IJE TRANSACTIONS A: Basics Vol. 37 No. 04, (April 2024) 739-752

International Journal of Engineering

Journal Homepage: www.ije.ir

Ash Reduction of the Tailings of Agh-Darband Coal Washing Plant by Flotation

Method

M. Hosseini Nasab*

Department of Mining Engineering, Faculty of Engineering, University of Sistan and Baluchestan, Zahedan, Iran

PAPER INFO

Paper history:

Received 20 August 2023
Received in revised form 13 October 2023
Accepted 06 November 2023

Keywords:

Agh-Darband Mine

Coal Tailing
Flotation

Experimental Design

Optimization

ABSTRACT

One of the major coal mines in the eastern part of Iran is Agh-Darband mine which is located in Sarakhs.
Agh-Darband plant works with a content of less than 37% ash at inputs and about 12% ash in the product.
Due to the equipment being depreciated and the lack of optimal conditions for the processing system, a
large amount of the coal in feed is entered to the tailing part so that ash content in the tailing is about
75%. The purpose of this research is to investigate whether the flotation method can process the mine
tailing with 75% ash content and reduce it to return to the processing circuit. For this purpose, various
flotation tests were performed on 70 kg of tailing of Agh-Darband mine. The optimum conditions was
obtained at neutral pH with 2000 g/t of oil collector, 30 g/t of pine oil as a frother, and a solid content of
18%, which the ash content of coal and recovery were 34% and 45%, respectively. In addition, using the
experimental design software (DX7), the mechanical parameters of the cell such as mixer circulating
speed, the distance of the mixer from the bottom, the aeration rate, skimmer circulating speed, and cell
volume were optimized. Optimal values of parameters were mixer circulating speed= 1227.2 rpm, the
distance of the mixer from the bottom= 0.13H, the aeration rate= 1 (completely open), skimmer
circulating speed= 8.49 seconds, and the cell volume= 1 L, which resulted in the percentage of ash=
35.34% and the recovery= 52%.
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1. INTRODUCTION

The first fossil fuel that people used as their main source
of energy was coal, one of the most significant energy
sources in the world. The production of electricity, iron
and iron alloy smelting furnaces, coke, liquefied gas,
activated carbon production, and other processes like the
production of graphite used in electric furnaces, as a
pigment in glass production, hard rubbers, and sewage
treatment are the most significant uses of coal (1).

1. 1. Effective Factors in Coal Processing Clay
minerals comprise an average of 60 to 80 percent of all
minerals in coal, making them the most important group.
In the presence of water, clays, carbonaceous argillite,
and clay shales swell. In the processing of coal, the
swelling of clay and shale causes a drop in the apparent
specific gravity of coal rejects and their proximity to the
apparent specific gravity of their separation, leading to
the connection of these materials with coal concentrate.

Sulfur is one of the most significant contaminants in
coal that its value varies between 0.5 and 11%.

In gravity processing, the density can be altered by
the particle size and shape. How particles flow in a fluid
(water, air, or heavy media) is determined by their size
and form.

However, massive production of coal is conducted by
gravity methods (2-4) but flotation is a significant
technique of coal processing for fines (<0.5 mm) (5-8).

1. 2. Coal Flotation The development and rapid
growth of coal flotation are attributable to three factors
(9, 10):

i. Inherent hydrophobicity of coal (organic phase)
compared to clay and other minerals in coal

ii. Flotation by flocculation is one of the most effective
methods to reduce water turbidity in a coal preparation
plant.

iii. Relatively low cost of washing by flotation method in
comparison to coal's rising value.

1. 2. 1. Coal Ash from the Flotation Aspect The
amount of coal ash is one of the most important factors
in determining the quality of coal (11). The non-
combustible components of coal are known as ash.
Before utilization, these materials should be cleansed and
removed from the operational environment, as they play
an undesirable impact. Increasing the ash content of coke
has a negative impact on subsequent phases, increases
coke consumption, and decreases its efficiency.

In addition to silicate compounds, oxides, and
sulfates, coal ash also contains trace amounts of other
chemicals. The chemical composition (XRD analysis) of
ash in Agh-Darband mine is shown in Table 1.

1. 2. 2. Inherent Hydrophobicity of Coal The
contact angle determines the hydrophobic properties of
coals with various carbonization levels (12). The greater
the proportion of the coal functional group (carboxyl,
phenolic hydroxide, and acidic group), the more oxidized
the coal surface and the less hydrophobic it is (13).

The zero charge point (ZPC) of coal, as determined
by research on coals with a low degree of carbonization,
is between pH=3.1 and 4.4. When a non-ionic collector
is absorbed on the surface of coal, the zero-point charge
of the coal is transported to the alkaline area. Thus,
depending on the concentration of the collector, the
adsorption process between the collector molecule and
the coal surface makes coal flotation viable at a pH close
to ZPC. Non-ionic collectors are chemically absorbed on
the surface of coal with the assistance of covalently stable
hydrogen bonds (14).

