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Abstract

The Sangan processing plant consists of four consecutive low-intensity magnetic
separation steps with the same magnetic field intensity of 1300 Gauss for upgradation of
iron ore. Hence, the iron ore minerals with lower magnetic susceptibility or interlocked
with gangue minerals have no opportunity for upgradation, and proceed to the tailing
dam. Flotation is a powerful technique for upgradation of these materials, and it is the
focus of this research work. A sample of 43.09% Fe and 12.1% FeO was taken from the
tailings of second step of magnetic separation. The ore minerals of the sample were
determined to be magnetite and hematite. A concentrate of 67% Fe and mass recovery of
50% was produced through the Davis tube test. A reverse flotation route was selected
for upgradation of the sample. Fatty acid-based anionic collectors with trade names Alke
and Dirol were used in the flotation experiments. The design of experiments was done
by resolution IV fractional factorial design with nine factors at two levels per factor. A
resolution IV design allows discrimination of all main effects and two-factor
interactions. A concentrate of 53.92% Fe at a mass recovery of 60% was obtained at
optimum flotation conditions of solid content 20%, pH 12, collector concentration of 1
kg/t, starch as depressant at a concentration of 5 kg/t, Alke/Dirol collector mass ratio of
30/70, conditioning time of 10 min., and concentration of Ca2+ as activator 1 kg/t. In
this research work, the concept of natural depression of iron minerals in the reverse
flotation was introduced and evaluated.
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1. Introduction

Annually, more than 1.5 billion tons of crude steel
is produced in the world [1]. Iran is the thirteenth
largest producer, and in 2017, it produced 21.2
million tons of crude steel up from 17.9 million
tons in 2016 [1]. For every one ton of crude steel
produced, approximately 2.5 to 3 tons of tailings
will be discharged [2]. The tailings are produced
during the upgradation of run of mine (ROM) iron
ores and smelting of iron ore concentrate. Most of
the tailing is produced during the upgradation of
ROM iron ores in mineral processing plants, in
which the ROM ore with iron grade of 30-40% is
upgraded to a concentrate with iron grade more
than 65% [2]. In the iron ore processing plants,
usually the iron minerals are separated from
gangue minerals during several consecutive wet
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low-intensity magnetic separation steps [3, 4]. The
tailings fall in the category of high risk wastes
since they not only cover huge land but also
pollute environment through several issues, for
instance, acid mine drainage (AMD) [5-7].
Therefore, the management of tailings has a
crucial importance for iron ore mineral processing
plants [8]. It is usually performed in the best way
by implementing the 3Rs concept [9]. The 3R
strategy sets the goal of tailing reduction, reuse,
and recycling [9].

In the recent years, interest in upgradation of iron
ore tailings has increased worldwide. These
activities are initiated not only to recover minerals
but also to address various environmental issues
associated with tailings [10]. Several technologies
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have been employed in this regard including
gravity  separation, high-intensity = magnetic
separation, and flotation [11-14]. The gravity
separation due to decreased gravitational effect
and high-intensity magnetic separation due to
reduced drag force have been found to be
ineffective for treatment of iron tailings with fine
particle sizes. However, froth flotation is
a powerful technique for treatment of these
materials. Therefore, it is in this regard that
flotation has gained importance in treating iron
ore tailings in the recent years [15, 16].

The flotation of iron ores is usually performed by
reverse flotation using cationic or anionic
collectors [17]. The reverse flotation using
cationic collectors is the most popular flotation
route for the upgradation of low-grade iron ores
and iron ore tailings [18, 19]. In the reverse
cationic flotation route, after depression of iron
minerals by a suitable depressant such as starch at
alkaline pH wvalues, the gangue minerals are
floated by a cationic collector such as
dodecylamine or ether amine. The reverse
flotation using cationic collectors is very sensitive
to slime-sized materials, and de-sliming must be
performed before the flotation process, which
results in some iron loss [15]. Furthermore, the
high cost of cationic collector increases the
operating costs of this process and restricts its
usage [17]. The reverse flotation using anionic
collectors can be a suitable alternative route for
the upgradation of iron ore tailings. This flotation
route is not sensitive to the presence of
slime-sized materials, and the anionic collectors
are significantly cheaper than the cationic
collectors. In reverse flotation by anionic
collectors, initially, lime is added to the pulp for
the pH adjustment at alkaline wvalues and
activation of silicate minerals. After that, the
depression of iron minerals is performed through
addition of a suitable depressant. Finally, gangue
minerals are floated by an anionic collector such
as fatty acids [20]. The efficient depression of iron
minerals is one of the main challenges of this
flotation route. The performance and operational
costs of this process are highly dependent on the
precise determination of the type and dosage of
depressant [21-24]. In this research work,
upgradation of the tailings of a magnetic separator
was investigated by the reverse anionic flotation
route, and the effects of various operating
parameters on the process were evaluated. The
main focus of this work is to find the best
conditions for depression of iron minerals. Hence,
the concept of natural depression of iron minerals
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was introduced and evaluated.

2. Materials and methods

2.1. Reagents

Analytical reagent grade calcium nitrate
tetrahydrate and sodium hydroxide were used in
the flotation experiments as the activator and pH
regulator, respectively. The collector used in the
flotation tests included two types of Alke and
Dirol collectors based on fatty acids, and the Dirol
collector, in addition to the collecting effect, had a
frothing effect; the collectors were provided by a
local producer. Sodium silicate with a Si0,/Na,O
ratio of 2.5 was provided from the Silicate Gostar
Isfahan Co. (Iran). Corn starch was provided from
a local producer, and it was used as the depressant
along with sodium silicate in the flotation tests.
Analytical reagent grade HCI, phosphoric acid,
sulfuric acid, tin chloride, mercuric chloride,
potassium dichromate, and sodium diphenylamine
sulfonate were used for analyzing the Fe and FeO
contents of the samples by the titration method.

