method overestimates
the effective or readily available acid neutralization capacity (ANC) and the true MPA of each sample;
only three of the four samples could therefore be classified as acid-forming, but with low acid-generating
capacity.
Although the findings show that the top layer of the coal tailings in the Middelburg area is most
likely to form AMD, it is important for future studies to further investigate the kinetics of acid formation.
Keywords
acid mine drainage, acid-base accounting, mineralogy, net acid generation, coal mine tailings.
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Introduction
South Africa has mined coal commercially since 1857 and is one of the biggest coal producers in
the world. Coal is currently the main source of energy for power generation in South Africa and will
continue to be so for the foreseeable future (Hancox and Götz, 2014; Fosso-Kankeu, 2019).
The mined coal is subjected to a beneficiation process whereby the less valuable fraction, which
cannot be processed economically, is separated. This leftover material is commonly deposited in large
piles (tailings). Tailing piles can reach up to a hundred metres high and stretch for kilometres. These
tailings generally contain materials with low coal grade but still contain a high concentration of sulphide
minerals (Dolt, 2010; Fosso-Kankeu et al., 2011; Koch et al., 2017).
Acid is generated when sulphide minerals are oxidized by oxygen in the presence of water. The rate
and extent of oxidation are limited by water, oxygen availability, and microbial activity (Dolt, 2010;
Blowes et al., 2013; Fosso-Kankeu et al., 2016, Fosso-Kankeu, 2016, Fosso-Kankeu, Manyatshe, and
Waanders, 2017; Koch et al., 2017). Acid mine drainage (AMD) is a result of acid that is generated
by oxidation of sulphide minerals. Pyrite (FeS2) and pyrrhotite (FexS) are the sulphide minerals most
commonly found in mine tailings and are considered to contribute the most to acid generation (Sobek
et al., 1978; Smart et al., 2002; Dolt, 2010; Li et al., 2018). The acid generated during the oxidation
of sulphide minerals reacts with acid-neutralizing minerals within the tailings deposits. Carbonate and
silicate minerals contribute the most to acid neutralization (Blowes et al., 2013; Karlsson et al., 2018).
The AMD effluent is usually very acidic and contains high concentrations of sulphates (SO42–)
and dissolved metal ions such as arsenic, cadmium, lead, manganese, mercury, zinc, chromium, and
copper. The acid that is generated enables the dissolution of metals, giving rise to a wide range of
environmental problems (Simate and Ndlovu, 2014; Li et al., 2018). When coal mine tailings are
exposed to oxygen and a water-rich environment, oxidation of sulphur-bearing minerals will most likely
occur, resulting in acid generation. Sulphur-bearing minerals that can contribute to acid generation
include sulphide and sulphate minerals. Sulphide minerals contribute the most to acid generation
(Sobek et al., 1978; Smart et al., 2002; Dold, 2010; Li et al., 2018). Table I summarizes the oxidation
reactions of the most relevant sulphide minerals (Dold, 2017).
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Different sulphide minerals generate different quantities of
acid when oxidized, as illustrated in Table I. Pyrite is the most
common acid-generating mineral, and produces 4 mol of protons
when oxidized by oxygen (Table I Equation [1]). Sulphide
minerals such as covellite, galena, and sphalerite do not generate
acid when oxidized by oxygen (Equations [5]–[7]). If the pH in
the tailing drops below a value of 4.5, then ferric iron becomes
the primary oxidant. Ferric iron is the more aggressive oxidizer,
generating up to four times the amount of acid compared to
oxidation via oxygen, as seen by comparing Equation [1] with
Equation [8], and Equation [2] with Equation [9], at a rate up
to hundred times faster. Non-acid generating minerals such as
covellite, galena, and sphalerite become acid generating when
oxidized by ferric iron (compare Equations [5] and [12], [6] and
[13], and [7] and [14]) (Usher et al., 2003; Dold, 2017). It is
thus very important to prevent mine tailing from becoming acidic
(pH below 4.5) to prevent the oxidation of sulphide minerals
by ferric iron, therefore limiting the rate and quantity of acid
generated.
In this study the acid-generating potential of four coal tailing
samples (designated S1, S2, S3, and S4) were evaluated to
predict the occurrence of AMD. Most common evaluation methods
are either kinetic or static, depending on the procedure of the
experiment. A static test only predicts the acid-forming potential
but does not provide an indication of the rate or duration of
acid generation (Oh et al., 2017). Kinetic tests attempt to mimic
the natural oxidation reactions and conditions that occur in the
environment (Oh et al., 2017). Kinetic test results are credible
and provide information on parameters related to the rate of acid
generation, sulphide reactivity, metal solubility. and oxidation
kinetics. However, kinetic tests such as the leach column tests
are extremely time-consuming and expensive. Static tests are
relatively inexpensive and conducted relatively quickly (Smart et
al., 2002; Oh et al., 2017).
Acid-base accounting (ABA) is a relatively dependable and
inexpensive analytical procedure used to assess the chemical
and physical properties of tailings (Skousen, 2017). ABA
tests evaluate the balance between acid-neutralizing processes

(dissolution of carbonates and weathering of silicates) and acidgenerating processes (oxidation of sulphide minerals) (Smart et
al., 2002). The ABA test procedure was first published by Sobek
et al. (1978) and has become the method of choice to assess
the acid-generating capabilities of waste rock or mine tailings
(Bouzahzah et al., 2015).
ABA, as described by Sobek et al. (1978), consists of three
measurements: (1) paste pH, (2) maximum potential acidity
(MPA), and (3) acid neutralization capacity (ANC). These
parameters are used to calculate the net acid production potential
(NAPP) and ANC/MPA ratio. NAPP and ANC/MPA ratio are used
to classify samples as potential acid-forming (PAF), non-acid
forming (NAF), or uncertain (UC) (Usher et al., 2003).
The correlation between AMD and sulphide oxidation, as well
as the precipitation and dissolution of minerals and metals, have
been studied extensively over the past 70 years (Moses et al.,
1987; Jambor, 1994; Wang, Dowd, and Xu, 2019). Less research
has been done on the mineralogy and geochemical interactions
that take place within tailings. However, it is of the utmost
importance that we understand the parameters that control AMD
formation in order to formulate an effective remediation strategy
(Kalin, Fyson, and Meinrath, 2006; Dold, 2010). In this study,
the ABA, NAG, and ABCC tests were used in combination with
a mineralogical investigation to ascertain the acid-generating
potential of different layers of coal tailings at a tailings storage
facility in the Middelburg area, South Africa. As mining in
this area will cease in the near future, it is important to better
understand the environmental risks related to the storage of
these tailings so that suitable prevention strategies for effective
tailings management can be designed.