A significant volume of tailings produced from
processing is generally left as permanent features of the
landscape after the mining ceases (15). Coal mining is
one of the mines that produces many tailings (ash).

The coal washing plant of the Agh-Darband mine is
one of the oldest coal concentrate producing facilities in
Iran, receiving roughly 60 tons of coal feed per day. This
plant's coal processing system is inefficient due to an
outdated and suboptimal method. Therefore, a large
amount of the coal in feed is entered to the tailing part so
that ash content in the tailing is about 75%. The purpose
of this research is to investigate whether the flotation
method can process the mine tailing with 75 percent ash
content and reduce it. Priority was placed on increasing
the circuit efficiency of this plant. The way to reach this
goal was to analyze the effective chemical parameters in
the flotation system and to determine the ideal values for
each parameter, as well as to optimize the mechanical
parameters of the cell, thereby increasing the flotation
efficiency and decreasing ash.

1. 3. Literature Review By mechanical
flotation, Naik et al. (16) studied the effect of 5
operational parameters, including the amount of
collector, the amount of MIBC frother, pH, particle size,
and the effect of sodium silicate, in order to optimize the

TABLE 1. The chemical composition of ash in Agh-Darband
mine

Chemic_al_ % Chemical composition %
composition

Sio, 45.65 Cao 2.86
Al,0,4 28.3 Na,O +K, O 5.02
TiO, 1.95 So, 0.057
Fe,0, 8.07 MgO 1.39
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flotation of non-coking coals with an ash content of
37.7%. In this study, the volume of the collector had the
largest impact among the variables, and optimal
conditions resulted in 88% recovery and a 25.4% ash
percentage .

Tahmasebi et al. examined the decrease of ash in an
Agh-Darband coal feed sample in 2006. The sample
contained 30% ash on average. Experiments involving
vibrating tables were undertaken, including calculating
the flow rate of water entering the table and its slope. This
technique reduced coal ash by 12.5%. The optimum
specific gravity for ash reduction was determined
through the use of heavy liquid testing. A concentrate
containing 12 percent ash required a medium with a
specific gravity of 1.5 g/cm® in the fraction -850+212
microns. To identify the best state of the effective
parameters, flotation tests were performed. Coal ash
decreased by 11.5% in the ideal state.

In 2007, Hacifazlioglu and Sutcu (17) conducted
research on the optimization of column flotation
operational parameters. Their goal was to accomplish
optimal separation as well as a comparison of the column
and mechanical cells for the Zonguldak coal mine in
Turkey, which has 47.5% ash less than 130 microns in
size. Their investigation yielded a product with 15.6%
ash and 50.92% recovery by column flotation, and a
product with 19.52% ash and 82.32% recovery by
mechanical flotation (17).

In the same mine, Hacifazlioglu and Toroglu (18)
conducted an additional study on the optimization of
Jameson flotation cell design parameters and flotation
operational parameters, such as the amount of collector,
the amount of frother, and the percentage of solids, in
order to achieve the optimal separation of bituminous
coal containing 45.3% ash. Under optimal conditions, the
influence of the examined parameters resulted in 14.9%
ash and 74.2% recovery (18).

Jena et al. (19) compared the fatty alcohols ethanol
and butanol. They examined the effect of decreasing coal
surface oxidation on the flotation ability of sub-
bituminous coals oxidized with 42% ash and particles
smaller than 1 mm. This study yielded a product
containing 31% ash and 80.4% recovery via mechanical
flotation, as well as a product containing 26.6% ash and
66.5% recovery via column flotation (19).

Cinar (20) used column and mechanical flotation cells
to investigate the effect of low temperature and no
temperature heat treatment on the flotation ability of
Turkish Soyak lignite coals in 2009. In this investigation,
low-temperature heat treatment was used in both column
and mechanical cells to increase recovery and the
percentage of ash, even without the use of a collector
(20).

Anderson et al. (21) explored flotation in an
oscillatory baffled column (OBC). Using a sequence of
oscillating sinusoidal baffle plates in the liquid and
within the flotation cell, they investigated a new stirring

mechanism. This technique of stirring demonstrated the
ability to generate a uniformly distributed shear rate
within the cell. The results demonstrated that OBC could
increase the flotation speed constant by as much as 60%
for fine particles (less than 30 um) and by 30% to 40%
for larger particles. Therefore, OBC can greatly enhance
the flotation rate in typical cells (21).

Shukla et al. (22) evaluated the effect of process
variables on gas holdup in a column flotation cell for
coal, including feed rate, gasification rate, frother
concentration, and solid content. The gas holdup in the
collection area was shown to be impacted by both the
aeration rate and feeding rate. However, the influence of
the feeding rate is negligible in comparison to the gas
delivery rate, the gas holdup altered by more than 6
percent when the feeding rate increased from 1 cm/s to 2
cm/s. Furthermore, the addition of frother had a favorable
effect. However, as the solids percentage increased, gas
holdup dropped (22).

