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AMAC VE KAPSAM

Bilimsel Madencilik Dergisi TMMOB Maden Miihendisleri Odasi’'nin agik erisimli elektronik ortamda ve basili olarak
yaylimlanan siireli bilimsel yayinidir. Dergi 1960 yilindan itibaren yayimlanmaktadir. Derginin ismi 2016 yi1l1 Haziran
sayisina kadar “Madencilik” seklindeyken, benzer isimli popiiler dergilerle karistirilabilmesi nedeniyle 2016 y1l1 Eyliil
sayisindan itibaren “Bilimsel Madencilik Dergisi” olarak degistirilmis ve o tarihe kadar 0024-9416 olan ISSN numarasi
da 2564-7024 olarak gilincellenmistir.

Yilda 4 kez (Mart-Haziran-Eyliil-Aralik) yayimlanan Bilimsel Madencilik Dergisi (ISSN: 2564-7024), maden miihendisligi
ve mineral endiistrisi alaninda ulusal ve uluslararasi diizeyde yapilan, bilimsel normlara ve yayin etigine uygun, 6zgiin
bilimsel ¢alismalar: bilim insanlarina, maden miihendislerine ve kamuoyuna duyurmay1 ve bu yolla bilimsel bilgiyi
toplumla paylasmay1 amaglamaktadir. Derginin yayin dili Tiirkge ve Ingilizce'dir.

Dergi, maden miihendisligi alaninda 6zgiin bir arastirmay: bulgu ve sonuglari ile yansitan kuramsal, deneysel ve
uygulamali arastirma makalelerine; yeterli sayida bilimsel makaleyi tarayip konuyu bugiinki bilgi ve teknoloji
diizeyinde 6zetleyen, degerlendirme yapan ve bu bulgulari karsilastirarak yorumlayan tarama makalelerine; 6zgiin bir
yontem veya teknigi tarif eden kisa makale olarak tanimlanabilecek teknik notlara; ve gercek ya da kuramsal bir mesleki
uygulamay1 temel alan, sistematik veri toplama ve veri analizi iceren vaka ¢alismalarina yer vermektedir.

Dergide, yenilenemeyen maden kaynaklarin siirdiiriilebilir madencilik ilkeleri dogrultusunda insanligin hizmetine
sunulmasi icin gereken mevcut bilginin gelistirilmesini saglayacak konularda eserlere oncelik verilmektedir. Bu
kapsamda; maden arama, maden yatagi modelleme, topografya, maden ekonomisi, jeoistatistik, kaya mekanigi ve
jeoteknik, kazilabilirlik etiidii, yer alt1 ve agcik maden isletme, maden tasarimi, madenlerde ve tiinellerde tahkimat
sistemleri, delme-patlatma tasarimi, madenlerde iiretim planlamasi ve optimizasyon, madenlerde is saglig1 ve giivenligi
yonetimi, maden havalandirma, yeralt: komiir madenlerinde metan gazi emisyonu ve metan drenaji, cevher hazirlama
ve zenginlestirme, proses mineralojisi, analitik teknikler, 6glitme, siniflandirma ve ayirma, flotasyon/flokiilasyon, kati/
swv1 ayirimyi, fiziksel zenginlestirme yontemleri, hidro ve biyometalurji, tiretim metalurjisi, modelleme ve simiilasyon,
enstriimantasyon ve proses kontrol, geri doniisiim ve atiklarin islenmesi, maden hukuku, madenlerde gevre saghgi
ve yonetimi, madenlerde nakliyat, makina ve ekipman se¢imi ve planlamasi, komiir gazlastirma, mermer teknolojisi,
endiistriyel hammaddeler, uzay madenciligi, denizalt1 madenciligi ve mekanizasyon ile ilgili konular dergi iceriginde yer
almaktadir.

Gonderilen yazilar editorler kurulu ve konusunda uzman hakemler tarafindan bagimsiz ve akademik yayincilikta en
iyi uygulamalarla uyumlu sekilde degerlendirilmekte olup, degerlendirme siireci sonunda yayinlanmasi uygun goriilen
yazilarin yayin haklari yazarlar tarafindan telif sozlesmesi ile TMMOB Maden Miihendisleri Odasi'na devredilir.

AIMS AND SCOPE

Scientific Mining Journal, which is published in open access electronic environment and in printed, is a periodical scientific
journal of Union of Chambers of Turkish Engineers and Architects Chamber of Mining Engineers. The name of the journal
was “Mining” until June 2016 and it has been changed to “Scientific Mining Journal” since September 2016 because it can be
confused with popular journals with similar names and the ISSN number has been updated from 0024-9416 to 2564-7024.