Experimental
Sample collection
Four samples were obtained from an undisclosed coal washing
plant in the Middelburg. These samples originated from the same
washing plant and are referred to as S1, S2, S3, and S4. Sample
S1 is a fresh coal tailing sample that was recently processed
and had not been exposed to the environment for longer than

Table I

Oxidation reactions of sulphide minerals in the presence of oxygen and ferric iron
Mineral

Reaction

Equation

Oxidation of sulphide minerals by oxygen.
Pyrite (FeS2)

FeS2 + 3.75O2 + 3.5H2O → Fe(OH)3 + 2SO42– + 4H+

[1]

Pyrrhotite (FexS)

Fe0.9S + 2.175O2 + 2.35H2O → 0.9Fe(OH)3 + SO42– + 2H+

[2]

Chalcopyrite (CuFeS2)

CuFeS2 + 4O2 + 3H2O → Cu2+ + Fe(OH)3 + 2SO42– + 2H+

[3]

Enargite (Cu3AsS4)

Cu3 AsS4 + 8.75O2 + 2.5H2O → 3Cu2+ +HAsO42– + 4SO42– + 4H+

[4]

Covellite (CuS)

CuS+2O2 → Cu2+ + SO42–

[5]

Galena (PbS)

PbS + 2O2 → Ps2+ + SO42–

[6]

Sphalerite (ZnS)

ZnS+2O2 → Zn2+ + SO42–

[7]

Oxidation of sulphide minerals by ferric iron (Fe3+)
Pyrite (FeS2)

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ +2SO42– + 16H+

[8]

Pyrrhotite (FexS)

Fe0.9 S + 7.8Fe3+ + 4H2O → 8.7Fe2+ + SO42– +8H+

[9]

CuFeS2 + 16Fe3+ + 8H2O → Cu2+ + 17Fe2+ + 2SO42– + 16H+

[10]

Chalcopyrite (CuFeS2)
Enargite (Cu3AsS4)

▶

Cu3 AsS4 + 35Fe3+ + 20H2O → 3Cu2+ + HAsO42– +35Fe2+ + 4SO42– + 39H+

[11]

Covellite (CuS)

CuS+ 8Fe3+ + 4H2O → Cu2+ + 8Fe2+ + SO42– + 8H+

[12]

Galena (PbS)

PbS+ 8Fe3+ + 4H2O → Pb2+ +8Fe2+ + SO42– + 8H+

[13]

Sphalerite (ZnS)

Zn + 8Fe3+ + 4H2O → Zn2+ + 8Fe2+ + SO42– + 8H+

[14]
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a week. Sample S2, S3, and S4 are weathered coal tailing
samples obtained from a tailings pile that had been exposed to
the environment and weathering conditions for about a year.
Samples S2, S3, and S4 were collected at different depths within
the tailings pile. Sample S2 was collected from the top of the
tailings pile, and S3 and S4 were collected at depths of 1.5 and
4 m below S2 respectively.

Paste pH test
A paste-like slurry was prepared by mixing a 25 g sample
with 50 mL of deionized water. The pH was measured after 2
hours and is referred to as the paste pH in accordance with the
procedure utilized by Smart et al., (2002).

Modified acid-neutralizing capacity (ANC) test method
The modified ANC test involves adding a predetermined quantity
and molarity of hydrochloric acid (20 mL of 0.5 M HCl) to 2 g
of dry coal sample with a particle size smaller than 75 µm in a
250 mL flask (Smart et al., 2002; Weber et al., 2004). 20 mL
of deionized water was then added to the sample solution. The
flask was covered with a watch-glass and heated to 80–90°C for a
period of 2 hours. The solution was then allowed to cool to room
temperature. Deionized water was then added to the solution to
obtain a final solution volume of 125 mL in accordance with the
procedure utilized by Smart et al., (2002).
According to Stewart, Miller, and Smart (2006) and Smart
et al., (2002), the pH of the sample solution should be between
0.8 and 1.5 to ensure complete digestion of acid-neutralizing
components. The pH values for S1, S2, S3, and S4 were 1.2, 1.0,
1.1, and 1.1 respectively.
The solution was then back-titrated to pH 5 using a
predetermined molarity of sodium hydroxide (0.5 M NaOH). Two
drops of 30 vol. % H2O2 were added at a pH of 5 to encourage the
oxidation of ferrous iron and the precipitation of ferric hydroxide
(Fe(OH)3) (Stewart, Miller, and Smart, 2006). Further backtitration was carried out to a pH of 7. The volume of NaOH used
during the titration was recorded. Blanks were prepared using
the procedure described above. Equation [15] was then used to
determine the ANC (Smart et al., 2002).
[15]
VHCl = Volume HCl acid used (mL)
VHCl Blank = Volume of acid added to the blank (mL)
VNaOH = Volume of NaOH used (mL)
VNaOH Blank = Volume of NaOH added to the blank (mL)
MHCl = Molarity of HCl acid used (M)
m = Sample weight (g)
C = Conversion factor with a value of 49 to obtain the ANC in kg
H2SO4 per ton.

Net acid generation (NAG) test
The single-addition NAG test was conducted by adding
250 mL of 15 vol. % H2O2 with a pH of 4.5 to a 2.5 g
(< 75 µm) coal sample. The H2O2 allows rapid oxidation of
sulphide minerals. Unstabilized hydrogen peroxide with a pH of
4.5 was used instead of stabilized hydrogen peroxide with a pH
of 3.5 to prevent misclassification (Stewart, Miller, and Smart,
2006; Weber et al., 2005). The hydrogen peroxide was allowed
to react overnight, after which the solution was gently heated
to encourage the oxidation of sulphide minerals that had not
already oxidized. The solution was then heated for a period of
30 minutes at a temperature of 50°C to decompose the remaining
hydrogen peroxide. The pH of the NAG solution was measured
and is referred to as the NAGpH. The NAG solution was then
titrated with a 0.1 M sodium hydroxide solution to a pH of 4.5
in accordance with the procedure utilized by Stewart, Miller, and
Smart, (2006), Weber et al., (2005), and Smart et al., (2002).
The volume of sodium hydroxide used (VNaOH), molarity of the
sodium hydroxide solution (MNaOH), and sample weight (w) were
used in Equation [17] to determine the NAG value.

NAG = (49 x VNaOH x MNaOH)/W

A single-addition NAG test is appropriate for samples with
a total pyritic-sulphur content of less than 1 wt % (Smart et al.,
2002).

Kinetic NAG test

The kinetic NAG test involves adding 250 mL of 15 vol. %
unstabilized hydrogen peroxide with a pH of 4.5 to a 2.5 g coal
sample and recording the solution pH over time. The pH of
the solution was measured until pH 4 was reached (this took
approximately 3 hours). The time required for the solution to
reach pH 4 is referred to as the kinetic NAG lag time (Smart et al.,
2002).

