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Abstract Due to gradual depletion of high-grade iron ores,
there is a need to investigate the treatment of low-grade iron
ores. Current procedures are time and cost intensive. Batch
laboratory scale reverse cationic flotation was employed to
concentrate low-grade Fe ore, found in fluorspar tails in the
form of hematite. This study used two types of depressants
(soluble starch and dextrin) and two types of amines (pri-
mary mono-amine and tertiary mono-amine). Optimisation
of the process investigated parameters such as pH, collector
type and dosage, depressant type and dosage, condition-
ing time, solids content, agitation speed and air flow rate.
Owing to the high number of experiments when all possible
combinations are investigated, Taguchi design of experiment
method was utilised to streamline the number of experiments
and optimize parameters using orthogonal array and signal–
noise ratio (SN). The SNwas used to determine the optimum
conditions and analyse the relative significance of parame-
ters studied. The results showed that both depressants were
efficient for hematite depression; however, soluble starch
produced better results when compared to Betachem 30D.
Both Betacol 373 and Dodecylamine collectors were effi-
cient as quartz collectors; however, Dodecylamine produced
better results when compared to Betacol 373. Ranking of
parameter using SN ratio showed that pH was the most crit-
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ical parameter in obtaining higher Fe grade concentrate and
the optimum pH is 10. De-slimming leads to low recoveries
during reverse flotation of iron ores. The main conclusion
is that Taguchi method can be used to optimise a reverse
cationic flotation process of a low-grade iron ore.

Keywords Reverse cationic flotation · Taguchi method ·
Low-grade iron ore · Tailings

1 Introduction

The flotation process is one of the most important concen-
tration processes of finely disseminated low-grade iron ores
due to its high selectivity [1]. A lot of work has been done
by numerous authors on the factors affecting flotation pro-
cess [1–6]. Due to multiple parameters influencing flotation
process, it is difficult to study all possible combinations of
factors as it would lead to uneconomically lengthy experi-
ments and high consumption of resources [7].

Gradual depletion of high-grade iron ores, stringent envi-
ronmental laws for tailings disposal and a weak demand for
iron ore, reported for South Africa in 2015 [8], have resulted
in intensive exploration of cheaper ways of producing iron
from ores which were regarded as low grade and uneconom-
ical. Depending on the characteristics of the ore, the general
separation methods for low-grade iron ores are gravity sepa-
ration, magnetic separation and flotation [1,9,10].

The gravity method uses the difference in mineral densi-
ties, sizes and shapes to separate the targetedmineral through
a fluid media. It is efficient when a marked density difference
exists between the mineral and the gangue [11]. The limita-
tion for gravity separators is that they are not efficient in the
treatment of fines [11,12].
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The magnetic separation uses magnetic intensity to sep-
arate magnetic minerals from non-magnetic minerals. The
use of wet high intensity magnetic separator (WHIMS) was
investigated by Umadevi et al. [13] where it was found that
this process was successful in achieving high-grade iron con-
centrate. Filippov et al. [1] suggested that wet low-intensity
and WHIMS are the best methods for processing magnetite
and hematite ores with a high iron content, high liberation
degree of iron oxide, coarse texture and quartz as the major
gangue mineral.

The flotation method utilises the difference in surface
properties of the valuableminerals and the unwanted gangue.
Reverse cationic flotation is the best method for concentrat-
ing iron ores and is used in all iron ore processing plants
in Brazil [14]. Research done by Filippov et al. [1] showed
that reverse cationic flotation of iron ores is the best concen-
tration method when compared to reverse anionic flotation.
This is due to higher process selectivity, higher flotation rate
and satisfactory results when hard water is used. Although
a lot of literature exist on the factors affecting flotation pro-
cess [1–6], there is need to reduce the number of experiments
carried out before a successful flotation process is achieved.

Design of experiments (DOE) methods are used to sta-
tistically provide a predictive knowledge of a complex,
multi-variable process using fewer trials. Types of DOE
methods include full factorial design, fractional factorial
design and Taguchi method [15]. Taguchi method is a well-
accepted technique that has been widely applied for product
design and process optimization in manufacturing and engi-
neering sectors worldwide [16–18]. It was found in 1966 by
Genichi Taguchi and is based on Ronald’s Fischer factorial
design work. Taguchi method tests pairs of possible combi-
nations utilising orthogonal arrays to organize the parameters
affecting the process and the levels at which they should be
varied [15]. This then allows a smaller number of observa-
tions required to find the main factors effecting the output.
The number of minimum observations (N ) required for full
factorial, fractional factorial and Taguchi DOE method are
given as follows:

Full factorial doe, N = lk (1)

Fractional factorial doe, N = lk−p (2)

Taguchi doe, N = 1 + k(l − 1) (3)

where l is the number of levels, k is the number of param-
eters, and p is the number of generators. Taguchi method
is recommended for processes with intermediate number of
variable (3–50), where there are few interactions between
variables and only a few variables contribute significantly.
The disadvantage of Taguchi method is that since it tests
pairs of parameters at a time, it becomes impossible to study
relationships between individual parameters.