2.2. Iron ore sample

The Sangan iron ore mine is located in the
Khorasan-Razavi Province, east of Iran. It is one
of the largest iron mines in Iran and in the Middle
East with an iron ore reserve more than 1.2 billion
tons. The first iron ore processing plant in this
area annually produces 2.6 million tons of
concentrate with an iron grade of more than 65%.
In this plant, the processing circuit consists of four
sequential steps of low-intensity magnetic
separation. The drum type magnetic separators
have a diameter of 1220 mm, a length of 2400
mm, and a magnetic intensity of 1300 Gauss. The
tailing of all magnetic separators are transferred to
the tailing dam after thickening. The sample used
in this work was taken from the tailings of the
rougher wet low intensity magnetic separators
(i.e., second step magnetic separation). For this
purpose, a total of 7000 liters of pulp was taken
using a 2.5-liter sampler in a one-month period.
The pulp, after dewatering through decantation
and filtering by laboratory filterpress, was dried in
a laboratory oven at 90°C. After that, the sample
was homogenized and used in the experiments.

2.3. Sample characterization

In order to determine the total iron content of the
sample, an exact amount of the sample was
dissolved in concentrated HCl at -elevated
temperatures, and then Fe(IIl) ions were reduced
to Fe(II) ions by tin chloride. The solution volume
was reached to the mark with distilled water and
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sulfuric acid. The extra amount of tin chloride was
neutralized by mercury chloride. After adding
phosphoric acid, the total iron content of the
solution was measured by titration using
potassium dichromate as the titrant and sodium
diphenyl sulfonate as the indicator. For the FeO
analysis, a similar method with the total iron
analysis was applied, by this difference that tin
chloride was not added to the leach solution.

The mineralogical composition of the sample was
determined on a Philips-Xpert Pro. device by
conducting the X-Ray Diffraction (XRD) test.
Determination of the maximum recovery of iron
minerals by low-intensity magnetic separators was
performed by Eriez' Davis Tube Tester Model
EDT at the three different magnetic field
intensities of 1420, 2340, and 3800 Gauss.

The high-resolution imaging by scanning electron
microscopy (LEO, 1450 UP, Zeiss; Oberkochen,
Germany) was performed to identify different
phases of the sample. The identification of
chemical composition of the detected phases was
performed by Energy Dispersive X-Ray (EDS)
analyzer (INCA ENERGY 350 accessory)
connected to Scanning Electron Microscopy
(SEM).

2.4. Flotation tests

A certain amount of the sample was poured into
the flotation cell, and the solid content was set in a
pre-determined amount by adding a certain
volume of water. The pulp pH was adjusted to the
desired amount by adding 2 M sodium hydroxide
solution. Then a certain amount of calcium nitrate
salt, as the activator of gangue minerals, was
added to the cell and conditioned for 3 min.
Afterwards, the depressant of iron minerals (i.e.
corn starch or sodium silicate) was added to the
cell and conditioned for 3 min. The collector was

added to the cell, and the conditioning time was
considered to be 1 or 10 min. The collector used
in the flotation experiments was a mixture of Alke
and Dirol collectors with mass ratios of 30/70 and
70/30. After opening the air valve, the froth phase
was collected for 5 min. The flotation tailing and
concentrate were dewatered, dried in an oven at
90°C, and analyzed for total Fe by the titration
method.

The natural depression of iron minerals was
studied through placement of a rectangular
magnet with dimensions of 10*15 cm under the
flotation cell before opening the air valve. The
magnetic field intensity of the magnet was
measured to be 636 Gauss by Magnetic field
Gaussmeter TM701 (Japan).

The effects of different operating parameters were
investigated on the performance of reverse anionic
flotation of the sample. The design of flotation
tests was done by the Minitab 17 software
package using a 2°(9-4) fractional factorial design
with nine factors at two levels per factor. Table 1
shows the design factors and their levels. The
randomized run order of the flotation experiments
and operating conditions of experimental runs are
shown in Table 2.

In order to investigate the effect of natural
depression of iron minerals through placement of
a magnet under the flotation cell on the depressant
consumption in the reverse flotation, a series of
flotation tests were arranged. The first test was
conducted with no presence of magnet and no
depressant addition. The second flotation test was
performed with magnet and without depressant
addition. In the third and fourth flotation tests, the
magnet was placed under the flotation cell, and
the depressant was added to the flotation cell at
dosages of 5 and 40 kg/t, respectively.

Table 1. Factors and their levels for the fractional factorial design.

Design factors

Variable levels

Solid content
pH

Collector concentration

Depressant type

Depressant concentration

Collector ratio
Conditioning time
Ca ion concentration
Magnet

low high
20 40
8 12

1 kg/t 5 kg/t
Starch  Sodium silicate
5 kg/t 40 kg/t
30:70 70:30
1 min 10 min
1 kg/t 5 kg/t

No Yes
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Table 2. The randomized run order of the experiments and the operating conditions of the experimental runs.