Acid buffering characteristic curve (ABCC) test
The ABCC method involves adding 100 mL of deionized water
to 2 g of < 75 µm coal sample in a 250 mL flask. The solution
was incrementally titrated with a predetermined quantity and
molarity of hydrochloric acid (Smart et al., 2002) while stirring
continuously. After each addition of HCl, the solution was left for
17 minutes to allow the acid to react and the pH to equilibrate
before recording the pH (Smart et al., 2002).
The concentration (CHCl) and volume (VHCl) of HCl used during
incremental additions were then converted to the kg H2SO4 per
ton equivalent using Equation [18] (Smart et al., 2002). The
measured pH was plotted against the quantity of acid added to
obtain the acid buffering characteristic curve.
[18]

Maximum potential acidity (MPA)
The total sulphide content was used to calculate the MPA (kg
H2SO4 per ton) using Equation [16] to limit the overestimation of
the MPA (Smart et al., 2002).

MPA = (Si%) x 30.6

[16]

The total sulphur and sulphide weight percentages were
determined using an ELTRA CS 2000 sulphur/carbon analyser,
which consists of a weighing scale, a computer with the required
programs, and an ELTRA induction and resistance furnace.
The Journal of the Southern African Institute of Mining and Metallurgy

[17]

Mineralogical characterization of the coal tailings
X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses
were conducted at the XRD and XRF laboratory at the Centre of
Water Science and Management, North-West University (NWU),
Potchefstroom Campus.
The different crystalline phases present in the samples
were identified and quantified using XRD, which is a nondestructive analytical technique. The samples were prepared
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using a back-loading method. The samples were then analysed
using a PANalytical X’Pert Pro multipurpose diffractometer
with X’Celerator detector and fixed slits, with Fe-filtered Co-Kα
radiation.
A PANalytical Highscore+ program, ICDD PDF 4+ and PAN
ICSD database were used to identify the crystalline mineral
phases present in the samples. The Rietveld method was used to
determine the relative phase amounts or quantities (wt %).
The concentrations of elements present in the coal sample
were determined using XRF, which is a non-destructive analytical
technique. The samples were prepared by drying them at a
temperature of 105°C for 3 hours. The loss on ignition was
determined using initiating high-temperature ashing by placing
the samples in an oven at 1000°C until completely ashed. This
was followed by a fifteen-minute borate fusion (0.3 g sample
plus 6 g flux) using Claisse® 66:33 LiT:LiM (lithium tetraborate:
lithium metaborate) flux with a LiI (lithium iodide) releasing
agent in a platinum crucible.
The samples were analysed using a PANalytical (Axios Max)
WD-XRF spectrometer equipped with a 50 kV Rh-anode X-ray
tube, P10 gas purge facility, six filters, and a high-resolution
silicon drift detector calibrated using national and international
certified reference materials (CRMs). The XRF data was
quantified using the intensities of the elements in the samples,
which were calculated from the measured intensities.

Acid-neutralizing capacity based on mineralogy (ANCmin)
The total acid-neutralizing capacities of S1, S2, S3, and S4 based
on mineralogy (ANCmin) were calculated using Equation [19],
where ANCmin,c is the ANC based on carbonate minerals and
ANCmin,nc is the ANC based on non-carbonate minerals (Karlsson
et al., 2018).

ANCmin = ANCmin,c + ANCmin,nc

[19]

The acid-neutralizing capacities of S1, S2, S3, and S4 based
on the carbonate minerals (ANCmin,c) were calculated using
Equation [20] (Karlsson et al., 2018).

ANCmin,c = 83.3 x [MWc/MWc,min] x wt%c,min x CF

[20]

ANCmin,c is the ANC contribution of carbonate minerals to the total
ANCmin.
MWc and MWc,min are the molar masses of carbon and carbonate
mineral respectively (g/mol).
wt%c,min is the weight percentage of carbonate mineral in the
sample.
CF is a conversion factor with a value of 0.98 to convert the unit
of ANCmin from kg CaCO3 per ton to kg H2SO4 per ton.

Mineralogy MPA (MPAmin)
The mineralogical maximum potential acidity (MPAmin) was
calculated by multiplying the weight percentage of acid-

generating mineral in the sample with the weight percentage of
sulphur in the mineral and a conversion factor, as in Equation
[21] (Karlsson et al. 2018).

MPAmin = wt%AG,min x wt%s,min x CMPA

[21]

where wt%AG,min is the weight percentage of acid-generating
mineral and wt%s,min is the weight percentage of sulphur in the
acid-generating mineral.
Pyrrhotite was the only acid-generating mineral identified in
all of the samples. A conversion factor of 30.6 was thus used to
calculate the MPAmin of S1 as it has a pH of 7. A constant value of
15.3 was used to determine the MPAmin of S2, S3, and S4 as their
paste pH values were below 7 (Karlsson et al., 2018).

Results and discussion
Paste pH
The high paste pH of the fresh tailings sample (S1), as seen in
Table II, indicates that the fresh tailings possess acid-neutralizing
capabilities. A considerable lag time can be expected before
the onset of acid conditions if the acid-neutralizing capacity is
overwhelmed by the acid-generating capabilities.
The low paste pH of samples S2, S3, and S4 shows that
the tailings have become acidic and strongly suggests that the
weathered tailings are potential acid-forming (PAF) and therefore
likely to contain large quantities of stored acidity from prior acid
generation. S2, S3, and S4 were collected at the surface of the
tailings and at depths of 1.5 m and 4 m respectively.
As seen in Table II, the paste pH increases with the depth at
which the samples were collected. The same trend of increase
in paste pH with depth was observed by Nieva, Borgnino, and
García (2018). The increase in pH indicates that the rate and
extent of oxidation decrease with depth, as a result of the limited
availability of oxygen and water. It can thus be concluded that
the tailings dump as a whole has not reached its maximum
potential acid-generating capabilities and will continue to
generate acid as water and oxygen penetrates deeper into the
tailings.

Maximum potential acidity (MPA)

The MPA was determined using the total sulphide content instead
of the total sulphur content so as to limit the overestimation
of the MPA. The MPAs of S1, S2, S3, and S4 were obtained by
multiplying the sulphide content with a factor of 30.6. The MPAs
of S1, S2s and S3 do not differ much as their sulphide contents
are similar. The sulphide content of S4 is lower than that of
S1, S2, and S3, resulting in a lower MPA, illustrating how the
mineralogy can differ within tailing deposits.
The sulphate minerals form as a result of the oxidation of
sulphide minerals. The total sulphur content stays relatively
constant as sulphides oxidize. However, the sulphide content
decreases as sulphates form. Thus, the difference between the

Table II

Acid-base accounting results
Sample
Paste pH
Depth (m)
			
S1
S2
S3
S4

▶
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7.1
2.5
3.3
3.9

0
0
1.5
4
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Sulphur
content (wt %)

Sulphide
content (wt %)

ANC
(kg H2SO4 per ton)

MPA
(kg H2SO4 per ton)

NAPP
(kg H2SO4 per ton)

ANC/
MPA

1.69
1.61
1.70
1.19

1.50
1.46
1.61
1.18

70
0
7
23

46
45
49
36

–24
45
42
13

1.5
0
0.1
0.6
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sulphur and sulphide contents provides an indication of the rate
of oxidation and the extent of oxidation that has taken place.
The difference between sulphur and sulphide content decreases
with depth, indicating that the rate and extent of oxidation
decreases with depth, confirming that the tailings have not
reached their maximum acid-generating capabilities. In other
words, the sulphide minerals in S2 have undergone oxidation to
a greater extent than those in S3 and S4, as water and oxygen
are more readily available at the surface of the tailings. The large
difference between the sulphur and sulphide contents in S1 may
be ascribed to the nature of the initial coal feed.