This research investigated the use of Taguchimethod as an
optimisation tool for flotation of a low-grade finely dissem-
inated iron ores. Reverse cationic flotation was explored to
upgrade low-grade iron found in fluorspar tails. The anal-
ysis of obtained data was conducted using SN ratio and
ANOVA [19]. Apart from being unable to study the rela-
tionships between individual parameters, Taguchi Method
has proved that it can be used to predict optimum conditions
for flotation of low-grade iron ores using a very minimum
number of experiments.

2 Materials and Method

2.1 Materials

A sample of fluorspar tails was provided by Vergenoeg
Mine, South Africa. The sample predominantly consisted of
hematite with low iron grade of 48.9%Fe. Major impurities
were SiO2 (16.8%) andCaO (3.8%). The sample particle size
distribution was 80% passing 155µm with majority of the
Fe-oxide occurring in the 10–70µmsize rangewhile 81.11%
of the grains were full liberated, with 3% locked Fe-oxide
occurring in the <20µm particle size fraction [20].

2.2 Reagents

Theprimary amine, dodecyl amine (DDA)was obtained from
Merck at a purity of 98%. It was prepared to 1%ww by using
deionised water and a few drops of HCl. The mixture was
heated to 40 ◦C while stirring to ensure a uniform solution.
The tertiary amine, Betacol 373, composed of octa-dodecane
and tri-ethoxy tetradecane was obtained from Betachem as
an oil in liquid form at 98% purity and 0.78g/ml density.

The depressant [soluble starch (SS)] was purchased from
Merck and was prepared to 3%ww solution using deionised
water. The second depressant, Betachem 30D, was received
from Betachem. It was prepared to 3%ww using deionised
water and heated to 40 ◦C while stirring to ensure solubility.
5% NaOH and HCl solutions were prepared using deionised
water. All reagents were prepared on the day of experiments.
A fewdrops ofDowfroth 200were used in the flotation exper-
iment.

2.3 Experimental Procedure

2.3.1 Design of Experiments (DOE)

Taguchimethodwas used for the arrangement of experiments
and determination of the number of the required observations
based on degrees of freedom. The method assumed no inter-
actions existed between parameters. Minitab 17 was used for
computing of Taguchi data and data analysis. The selected
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Table 1 Experimental
parameters and their levels
(Soluble Starch-DDA system)

Parameters Level 1 Level 2 Level 3 Level 4 Level 5

Starch dosage (g/t) 750 1000 1300 1500 2000

DDA dosage (g/t) 200 300 400 500 600

pH 4 6 8 10 12

Solids content (%) 35 40 45 50 55

Condition time (min) 3 6 10 15 20

Table 2 L25 orthogonal array matrix for Soluble Starch-DDAsystem

Exp. no. Operating conditions

SD (g/t) CD (g/t) pH %Solids C/T (min)

1 750 200 4 35 3

2 750 300 6 40 6

3 750 400 8 45 10

4 750 500 10 50 15

5 750 600 12 55 20

6 1000 200 6 45 15

7 1000 300 8 50 20

8 1000 400 10 55 3

9 1000 500 12 35 6

10 1000 600 4 40 10

11 1300 200 8 55 2

12 1300 300 10 35 10

13 1300 400 12 40 15

14 1300 500 4 45 20

15 1300 600 6 50 3

16 1500 200 10 40 20

17 1500 300 12 45 3

18 1500 400 4 50 6

19 1500 500 6 55 10

20 1500 600 8 35 15

21 2000 200 12 50 10

22 2000 300 4 55 15

23 2000 400 6 35 20

24 2000 500 8 40 3

25 2000 600 10 45 6

parameters and the levels to which they were varied for the
Soluble Starch and DDA system are shown in Table 1.

The selected levels were based on preliminary results
obtained from previously ran experiments. Due to the five
parameters and five levels, the L25 Taguchi orthogonal array
matrix was used for all experiments. The experiments were
conducted according to Table 2.