Vapur et al. (23) explored the optimization of a coal
flotation system employing modified parameters in a
Jameson cell. Using the optimal variables in a Jameson
cell, a percentage of recovered combustibles was
calculated. The best cell variables were 0.25 mm particle
size, 1:1 ratio of vegetable oil to kerosene, 20% solids
percentage, and 0.6 I/min washing water flow rate.
Finally, in ideal circumstances and an 8-minute flotation
time, 94.83% combustible concentrate or 94.86% ash and
17.86% ash were derived (23).

Dashti and Eskandari Nasab (24) studied the impact
of hydrodynamic factors on the flotation of coarse coal
particles in 2012. The findings of their experiment
demonstrated that by increasing the stirrer's speed to 700
rpm, the particles receive sufficient energy to collide and
interact with the air bubble, and their recovery rate
increases. In addition, the recovery of coarse particles
diminishes as the distance of the stirrer from the bottom
of the cell increases, as the dead zone under the stirrer
expands and the particle suspension becomes less
intense. Increasing the concentration of the frother
decreased the size of the bubbles and enhanced the
stability of the foam phase, resulting in a greater recovery
of coarse particles (24).

Pineres and Barraza (25) studied the effect of pH, air
velocity, and frother concentration on the recovery of
combustible components and the amount of sulfur and
ash removed from four samples of Colombian
bituminous coal by means of column flotation. The
results indicated that the most ash and sulfur were
removed from coal from the Guachinate and Nechi
regions at acidic pH values of 4 and 5 and air velocities
of 1.4 and 1.8 cm/s, respectively. The maximum amount
of ash (85.4% and 84.7%) and sulfur (81.1% and 85.1%)
removal was obtained in alkaline conditions (pH 9 and
10) with air velocity ranging from 1 to 1.4 cm/s in
Creejon and Jagua coals (25).
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Chamnet et al. examined the gravimetric and flotation
procedures for the Agh-Darband coal mine feed sample.
The separation density for the heavy medium test was
determined to be 1.53 g/cm?, and the coal concentrate
obtained from the vibrating table test included 34.5
weight percent and 15.50 percent ash with a recovery rate
of 47.2%. The concentrate contains oil collector at a rate
of 1,000 grams per ton, pine oil at a rate of 30 grams per
ton as a frother in neutral pH with 20% solids, coal with
aweight percentage of 56.2% and ash at a rate of 17.59%,
with a recovery of 78.63%. Integrated gravity-flotation
tests were also conducted, and flowcharts were produced
for this purpose in order to improve accuracy and avoid
coal waste in tailings. 75.7% of the coal was recovered,
yielding a concentrate with a weight percentage of 56.2%
and an ash grade of 16.59%.

Other research in recent years resulted in optimizing
the flotation process from different aspects. For example,
the study of flotation Kinetics (26), determination
relationships  between  operating variables and
metallurgical responses of industrial coal column
flotation circuits (27), examining the performance of
feature engineering for concentrate ash content of coal
flotation by froth image feature engineering-based
prediction method (28) also based on deep learning
algorithms and attention mechanism (29, 30). In addition,
the optimization of column flotation for fine coal using
Taguchi method (31), and using response methodology
and central composite rotatable design (CCRD) (32) are
other cases of these optimizations.

2. MATERIALS AND METHODS

2. 1. Instruments The Denver D-12 flotation
laboratory cell was used in this study's flotation tests, and
the ash content of the sample was measured after coal
flotation. Utilizing an oven, moisture was extracted from
the sample. The sieves were used to determine the
particle-size distribution. The digital scale was applied to
measure the weight of samples with a 0.001-gram
resolution. The pH meter was used to determine the
pulp's pH. The thermometer is used to measure and
control the temperature of coal pulp throughout the
flotation process. A filter was also employed in this
experiment to extract the liquid, dry the sample after the
fine-grinding step, and to dry the flotation concentrate.
The sample was reduced to diameters smaller than 2 mm
using a roll crusher, and then divided into 2 kg, 1 kg, and
head sample bags using a rifle. The sample of
approximately 1 mm in size, which is unsuitable for
flotation, is crushed to approximately 150 microns using
a bond rod mill. Using a planetary ball mill, the sample
must be reduced to a particle size below 75 microns in
order to determine its ash content following the flotation
test.

2. 2. Sample Preparation The collected sample
weighed approximately 70 kg, and the ash content of the
tailings measured at approximately 75%. The sample was
crushed, the particle size distribution of the crusher
product was determined, and the sample was divided and
homogenized. The coal tailings were crushed with a roll
crusher and sieved through a 2 mm control screen. Half
of the 70 kg sample was crushed to less than 600 microns
in size. A quarter of the sample was crushed to less than
2 mm, and another quarter was crushed to less than 1 mm.
For each fraction, the weight of the remaining material
on each sieve was determined, and then the percentage of
these materials and cumulative percentage of the
remaining materials on each sieve were calculated.