Std. Run Solid Collector Depressant Depressant Collector Conditioning Activator
Order Order percent conc. Type Conc. Ratio Time (min) Ca conc.  Magnet
(kg/t) (kg/t) (kg/t)

2 1 40 8 1 Starch 5 70 1 1 No
9 2 20 8 1 Si 5 30 1 1 Yes
14 3 40 8 5 Si 5 70 1 5 Yes
3 4 20 12 1 Starch 5 30 10 1 No
6 5 40 8 5 Starch 5 30 10 1 Yes
10 6 40 8 1 Si 5 30 10 5 No
16 7 40 12 5 Si 5 30 1 1 No
15 8 20 12 5 Si 5 30 10 5 Yes
7 9 20 12 5 Starch 5 70 1 1 Yes
26 10 40 8 1 Si 40 70 1 1 Yes
8 11 40 12 5 Starch 5 70 10 5 No
25 12 20 8 1 Si 40 70 10 5 No
30 13 40 8 5 Si 40 30 10 1 No
28 14 40 12 1 Si 40 30 1 5 No
31 15 20 12 5 Si 40 70 1 1 No
17 16 20 8 1 Starch 40 30 1 1 No
32 17 40 12 5 Si 40 70 10 5 Yes
20 18 40 12 1 Starch 40 70 10 1 No
24 19 40 12 5 Starch 40 30 1 1 Yes
5 20 20 8 5 Starch 5 30 1 5 No
21 21 20 8 5 Starch 40 70 10 1 Yes
27 22 20 12 1 Si 40 30 10 1 Yes
23 23 20 12 5 Starch 40 30 10 5 No
19 24 20 12 1 Starch 40 70 1 5 Yes
12 25 40 12 1 Si 5 70 10 1 Yes
22 26 40 8 5 Starch 40 70 1 5 No
29 27 20 8 5 Si 40 30 1 5 Yes
18 28 40 8 1 Starch 40 30 10 5 Yes
13 29 20 8 5 Si 5 70 10 1 No
11 30 20 12 1 Si 5 70 1 5 No
4 31 40 12 1 Starch 5 30 1 5 Yes

1 32 20 8 1 Starch 5 70 10 5 Yes

3. Results and discussion

3.1. Ore characterization

The total Fe and FeO grades of the sample were
determined to be 43.09% and 12.1%, respectively.
Accordingly, the amounts of magnetite (Fe;0,)
and hematite (Fe,O;) were determined to be 39%
and 21.26%, respectively. The particle size
distribution of the sample was determined by the
sieve analysis, and d80 of the sample was
determined to be 66 um. In order to investigate
the maximum iron recovery by magnetic

80

low-intensity separators, the Davis Tube tests
were performed at the three magnetic field
intensities of 1420, 2340, and 3800 Gauss. Figure
1 shows the iron grade and the weight percentage
of the magnetic fraction of the sample at the three
different magnetic field intensities. As it could be
seen, in the magnetic field intensity of 1420
Gauss, a concentrate of 67% Fe and a mass
recovery of 50% were produced. Increasing the
magnetic field intensity to 3800 Gauss had no
significant effect on the separation process.

* Mass Recovery, %

70 r Fe Grade, %

60 |
50 F
40
30 f
20
10 |
0

(%) Percent

70

00,
00

Feed

1420 Gauss

2340 Gauss 3800 Gauss

Figure 1. Iron grade and mass recovery of the magnetic fraction of the Davis tube tests at three magnetic field
intensities of 1420, 2340, and 3800 Gauss.
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Mineralogical composition of the sample was
determined by the XRD analysis, and the
spectrum was shown in Figure 2. It could be
observed that the main iron mineral of the sample
was magnetite, and to a lesser extent, hematite.
The main gangue minerals of the sample were
quartz and calcite. Furthermore, dolomite,
clinochlore and dickite were present in the sample
at low quantities.

Figure 3 shows the SEM image of the sample in
the BSE imaging mode. In this mode, the various
mineral phases are shown in terms of their
densities at different brightness levels so that
minerals with more specific gravity appear
brighter in the SEM image. The chemical
composition of the sample at specified points in

Counts

the SEM image was determined by the EDS
analysis, and the results obtained were shown in
Figure 3. It must be mentioned that the EDS
analysis cannot detect the lightest elements,
typically below the atomic number of sodium
(Na). Therefore, carbon (C), nitrogen (N) and
oxygen (O) cannot be detected by the EDS
analysis. As it could be seen, at EDS1 and EDS2,
only Fe was detected, indicating that they were
iron oxide minerals (magnetite or hematite). At
EDS6, sulfur was detected apart from Fe,
indicating that the mineral phase of this point was
pyrite. At the EDS4, EDSS5, and EDS7 points,
only Ca was detected, indicating that they were
calcite. At EDS3, the elements Mg, Al, Fe, and S
were detected.

3000 |Patch x3_15_RD1

M : Magnetite (Fe304)

H : Hematite (Fe203)

Q : Quartz (Si02)

Ca: Calcite (CaCO3)

G : Goethite (FeOOH)

Do : Dolomite (CaMg(CO3)2)

Cl: Clinochlore (Mg5 Al2 Si3 010 (OH)8)
Di : Dickite (AL2 Si2 O5 (OH)4)

2000 —

1000 | M

Position [*2Theta] (Cobalt (Co))

Figure 2. XRD analysis of the sample.

EHT=1500kv WD= 16 mm

Signal A=QBSD  Date :30 Jan 2018
Photo No. =8181  Time :11:03:21

Figure 3. SEM image of the sample at the BSE iaging de nd the DS analysis results at seven spot.
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Figure 3. Continued.