The output columns (Fe grade) were added into the
Taguchi worksheet. The optimization was conducted study-
ing the control factors only, with the targeted output being
“higher Fe grade”, where SN ratio was given as follows:

S

N
= −10log

[∑ (
1/y2i

)
n

]
(4)

Higher values of the signal-to-noise ratio (SN) identi-
fied control factor settings that minimized the effects of the
noise factors thus facilitating desired output results [21]. SN
ratio was also used to determine the relative importance of
each factor under investigation. A confirmation test was con-
ducted at the optimum conditions predicted by Taguchi SN
ratio. Further optimization exercises were conducted until
the required results were obtained. Analysis of data using
ANOVA was done to identify and quantify the errors result-
ing from deviations on a set of results [22].

2.3.2 Flotation Experiments

All batch flotation experiments were performed using a lab-
oratory mechanical flotation cell, Denver D12 with capacity
of 2.5lt. The Denver cell is equipped with a variable speed
agitator for ensuring solids are kept in suspension and for
even distribution of materials. It is also fitted with an air inlet
to introduce bubbles into the cell. Figure 1 shows a schematic
diagram of the Denver D12 laboratory flotation cell used.

The control parameters investigated were pH, collector
type and dosage, depressant type and dosage, conditioning
time, solids content, agitation speed, air flow rate and effect of
de-sliming. A combination of Taguchi L25, L16, L9 orthogo-
nal arrays and full factorial designs were used throughout the
project depending on the number of parameters investigated
and levels to which they were varied.

The pulp was prepared to the required solids concentra-
tion (35–55%) using domestic water. It was agitated at the set
speed (1200–1400 rpm) for the set conditioning time while
stage wise addition of flotation reagents was done. Depres-
sant was the first reagent added, followed by pH adjustment,
then a collector and a frother. The soluble starch dosage was
varied from 750 to 2000 g/t and dextrin dosage from 300 to
700 g/t. The pHwas varied between 4 and 12, DDA from 200
to 600 g/t, Betacol 373 from 2500 to 8000 g/t and the con-
ditioning time between 6 and 20 min. NaOH and HCl were
used for pH adjustments. When the conditioning period had
lapsed, air was introduced into the cell to start flotation. The
froth was collected into the drip trays, while the system was
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Fig. 1 Denver D12 flotation cell

kept at the required pH. Air was turned off after 2 min of
flotation and agitation stopped. The floats and sinks were
separately filtered, dried at 70 ◦C, weighed and analysed.

2.3.3 De-sliming Method

A 5 kg fluorspar tailings sample was subjected to a 20µm
vibration screen, where it was wet screened in small

batches. Screening was seized when a clear run off was
observed. The top and undersize were individually filtered,
dried and weighed. Chemical analysis was conducted on
both the −20µm and +20µm fractions. The −20µm
fraction was discarded and the +20µm was used for
flotation.

3 Results and Discussion

3.1 Optimum Conditions Prediction for Soluble Starch:
DDA System

The L25 orthogonal array (OA) was used to measure per-
formance of DDA and soluble starch. The effect of five
parameters varied five times as shown in Table 2 was inter-
preted using the SN ratio for “Higher iron grade”. The results
are shown in Fig. 2.

3.1.1 Soluble Starch Dosage: SN Ratio Trend

The soluble starch dosage—SN ratio trend in Fig. 2 showed
that the efficiency of the process generally increased with
increase in starch dosage. The highest SN ratio was pre-
dicted to be at 2000 g/t starch dosage (SD). Work done by
Kar et al. [23] showed that depressing action of hematite
increased with increase in starch dosage. It was noted that
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the 2000 g/t soluble starch obtained as the optimum soluble
starch dosage in this study is much higher than the previously
recorded dosages of 400–600 g/t reported by Kar et al. and
Nheta et al. [23,24]. Due to high cost of soluble starch, a
decision was made not to investigate higher soluble starch
dosages.

3.1.2 DDA Dosage: SN Ratio Trend

The DDA collector dosage—SN ratio trend in Fig. 2 showed
that flotation performance increased with increase in collec-
tor dosage (CD) from 300 to 500 g/t after which a sudden
decline was observed at 600 g/t. The floatability of quartz
increases with increase in collector dosage until an optimum
point is reached where a decline occurs possibly due to for-
mation of hemi-micelles at the solid-liquid interface [1]. The
optimum collector dosage of 500 g/t depicted by the SN ratio
is more than that of 300 g/t shown by Nheta et al. [24] and
48 g/t suggested by Kar et al. [23]. A possible reason for
a decreased system performance at higher amine dosage is
that adsorption of amines on themineral surface is pH depen-
dent, while adsorption of starch is concentration dependent.
Hence, adsorption of starch is reduced at higher amine con-
centration due to the formation of clathrate, thus resulting in
flotation inefficiency [25].