The half of the sample, whose its d80 were smaller
than 600 microns, was divided using a riffle, and 2 kg
packages were made from it for use in flotation
experiments. Another quarter of the samples that were
crushed to less than 2 mm and another quarter of the
samples that were crushed to less than 1 mm were
packaged in 2 kg quantities so that, if necessary, they can
be crushed to sizes smaller than 600 micron.

In order to get the needed optimal particle size for
flotation, the sample with size smaller than 600 microns
was crushed in a bond rod mill at three different times (3,
5 and 10 minutes) and the ash content and recovery was
calculated for each time to determine the optimal time.

2. 3. Flotation Experiment After wet grinding
of 1 kg of the sample by a bond rod mill to the optimal
dimensions, and after placing it in a vacuum filter, 0.5 kg
of it was used for the flotation tests. Using the Denver D-
12 flotation cell, the experiments were conducted. Thus,
pulp containing 19% solids is agitated for 5 minutes at a
specific speed, and its pH and temperature were
monitored at the same time. Then the collector is inserted,
followed by the frother two minutes later. After one
minute, the air valve was opened and foaming is
performed for three minutes at 5-second intervals. At the
completion of the foaming period, a 20-gram sample was
made from each of the concentrates and tailings acquired
after placing each in a vacuum filter and dryer and
sending the sample to be ground for 5 minutes until it is
ready to be placed in the furnace. In order to calculate the
percentage of ash, 1 gram of the sample is heated in a
furnace at 950°C for one hour and then the sample taken
out of the furnace was weighed. If the discrepancy
between the measurements is greater than 0.005 grams,
the procedure must be repeated until the requirements are
fulfilled. The percentage of ash is determined by
comparing the sample's weight before and after being
placed in the furnace (Equation 1):

(0-B)
A : Ash content (%)
B : Crucible weight (g)


https://www.sciencedirect.com/science/article/pii/S0360544222019247
https://www.sciencedirect.com/science/article/pii/S0360544222019247
https://link.springer.com/article/10.1007/s12666-021-02512-2
https://link.springer.com/article/10.1007/s12666-021-02512-2
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C : Crucible and sample weight (g)
D: Weight of crucible and sample after burning (g)

The experiments were carried out in duplicate, some
were randomly repeated for a third time, and the results
were then averaged. Error or standard deviation of
repeating experiments was logical.

2. 4. Flotation Requirements There are several
requirements in coal flotation that are considerably
effective in increasing the efficiency of the test if they are
fulfilled:

1. The operating temperature should be between
22 and 23°C.
2. The water used is the same water that was used

in the laboratory and was determined by pH measurement
to be 7.

3. The pulp surface is maintained in every
experiment between 12.7 mm and 15.6 mm below the cell
edge, which is managed by stirring and aerating.

4. Soaking the coal: Because the sample is dry (not
in slurry form), it is necessary to stir it for 5 minutes after
mixing it with water and before adding chemicals so that
it will float better during the flotation process.

5. Before opening the air flow, chemicals used in
flotation are added to the flotation cell. Addition of
chemicals (collector and frother) is performed with
precision using a pipette or microsyringe.

6. The pH of the pulp is measured prior to the
addition of the collector, frother, or any other pre-
treatment material.

2. 5. Taguchi Test Design for Mechanical Variables
All five investigated parameters are quantitative and each
is examined at four distinct levels. The levels of these five
parameters are displayed in Table 2.

Using the Taguchi approach, the software developed
16 trials (L1s) based on the effective parameters. These
tests are listed in Table 3 according to their respective
levels. All of these trials were conducted in a mechanical
laboratory flotation cell. In these studies, the percent of
solids, type of frother, type of collector, amount of
frother, and amount of collector, etc., were calculated
beforehand and considered optimal and consistent.

2. 6. Optimal Sizes for Flotation In order to
achieve this objective, one kg of the sample with
diameters smaller than 600 microns with one liter of

TABLE 2. The examined mechanical parameters and their
levels

Parameter level 1 2 3 4
Mixer circulating 1200 1300 1400 1500
speed (rpm)

Mixer distance from 0.1H 0.2H 0.3H 0.4H

the bottom

Rate of oxygenation  one quarter  half Three quarters  Full

Skimmer circulating
speed (rpm)

Tank volume (lit) 1 2 4 6

20 12 8.6 6.6

Where, H is the cell height.

TABLE 3. 16 trials designed by the software (experiment design Lie)

Test number Mixer circulating Mixer distance from Rate of Skimmer circulating Tank volume
speed the bottom oxygenation speed
1 1 1 1 1 1
2 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2
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water was crushed using a bond rod mill at three different
times (2, 5 and 10 minutes). After filtering the crushed
samples, the remaining part on the filter was wet-
screened. Figures 1-3 de pict the particle size distribution
of the product of a bond rod mill over periods of 10
minutes, 5 minutes, and 2 minutes, respectively.
According to the obtained results and with the aid of
interpolation, d80 of samples with a crushing duration of
10 minutes, 76.68 microns, 5 minutes, 151 microns, and
2 minutes, 237.22 microns were derived.

