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Abstract

Gilsonite is a natural, brittle, and glisten tar hydrocarbon, which widely uses
in the chemical, paint, and oil industry, besides asphalt production and ther-
mal insulation. Major gangues of Gilsonite are gypsum, pyrite, silica, dolo-
mite, calcite, and shale which are known as ash. Due to the fine liberation de-
gree of gangue minerals from Gilsonite, most of the physical mineral
processing methods are not applicable. Gilsonite has partially a behavior like
coal in flotation due to its high carbon content and the similar composition of
ash. As a result, flotation is one of the best methods to decrease the ash con-
tent of Gilsonite. In this study, four factors i.e. the dosage of collector, frother,
and depressant, and solid to liquid ratio in three levels were examined in flo-
tation to reduce the ash content and increase the recovery of Gilsonite. These
tests were designed with the Taguchi method by Design-Expert software. Our
results showed the lowest ash content of 5.2% was obtained in the condition
which 200 g/t Gasoil as collector, 100 g/t MIBC as a frother, 300 g/t sodium
silicate as a depressant, and pulp density was 5% solid to liquid weight ratio.
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1. Introduction

Iran has a variety of minerals and deposits [1]. There are various methods for
exploring minerals and potential areas. Including remote sensing and satellite
image analysis [2] [3], also data processing by geostatistical methods [4] [5] [6]
geochemical behavior study of elements [7] [8] and integration of intelligent
analytical methods [9] [10] [11]. Gilsonite is a natural, brittle, and glisten tar
hydrocarbon, which has black color and looks like obsidian [12]. It is also
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known as asphaltum [13]. Gilsonite has a high content of asphaltene which is
like other petroleum source asphaltenes [14]. Although its appearance is similar
to coal, with a difference in its hardness, coal has a higher hardness than gilso-
nite that has a higher hardness than bitumen [15]. Gilsonite becomes dark
brown color after grinding [16]. Gilsonite can be solved in aliphatic and aromat-
ic solvents [15]. The complex molecule structure of gilsonite consists of mainly
carbon, followed by hydrogen, nitrogen, sulfur, and some other minor volatile
elements [16]. One of the main characteristics of Gilsonite is the high content of
nitrogen besides carbonyl and phenolic groups [17]. On the other hand, the mo-
lecular weight of Gilsonite is about 3000, which gives it a semi polymer behavior
[18]. This complex structure gives special properties to Gilsonite, which forms
multiple applications in different industries. There are more than 160 applica-
tions for this hydrocarbon mineral, including pavement modification, insulation
and anticorrosion, pigment production, well-logging cementation, paint indus-
tries, chemical industries, casting sand, explosives, battery box, rubber industry,
electrodes, industrial fuels, petroleum coke, and numerous resin productions
[19] [20].

Impurities of gilsonite are known as ash which remains after burning the
mineral [20] [21]. Ash reduces the thermal value of any hydrocarbon including
Gilsonite. Also, it could cause environmental pollution due to the formation of
sulfur dioxide and hydrogen sulfide. As a result, it decreases the value and ap-
plicability of Gilsonite [17] [22]. The main problematic element in ash is sulfur
presenting as pyrite, gypsum, marcasite, and sometimes an organic component.
Other mineral impurities in ash usually are calcium carbonate, shale, clay min-
erals, calcite, dolomite, and silica [19] [23] [24]. A chemical composition of Gil-
sonite has about 85% carbon, 10% hydrogen, 1.5% oxygen, 0.3% sulfur, and 0.2%
other elements, while its carbon contents has made up of 68.3% aliphatic carbon
and 31.7% non-aliphatic carbons [12] [14] [15] [17] [25] [26]. Based on studies
by Irannejad et al, the size fraction of minus 110 um concentrates most of the
gangue minerals or ash content [24] [27]. This fact shows the reason for the in-
effectiveness of gravity separation methods for ash reduction from Iranian Gil-
sonite [27].