3.1.3 Pulp pH: SN Ratio Trend

The pH—SN ratio trend in Fig. 2 showed that the efficiency
of the flotation experiments increasedwith increase in pHand
the highest SN ratio was reached at pH 10. Starch absorbs
extensively on hematite and has lower affinity for quartz at
higher pH, while the amine adsorbs strongly on quartz than
on hematite [26]. The solution pH plays a vital role in flota-
tion since ionic surfaces of oxide minerals are amphoteric
and can take up either H+ or an OH− ion depending on the
pH. Increase on pH intensifies the surface charge of silica,
making it more negative as its point of zero charge (pH 2–3)
is surpassed, hence strengthening adsorption of amines on
the quartz surface. At pH 10, hematite is slightly negatively
charged, since its point of zero charge is at pH 6–8; hence,
hematite is not highly attracted to the amine collector around
such a pH. Ma et al. [27] conducted reverse cationic flotation
at pH 10.5.

The pH—SN ratio trend statistically predicts a sudden
drop in system efficiency at pH >10. A similar trend was
reported by Huanget al. [28], where it was observed that
flotation of quartz increased gradually with increase in pH
but decreased at pH >10. A decrease in system efficiency
at pH >10 might be due to both hematite and quartz being
highly negatively charged, hence lowering the selectivity of
reagent absorption.

3.1.4 Solids Content: SN Ratio Trend

The solids—SN ratio trend shown in Fig. 2 predicted the pro-
cess performance to increase with increase in solids content
in the pulp until an optimum point is reached at 50% solids,
after which the performance drops. A reduction in flotation
efficiency at high solids content was attributed to the detach-
ment of bubbles from particle surface, reagent starvation and
reduction of bubble numbers with increase in pulp density
for a given air flow rate [6].

3.1.5 Conditioning Time: SN Ratio Trend

The conditioning time—SNratio in Fig. 2 predicted optimum
Fe grade at 15 min conditioning time. This was a deviation
from 5 to 6 min recommended by Mowla et al. [6] and the
6 min used by Ma et al. [27].

3.1.6 Ranking of Parameters

The parameters under investigation were ranked according
to relative importance, and the results are shown in Table 3.
The ranking looks at the difference between the lowest SN
ratio, and the highest SN ratio as the parameter setting level
is varied [29]. The parameter with the highest difference is
deemed the most critical as its variation effected the most
change in the output response.

The ranking of process parameter, indicated in Table 3,
showed that the relative significance of the parameter was
in the order of pH being the most significant parameter fol-
lowed by starch dosage, collector dosage, solids content and
conditioning time, respectively. This means that the system
is most sensitive to pH changes. This finding is in line with
literature since pH is known to be critical in flotation of iron
oxides as it affects the surface charge of oxide minerals [30].

3.1.7 Confirmation Test for SS-DDA System

A confirmation test for soluble starch and DDA was con-
ducted at predicted optimum conditions of soluble starch
at 2000 g/t, DDA dosage of 500 g/t, pH 10, solids con-
tent of 50%, conditioning time of 15 min, air flow rate of
5.25L/min and rotor speed of 1300 rpm.Aconcentrate assay-
ing 61.2%Fe and 2.06%Si at 78%Fe recovery was obtained.
This iron assay was below the required ≥63%Fe for pellets
making.

3.2 Optimum Conditions Prediction for Betachem 30D
and DDA System

Using the information attained from the soluble starch—
DDA system, this investigation was conducted at parameter
settings shown in Table 4 and the results shown in Fig. 3.
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Table 3 Parameter ranking
results using SN ratio (soluble
starch: DDA system)

Level Starch dosage Collector dosage pH Solids content Condition time

1 51.26 52.53 49.06 53.04 53.23

2 52.22 53.65 53.61 52.49 53.95

3 54.60 54.30 56.28 53.84 54.19

4 55.11 55.28 57.15 54.94 54.25

5 55.87 53.29 52.96 54.76 53.43

Delta 4.61 2.75 8.10 2.45 1.02

Rank 2 3 1 4 5

Table 4 Parameter settings for Betachem 30D-DDA system

Parameters Level 1 Level 2 Level 3

Betachem 30D dosage (g/t) 300 500 700

DDA dosage (g/t) 400 500 600

pH 8 10 12

Solids content (%) 40 50 55

Condition time (min) 5 10 15

Agitation speed (rpm) 1200 1300 1400

Air rate (L/min) 3.5 5.25 7

3.2.1 Dextrin Dosage: SN Ratio Trend

Betachem 30D dosage—SN ratio trend shown in Fig. 3
shows that the optimum dextrin dosage for higher Fe grade

output is at 500 g/t, which is much lower than the 2000
g/t predicted when soluble starch was used. A reduction
in flotation performance with increase in Betachem 30D
dosage could be due to hemicelles formation at high reagent
concentration.