3. RESULTS

3. 1. Effect of Particle Size on Ash Content and Coal
Recovery To perform flotation tests, it is necessary
to determine the optimal particle size. Based on this,
flotation tests were performed for samples with d80s of
1000, 600, 212, 150 and 75 microns. In all experiments,
the percentage of solids for coal and coal tailings were
chosen as 19% according to the sources and the tests
performed. The chemical parameters used are pH
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Figure 1. Particle size distribution of the product of a bond
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Figure 3. Particle size distribution of the product of a bond
rod mill (crushing time: 2 minutes)

= 7.7, 2000 g/t of oil collector, and 0 g/t of pine oil
frother.

Figure 4 compares ash content and coal recovery in
concentrate part for various particle size. According to
this figure, decreasing the size of the sample increases
coal recovery in flotation operations, however the ash
content is varied. Coal recovery is extremely poor in
samples with d80s of 1000 and 600 microns, and the
flotation process is not practicable or possible in these
sample sizes.

According to Figure 4 and the calculation of the
separation efficiency of various sizes, among the sizes of
212,150, and 75 microns, 150 microns was chosen as the
optimal size due to the decrease in ash content to
approximately 35% and the increase in recovery to
approximately 45%.

3. 2. Effect of Collector Dosage on Ash Content and
Coal Recovery Following the measurement of the
sample's sizes, the effect of collector concentration was
investigated at 1000, 2000, 3000, 4000, and 5000 g/t. Oil
collector, solid percentage 19%, pH = 7.7, d80= 150
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Figure 4. Ash content and coal recovery in concentrate part
for different d80s
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microns, and pine oil frother in the amount of 0 g/t were
used in this series of experiments.

According to Figure 5, the grade of the ash increases
as the collector concentration rises. Because when the
concentration of the collector increases, some waste are
also floating with the coal. At a concentration of 1,000
g/t, coal recovery is poor, but it increases by around 10%
at a concentration of 2,000 g/t. From a concentration of
2,000 to 5,000 g/t, the range of recovery is essentially the
same and there are no discernible alterations.

In accordance with the graph and the calculation of
the separation efficiency for various concentrations, the
oil collector with a concentration of 2,000 g/t was
selected due to the lower grade of ash (approximately
34%) and higher coal recovery (approximately 43%) in
comparison to other options.

3. 3. Effect of Collector Type on Ash Content and
Coal Recovery The type of collector was explored
after determining the dimensions of the sample and the
concentration of the collector. The diesel collector was
employed in this series of experiments at concentrations
of 1000, 2000, 3000, and 4000 g/t (oil was estimated in
the previous step), solid percentage 19%, pH = 7.7,
dimensions 150 microns, and 0 g/t of pine oil as a frother.

Figure 6 demonstrates that when the concentration of
diesel collector increases, so does the recovery, but to a
lesser extent than with the oil collector. As concentration
rises, the percentage of ash grade also tends to rise, which
is more so than with the oil collector.

Comparing the results of oil and diesel collectors
reveals that oil collectors have superior performance.

3. 4. Effect of Frother Concentration In this set
of tests, pine oil frother with concentrations of 10, 20, and
30 grams per ton, 19% solids, pH = 7.7, and 150 microns
in size, as well as oil collector with a concentration of
2,000 g/t, were utilized.

Figure 7 shows that raising the concentration of
frother to 20 and 30 g/t has no noticeable effect on the
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Figure 5. The ash content and coal recovery in concentrate
for oil collector at various concentrations
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Figure 6. Ash content and coal recovery in concentrate for
various diesel collector concentrations

ash grade, although the recovery follows a downward and
upward trend.

Comparing the results and calculating the separation
efficiency led to the selection of 30 g/ton for the pine oil
frother.

3. 5. Effect of Frother Type In this set of tests,
MIBC frother with concentrations of 10, 20, and 30
grams per ton, 19% solids, pH = 7.7, and 150 microns in
size, as well as oil collector with a concentration of 2,000
g/t, were utilized. Results of these tests are depicted in
Figure 8.

Comparing the results of pine oil frother and MIBC
frother reveals an increase in ash grade and a decrease in
recovery. Consequently, pine oil frother yields superior
results in terms of both ash content and coal recovery.

3. 6. Effect of Soluble Salts In this series of
studies, the influence of soluble salts on coal flotation
was explored using pine oil frother, 19% solids, pH=7.7,
150 micron diameter samples, and a 2000 g/t oil collector
concentration. Table 4 demonstrates that as the
concentration of soluble salts increases, so do the ash
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Figure 7. Ash content and coal recovery for various
concentrations of pine oil frother



746 M. Hosseini Nasab / IJE TRANSACTIONS A: Basics Vol. 37 No. 04, (April 2024) 739-752

50

a0 1 *’—’-

== ¢== Ash grade
e RECOVEry

Ash content and recovery (%)

10 20 30
Frother concentration (g/ton)

Figure 8. Ash content and coal recovery in concentrate as a
function of the amount of MIBC frother

grade and coal recovery. However, it can be argued that
its function in coal flotation is irrelevant.