Most of the Gilsonite deposits and reserves are located in Australia, Canada,
China, Colombia, Mexico, Iraq, Iran, Russia, the Philippines, USA, and Venezuela.
Annual consumption of Gilsonite is more than 90 Mt in the world [13] [16] [18]
[25] [28]. Iranian Gilsonite deposits are mainly located in the western region of
Iran, including Ilam and Kermanshah. Other deposits have been explored in the
Kuhdasht—Pole Dokhtar region in Lorestan, besides Behbahan—Ramhoromoz in
the Khuzestan region [24]. The main feasible deposits are located in the vicinity of
Gilane Gharb, Qasre Shirin, and Ivane Gharb in the Kermanshah region near the
Iraq border. Also, the Caspian oil field in the northern region of Iran, has the
probability of Gilsonite deposits presence, like Baku in Azerbaijan. In addition, the
Gilsonite deposits continued from Kermanshah in the western regions of Iran to
the eastern regions of Iraq [24] [27] [29].
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Gilsonite deposits typically are used unaccompanied by further processing
operations in numerous industries due to their workable grade and can be
named as direct shipping ores [24] [27]. However, due to the special needs of
some industries to high-grade Gilsonite (Ze. low ash content) and reducing
number of high-grade reserves, there is an essential need to enrich low-grade
deposits and produce a Gilsonite concentrate with the minimum ash content to
add value to this commodity. The need for mineral processing of raw materials
is increasing day by day and many studies have been done for the development
of optimal processing technology [30]. Previous research works focused more on
the characterization and identification of multiple applications, while a few re-
search works on the gravity separation methods. In this study, using surface
chemistry differences between Gilsonite and other mineral fragments or gangue
minerals, flotation was selected and applied to evaluate its capability of ash re-
duction from the run of mine ore.

Flotation is a multiplex Physico-chemical separation process that interacting
between three phases of liquid, gas, and solid [31]. This method is a selective
process and the effectiveness of it depends on particle-bubble interactions, in-
cluding particle-bubble collision, selective attachment, and particle-bubble sta-
bility. This selective process can negatively be effected by entrainment in the
water and physical entrapment of particles, this will usually happen when both
gangue and valuable minerals are not fully liberated, or on the flip side, when
fine particles have a diameter less than 20 microns, which can move freely by the
current. So, particle size is the most critical factor in the flotation process and
should be controlled in order to have high efficiency. The optimum range of
particle size in flotation is from 20 to 200 microns, however for coal, it is from 75
to 150 microns, 150 to 300 microns, and 250 to 500 microns. Irannejad et al,
measured 110 microns as the liberation degree of Iranian Gilsonite, also it is
measured in which most of the ash content is inside the —44 microns fraction, it
is including fine clay particles and silicates [32] [33].

For flotation of minerals, having a hydrophobic surface is an essential prin-
ciple, different reagents are involved to give a hydrophobic surface to a mineral,
including collectors, activators, pH modifiers, and frothers [32] [33]. All of men-

tioned factors are used to minimize ash of Iranian Gilsonite.

2. Materials

The materials for this study were prepared by Sormak mine company, which
operates the Garaweh mine in the Qasre Shirin Region, west part of Iran, near
the Iraq border. A 200 kg of sample was gathered from run of mine directly and
avoided its oxidization to have a more accurate chemical analysis, after prepara-
tion including crushing, grinding, and splitting; a representative sample pre-
pared for measuring physical and chemical properties. Physical properties were
measured by ASTM (American Society for Testing and Materials) standard test
methods; Chemical elemental analysis was measured by the LECO (Laboratory

Equipment Corporation) analyzer under the ASTM standard test method. This
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instrument is a reliable method to determine Carbon, Hydrogen, Nitrogen,
Oxygen, and Sulfur from organic and inorganic materials [34] [35]. The physical
properties and element analysis of this sample are summarized in Table 1. The
location of Mine and a view of the pit are shown in Figure 1. The main gangue
minerals were gypsum, calcite, dolomite, silica-based minerals, and pyrite. Also,

silts, marl, and shales were other impurities in the Gilsonite sample.
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Figure 1. (a) Location and view of the Garaweh mine; (b) A view of Garaweh mine.

Table 1. Physical and chemical properties of sampled Gilsonite.

Physical Properties Analysis

Test Result Test Method
Ash Content wt% 16.4 ASTM-D3174
Moisture Content wt% <3 ASTM-D3173
Volatile matter wt% 50 ASTM-D3175
Fixed carbon wt% 39 ASTM-D3172
Specific Gravity at 25°C 1.04 ASTM-D3289
Softening Point °C 180 ASTM-D36
Penetration at 25°C 0 ASTM-D5
Color in Mass (bulk) Black -
Color in Powder (fine) Brown -

Element Analysis

Carbon wt% 74 ASTM-D5291
Hydrogen wt% 7.1 ASTM-D5291
Nitrogen wt% 0.67 ASTM-D5291
Oxygen wt% 3.1 ASTM-D5291
Sulfur wt% 5.5 Leco Analyzer
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3. Methods

The main mineral processing method applying the surface chemistry contrast is
froth flotation. Using this method, hydrophilic and hydrophobic minerals can be
separated by the assist of specific chemical reagents that enhance surface proper-
ties differences, and generate value to the produced concentrate [36] [37]. In the
Flotation process, there are many factors which can affect the process, including
froth level, airflow rate, rotation speed, residence time, pH of the pulp, dilution,
feed rate, chemical reagent dosage, size, and design of the cell [31] [32] [33] [38].