3.2.2 DDA Dosage: SN Ratio Trend

It was observed that the optimum DDA dosage was not
reduced by the introduction of a parameter such as air rate,
agitation speed and a different type of depressant. The DDA
dosage—SN ratio in Fig. 3 shows an increase in flotation
efficiency with increase in collector dosage with optimum
dosage being 500 g/t.
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3.2.3 Air Rate and Agitation Speed: SN Ratio Trend

The air rate—SN ration graph in Fig. 3 showed an improve-
ment in system efficiency as air flow rate is increased from
3.5 to 5.25 L/min and a sudden drop when the air flow rate is
increase to 7 L/min (half, 3/4 and Full air rate, respectively).
A similar trend was observed with agitation speed—SN ratio
graphwhere the performance is seen to increasewhen the agi-
tation speed is increased from 1200 to 1300 rpm and dropped
suddenly when the speed is increased to 1400 rpm. Air flow
rate and agitation speed are critical for efficient performance
in flotation as high air rate increase the available area for
attachment of targeted mineral and the increased agitation
speed increases contact opportunities of air with the target
mineral.With flotation rate driven by factors; collision, adhe-
sion and detachment, increased performance is anticipated as
agitation speed is increased due to increased rate of collision
and adhesion between particles and bubbles. However, at the
highest impeller speed of 1400 rpm, the rate of detachment
could be greater than that of collision and adhesion leading
to poor flotation of quartz thus reduction in the sinks iron
grade.

3.2.4 Ranking of Parameters (Betachem 30D and DDA)

The response of SN ratio to produce higher iron grade
concentrate was used to rank the parameters according to
the significance. The relative significance of the parame-
ters showed pH to be the significant parameter followed by
depressant dosage.

3.2.5 Confirmations Tests Results for Betachem 30D: DDA
System

A confirmation test for the dextrin Betachem 30D—DDA
system was conducted at predicted optimum conditions
of Betachem 30D—500 g/t, DDA dosage—500 g/t, pH
10, solids content of 50%, conditioning time of 15 min,
5.25 L/min air flow rate and rotor speed of 1300 rpm. Con-
ducting the experiment at optimum conditions showed a
63.79%Fe grade at 70% recovery.

3.3 Further Optimisation of Betachem 30D: DDA
System

3.3.1 De-sliming of Feed

Further optimisation of Betachem 30D–DDA system was
done by first de-sliming the feed followed by flotation. The
aim was to explore the opportunity of reduce iron losses
arising from slime coating and also reduce the reagents con-
sumption as a result of presence of fines. The results are
reflected in Fig. 4.
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An iron grade of 62.6%was achieved using 300 g/t collec-
tor dosage after de-sliming. The iron assay in the concentrate
was seen to be increasing slightly with increase in collec-
tor dosage; however, higher losses of iron to the floats were
also observed. The highest iron grade of 63.86% at 75.16%
recovery was observed at 500 g/t collector dosage when de-
slimed feed is used. Themetal loss at 500 g/t collector dosage
using de-slimed feed was 38% including the 13% loss by
action of de-sliming alone. Though some reagent saving was
observed with de-sliming, high metal losses were, however,
observed.

3.4 Comparison Between Soluble Starch and Betachem
30D Depressants

Flotation kinetics was conducted using the tested depres-
sants (Betachem 30D and soluble starch) with DDA as the
collector. The aim was to observe depressing efficiency of
the selected depressant.

The results reflected in Fig. 5 showed that both systems
were good depressants of iron oxide and that the iron loss
to floats increased with time. A lower concentration of iron
was observed in the floats, in the first 30 s of flotation, when
using soluble starch.High cost of soluble starch, however, led
to the selection of the dextrin (Betachem 30D) as the better
depressant.
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3.5 Optimum Conditions Prediction for Betachem 30D:
Betacol 373 System

The L9 orthogonal array was selected for experimental set up
andTaguchi used for analysis of results. The fixed parameters
were pH 10–10.5, conditioning time 15 min, agitation speed
1300 rpm and air flow rate of 5.25 L/min. The variables were
Betacol 373 dosage, Betachem 30D dosage and solids con-
tent. The optimum conditions predicted by SN ratio analysis
showed that best performance for Betachem 30D–Betacol
373 was at dextrin dosage 500 g/t, Betacol 373 dosage of
3328 g/t and 35% solids content. A confirmation test was
conducted at the obtained optimum conditions and a con-
centrate with 62.08%Fe at 69.07% recovery was achieved.
Seeing that Taguchi picked the maximum setting of Beta-
col 373 dosage; a decision was taken to investigate further
dosages.