3. 7. Optimizing the Flotation Cell's Mechanical
Parameters Once the chemical parameters of the
cell have been determined through a series of tests, the
mechanical parameters are optimized. Experiment design
by Taguchi method of Design Expert (DX7) software can
be used to determine the percentage of effect of each
parameter, the influence of each parameter at each level,
the optimal settings for each of these parameters, and the
mutual influence of each of these parameters. The
software obtained the lowest percentage of the ash in the
concentrate and the greatest coal recovery with the fewest
tests. The mechanical properties of the cell and its

TABLE 4. Effect of soluble salts on ash production and coal recovery

The concentration of Concentrate (%)

Tailing (%) Coal content in

dissolved salts (g/ton)  \yeight  Ash content Coal recovery ~ Weight  Ash grade Coal recovery feed (%)
NaCl (1000) 17.9 38.32 40.4 82.1 80.18 59.6 72.69
NaCl (2000) 20.8 42.37 44.4 79.2 81 55.6 72.95
CaCl,(1000) 21 46.88 456 79 81.06 54.4 73.12
CaCl,(2000) 24 47.31 48.1 76 80.04 51.9 7156
FeCl;3(1000) 215 42.95 42.7 78.5 80.85 57.3 72.56
FeCl,(2000) 225 44.32 44.2 775 81.31 55.8 73.36

surfaces were determined for this purpose using Table 2
in Section 2.5.

Based on the effective parameters, software (DX7)
generated sixteen tests using the Taguchi method (L 16).
These tests are listed in Table 3 according to their
respective levels.

3. 8. Statistical Analysis of Data It might be
advantageous to present the results of experiments in the
form of an experimental model, or a model that expresses
the relationship between the response variable and
relevant design parameters (33). The technique employed
is response surface (historical data). Given that the
conducted tests yielded two results (recovery and
percentage of ash), the software analyses were also based
on these two variables.

3. 8. 1. Variance Analysis of the Proposed Ash
Content Model Table 5 displays the significance
of the model and recovery model factors.

According to Table 5, the model's P and F values are
0.0001 and 24.89, respectively, which are statistically
significant at the 95% confidence level. The greatest
value of F is connected to the parameters E (cell volume),
BE (the interaction between the distance of the stirrer
from the cell bottom and the volume of the cell), and

B(the distance of the stirrer from the cell bottom) as
depicted in Figure 9. The remaining F values, from
highest to lowest, are connected to the parameters D

TABLE 5. ANOVA analysis of variance of ash percentage
model

Sum of Mean F

Source df Prob>F
squares square value

Model 1467.11 7 20959 24.89 <0.0001 significant

A-miXer 0505 1 13525 1606  0.0039

circulating

B-mixer

distance 16164 1 161.64 19.2 0.0023

oc;ate of 2814 1 2814 334 01049

D-skimmer 15511 1 15311 1819 00027

circulating

E-tank

volume 501.92 1 50192 59.61 <0.0001

BD 126.81 1 126.81 15.06 0.0047

BE 16751 1 16751 199 0.0021

Residual 67.35

o]

8.42
Cor total 1534.46 15
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(rotation speed of froth collector), A (rotation speed of
agitator), BD (mutual impact of agitator distance from
the cell bottom and froth collector rotation speed), and C
(aeration rate).

Table 6 also displays the model's statistical data. The
value of the correlation coefficient derived from the
model demonstrates the model's high accuracy.

According to the graph, the projected values and
actual values of ash percentage in Figure 10, the
distribution of data around the line shows the model's
normality and acceptability.

The following is the final equation for the ash
percentage of the model based on the parameters of the
software code factors:

Grade (%) = +42.23 +4.25A +4.31B -1.79C +4.05D -7.30E
+5.23BD -6.3BE

70
60 T
50 T
40 T+
30 T
20 1
10 1

F values

E BD BE
Factors

Figure 9. The model's effect of factors in terms of F value

TABLE 6. Statistical criteria of assessing model validity

STD. Dev. 2.9 R-Squared 0.9561
Mean 42.48 Adj R-squared 0.9177
CV.% 6.83 Pred R-Squared 0.8025
PRESS 303.1 Adeq Precision 15.931

Predicted vs. Actual

65.00 —

56.50 —

48.00 —

Predicted

3050 —

31.00 —

T T T
3115 39.60 4804 56.49 64.94
Actual

Figure 10. The percentage of actual ash relative to the
amount anticipated by the model

3. 8. 1. 1. Analysis of Geometric Graphs Provided
by the Model Due to the adequacy of the model, the
geometric diagrams generated by the model have been
evaluated in a single-factor and synchronous manner
based on the response-influencing parameters.