The sample was grinded by Raymond mill and 95% cumulatively passing of
the product was 200 mesh or 75-micron sieve. The particle size distribution re-
sults are shown in Table 2.

In this study, the effect of chemical reagent dosage and pulp density on ash
rejection was evaluated as the main variables. A 6 Liter Denver D12 laboratory
flotation cell was used to perform these tests. The rotation speed of the flotation
cell rotor was adjusted to 1500 rpm. Feed rate, residence time, and airflow rate
were kept constant in all tests, as a consequence of the same pulp density in these
batch tests. Also, Calcium hydroxide was used as a pH modifier to maintain the
pH of the flotation tests about 7. After the conditioning time including adding
the reagents of 10 min for each test, the flotation test started with opening the air
valve, and froth was collected for 180 seconds.

After measuring ash content which remnant of burning process, the flotation
recovery was obtained according to following equation, where C'is the concen-
trate weight, ¢ is the concentrate grade (part without ash), Fis the feed weight
and fis the feed concentrate.

Cc C (100 - Ash content in concentrate)
R=—x100=

- x100 (1)
Ff F (100 Ash content in feed)

Coal and graphite are the hydrophobic minerals which can be floated using
Gasoil as a collector, MIBC (Methyl Isobutyl Carbinol), or pine oil as a frother,
and sodium silicate or dextrin as a depressant for their industrial-scale flotation
[37] [39]. The selection of depressant is depending on the ash composition [39].
Main coal gangue minerals are kaolinite, quartz, pyrite, illite, calcite, ankerite,
and montmorillonite, which are partially the same as gangue minerals of Gilso-
nite [27] [37]. Major gangues of Gilsonite are gypsum, pyrite, silica, dolomite,

calcite, and shale. As a result of the aforementioned facts about Gilsonite and its

Table 2. Particle size distribution of Gilsonite flotation sample.

Size Fraction Size Fraction Mass Cumulative Pass
pm mesh Wt% Wt%
+75 +200 5.22 100
+44 to 75 +325 to 200 59.41 94.78
+37 to 44 +400 to 325 15.36 35.37
-37 —400 20.01 20.01
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composition similarity to coal, 9 initial experiments have been designed by De-
sign Expert Software for 4 factors and in 3 levels by the Taguchi method to find
the optimum flotation conditions in order to reduce the ash content and reach
the maximum recovery of Gilsonite. The levels of these factors are summarized
in Table 3. For these tests, common industrial flotation reagents of coal froth
flotation were applied including Gasoil as a collector, MIBC as a frother from
Chinese producer with 99% purity, and sodium silicate made in china with 99%
purity as a depressant due to the composition of ash content as shown in Table
1.

4. Results and Discussion

Regarding to aforementioned facts and features, 9 initial tests based on the Ta-
guchi method were performed to gain the framework of confirmation tests. The
recovery and ash content of these tests has been summarized in Table 4.

The flotation results are summarized in Table 4. The increase of collector and
frother besides increasing the ratio of solid to liquid causes an increase of ash in
the froth phase. On the other hand, the increase in depressant dosage decreased
the ash content from 16.4% to 5.2%. Gasoil, as a non-ionic collector, enhances
the hydrophobicity of Gilsonite particles, it forms emulsions and acts as not a
selective collector due to low solubility in water. This can be the reason why ash

Table 3. Levels of factors in the initial flotation tests.

Level
Factor
1 2 3

Collector (ppm) 100 200 300

Frother (ppm) 50 100 150

Depressant (ppm) 100 200 300

Solid to Liquid ratio wt% 5 10 20

Table 4. Result of flotation tests.
Test Collector Frother Depressant So‘lid .to Ash Recovery
No.  (pm)  (pm)  (pm)  0ud o Coment g,
Ratio % Wt%
1 200 150 100 10 12.5 77.8
2 300 50 300 10 6.5 50.1
3 200 50 200 20 9.1 59.4
4 100 100 200 10 8.4 64.8
5 300 100 100 20 13.2 69.5
6 100 50 100 5 11.1 68.1
7 100 150 300 20 7.1 51.2
8 300 150 200 5 9.8 72.6
9 200 100 300 5 52 39.9
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content amplifies in concentrate with the gasoil dosage. Again, due to a non-selective
collector, with the dosage of frother, react as a synergism factor, and leads a bulk
flotation process. It can be amplified with the high solid to liquid ratio or in oth-
er words the high pulp density. The probability of mechanical entrapment of the
gangue in the froth could increases. On the other hand, locked gangue minerals
with the Gilsonite particles increase the ash content and recovery with this me-
thod. As one of the conclusions, fully dispersed gangue minerals besides the na-
ture of Gilsonite particles, are other reasons for the ineffectiveness of current
mineral processing methods to beneficiate it. For the depressant, an increasing
dosage of sodium silicate depressed more carbonate, and silicate-based surfaces,
and the main reason for its effectiveness can be maintaining pH and its conse-
quence on the zeta potential of these minerals. The effects of parameters on the
ash content of the concentrate can be seen in Figure 2. Also, the effects of these
parameters on the recovery of Gilsonite particles can be seen in Figure 3.