Acid neutralization capacity (ANC)

As seen in Table II, S1 has an ANC which is substantially higher
than those of S2, S3, and S4, most likely due to the fact that S1
has not been exposed to the environment for such a prolonged
period as the other samples. S2 has an ANC value of 0 kg
H2SO4 per ton based on the ABA results, suggesting that most
of the readily available acid-neutralizing components have been
consumed to depletion. Consequently, any acid generated by
the top layer of the tailings (S1) will proceed to leach deeper
(depending of the permeability) into the tailings, promoting acidgenerating conditions.

Net acid production potential (NAPP) and MPA/ANC ratio
As seen in Table II, S1 has a NAPP of –24 kg H2SO4 per ton and
can thus be classified as non-acid forming (NAF) or as uncertain
(UC) as it has an ANC/MPA ratio of 1.5 according to the ABA
classification criteria stipulated in Sobek et al. (1978) and Usher
et al. (2003). S2 and S3 have NAPP values that are substantially
larger than 20 kg H2SO4 per ton and extremely low ANC/MPA
ratios, providing a strong indication that they will be potential
acid-forming (PAF) samples. The NAPP of 13 kg H2SO4 per ton of
S4 creates a small uncertainty with respect to its acid-generating
capabilities. S4 can be classified as uncertain based on the NAPP
results, or as PAF as it has an ANC/MPA smaller than unity
(Sobek et al., 1978; Usher et al., 2003).

Acid buffering characteristic curve (ABCC)

Figure 1 is a plot of the ABCC curve of S1. As seen, S1 effectively
neutralizes acid, with the pH initially decreasing gradually and
then sharply dropping after the equivalent of about 15 kg H2SO4

per ton has been neutralized. The pH of S1 drops below 4 after
approximately 23 kg H2SO4 per ton has been neutralized. S1
continues to neutralize an additional 12 kg H2SO4 per ton before
the pH reaches 2.5.
The rate of acid generation increases exponentially as the
pH drops below 4, owing to the oxidation of sulphide minerals
by ferric iron. For this reason, the readily available or effective
ANC obtained from the ABCC curve is determined at a pH of 4.
Thus, the readily available ANC of S1 can be assumed to be 23 kg
H2SO4 per ton, indicating that only 33% of the ANC determined
using the ABA method is readily available to neutralize acid.
The ABCC curves of S2, S3, and S4 can be seen in Figure 2.
S2 has a pH value below 4 before any acid has been neutralized.
The ABCC of S2 suggests that S2 has no effective acidneutralizing capabilities, confirming the ANC of 0 kg H2SO4 per
ton determined by ABA. S2 has the ability to neutralize about
4 kg H2SO4 per ton before the pH drops below 2.5, but this is
considered to be negligible owing to the fact that acid generation
increases dramatically when the pH drops below 4. This could
result from the oxidation of sulphide minerals by ferric iron as
discussed previously.
The ABCC of S3 starts at a pH just above 4 and effectively
neutralizes about 8 kg H2SO4 per ton before the pH drops below a
value of 2.5, confirming the ANC of 7 kg H2SO4 per ton obtained
by ABA. However, the pH of ABCC of S3 drops below 4 after a
small amount of acid has been neutralized, suggesting that S3
has a small and insignificant readily available ANC. It is thus
assumed that S3 has an effective or readily available ANC of 0 kg
H2SO4 per ton based on the ABCC estimation.
S4 neutralizes about 13 kg H2SO4 per ton before the pH of
the ABCC curve drops below 2.5, as seen in Figure 2. However,
the pH of S4 drops below a value of 4 after the equivalent of 2 kg
H2SO4 per ton has been neutralized. This suggests that only about
10% of the ANC obtained from ABA will be readily available to
neutralize acid. The effective ANC of S4 is thus assumed to be
2 kg H2SO4 per ton based on the ABCC curve results.
The ANC results determined using the ABA and ABCC
methods are summarized in Table III. As seen, the effective ANCs
of S1, S3, and S4 are overestimated when comparing the ANC
obtained by the ABA method to the effective ANC obtained from
the ABCC at a pH of 4. The ABCC results point out that only

Figure 1—Acid buffering characteristic curve of S1

Figure 2—Acid buffering characteristic curves of S2, S3, and S4
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33%, 0%, and 10% of the ANCs of S1, S3, and S4 respectively,
determined using the ABA method, are readily available to
neutralize acid and maintain the pH above 4. S2 and S3 both
have an effective ANC of 0 kg H2SO4 per ton, because they do not
possess adequate ANC to maintain a pH above 4. S1 and S4 have
effective ANCs of 23 kg H2SO4 per ton and 2 kg H2SO4 per ton
respectively.
The ABA method of determining the ANC of a sample
involves digesting the sample in highly concentrated acid and
heating it at high temperature to encourage the acid-neutralizing
components to react. The conditions under which the ANC was
determined using the ABA method enable minerals to contribute
to the ANC that would not contribute to acid neutralization under
normal environmental conditions, resulting in the overestimation
of the ANC using the ABA method (Bouzahzah et al., 2015;
Stewart et al., 2006).
As seen in Table III, S1, S2, S3, and S4 possess the ability to
neutralize acid in a pH range of 2.5–4. The ANC contribution in
this pH range can be regarded as negligible due to the oxidation
of sulphide minerals by ferric iron as previously discussed
(Dold, 2017). The re-evaluated ABA results based on the ANC
determined from the ABCC at a pH of 4 are summarized in
Table IV.
As seen in Table IV, S1, S2, S3, and S4 are classified as
PAF as they have NAPP > 20 kg H2SO4 per ton and ANC/MPA
< 1 (Sobek et al., 1978; Usher et al., 2003). The samples were
classified as PAF using the re-evaluated ABA results and ABA
classification criteria.
Using the effective ANC obtained from the ABCC at a pH of
4 resulted in the reclassification of S1 and S4 acid-generating
capabilities from uncertain to PAF, as seen in Table IV.
Using the ANCs of S2 and S3 obtained from the ABCC did
not influence the classification of these samples as they were

classified as PAF before the ANC was evaluated using the ABCC
method, as seen in Table II.