3.2. Flotation tests

Figure 4 shows the effects of the process
parameters on the iron grade of the anionic
reverse flotation concentrate. It can be seen that
increasing the collector concentration, pH, and
conditioning time, and the presence of a magnet
under the flotation cell have a positive effect on
the Fe grade of the flotation concentrate. When
using starch as the depressant in comparison to
sodium silicate, a concentrate with a higher iron
grade is obtained since starch is the sole
depressant of iron minerals but sodium silicate has
some depressing effects on the silicate minerals
apart from iron minerals. The Fe grade of the
concentrate decreases with increase in the solid
content, depressant, and activator concentrations.
In the flotation tests, a combination of two types
of collectors Alke and Dirol with mass ratios of
30/70 and 70/30 were used. As shown in Figure 4,
the Fe grade of the concentrate decreases with
increase in the collector ratio from 30/70 to 70/30.
Figure 5 shows the two-way interaction plots for
the Fe grade of the concentrate during the anionic
reverse flotation of the sample. The interaction
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between the solid content and the magnet shows
that in the absence of the magnet, increasing the
solid content leads to a drop in the iron grade of
the concentrate but in the presence of the magnet,
increasing the solid content increases the Fe grade
of the concentrate. The interaction between the
collector concentration and the magnet shows that
in the absence of the magnet, increasing the
collector concentration has a negligible effect on
the Fe grade of the concentrate, while in the
presence of the magnet, increasing the collector
concentration increases the Fe grade of the
concentrate. The interaction between the activator
concentration and the magnet shows that in the
absence of the magnet, the Fe grade of the
concentrate decreases with increase in the
activator concentration, while in the presence of
the magnet, increasing the activator concentration
has no significant effect on the Fe grade of the
concentrate. The interaction between the solid
content and pH indicates that at pH 8, increasing
the solid content from 20% to 40% has a low but
positive effect on the Fe grade of the concentrate
but the Fe grade of the concentrate decreases from
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47.04% to 45.85% by increasing the solid content
at pH 12. The interaction between pH and the
depressant type shows that with starch, as the
depressant, increasing the pH value improves the
Fe grade of the concentrate (from 46.5% to
47.77%) but when using sodium silicate, it
decreases with increase in the pH value (from
46.15% to 45.43%). The interaction between pH
and the activator concentration shows that at a
concentration of 1 kg/t of calcium ion, increasing
the pH from 8 to 12 increases the Fe grade of the
concentrate from 46.28% to 47.48% but at a
concentration of 5 kg/t of Ca®" ions, increasing pH
causes a drop in the Fe grade of the concentrate
from 46.28% to 45.40%. The interaction between
the collector concentration and the depressant type
indicates that with starch as the depressant, the Fe
grade of the concentrate increases from 47.24% to
46.74% with an increase in the collector
concentrate from 1 to 5 kg/t, while using sodium
silicate, increasing the collector concentration
leads to an increase in the Fe grade of the
concentrate from 44.84% to 46.74%. The
interaction between the depressant concentration
and the activator concentration indicates that at a
low concentration of the activator (i.e. 1 kg/t),
increasing the depressant concentration from 5
kg/t to 40 kg/t leads to a decline in the Fe grade of
the concentrate from 47.9% to 46.01%. However,
at a high activator concentration (i.e. 5 kg/t),
increasing the depressant concentration leads to an
increase in the Fe grade of the concentrate from
45.68% to 46.01%.

Statistical analysis (analysis of variance,
ANOVA) was conducted on the test results in
order to statistically evaluate the main effects and
the 2- and 3-way interactions on the Fe grade of
the flotation concentrate, as shown in Table 3. As
it can be seen, the P-value obtained for solid
percent, collector concentration, depressant type
and concentration, collector ratio, conditioning
time, and activator concentration is lower than the
adopted significance level (0.05). Hence, they are
significant for the Fe grade of the concentrate
among the main effects. However, a comparison
between the F-values showed that the collector
ratio had the most significant effect followed by
the interaction between the collector concentration
and the depressant type. On the other hand, the
magnet and pH value have the least significant
effects; even less than the third interaction
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between the solid percent, dispersant
concentration, and collector ratio. The depressant
type was the third significant parameter but its
interaction with the collector concentration was
more significant. This emphasizes the role of
interactions between the parameters in flotation.

A model was proposed by the Minitab 17 software
for prediction of the Fe grade of the concentrate,
as shown in Table 3. The P-value obtained for the
model is lower than the adopted significance level
(0.05), which confirms the model validity.
Furthermore, the values obtained for R% adj-R?,
and pred-R” are very close to unity, which further
confirm the validity of the proposed model for
prediction of Fe grade of the concentrate at
different operating conditions.

Figure 6 shows the Pareto chart of the main
effects and the two-way and three-way
interactions studied on the Fe grade of the
flotation concentrate. As it can be seen, the
collector ratio has the greatest effect on the Fe
grade of the concentrate. Afterwards, the two-way
interaction between the collector concentration
and the depressant type and the two-way
interaction between the depressant and the
activator concentrations are effective on the Fe
grade of the concentrate, respectively.

Figure 7 shows the normal plot of the main effects
and their interactions on the Fe grade of the
flotation concentrate. As it can be seen, the
interaction between the collector concentration
and the depressant type has the most positive
effect on the Fe grade of the concentrate. The two-
way interaction between the depressant and
activator concentrations, the two-way interaction
between the solid content and the type of
depressant, and the two-way interaction between
the solid content and the magnet have positive
effects on the Fe grade of the flotation
concentrate. Among the main effects, the
conditioning time, collector concentration, and pH
have positive effects on the Fe grade of the
flotation concentrate, respectively.

Among the main effects and their interactions, the
collector ratio, depressant type, activator
concentration, two-way interaction of pH and
activator concentration, two-way interaction of pH
and depressant type, two-way interaction of pH
and solid content, and the depressant
concentration have negative effects on the Fe
grade of the flotation concentrate, respectively.
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Figure 4. Main effect plots for the Fe grade of the flotation concentrate.
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Table 3. ANOVA analysis of Fe grade of concentrate.