In the coal flotation industry, due to the coal natural hydrophobicity, non-ionic
collectors are being used and they enhance its hydrophobicity and to attach to
air bubbles, the attachment mechanism of these collectors is based on adhesion
[37] [40]. The common non-ionic collectors are Gasoil and Kerosene, which

widely being used in the flotation of coal, graphite, talc, molybdenite, and sulfur
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Figure 2. Effect of different flotation operation variables ((a) collector; (b) frother; (c)
depressant; (d) pulp density) on the ash content of Gilsonite.
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Figure 3. Effect of different flotation operation variables ((a) collector; (b) frother; (c)
depressant; (d) Solid to Liquid Ratio (pulp density)) on the recovery of Gilsonite.

[36]. Frothers are surfactants that absorbed at the gas-liquid interface and form-
ing and stabilizing the flotation froth [33]. MIBC and Pine Oil are the most
common frothers in the coal flotation industry [22] [37]. Due to the high carbon
content of Gilsonite, and the composition of ash content, it is expected that the
same reagents can be appliable to Gilsonite and former research works, confirm
this claim. On the other hand, opting type of depressant is depending on the
composition of ash content, which same again, due to having silicates (SiO,),
carbonates (calcite), and sulfates (gypsum), a wide range of depressants are ap-
plicable including sodium silicate, dextrin, starch, Lime (as pH modifier to deac-
tivate pyrite) [27] [36] [37]. Sodium silicate in the flotation is as effective as a
depressant of quartz and calcite, between pH 5 - 8 [36]. Solid to liquid ratio or
pulp density is another important factor in the efficiency of flotation, unlike
metal sulfide minerals which can work with 20 to 30 percent, in coal flotation
optimum solid to liquid ratio is between 7% to 12% depending on ash content
[36] [37].

As shown in Figure 2 and Figure 3, the effect of collector and frother showed
the same behavior on the recovery and ash content that increase slightly. With
the highest dosage concentration (Ze. 300 ppm collector, 150 ppm frother). It

can be concluded that an increase in the ash content, or the Gilsonite particles
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carrying gangue minerals in the concentrate, will result in a recovery increase.
With the medium solid to liquid ratio, the recovery increased slightly (65% from
60%) as shown in Figure 3(d). Mechanical entrapment of gangue minerals in
the froth is the main reason for recovery escalating with more pulp density. Re-
covery reduction, with an increasing amount of depressant in the pulp, is due to
stopping gangue particles that accumulating with Gilsonite particles and blocks
the route of these Gilsonite particles to proceed to the froth phase.

A comparison of parameter interactions was provided for both the ash con-
tent and the recovery. As seen in Figures 4-6, former conclusions about the ef-
fects of collector, frother, depressant, and the solid to liquid ratio can be con-

firmed. Figures 4-6 show depressant levels play a major role in the reduction or
increase of both the recovery and ash content.

Interaction Interaction
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Figure 4. Comparison of collector and frother interaction for (a) ash content and (b) recovery.
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Figure 6. Comparison of depressant and solid to liquid ratio interaction for (a) ash content
and (b) recovery.

5. Conclusions

In this study, the effect of collector, frother, and depressant dosage besides the
influence of solid to liquid ratio (pulp density) on the ash content and recovery
of Gilsonite was studied. Nine flotation tests designed by the Taguchi method
were performed on the Gilsonite sample in order to optimize the conditions of
Gilsonite flotation for reducing the ash content and increasing the recovery.
Based on enrichment ratio and the ratio of concentration, test run number 9,
with 200 ppm Gasoil as a collector, 100 ppm MIBC as a frother, 300 ppm So-
dium Silicate as a depressant, and 5% solid to liquid ratio as pulp density, ob-
served as the optimum test condition for 5.2% ash content and 39.9% gilsonite
recovery. Also, with the concurrent increase of collector and frother, both the
recovery and ash content increased, and it should be avoided on the industrial
scale since the separation is non-selective. On the other hand, the most influen-
tial variable was depressant dosage, which can prevent gangue minerals to re-
cover as a concentrate.

Reducing the ash content of gilsonite by flotation method is a simple way to
add value to low-grade deposits. Moreover, by industrializing these numerous
low-grade deposits, many economic and social impacts will happen to that re-
gion. All in all, flotation is a multi-factor method in which numerous Physi-
co-chemical parameters have synergism and antagonistic effects on each other,

one of the most parameters, is the particle size.
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