3. 8. 1. 2. The Effect of Single-factor Parameters
A. Ash's response to stirrer rotating speed.

A linear relationship between stirrer speed and ash
quality is depicted in Figure 11; as the speed of the stirrer
is increased, so is the ash content.

B. The effect of aeration rate on ash content

As demonstrated in Figure 12, the aeration rate has a

minimal impact on the process.

3. 8. 1. 3. Interaction of Design Parameters with
Coal Ash Content The software has the capability
to examine the effect of parameters under varying
circumstances.

A. Mutual effect of the stirrer's distance from the cell
bottom and the froth collector's rotation speed on ash
(BD)

One Factor

575 —

Assay

425 —

T T T T T
1200.00 1275.00 1350.00 1425.00 1500.00

A: mixer circulating speed

Figure 11. Effect of stirrer rotating speed on coal ash

One Factor

575 —

Assay

425 — -\-

I I I I T
025 0.44 0.63 0.81 1.00

C: rate of OX
Figure 12. Effect of aeration on coal ash
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According to the three-dimensional diagram and
contour line in Figure 13, the proportion of ash increases
as the stirrer's distance from the cell bottom and the froth
collector's rotation speed increase. In such a way that the
maximum ash percentage occurs at a stirrer distance of
0.4 H and a rotation speed of froth removal every 9
seconds, and the minimum ash percentage occurs at a
stirrer distance of 0.1 H and froth removal every 3
seconds.

B. The mutual effect of the stirrer's distance from the
froth and the cell's volume (BE)

Figure 14's three-dimensional diagram and contour
line indicate that the distance of the stirrer from the cell
bottom and the volume of the cell are inversely
correlated. The lowest content of ash is found in cells
with the highest volume and the stirrer closest to the
bottom.

3. 8. 2. Variance Analysis of the Proposed Model
for Recovery Table 7, Displays the significance of
the model and recovery model parameters.

According to Table 7, the model's P and F values are
0.0009 and 11.49, respectively, which are significant at
the 95% confidence level. As shown in Figure 15, the
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maximum value of F corresponds to the parameters C
(aeration rate). After that, the highest values are related
to B? (enhanced effect of stirrer distance from the
bottom), E (cell volume), D (rotating speed of skimmer),
B (stirrer distance from the bottom), and BD (the mutual
effect of the distance of the stirrer from the bottom and
the rotation speed of the skimmer), respectively.

In Table 8, the model's statistical data are also
reviewed. The value of the correlation coefficient derived
from the model demonstrates the model's high accuracy.

Figure 16 shows a graph of predicted and actual ash
percentage values, and the data distribution around the
line proves the model's normality and appropriateness.
Following is the final model recovery equation based on
the conditions of software code factors:

Recovery (%) = +35.44 -3.78B +8.92C +4.28D -5.08E -
4.38BD -10.3B%

3. 8. 2. 1. Analysis of Geometry Diagrams
Generated by the Model Due to the adequacy of

the model, the geometry diagrams generated by the
model have been evaluated in a single-factor and
simultaneous manner based on the response-influencing
variables.

0
o

5

20
5
o

o
4
e,
s

..:
1)
J
W

0-17B: mixer distance from the bottom

Figure 13. The mutual effect of the stirrer's distance from the bottom and the skimmer rotation speed on the percentage of coal ash.

A: 3-dimensional B: Contour line

E: tank volume

100 010

Figure 14. The mutual effect of the stirrer's distance from the bottom and the cell volume. A: 3-dimensional B: Contour line

"0
/D//fzs

-1"B: mixer distance from the bottom
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TABLE 7. ANOVA analysis of variance recovery model

Source Sum of df Mean E Prob>F
squares square value

Model 165735 6 276.22 11.49 0.0009 significant

B-mixer 10651 1 12651 526 0.0475

distance

OC);rate of 0527 1 70527 2934 0.0004

D-skimmer 730, 1 17384 723 00248

circulating

E-tank 24319 1 24319 1012 00112

valume

BD 9597 1 9597 399 00768

B2 330.86 1 330.86 13.76 0.0048

Residual 21636 9 24.04

Cor total 1873.71 15

40
30
20
10

F values

B C D E BD B2
Factors

Figure 15. The model's influence of factors in terms of F
value

TABLE 8. Statistical evaluation criteria for model validity

STD. Dev. 4.9 R-Squared 0.8845
Mean 29.99 Adj R-squared 0.8075
CV.% 16.35 Pred R-Squared 0.5658
PRESS 813.54 Adeq Precision 11.105

Predicted vs. Actual

52.00 —|

4175 —|

3150 —|

Predicted

2125 —|

11.00 —|

T T T T T
1140 2132 3155 4177 52.00

Actual

Figure 16. Actual recovery compared to the recovery
predicted by the model

3. 8. 2. 2. Effect of Single Variables
A. Aeration rate

As shown in Figure 17, there is a clear correlation
between the aeration rate and the recovery, and by raising
the aeration rate and fully opening the aeration valve, a
substantial improvement in recovery is observed.
B. Cell volume

According to Figure 18, the relationship between cell
volume and recovery is inverse, with recovery decreasing
as cell volume increases.