Analysis of Variance

Source DF AdjSS Adj MS F-Value P-Value
Model 27  134.665 4.9876 154.43 0.000
Linear 9 56.086 6.2318 192.95 0.000
Solid percent 1 1.100 1.0996 34.05 0.004
pH 1 0.105 0.1051 3.26 0.146
Collector conc. (kg/t) 1 3.814 3.8140 118.09 0.000
Dispersant Type 1 11.321 11.3215 350.53 0.000
Dispersant Conc. (kg/t) 1 5.171 5.1710 160.10 0.000
Collector Ratio 1 16.667 16.6665 516.03 0.000
Conditioning Time (min) 1 8.390 8.3903 259.78 0.000
Activator Ca conc. (kg/t) 1 9.423 9.4229 291.75 0.000
Magnet 1 0.095 0.0952 2.95 0.161
2-Way Interactions 17 78.282 4.6048 142.57 0.000
Solid percent*pH 1 5.376 5.3755 166.44 0.000
Solid percent*Dispersant Type 1 9.401 9.4008 291.07 0.000
Solid percent*Dispersant Conc. (kg/t) 1 7.192 7.1917 222.67 0.000
Solid percent*Collector Ratio 1 0.753 0.7527 23.30 0.008
Solid percent*Conditioning Time (min) 1 1.411 1.4108 43.68 0.003
Solid percent*Magnet 1 9.267 9.2671 286.93 0.000
pH*Collector conc. (kg/t) 1 0.694 0.6937 21.48 0.010
pH*Dispersant Type 1 5.606 5.6055 173.56 0.000
pH*Dispersant Conc. (kg/t) 1 3.270 3.2698 101.24 0.001
pH*Activator Ca conc. (kg/t) 1 7.925 7.9249 245.37 0.000
pH*Magnet 1 1.362 1.3618 42.16 0.003
Collector conc. (kg/t)*Dispersant Type 1 11.577 11.5766 358.43 0.000
Collector conc. (kg/t)*Dispersant Conc. (kg/t) 1 0.146 0.1455 4.51 0.101
Collector conc. (kg/t)*Magnet 1 3.032 3.0323 93.89 0.001
Dispersant Conc. (kg/t)*Collector Ratio 1 0.486 0.4861 15.05 0.018
Dispersant Conc. (kg/t)*Activator Ca conc. (kg/t) 1 10.318 10.3178 319.46 0.000
Dispersant Conc. (kg/t)*Magnet 1 0.469 0.4694 14.53 0.019
3-Way Interactions 1 0.297 0.2967 9.19 0.039
Solid percent*Dispersant Conc. (kg/t)*Collector Ratio 1 0.297 0.2967 9.19 0.039

Error 4 0.129 0.0323
Total 31 134.794

Model:

Conc. Fe grade = 35.156 + 0.2204 Solid percent + 1.3326 pH
+ 0.5841 Collector conc. (kg/t)
- 1.030 Dispersant Type + 0.0031 Dispersant Conc. (kg/t)
+ 0.01341 Collector Ratio + 0.2538 Conditioning Time (min)
+ 0.6078 Activator Ca conc. (kg/t) - 1.146 Magnet -
0.02049 Solid percent*pH
+ 0.05420 Solid percent*Dispersant Type

+ 0.001333 Solid percent*Dispersant Conc. (kg/t)

- 0.001386 Solid percent*Collector Ratio

- 0.004666 Solid percent*Conditioning Time (min)

+ 0.05381 Solid percent*Magnet - 0.03681 pH*Collector conc. (kg/t)
- 0.2093 pH*Dispersant Type - 0.009133 pH*Dispersant Conc. (kg/t)
- 0.12441 pH*Activator Ca conc. (kg/t) - 0.1031 pH*Magnet

+ 0.3007 Collector conc. (kg/t)*Dispersant Type

- 0.001927 Collector conc. (kg/t)*Dispersant Conc. (kg/t)

+ 0.1539 Collector conc. (kg/t)*Magnet

- 0.001177 Dispersant Conc. (kg/t)*Collector Ratio

+ 0.016224 Dispersant Conc. (kg/t)*Activator Ca conc. (kg/t)

+ 0.00692 Dispersant Conc. (kg/t)*Magnet

+ 0.000028 Solid percent*Dispersant Conc. (kg/t)*Collector Ratio

Model Summary:
S R-sq R-sq(adj) R-sq(pred)
0.179716 99.90% 99.26%  93.87%
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Pareto Chart of the Standardized Effects
(response is Conc. Fe grade, o = 0.15)
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Figure 6. Pareto chart of the main effects and their interactions studied on the Fe grade of flotation concentrate.
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Figure 7. Normal plot of the main effects and their interactions for the Fe grade of the flotation concentrate.

The maximum Fe grade of the concentrate was
obtained as 53.92% by the Minitab response
optimizer. It was obtained at the flotation test
conditions of solid content 20%, pH of 12,
collector concentration of 1 kg/t, starch as
depressant at concentration of 5 kg/t, Alke/Dirol
collector mass ratio of 30/70, conditioning time of
10 min, concentration of Ca”" ions of 1 kg/t (as
the activator), and in the absence of the magnet.
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At these flotation conditions, the mass recovery of
the concentrate was obtained to be 60%.