3.6 Further Optimisation of Betachem 30D: Betacol 373
System

3.6.1 Effect of Collector Dosage Variation

The dosages 3328, 5548 and 7770 g/t were investigated with
depressant (Betachem 30D) dosage fixed at 500 g/t and the
results are displayed in Fig. 6.

An increase in collector dosage was observed resulting in
a slight increase in iron grade until an optimum point of 5548
g/t, where after the performance suddenly dropped. The Fe
grade of 62.28%Fe at a reduced recovery of 61.01% in sinks
was observed at 5548 g/t. When compared to 62.08%Fe and
69.07% recovery obtained at 3328 g/t collector dosage, an
increase to 62.28%Fe signals a slight improvement in results
and does not justify increasing collector dosage from 3328
to 5548 g/t.

It was noted that increasing amine dosage by 9% from
5548 g/t resulted in 2.6% iron grade drop. This was in line
with Lima et al 2013findingswhereby amine dosage increase
contributed more to the interaction between depressant and

Table 5 Dodecylamine and Betacol 373 comparison

Description DDA Betacol 373

Fe in sinks 63.79% 62.08%

Si in sinks 1.76% 1.58%

Ca in sinks 0.71% 2.2%

Fe in floats 40.43% 40.07%

SiO2 3.76% 3.39%

Al2O3 0.87% 0.60%

Fe recovery 70.78% 67.02%

Metal loss 29.22% 32.98%

%Mass in sinks 54.26% 53.15%

Betachem 30D dosage 500 g/t 500 g/t

Collector dosage 500 g/t 3328 g/t

pH 10 ± 0.5 10 ± 0.5

Solids content 50% 35%

Conditioning time 15 min 15 min

Agitation speed 1300 rpm 1300 rpm

Air valve opening 3/4 open 3/4 open

amine dosage, hence affecting the selectivity of the process.
According to Lima et al, 2013, a higher dosages of amine
result in the formation of clathrate.

3.7 Comparing Cationic Amines (DDA and Betacol 373)
Results

Table 5 shows comparison between the concentrates obtained
at operation at optimumconditions forDDAandBetacol 373,
where Betachem 30D was the used depressant.

Results tabulated in Table 5 show that both Betacol 373
and DDA reduced SiO2 in the concentrate significantly from
the feed with 16.8% to concentrates with 3.76 and 3.39%,
respectively. Betacol 373 system was also able to concen-
trate the iron in the feed significantly from 48.9 to 62.08%Fe
grade at 67.02% recovery. The alumina and phosphorus were
reported at <1%.

However, a system of Betachem 30D–DDA produced
superior results with higher iron grade (63.79%) in concen-
trate, which is within the required ≥63%Fe. The recovery
was higher at 70.78%when compared to the 67.02%obtained
with use of Betacol 373. The alumina and phosphorous were
at <1 wt%.

3.8 ANOVA Analysis

The Statistical Package for the Social Science (SPSS) soft-
ware was used for ANOVA analysis. The following results
were obtained for Soluble starch and DDA system. Hypoth-
esis testing was done using the P value approach [31]. The
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Table 6 Results for multivariate tests

Method Value F Hypothesis d f Error d f Significance, P value Partial eta squared

Pillai’s trace 0.105 1.351b 2.000 23.000 0.279 0.105

Wilks’ lambda 0.895 1.351b 2.000 23.000 0.279 0.105

Hotelling’s trace 0.117 1.351b 2.000 23.000 0.279 0.105

Roy’s largest root 0.117 1.351b 2.000 23.000 0.279 0.105

following hypothesis were made, with α = 0.05 (Level of
significance);

– Null hypothesis, H0: There is no change in percentage of
iron in sink over two repeats experiments.

– Alternative hypothesis, HA: There is change in percent-
age of iron in sink over two time periods.

P value approach determines the likeliness or un-likeliness
of observing a test statistic in the direction of either a null nor
am alternative hypothesis. If P value is ≤ α, then the null
hypothesis is rejected in favour of the alternative hypothesis.
The results for the effect of %Fe in sinks are shown in Table
6, where b is a foot note denoting the exact statistics.

The P value, P = 0.279, was obtained. According to
Ramsey, 2011 a P value >0.05 indicates weak evidence
against the null hypothesis hence failure to reject null hypoth-
esis. With P = 0.279 > 0.05, the null hypothesis was not
rejected; hence, there was sufficient evidence to conclude
that there is no change in percentage of iron in the sinks.