Net acid generation (NAG) test results

The single-addition NAG and kinetic NAG test results are
summarized in Table V.
As seen in Table V, the NAG results are extremely high
compared to the NAPP results. The NAG overestimates the actual
acid-generating capabilities of the samples, most likely due to the
organic acid effect (Pope et al., 2010). Thus, the NAPP provides
a more accurate estimation of the acid-generating capabilities of
the samples. All the samples have a NAGpH below 4.5, indicating
that all the samples are PAF (Smart et al., 2002). S1, S2, S3, and
S4 have NAGpH values < 4.5, suggesting that they are PAF.
Figure 3 is a plot of the kinetic NAG results of S1, S2, S3,
and S4. As seen, the NAG solution pH of S1 drops below 4 after
84 minutes. A lag time of 84 minutes corresponds to a lag time
between 6 and 12 months in a leach column (Stewart, Miller, and
Smart, 2006). The NAG values of S2, S3, and S4 drop below pH 4
instantaneously, as seen in Figure 3, suggesting that there will be
no lag time before the onset of acidic conditions.
The paste pH results of S2, S3 and S4 are below 4, as seen in
Table II, confirming that acidic conditions have prevailed with no
lag time and thus confirming the kinetic NAG results.
As seen in Table V, S1, S2, S3, and S4 have positive NAPP
and NAGpH values below 4.5 and are subsequently classified as
PAF according to the criteria stipulated by Oh et al. (2017) and
Smart et al. (2002. The relatively high NAPP values suggest that
a large quantity of acid will be generated.

Neutralization and acidity potential based on the
mineralogy of the coal tailings

The mineralogy of each sample is summarized in Table VI.
The acid-neutralizing minerals identified are calcite, kaolinite,
muscovite, and quartz. Kaolinite, muscovite, and quartz are
extremely inactive and will make an insignificant contribution to
the ANC under normal conditions owing to their low reactivity
(Karlsson et al., 2018). Calcite is the most important acidneutralizing mineral, and as seen in Table VI will contribute
the most to the ANC owing to the absence of other neutralizing
minerals such as magnesite, dolomite, brucite, aragonite, and
olivine.
The calcite content was used to calculate the mineralogical
ANC (ANCmin) and is summarized in Table VII, together with the

Table III

ANC results obtained from the ABA and ABCC methods
Sample
S1
S2
S3
S4

ANC (ABA)
kg H2SO4

ANC (ABCC at pH 2,5)
(kg H2SO4 per ton)

ANC (ABCC at pH 4)
(kg H2SO4 per ton)

70
0
7
23

35
4
8
13

23
0
0
2

Table IV

ABA results based on the re-evaluated ANC using the ABCC method
Sample
S1
S2
S3
S4

MPA

ANC (ABCC at pH 4) (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

ANC/MPA

Classification

46
45
49
36

23
0
0
2

23
45
49
34

0.5
0
0
0.1

PAF
PAF
PAF
PAF

Table V

Single addition NAG and kinetic NAG test results
Sample
S1
S2
S3
S4

▶
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NAGpH

NAG (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

LAG time (min)

Classification

2.6
2.0
2.1
2.1

37
96
100
104

23
45
49
34

84
0
0
0

PAF
PAF
PAF
PAF
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Figure 3—Kinetic NAG test results

The ABA method for determining the MPA is based on the
assumption that the total sulphide content occurs as pyrite.
There is, however, no pyrite in the samples and most of the
sulphur occurs as gypsum (Table VI), which is a non-acidforming sulphate mineral. The MPAmin will thus be a more
accurate estimation of the true MPA of the samples. Assuming
that the total sulphur or sulphide content occurs only in the form
of pyrite thus leads to a drastic overestimation of the true MPA of
the samples.
The MPAmin method for determining the MPA of a sample
assumes that pyrrhotite is oxidized by oxygen. Oxygen will be
the primary oxidant of pyrrhotite in S1 owing to the neutral paste
pH of S1. Ferric iron will be the primary oxidant in the case of
S2, S3, and S4 as their paste pH values are below 4. The MPAmin
of S2, S3, and S4 can be up to four time larger if ferric iron is
assumed to be the primary oxidant.
The effective ANC values obtained from the ABCC at a pH of 4
and MPA based on the pyrrhotite content (MPAmin) were used to
recalculate the NAPP values of S1, S2, S3, and S4 (Table IX). The
recalculated NAPP and NAGpH were used to re-evaluate the acidgeneration capabilities of S1, S2, S3, and S4 in order to reclassify
the acid-generating capabilities according to the ABA and NAGpH
criteria used by Oh et al. (2017) and Smart et al. (2002).
The acid-generating capabilities of S1 are classified as
uncertain due to the disparity between the NAPP and the
NAGpH results (NAPP < 0, NAGpH < 4.5). S2, S3, and S4 are
all classified as PAF as their NAPP values are positive and their
NAGpH values are below 4.5. The MPAmin values of S2, S3, and
S4 are relatively low and these samples will thus have a low acidgenerating capacity.

Table VI

Mineral compositions of S1, S2, S3, and S4
Mineral

Weight percentage (wt %)

		
Calcite
Kaolinite 1A
Muscovite 2M1
Gypsum
Illite 2M
Graphite
Pyrrhotite
Quartz
Amorphous

S1
2.2
25.4
0.2
3.2
0.7
0.2
0.5
16.5
50.3

S2
0.3
29.2
1.3
0.8
0.7
0.1
0.2
13.5
52.9

S3
1.1
32.8
2.4
1.7
0.7
0.2
0.3
7.2
52.4

S4
1.7
26.6
0.3
3.7
0.1
0.1
0.4
12.6
54.1

ANC values determined using ABA and from the ABCC at pH 4
and 2.5.
It can be seen that ABA dramatically overestimates the
ANC of S1. The ANC of S1 obtained from the ABCC curve at
pH 4 (Figure 1) is similar to the ANCmin. The ANC obtained
from the ABCC at pH 4 and ANCmin will thus be a more accurate
representation of the actual acid-neutralization potential of S1.
The ANCmin values for S2, S3, and S4 are similar to the ANC
obtained from the ABCC at a pH of 2.5 and somewhat similar to
the ANC determined by ABA. ANCmin confirms that S2, S3, and
S4 do possess the ability to neutralize acid. The calcite contents
of S2 and S3 are relatively low and do not contribute to acid
neutralization to the extent that the pH of the tailings will be
maintained above 4. Only 11% of the ANCmin of S4 contributes
to acid neutralization, maintaining the pH above 4. The ANCmin
provided a reasonably accurate estimation of the ANC of S1, S2,
S3, and S4. However, the ANCmin overestimates the effective ANC.
The actual or effective ANC determined from the ABCC at pH 4 for
S2, S3 and S4 is 0, 0, and 2 kg H2SO4 per ton for S2, S3, and S4
respectively.
Pyrrhotite is the only acid-generating sulphide mineral
present in S1, S2, S3, and S4 as seen in Table VI. The MPA values
calculated based on the pyrrhotite content are summarized in
Table VIII.
A comparison of the MPA determined by the ABA method
based on total sulphide content and the MPAmin calculated using
the pyrrhotite content (Table VIII) shows that the ABA method
overestimates the true MPA drastically.