Figure 8 shows the effects of the main factors on
the mass recovery of the flotation concentrate in
the reverse anionic flotation process. As it can be
seen, increasing the solid content from 20% to
40% has a negligible effect on the mass recovery
of the flotation concentrate, and it reduces from
79.03% to 77.31%. The mass recovery of the
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concentrate decreases from 78.54% to 77.87% by
increasing the pulp pH from 8 to 12. The collector
concentration has a negative effect on the mass
recovery of the concentrate, so increasing the
collector concentration from 1 kg/t to 5 kg/t
reduces the mass recovery of the concentrate from
83.79% to 72.55%. The mass recovery of the
concentrate decreases from 83.19% to 73.15%
when using starch instead of sodium silicate as the
depressant. Sodium silicate has some depressing
effects on the silicate minerals apart from iron
minerals. As a result, the mass recovery of the
concentrate of the reverse flotation increases using
sodium silicate as the depressant, while the Fe
grade of the concentrate decreases. The mass
recovery of the concentrate increases from
77.44% to 78.9% Dby increasing the depressant
concentration from 5 kg/t to 40 kg/t. The mass
recovery of the concentrate increases from
75.27% to 81.77% by increasing the mass ratio of
the Alke/Dirol collectors from 30/70 to 70/30.

Thus when the amount of the Dirol collector is
higher than that for the Alke -collector, a
concentrate with a higher Fe grade is obtained but
the mass recovery of the concentrate is reduced.
Increasing the conditioning time from 1 to 10 min
leads to a loss in the mass recovery of the
concentrate, and it decreases from 80.02% to
76.32%. The reason for this is that by increasing
the conditioning time, the opportunity for
collector adsorption on the gangue mineral
surfaces increases, and thus their hydrophobicity
increases. The mass recovery of the concentrate
increases from 76.97% to 79.55% by increasing
the calcium ion concentration from 1 kg/t to 5
kg/t. Finally, the presence of a magnet under the
flotation cell causes an increase in the mass
recovery of the concentrate from 75.17 to 81.17%.
The reason for this is that the presence of a
magnet under the flotation cell attracts the iron
minerals and prevents from their flotation.

Main Effects Plot for Conc. Wt%
Fitted Means

Solid percent pH Collector conc. (kg/t) Depressant Type Depressant Conc. (kg/t)
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Figure 8. Main effect plots for the mass recovery of the flotation concentrate.

Figure 9 shows the two-way interaction plots for
the mass recovery of the reverse flotation
concentrate. The interaction between the solid
content and the depressant type shows that when
using sodium silicate as the depressant, increasing
the solid content from 20% to 40% leads to a
reduction in the mass recovery of the concentrate
from 87.5% to 78.88%, while by using starch as
the depressant, it increases from 70.56% to
75.74%. The interaction between the depressant
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concentration and the magnet shows that in the
presence of the magnet, the mass recovery of the
concentrate decreases from 82.08% to 80.26% by
increasing the concentration of the depressant
from 5 kg/t to 40 kg/t, while in the absence of the
magnet, it increases from 72.8% to 77.54%. It can
be seen that in the presence of the magnet and at a
low concentration of the depressant, the mass
recovery of the concentrate is 82.88% but in the
absence of the magnet, its amount is 72.08%. This
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indicates that the presence of the magnet acts as a
depressant and prevents the floatation of the iron
minerals. The interaction between the depressant
concentration and the conditioning time shows
that at a low depressant concentration, increasing
the conditioning time does not have an effect on
the mass recovery of the concentrate but at a high
depressant concentration (i.e. 40 kg/t), increasing
the conditioning time from 1 to 10 min results in a
loss in the mass recovery of the concentrate from
83.18% to 74.62%. The interaction between the
pH and the magnet shows that in the absence of
the magnet, increasing the pH value from 8 to 12
causes a loss in the mass recovery of the
concentrate from 78.04% to 72.30% but in the
presence of the magnet, it increases from 79.03%
to 83.31%. The interaction between the solid
content and the conditioning time shows that at a
low conditioning time (i.e. 1 min), an increase in
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—a— 2 —
70
Collector co 90
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the solid content from 20% to 40% leads to a loss
in the mass recovery of the concentrate from
83.66% to 77.64% but at a high conditioning time
(i.e. 10 min), it increases from 75% to 77.6%. In
other words, it can be stated that at a low solid
content (i.e. 20%), an increase in the conditioning
time leads to a loss in the mass recovery of the
concentrate but at a high solid content, increasing
the conditioning time has no effect on the
concentrate weight recovery. The interaction
between the depressant concentration and the
activator concentration indicates that in an
activator concentration of 1 kg/t, the mass
recovery of the concentrate increases from
74.11% to 79.46% by increasing the depressant
concentration from 5 kg/t to 40 kg/t, while at an
activator concentration of 5 kg/t, it decreases from
80.77 to 78.34% by increasing the depressant
concentration.

Interaction Plot for Conc. Wt%
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Figure 9. The two-way interaction plots for the mass recovery of the flotation concentrate during the anionic
reverse flotation of the sample.

The ANOVA results for mass recovery of the
concentrate are presented in Table 4. As it can be
seen, the P-value obtained for the solid percent,
collector concentration, depressant type and
concentration, collector ratio, conditioning time,
activator concentration, and magnet was lower
than the adopted significance Ilevel (0.05).
Therefore, these parameters had significant
impacts over the mass recovery of the concentrate.
The P-value obtained for pH was higher than the
adopted significance level (0.05), indicating that it
had an insignificant impact over the mass
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recovery of the concentrate.