4 Conclusion

This paper has presented an investigation on the optimisation
of reverse cationic flotation of a low-grade iron ore using
Taguchi method. The confirmation tests indicated that it is
possible to choose parameter combinations for flotation of
iron ore using the proposed statistical technique. The relative
significance of flotation parameters using SN ratio indicated
that pH has the most significant effect on iron grade during
reverse cationic flotation. Although de-sliming increases the
grade of Fe in the sinks, it leads to very significant losses.
Even thoughprimarymono-amines are better collectors com-
pared to tertiary mono-amines, tertiary mono-amines can
achieve the same results under suitable conditions. Both
starch and dextrin are good depressants of haematite. The
use of Taguchi method in optimization of flotation process is
effective and produces reliable results.

Acknowledgements The authors would like to acknowledge Verge-
noeg Mine for supplying the sample, Betachem Ltd for supplying some
of the reagents, University of Johannesburg for funding the project and
CSIR for funding the candidate.

References

1. Filippov, L.; Severov, V.; Filippova, I.: An overview of the ben-
eficiation of iron ores via reverse cationic flotation. Int. J. Miner.
Process. 127, 62–69 (2014)

2. Ma, X.; Bruckard, W.J.; Holmes, R.: Effect of collector, pH and
ionic strength on the cationic flotation of kaolinite. Int. J. Miner.
Process. 93(1), 54–58 (2009)

3. Quast,K.: Flotation of hematite usingC6–C18 saturated fatty acids.
Miner. Eng. 19(6), 582–597 (2006)

4. Araujo, A.C.; Viana, P.R.M.; Peres, A.E.C.: Reagents in iron ores
flotation. Miner. Eng. 18(2), 219–224 (2005)

5. Nguyen, A.: Froth Flotation. The University of Queensland, St
Lucia (2013)

6. Mowla, D.; Karimi, G.; Ostadnezhad, K.: Removal of hematite
from silica sand ore by reverse flotation technique. Sep. Purif. Tech-
nol. 58(3), 419–423 (2008)

7. Bendell, A.; Disney, J.; Pridmore, W.: Taguchi Methods: Applica-
tion in World Industry. IFS Publications, New York (1989)

8. Statics, S.A.: Statics South Africa—Iron ore. http://www.statssa.
gov.za. (2016). Accessed 10 Sept 2016

9. Singh, G.P.; Choudhary, R.P.; Vardhan, H.; Aruna, M.; Akolkar,
A.B.: Iron ore pelletization technology and its environmental
impact assessment in eastern region of India—a case study. Proce-
dia Earth Planet. Sci. 11, 582–597 (2015)

10. Wills, B.; Finch, J.: Mineral Processing Technology: An Intro-
duction to the Practical Aspects of Ore Treatment and Mineral
Recovery, 8th edn. Elsevier, New York (2016)

11. Das, B.; Prakash, S.; Das, S.; Reddy, P.: Effective beneficiation
of low grade iron ore through Jigging operation. J. Miner. Mater.
Charact. Eng. 7(1), 27–37 (2007)

12. Rao, D.S.; Kumar, T.V.; Rao, S.S.; Prabhakar, S.; Raju, G.B.: Min-
eralogy and geochemistry of a low grade iron ore sample from
bellary-hospet sector, India and their implications on beneficiation.
J. Miner. Mater. Charact. Eng. 8(02), 115–132 (2009)

13. Umadevi, T.; et al.: Recovery of iron bearing minerals from bene-
ficiation plant 2 thickner underflow of JSW steel limited. J. Miner.
Mater. Charact. Eng. 1, 55–60 (2013)

14. Peres, A.P.: Innovative flotation routes in an iron ore concentra-
tor. In: Proceedings of the XXIV International Mineral Processing
Congress, Beijing (2008)

15. Athreya, S.;Venkatesh,Y.:Application ofTaguchiMethod for opti-
mization of process parameters in improving the surface roughness
of Lathe facing operation. Int. Refereed J. Eng. Sci. 1(3), 13–19
(2012)

16. Altan, M.: Reducing shrinkage in injection moldings via the
Taguchi, ANOVA and neural network methods. Mater. Des. 31,
599–604 (2010)

17. Kumar, S.G.; Dastidar, C.M.: Optimization studies on coal-oil
agglomeration using Taguchi (L16) experimental design. Fuel 141,
9–16 (2015)

18. du Plessis, B.J.; de Villiers, G.: The application of the Taguchi
method in the evaluation of mechanical flotation in waste activated
sludge thickening. Resour. Conserv. Recycl. 50, 202–210 (2007)

123

http://www.statssa.gov.za
http://www.statssa.gov.za


2412 Arab J Sci Eng (2018) 43:2403–2412

19. Kamaruddin, S.; Khan, Z.A.; Wan, K.: The use of the Taguchi
method in determining the optimum plastic injection moulding
parameters for the production of a consumer product. Jurnal
Mekanikal 18, 98–110 (2004)