Table VIII

 aximum potential acidity based on pyrrhotite content
M
and sulphide content
Sample

Pyrrhotite
content (wt%)

MPAmin (Mineralogy)
(kg H2SO4 per ton)

MPA (ABA)
(kg H2SO4 per ton)

0.5
0.2
0.3
0.4

6
1
2
12

46
45
49
36

S1
S2
S3
S4

Table VII

  Comparison of the ANC results obtained by different methods
Sample
S1
S2
S3
S4

ANC (ABA) (kg H2SO4)

ANC (ABCC at pH 2,5) (kg H2SO4 per ton)

ANC (ABCC at pH 4) (kg H2SO4 per ton)

ANCmin (Mineralogy) (kg H2SO4 per ton)

70
0
7
23

35
4
8
13

23
0
0
2

22
3
11
17
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Table IX

  Re-evaluation and classification of acid-generation capabilities
Sample
S1
S2
S3
S4

NAGpH

MPAmin (Mineralogy) (kg H2SO4 per ton)

ANC (ABCC) (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

2.6
2.1
2.1
0.4

6
1
2
12

23
0
0
2

–17
1
2
1

ABA, NAG, ABCC, and mineralogy are suitable for
preliminary AMD screening. However, more detailed
investigations should be conducted to assess and predict the
possible occurrence of metal-rich neutral mine drainage with
respect to S1 (Dold, 2017).

Conclusion and recommendations
ABA and mineralogical investigations were used to determine
the AMD formation potential of four coal tailing samples (S1,
S2, S3, and S4). It was found that the ABA method could not
yield conclusive results, as the ANC and MPA of the samples
were dramatically overestimated using this method. However,
the ABCC test and calculations based on the mineralogy of the
samples provided a more accurate estimation of the true or
effective ANC of the samples, while the MPAmin gave a more
accurate estimation of the actual MPA. The results obtain with
these considerations allowed us to classify the samples as
potentially acid-forming. From the paste pH values, S2 was the
sample that could most readily form acid; this is probably due
to the fact that it originated from the tailing layer that was the
most exposed to weathering conditions. Using a single test to
classify the acid-generating capabilities may have resulted in a
misclassification of the samples acid-generating capabilities.
Further tests such as the leach column test should be
conducted to determine the true acid-generating capability of
S1. Effective measures should be taken to prevent the fresh coal
tailings from becoming acidic and generating AMD if S1 is found
to be potentially acid-forming.
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SAMCODES NEWS (November 2020)
➣	
The winners of the 2020 SAMREC/IASSA Squirrel awards for excellence in Integrated

Annual Reports have been announced. The award was made to Impala Platinum
Holdings (Pty) Ltd for the second year in a row.

Since 2017, a second Squirrel Award has been presented for the best Annual Integrated
Report by a company with a market capitalization less than R15 million. The winner of
the Squirrel in this category for 2020 is Royal Bafokeng Platinum Ltd.
The SSC would like to thank Professor Christina Dohm and her team of reviewers for
the work done in adjudicating the IARs produced in 2019.
➣	
The SAMCODES 2021 Conference will take place on 26-27 October 2021.
The precise format (face-to-face/hybrid meeting) will depend on prevailing
circumstances and will be announced in due time. The conference affords
Competent Persons and Competent Valuators the opportunity to prepare and
present details of recognized standards and industry benchmarks as well as relate
lessons learnt in relation to the declaration of Mineral Resources and Mineral
Reserves and the preparation of valuations. In addition to contributions in
respect of good practices and recognized standards and industry benchmarks,
the conference aims to provide guidance on the complex issues in ‘grey’ areas
of the Codes. The SAMCODES conference will incorporate topics such as the
implementation of the Codes by The JSE, the relevance of the Codes, some of
the lessons learnt since the implementation of the Codes in 2016, aspects of
SANS 10320 for the declaration of Coal Resources and Coal Reserves, and the
the various methods of valuation and where and when they should be applied in
accordance with the SAMVAL Code.
Your contributions in terms of photos, articles, and content are welcome – please

send to sam@saimm.co.za
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NATIONAL & INTERNATIONAL ACTIVITIES
2021
10–11/17–18 November 2020 — Preconcentration Digital
Online Conference 2020
Website: https://precon.ausimm.com
9–27 November 2020 — ALTA 2020 Online NickelCobalt-Copper, Uranium-REE, Gold-PM, In-Situ Recovery,
Lithium & Battery Technology Conference and Exhibition
2020
E-mail: allisontaylor@altamet.com.au
19–20 November 2020 — The Rise of the Phoenix | Make
SA Manufacturing Great Again Virtual Summit 2020
E-mail: stead.nick@gmail.com
23–25 November 2020 — Geographical Information
System (GIS) for 21st Century Mining 2020
Wits Mining Institute, Chamber of Mines Building,
University of the Witwatersrand
E-mail: lileen.lee@wits.ac.za
9–11 December 2020 — MassMin2020 Virtual
Conference
E-mail: jgutierrez@ing.uchile.clv
18–22 April 2021 — 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
6–9 June 2021 — The 16th International Ferroalloys
Congress (INFACON XVI)
Clarion Hotel & Congress Trondheim
infacon2021@videre.ntnu.no
9–10 June 2021 — Diamonds – Source To Use — 2021
Hybrid Conference
‘Innovation And Technology’
The Canvas, Riversands, Fourways, 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
28–30 June 2021 — Renewable Solutions for an Energy
Intensive Industry Hybrid Conference 2021
Mintek, Randburg, 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

13–16 July 2021 — Copper Cobalt Africa
Incorporating
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
28–29 July 2021 — 5th Mineral Project Valuation Hybrid
Colloquium
The Canvas Riversands, Fourways, Johannesburg
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
16–17 August 2021 — Worldgold Hybrid 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 Industry Hybrid 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 Hybrid
Conference 2021
‘A Showcase of Emerging Research and Innovation in the
Minerals Industry’
The Canvas, Riversands, Fourways, 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
27–30 September 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