A model was proposed by the Minitab 17 software
for prediction of the mass recovery of the
concentrate, as shown in Table 4. The P-value
obtained for the model is lower than the adopted
significance level (0.05), which confirms the
model validity. Furthermore, the values obtained
for R?, adj-R?, and pred-R* are very close to unity,
which further confirm the validity of the proposed
model for prediction of mass recovery of the
concentrate at different operating conditions.
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Table 4. ANOVA analysis of the mass recovery of the flotation concentrate.
Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 27 415151  153.76 104.79 0.000
Linear 2590.22  287.80 196.15 0.000
Solid percent 23.72 23.72 16.17 0.016
pH 4.29 4.29 2.92 0.163
Collector conc. (kg/t) 1010.43 1010.43  688.65 0.000
Depressant Type 806.59 806.59 549.73 0.000

17.10 17.10 11.66 0.027
269.82 269.82 183.90 0.000
109.27 109.27 74.47 0.001
61.15 61.15 41.68 0.003

Depressant Conc. (kg/t)
Collector Ratio
Conditioning Time (min)
Activator Ca conc. (kg/t)

Magnet 287.84  287.84 196.18 0.000

2-Way Interactions 1547.82 91.05 62.05 0.001

Solid percent*pH 8.73 8.73 5.95 0.071

Solid percent*Depressant Type 380.48 380.48 259.31 0.000
Solid percent*Depressant Conc. (kg/t) 7.61 7.61 5.19 0.085
Solid percent*Collector Ratio 8.08 8.08 5.51 0.079

152.55 152.55 103.97 0.001
43.33 43.33 29.53 0.006
51.26 51.26 34.93 0.004
38.80 38.80 26.44 0.007
125.17 125.17 85.31 0.001
10.63 10.63 7.25 0.055
200.39 200.39 136.58 0.000
38.45 38.45 26.21 0.007
30.90 30.90 21.06 0.010
54.51 54.51 37.15 0.004
189.74 189.74 129.32 0.000
121.04 121.04 82.50 0.001
86.13 86.13 58.70 0.002
13.47 13.47 9.18 0.039
13.47 13.47 9.18 0.039
5.87 1.47

4157.38

Solid percent*Conditioning Time (min)
Solid percent* Activator Ca conc. (kg/t)
pH*Collector conc. (kg/t)
pH*Depressant Type
pH*Depressant Conc. (kg/t)
pH*Activator Ca conc. (kg/t)
pH*Magnet
Collector conc. (kg/t)*Depressant Conc. (kg/t)
Depressant Type*Depressant Conc. (kg/t)
Depressant Conc. (kg/t)*Collector Ratio
Depressant Conc. (kg/t)*Conditioning Time (min)
Depressant Conc. (kg/t)*Activator Ca conc. (kg/t)
Depressant Conc. (kg/t)*Magnet
3-Way Interactions
Solid percent*Depressant Conc. (kg/t)*Collector Ratio
Error
Total

_';,_.,_.,_.,_.,_.,_.,_.,_,_.,_.,_.,_.,_,_.,_.,_.,_.,_.,_.\]'—‘,_.,_.,_,_,_,_,_.,_.,_.\o

98]
—

Model:

Conc. Wt% = 105.89 - 0.287 Solid percent - 2.053 pH - 6.678 Collector conc. (kg/t)

+ 19.61 Depressant Type - 0.289 Depressant Conc. (kg/t) + 0.1793 Collector Ratio
- 1.171 Conditioning Time (min) - 1.245 Activator Ca conc. (kg/t) - 7.40 Magnet
- 0.0261 Solid percent*pH - 0.3448 Solid percent*Depressant Type

+ 0.00648 Solid percent*Depressant Conc. (kg/t)

+ 0.00166 Solid percent*Collector Ratio

+ 0.04852 Solid percent*Conditioning Time (min)

+ 0.0582 Solid percent*Activator Ca conc. (kg/t)

+ 0.3164 pH*Collector conc. (kg/t) - 0.551 pH*Depressant Type

+ 0.05651 pH*Depressant Conc. (kg/t) + 0.1441 pH*Activator Ca conc. (kg/t)

+ 1.251 pH*Magnet + 0.03132 Collector conc. (kg/t)*Depressant Conc. (kg/t)

+ 0.0562 Depressant Type*Depressant Conc. (kg/t)

+ 0.00183 Depressant Conc. (kg/t)*Collector Ratio

- 0.03092 Depressant Conc. (kg/t)*Conditioning Time (min)

- 0.05557 Depressant Conc. (kg/t)*Activator Ca conc. (kg/t)

- 0.0938 Depressant Conc. (kg/t)*Magnet

- 0.000185 Solid percent*Depressant Conc. (kg/t)*Collector Ratio

Model Summary

S R-sq R-sq(adj) R-sq(pred)
1.21130 99.86% 98.91%  90.97%

Figure 10 shows the Pareto plot of the main seen, the collector concentration has the greatest
effects and their interactions investigated on the effect on the mass recovery of the concentrate.
mass recovery of the concentrate. As it can be Afterwards, the type of depressant, two-way
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interaction of the solid content and the type of
depressant, the magnet, collector ratio, two-way
interaction of pH and magnet, two-way interaction
of the depressant concentration and the
conditioning time, two-way interaction of the
solid content and conditioning time, two-way
interaction of pH and the concentration of
depressant, two-way interaction of the depressant
and activator concentration, and the conditioning
time affect the process, respectively.

Figure 11 shows the normal plot of the main
effects and their interactions on the mass recovery
of the concentrate. As it can be seen, the
depressant type has the most positive effect on the
process, and then the magnet, collector ratio, the
two-way interaction of pH and magnet, the two-
way interaction of the solid content and the
conditioning time, the two-way interaction of the
pH and the depressant concentration, and activator
concentration have positive effects on the mass
recovery of the concentrate, respectively. The
collector concentration has the most negative
effect on the mass recovery of the concentrate.
After that, two-way interaction of the solid
content and the depressant type, two-way
interaction of the depressant concentration and
conditioning time, the two-way interaction of the
depressant and  activator  concentrations,
conditioning time, the two-way interaction of the
depressant concentration and magnet, the two-way
interaction of the depressant concentration and
collector ratio, the two-way interaction of the pH
and the type of depressant and solid content have
negative effects on the mass recovery of the
flotation concentrate, respectively.