20. Lubisi, T.P.; Nheta, W.; Ntuli, F.: Physical, Chemical and Miner-
alogical Characterization of Fluorspar. Elsevier, New York (2016)

21. Sapakal, S.; Telsang, M.: Parametric optimization of MIG welding
using Taguchi design method. Int. J. Adv. Eng. Res. Stud. 1(4),
28–30 (2012)

22. Tofighy, M.A.; Mohammadi, T.: Application of Taguchi experi-
mental design in optimization of desalination using purified carbon
nanotubes as adsorbent. Mater. Res. Bull. 47, 2389–2395 (2012)

23. Kar, B.; Sahoo, H.; Rath, S.S.; Das, B.: Investigations on different
starches as depressants for iron ore flotation. Miner. Eng. 49, 1–6
(2013)

24. Nheta, W.; Lubisi, T.P.; Masemola, S.; Makhatha, M.E.: Benefici-
ation of Haematite from Fluorspar Tailings by Reverse Flotation.
In: Proceedings of the World Congress on Mechanical, Chemical,
and Material Engineering, p. 346-1 (2015)

25. Lima, N.P.; Valadão, G.E.; Peres, A.E.: Effect of amine and starch
dosages on the reverse cationic flotation of an iron ore. Miner. Eng.
45, 180–184 (2013)

26. Pavlovic, S.; Brandão, P.R.G.: Adsorption of starch, amylose, amy-
lopectin and glucose monomer and their effect on the flotation of
hematite and quartz. Miner. Eng. 16(11), 1117–1122 (2003)

27. Ma, X.; Marques, M.; Gontijo, C.: Comparative studies of reverse
cationic/anionic flotation of Vale iron ore. Int. J. Miner. Process.
100, 179–183 (2011)

28. Huang, Z.; Zhong, H.; Wang, S.; Xia, L.; Zou, W.; Liu, G.:
Investigations on reverse cationic flotation of iron ore by using a
Gemini surfactant: ethane-1, 2-bis (dimethyl-dodecyl-ammonium
bromide). Chem. Eng. J. 257, 218–228 (2014)

29. Masiya, T.T.; Nheta, W.: Flotation of nickel-copper sulphide ore:
optimisation of process parameters using Taguchi method, Prague.
In: Proceedings of the International Conference on Mining, Mate-
rial and Metallurgical Engineering (2014)

30. Fuerstenau, D.; Pradip, T.: Zeta potentials in the flotation of oxide
and silicate minerals. Adv. Colloid Interface Sci. 114–115, 9–26
(2005)

31. Pallant, J.; SPSS survival manual : a step by step guide to data
analysis using SPSS. 4th ed. Open University Press, Maidenhead
(2010)

123


	Optimization of Reverse Cationic Flotation of Low-Grade Iron Oxide from Fluorspar Tails Using Taguchi Method
	Abstract
	1 Introduction
	2 Materials and Method
	2.1 Materials
	2.2 Reagents
	2.3 Experimental Procedure
	2.3.1 Design of Experiments (DOE)
	2.3.2 Flotation Experiments
	2.3.3 De-sliming Method


	3 Results and Discussion
	3.1 Optimum Conditions Prediction for Soluble Starch: DDA System
	3.1.1 Soluble Starch Dosage: SN Ratio Trend
	3.1.2 DDA Dosage: SN Ratio Trend
	3.1.3 Pulp pH: SN Ratio Trend
	3.1.4 Solids Content: SN Ratio Trend
	3.1.5 Conditioning Time: SN Ratio Trend
	3.1.6 Ranking of Parameters
	3.1.7 Confirmation Test for SS-DDA System

	3.2 Optimum Conditions Prediction for Betachem 30D and DDA System
	3.2.1 Dextrin Dosage: SN Ratio Trend
	3.2.2 DDA Dosage: SN Ratio Trend
	3.2.3 Air Rate and Agitation Speed: SN Ratio Trend
	3.2.4 Ranking of Parameters (Betachem 30D and DDA)
	3.2.5 Confirmations Tests Results for Betachem 30D: DDA System

	3.3 Further Optimisation of Betachem 30D: DDA System
	3.3.1 De-sliming of Feed

	3.4 Comparison Between Soluble Starch and Betachem 30D Depressants
	3.5 Optimum Conditions Prediction for Betachem 30D: Betacol 373 System
	3.6 Further Optimisation of Betachem 30D: Betacol 373 System
	3.6.1 Effect of Collector Dosage Variation

	3.7 Comparing Cationic Amines (DDA and Betacol 373) Results
	3.8 ANOVA Analysis

	4 Conclusion
	Acknowledgements
	References