Owing 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

Ex Mente Technologies (Pty) Ltd

AECOM SA (Pty) Ltd

Expectra 2004 (Pty) Ltd

AEL Mining Services Limited

Exxaro Coal (Pty) Ltd

African Pegmatite (Pty) Ltd

Exxaro Resources Limited

Air Liquide (Pty) Ltd

Filtaquip (Pty) Ltd

Alexander Proudfoot Africa (Pty) Ltd

FLSmidth Minerals (Pty) Ltd

AMEC Foster Wheeler

Fluor Daniel SA ( Pty) Ltd

AMIRA International Africa (Pty) Ltd

Franki Africa (Pty) Ltd-JHB

ANDRITZ Delkor(Pty) Ltd

Fraser Alexander (Pty) Ltd

Anglo Operations Proprietary Limited

G H H Mining Machines (Pty) Ltd

Anglogold Ashanti Ltd

Geobrugg Southern Africa (Pty) Ltd

Arcus Gibb (Pty) Ltd

Glencore

ASPASA

Hall Core Drilling (Pty) Ltd

Atlas Copco Holdings South Africa (Pty)
Limited

Hatch (Pty) Ltd

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
BCL Limited
Becker Mining (Pty) Ltd
BedRock Mining Support Pty Ltd
BHP Billiton Energy Coal SA Ltd
Blue Cube Systems (Pty) Ltd
Bluhm Burton Engineering Pty Ltd
Bond Equipment (Pty) Ltd
Bouygues Travaux Publics
Castle Lead Works
CDM Group
CGG Services SA
Coalmin Process Technologies CC
Concor Opencast Mining
Concor Technicrete
Council for Geoscience Library
CRONIMET Mining Processing
SA Pty Ltd

Modular Mining Systems
Africa (Pty) Ltd
MSA Group (Pty) Ltd
Multotec (Pty) Ltd
Murray and Roberts Cementation
Nalco Africa (Pty) Ltd
Namakwa Sands(Pty) Ltd
Ncamiso Trading (Pty) Ltd
New Concept Mining (Pty) Limited
Northam Platinum Ltd - Zondereinde
Opermin Operational Excellence
OPTRON (Pty) Ltd
Paterson & Cooke Consulting
Engineers (Pty) Ltd
Perkinelmer

Herrenknecht AG
HPE Hydro Power Equipment (Pty) Ltd

Polysius A Division Of Thyssenkrupp
Industrial Sol

Immersive Technologies

Precious Metals Refiners

IMS Engineering (Pty) Ltd

Ramika Projects (Pty) Ltd

Ingwenya Mineral Processing (Pty) Ltd

Rams Mining Technologies

Ivanhoe Mines SA

Rand Refinery Limited

Joy Global Inc.(Africa)

Redpath Mining (South Africa) (Pty) Ltd

Kudumane Manganese Resources

Rocbolt Technologies

Leco Africa (Pty) Limited

Rosond (Pty) Ltd

Leica Geosystems (Pty) Ltd

Royal Bafokeng Platinum

Longyear South Africa (Pty) Ltd

Roytec Global (Pty) Ltd

Lull Storm Trading (Pty) Ltd

RungePincockMinarco Limited

Maccaferri SA (Pty) Ltd

Rustenburg Platinum Mines Limited

Magnetech (Pty) Ltd

Salene Mining (Pty) Ltd

Magotteaux (Pty) Ltd

Sandvik Mining and Construction
Delmas (Pty) Ltd

Malvern Panalytical (Pty) Ltd
Maptek (Pty) Ltd
Maxam Dantex (Pty) Ltd

Sandvik Mining and Construction
RSA(Pty) Ltd
SANIRE

MBE Minerals SA Pty Ltd

Schauenburg (Pty) Ltd

MCC Contracts (Pty) Ltd
MD Mineral Technologies SA (Pty) Ltd
MDM Technical Africa (Pty) Ltd
Metalock Engineering RSA (Pty) Ltd
Metorex Limited
Metso Minerals (South Africa) Pty Ltd

Sebilo Resources (Pty) Ltd
SENET (Pty) Ltd
Senmin International (Pty) Ltd
Smec South Africa
Sound Mining Solution (Pty) Ltd
SRK Consulting SA (Pty) Ltd

CSIR Natural Resources and the
Environment

Micromine Africa (Pty) Ltd

Time Mining and Processing (Pty) Ltd

MineARC South Africa (Pty) Ltd

Timrite Pty Ltd

Data Mine SA

Minerals Council of South Africa

Tomra (Pty) Ltd

Digby Wells and Associates

Minerals Operations Executive (Pty) Ltd

Ukwazi Mining Solutions (Pty) Ltd

DRA Mineral Projects (Pty) Ltd

MineRP Holding (Pty) Ltd

Umgeni Water

DTP Mining - Bouygues Construction

Mining Projections Concepts

Webber Wentzel

Duraset

Mintek

Weir Minerals Africa

Elbroc Mining Products (Pty) Ltd

MIP Process Technologies (Pty) Limited

Welding Alloys South Africa

eThekwini Municipality

MLB Investment CC

Worley
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Third School on Manganese Ferroalloy
Production – Chairman’s report

T

he Third School on the Production of Manganese Ferroalloys was planned as an in-person event
hosted by the SAIMM at the Sishen Country Club in Kathu in the Northern Cape Province. The
event was scheduled for 24 and 25 June 2020.
Then COVID-19 struck. On 15 March 2020, President Cyril Ramaphosa declared a national state of
disaster, prohibiting gatherings of more than 100 people. On 26 March the country went into a 21-day
national lockdown, which was subsequently extended a number of times, with severe restrictions on
people’s mobility.
The SAIMM responded to the nationwide lockdown by introducing short, Zoom-based webinars
as a platform for dissemination of information in lieu of in-person events. After a successful webinar
presentation entitled ‘The PreMa Project Within the Context of Manganese Ferroalloy Production in
South Africa’, presented by Eli Ringdalen of SINTEF in Norway and me on 23 April, it was decided to
convert to convert the Third School on Manganese Ferroalloy Production in to a series of webinars. The
event was hosted over 5 days from 24 to 28 August.
The School, which followed on the first and second manganese ferroalloy schools hosted in South
Africa in 2012 and 2016 respectively, was hosted in partnership with the PreMa project. The PreMa
project is funded by the European Union’s Horizon 2020 Research and Innovation Programme under
Grant Agreement No. 820561, and European (Eramet, Ferroglobe, OFZ, and Outotec) and South African
(Transalloys) industrial partners. The seed for the PreMa project was planted during the workshop
associated with the Second School on Manganese Ferroalloy Production in 2016 .
The main topics covered during the webinars were:
1. Commercial production processes, including overviews of manganese production in South
Africa and in Europe as well as introductions to potential new projects.
2. Process fundamentals, including fundamental thermodynamics, slag fundamentals, and reaction
kinetics
3. Operational aspects, including raw materials, prereduction zone, coke bed zone, lining concepts,
energy consumption, electrical current paths and resistance in furnace, and environmental
considerations.
In total, 14 presenters participated in the event. The webinars consisted of 18 hours of contact time
in total, of which 11 hours included some material from the PreMa project, presented by nine active
members of the PreMa consortium. The sessions were facilitated by Dr Ringdalen and me.
As the methodology followed was unfamiliar, I will describe it in more detail. The first two days
consisted of three individual presentations scheduled every hour from 09:00 to 12:00 South African
time. The third day included a fourth presentation and was therefore scheduled from 09:00 to 13:00. On
each day the facilitator introduced the presenter by reading his/her short biography at the beginning
of each presentation. The presenter gave a talk of about 15–45 minutes (25–30 minutes was proposed).
The webinar version of Zoom included a question and answer (Q&A) tool where delegates could type
in their questions. After the presentation, the facilitator would read the question and allow the presenter
to answer orally until 50 minutes into the hour. Delegates then took a 10-minute break before the next
presentation started. If any questions remained, the presenter answered them in writing using the Q&A
tool.
Aloys d’Harambure of the International Manganese Institute in France gave the market perspective
on manganese ferroalloy production. The geology and mining of the Kalahari and Comilog orebodies in
South Africa and Gabon were presented by Desh Chetty of Mintek (South Africa) and Simon Blancher
of Eramet Ideas (France). Overviews of manganese ferroalloy production in South Africa and Slovakia
were presented by Kobus Sutherland of Transalloys and Musa Cele of Assmang in South Africa and
Denys Gryshan of OFZ in Slovakia. Lina Hockaday of Mintek discussed the sintering of manganese
ores, and Noémie Julia of Eramet the preheating of manganese in a pilot-scale rotary kiln. Working at
Mintek, I discussed the furnace containment philosophies in manganese ferroalloy production. Hanlie
Kotzé of Consensi in South Africa discussed mineral wool production from waste silicomanganese
slags.