3. 8. 2. 3. Mutual Effects of Design Factors on Coal
Recovery The software includes the capability to
examine the effect of parameters under varying
circumstances.

A- The mutual effect of the rotation speed of the skimmer
and the distance of the stirrer from the froth (BD)

The three-dimensional graphic and contour lines in
Figure 19 show that the maximum recovery occurs when
the stirrer is about 0.2 H away from the tank bottom and
the skimmer rotates once every 9 seconds.

3.8. 3. Optimal Values of Parameters in the Design

of Experiments In order to optimize the software
parameters in line with the research objectives, the

One Factor

4175 —|

315 —|

Recovery

2125 —|

T T T T T
025 044 063 081 1.00
C: rate of OX

Figure 17. Implications of aeration rate on coal recovery

One Factor

4175 —

315 —

Recovery

2125

T T T T T
100 228 350 475 6.00

E: tank volume

Figure 18. Implications of cell volume on coal recovery
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Figure 19. The mutual effects between skimmer rotating
speed and stirrer distance from tank bottom on coal

recovery. A: 3-dimensional B: Contour line

percentage of ash in the minimum state and recovery in
the maximum state were considered. Other variables such
as the speed of the stirrer, the stirrer distance from the
tank bottom, the aeration rate, the speed of the skimmer,
and the volume cell were placed within the appropriate
range. Figure 20 demonstrates the best mode. The
following are the results obtained with a level of utility
of 1

Stirrer rotation speed = 1227.2 rpm

The distance of the stirrer from the tank bottom=0.13 H
Aeration rate = 1 (fully open)

Rotation speed of skimmer= every 8.49 seconds

Cell volume =1 liter

Ash percentage = 35.34%

Recovery = 52%

Four experiments were done under the
aforementioned conditions to validate its accuracy. In
these four experiments, the average recovery and grade
of ash were approximately 54% and 33%, respectively.

Ministry of Environment Forest & Climate Change
(MoEF&CC) allows use of coal with ash content less
than 34% in thermal power plants (34). Therefore, even
producing a 34% ash concentrate is valuable and
marketable without creating environmental pollution;
however, the ash produced in this research returns to the
processing circuit.

124000 150000 10 I 02 1

feudsting spees = 122120 o the btom = 0.1 100
—
—
—

300 I 10 00 31 [t

skimmesciredatng sgeed =449 taskvelume = 101 ey = 1636
Desirability = 1,000

Figure 20. Optimal conditions predicted by the statistical
model

4. CONCLUSIONS

The coal tailings of Agh-Darband mine with 75% ash so
far include a volume of 140,000 tons in the place of the
tailings depot from the coal washing plant. Therefore,
this research was done in order to reach a product with a
grade of 30-35% to return it to the processing circuit. In
this regard, flotation tests were performed and the
chemical and mechanical parameters of the cell were
optimized.

Following are the optimal results of flotation tests
(chemical parameters) for achieving the lowest ash
content and highest recovery:

Particle size range (d80): 150 microns
Solid percentage: 18%

Oil collector: 2000 grams per ton
Pine oil frother: 30 grams per ton

pH: in the neutral range

After optimizing the chemical parameters, the design
expert software was used to optimize the mechanical
parameters of the cell, including the rotation speed of the
stirrer (A), the distance of the stirrer from the tank bottom
(B), the aeration rate (C), the rotation speed of the
skimmer (D), and the volume of the cell (E). Software
opti/mization led to a recovery of approximately 52% and
an ash content of approximately 35%:

1. Stirrer rotation speed = 1227.2 rpm

2 The distance of the stirrer from the froth = 0.13
H

3. Aeration rate = 1 (completely open)

4 Rotation speed of the skimmer = every 8.49
S

5. Cell volume =1 liter

Following is the final model recovery equation based
on the conditions of software code variables:

Recovery (%) = +35.44 -3.78B +8.92C +4.28D -5.08E -
4.38BD -10.3B%

The following is the final equation of the model's ash
content according to the requirements of the software
code variables:

Grade (%) = +42.23 +4.25A +4.31B -1.79C +4.05D -
7.30E +5.23BD -6.3BE

Using the optimal parameter values, the average
recovery and ash content were approximately 54% and
33%, respectively.

Based on the reported experiments and results, the
following recommendations can be made to continue the
work:

- Using positive laboratory results, it is required
to undertake semi-industrial tests so that the responses
obtained are as similar as possible to industrial settings,
making it easier to make the correct decision.

- In accordance with the ash grade (about 33%)
produced by optimizing the chemical and mechanical
parameters of the cell, the coal tailing washing product
may be used as the input of the processing plant's current
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circuit, and consequently, the mine coal tailings can be
returned to the circuit.

Therefore, producing a 34% ash concentrate is
valuable and marketable without creating environmental
pollution.
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