The results of the flotation tests showed that the
presence of a magnet under the flotation cell in
the reverse flotation of iron ore had no significant
effect on the Fe grade of the flotation concentrate,
while it had a significant positive effect on the
mass recovery of the flotation concentrate. In
order to investigate the effect of the magnet on the
amount of depressant consumption in the reverse
flotation, a series of flotation tests was performed.
In one test, no magnet was present and no
depressant was added. In the other tests, the
magnet was present but the amount of depressant
was variable. The results obtained are presented in
Figure 12. As it can be seen, in the absence of the
magnet and the depressant, the Fe grade of the
flotation tailing (i.e. froth phase) is high and the
mass recovery of the concentrate is low. In the
presence of the magnet and without depressant
addition, the mass recovery of the concentrate
increases from 70% to 80%, the Fe grade of the
concentrate remains without any change, and the
Fe grade of the flotation tailing decreases from
32.2% to 23.7%. In the presence of the magnet,
addition of 5 kg/t of starch, as the depressant, has
no significant effect on the Fe grade of the
concentrate, while the mass recovery of the
concentrate increases slightly from 80% to
82.75%. Further increasing the dosage of starch to
40 kg/t in the presence of the magnet has no
significant effect on both of the Fe grade and mass
recovery of the flotation concentrate. Therefore,
the results of these tests showed that the presence
of a magnet could play the role of the depressant
in the reverse flotation of an iron ore.

Pareto Chart of the Standardized Effects
(response is Conc. Wt%, a = 0.15)
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Figure 10. Pareto plot for the main effects and their interactions on the mass recovery of the flotation
concentrate.
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Figure 11. Normal plot for the main effects and their interactions on the mass recovery of the flotation
concentrate.

90 - I Conc. Fe grade, %  =Conc. Wt%  ~ Tailing Fe grade, %
—_— =
— | — | =
80 1 —= — —
70 4 :/:, ://, =/:, —
— — — —Z
60 —Z —H — —
— — — —
50 — —2 =7 —=
f— —Z f— —Z
— f— g :///
40 4 — — — Z
— | = — === |
— = == —
3 0 i — — — i
J_/ _//‘3 — —
2 | _—<§:— _—i :_—§ _%7
SIIEYIE =\ [
0 =~ NN 4 :k =N
Magnet & Magnet & Magnet & No  No Magnet & No
Skg/tStarch 40kg/tStarch Starch Starch

Figure 12. The effect of natural depression of iron minerals using a magnet under the flotation cell on the iron

grade and mass recovery of flotation concentrate in the presence of different amounts of starch as depressant

(solid content = 20%, pH = 12, collector concentration = 1 kg/t, and mass ratio of Alke/Dirol collector of 30/70,
calcium ion concentration = 1 kg/t and conditioning time = 10 minutes).

4. Conclusions

The upgradation of the tailings of low-intensity
magnetic separators was investigated by the
reverse anionic flotation. The result of the
experiments showed that increasing the pH value,
collector concentration, conditioning time, and
presence of a magnet had positive effects on the
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Fe grade of the concentrate. It decreases with
increase in the solid content, depressant and
activator concentrations, and Alke/Dirol collector
mass ratio. When using starch as a depressant
compared to sodium silicate, a concentrate with a
higher Fe grade is obtained. The two-way
interaction of the collector concentration and
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depressant type and the effect of the collector
mass ratio had the most positive and negative
effects on the Fe grade of the concentrate,
respectively. At the flotation test conditions of
solid content of 20%, pH of 12, collector
concentration of 1 kg/t, starch as the depressant at
a concentration of 5 kg/t, Alke/Dirol collector
mass ratio of 30/70, conditioning time of 10 min,
Ca”" as the activator at a concentration of 1 kg/t,
and in the absence of a magnet, a concentrate with
a maximum Fe grade of 53.92% and a mass
recovery of 60% were obtained. The mass
recovery of the concentrate increases with
increase in the depressant and activator
concentrations, and Alke/Dirol collector mass
ratio. The mass recovery of the concentrate
decreased from 83.19% to 73.15% using starch
instead of sodium silicate as the depressant. The
mass recovery of the concentrate increased from
75.17% to 81.17% when a magnet was placed
under the flotation cell. The increase in the solid
content, pH, collector concentration, and
conditioning time had negative effects on the
mass recovery of the concentrate. The collector
concentration and depressant type had the most
negative and positive effects on the mass recovery
of the concentrate, respectively.

The test results showed that natural depression of
iron minerals occurred in the reverse flotation of
iron ores through placement of a magnet under the
flotation cell. The mass recovery of the flotation
concentrate increases sharply by applying this
technique, while it has no significant effect on the
Fe grade of the flotation concentrate. A
concentrate of 47.94% of Fe and mass recovery of
80% was obtained by placement of a magnet
under the flotation cell without any addition of
starch as the depressant. In the presence of the
magnet, addition of starch as the depressant
slightly increases the mass recovery of the
flotation concentrate, while it has no significant
effect on the Fe grade of the concentrate. Hence,
the presence of a magnet under the flotation cell
could play the role of depressant in the reverse
flotation process of the iron ore samples, and this
flotation process could be perform without any
depressant addition.
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