Third School on Manganese Ferroalloy
Production – Chairman’s report (continued)
The fourth and fifth days consisted of two workshops, each with two presenters. Merete Tangstad and
Eli Ringdalen introduced the PreMa project and discussed the fundamentals of producing manganese
ferroalloys using submerged arc furnace smelting technology. On the final day, Markus Reuter and
Timur Kazdal utilized high-carbon ferromanganese production as a case study to illustrate the use of
simulation-based mass and energy balance, exergy calculations, and life cycle analysis footprinting of
systems.
On these days, the facilitator introduced both presenters by reading their short biographies, after
which the presenters determined the schedule of break intervals (10 minutes each) and the rhythm at
which questions were addressed.
Presenters were asked for copies of their slides, which were distributed to delegates via e-mail by
the SAIMM after permission was granted by presenters. Presentations were also recorded and will be
distributed to delegates once the recordings have been processed.
In total, 90 people registered to attend the webinars. The majority of delegates were from South
Africa (63%), with Norway representing 18%, France and Germany both 6%, China 3%, Brazil 2%,
and the UK and Slovakia 1% each. The majority of delegates were from research institutions (66%),
16% were from operations, 7% from engineering companies, and 12% from other companies or selfemployed. Research institutions were based in South Africa (3), Norway (2), France (1), Germany
(1), and China (1) and included universities from Norway (1), Germany (1), South Africa (2), and
China (1). Operations were based in South Africa (3, including two smelters and one mine), Brazil (1),
China (1), Norway (1), and Slovakia (1). Engineering houses were European (2) or South African with
European ties (1). Mintek registered the most delegates (42%). Mintek is training a significant number
of interns on behalf of the Mining Qualifications Authority and the National Research Foundation , and
these interns were all offered the opportunity to register for the event for free. After their internships,
the interns will typically be employed in the South African mining and metallurgical industry, with the
result that the knowledge they gain will be further disseminated into the community.
Converting the School from its conventional in-person format to an on-line event turned out
to be a useful experience. While the webinar format lacked opportunities for personal interaction
between presenters and audience and for networking, it did offer opportunities for the dissemination
of information during a time when international travel was prohibited. The SAIMM and PreMa project
were probably able to attract more delegates from a wider range of countries and a diverse group
of companies than would have been possible with an in-person event. Lastly, the format enabled a
repository of recorded presentations to be available after the event. A future event will probably be a
hybrid version, where an in-person event is combined with a webinar series should travel restrictions
be lifted.
In conclusion, the organizing committee would like to thank METIX, which sponsored the Third
School on Manganese Ferroalloy Production. The SAIMM looks forward to hosting the Fourth School
on Manganese Ferroalloy Production in 2022, again in collaboration with the PreMa project.
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Tailings storage facilities have been a feature of mining
operations around the globe since mining began. They are
the depositories of waste or gangue material from mining
operations and mineral processing plants, or the storage
facilities for pollution control. In some cases, they may still
contain low grade minerals, high grade fines that are not
economically viable to treat. They may also contain reagents
and other radioactive or potentially harmful minerals and
chemicals, that could damage ecosystems in the event of
their escape. Tailings facilities are each in a way unique,
either in terms of location, terrain, design and construction.
Furthermore, in terms of design and construction, debate
occurs globally on the merits and demerits of upstream and
downstream facilities, and wet or dry facilities.
Following failures of TSFs over many decades, but especially
in the last few years, great pressure from civil society and
the investment community has resulted in calls for more
stringent standards and audits, as well as public disclosure
of the results of risk analysis and monitoring.
This has culminated in the recent publication of the Global
Industry Standard on Tailings Management by ICMM,
UNEP and PRI as well as guidance by the International
Commission on Large Dams (ICOLD). At the same time,
the Global Mining Professionals Alliance has called on
its members to participate actively on a Global Action
on Tailings (GAT) group, to ensure cross fertilisation of
knowledge and learnings about TSFs across the globe.

In South Africa, the SAIMM has convened a Task Group
which includes industry professionals, Academia, the
SAIMM, and the South African Institute of Civil Engineers
(SAICE). This group has formed the organizing committee
for the presentation of this very important international
conference.

ABOUT THE VENUE
The Sun City resort lies in a tranquil basin of an extinct
volcano in the Pilanesberg adjacent to South Africa’s rich
platinum belt. It boasts four hotels, an award-winning golf
course and many other attractions.
Nestled in the rolling hills of the Pilanesberg, one of South
Africa’s most scenic locations, Sun City is a world unto
itself and has earned its reputation as Africa’s Kingdom of
Pleasure.
Finally re-discovered and now part of Sun City, the Lost City
and the Valley of Waves, fabled to be the Ruins of a glorious
ancient civilisation,celebrate and bring to life the legends of
this mystical city.

In addition, and in response to calls from the Church of
England Pensions Board and the Council on Ethics for the
Swedish Public Pension Funds, many mining companies
conducted deep-dive self-audits during 2019 and 2020
which they published on their websites for public scrutiny.
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