Scientific Mining Journal, published four times a year (March-june-September-December), aims to disseminate original
scientific studies which are conducted according to the scientific norms and publication ethics at national and international
scale, to scientists, mining engineers, the public; and thus to share scientific knowledge with society. The journal is in both
Turkish and English.

The journal covers theoretical, experimental, and applied research articles, which reflects the findings and results of an
original research in the field of mining engineering; review articles, which assess, evaluates, and interprets the findings of a
comprehensive review of sufficient number of scientific articles and summarize them at present information and technology
level; technical notes, which may be defined as a short article that describes a novel methodology or technique; a case studies,
which are based on the theoretical or real professional practice and involves systematic data collection and analysis.

The journal gives priority to works that will enable the advancement of current available information necessary to serve
humanity with nonrenewable mineral resources with the perspective of sustainable mining principles. In this context,
mine exploration, mineral resource modeling, surveying, mine economics and feasibility, geostatistics, rock mechanics
and geotechnics, diggability studies, underground and surface mining, mine design, support design in underground mines
and tunnels, rock penetration and rock fragmentation, mine production planning and pit optimization, mine health and
safety management, mine ventilation, methane emission and drainage in underground coal mines, mineral processing
and beneficiation, process mineralogy, analytical techniques, mineral comminution, mineral classification and separation,
flotation/flocculation, solid/liquid separation, physical enrichment methods, hydro and biometallurgy, production metallurgy,
modeling and simulation, instrumentation and process control, recycling and waste processing, mining law, environmental
health and management, transportation, machinery and equipment selection and planning, coal gasification, marble
technology, industrial minerals, space mining, submarine mining and mechanization are included in the journal content.

Submitted manuscripts are evaluated by the editorial board and expert referees independently in accordance with the
best practices in academic publishing. The publishing rights of the manuscripts, approved for publication at the end of the
evaluation process, are transferred to the Chamber of Mining Engineers by the authors.
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An investigation into the enrichment of coal wastes of Western Lignite Company (WLC) by

physical and physico-chemical methods
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ABSTRACT

Mechanical excavation and the successive processes of coal production are the main reason for the occurrence of fine waste coals. These wastes
are normally discharged without being processed from coal washing plants (-1 mm) which cause not only economic loses but also severe environ-
mental problems. Therefore, it was attempted to enrich waste coals of WLC by using physical and physico-chemical methods and the results were

compared.

From the tests, the optimum carbon content and the combustible recovery values were obtained as 85% and 97%, respectively, when sink-float
method and the coarse particle size group were chosen. From the tests with the medium particle size group using spiral and Knelson separators, a
combustible recovery of up to 90% was reached together with a carbon content of 80%. Moreover, a carbon content of 86.5% with a combustible re-
covery of 56.6% was obtained by using MGS. In the fine particle size group, the highest combustible recovery was obtained by using spiral and Knelson
separators. The highest carbon content in the fine particle size group was reached through MGS and Jameson Cell.

Keywords: Coal slimes, Flotation, Physical processing methods, Waste coal.

Introduction

Coal is still the main fossil fuel that supplies 40% of total
world energy demand (Xia et al, 2015; Meshram et al,, 2015;
Sivrikaya, 2014). On the other hand, coal comes out as the main
energy resources in countries with limited energy resources be-
cause of high petroleum and natural gas prices. Therefore, max-
imum utilization of coal reserves in such countries is of utmost
importance. Increased rate of mechanization and the successive
processes used in coal production cause occurrence of a large
amount of fine waste coals and decreases in plant performanc-
es. Hence, large amounts of coal waste are discharged to nearby
waste ponds. This situation inevitably causes not only econom-
ic loses but also severe environmental problems (Chaurasia and
Nikkam, 2016). Environmental effects caused by coal-related
pollutants such as the acidic nature of pyrite within coal and new
regulations about discharging coal wastes have recently caused
mining companies and the researchers to focus on the possible
enrichment of such wastes (Bahri and Karamoozian, 2012). Prop-
er deposition or recycling of these fine coal wastes using effective

methods or technologies are therefore, of highest importance for
the mining industry in order to remove the environmental bar-
riers for their growth and survival. For this purpose, alternative
approaches such as partial or total enrichment of coals from the
wastes or isolating the wastes after the dewatering process in
suitable deposits to prevent environmental problems should be
considered. This will enable the recycling of such coal wastes in-
stead of discharging to the environment, which in turn, provide
economic gains and environmental protection (GEM, 2019).

The universal problem with regard to fine waste coals also ex-
ists in Turkey. For example, fine coal bearing wastes of 2.5 million
m? have been discharged yearly from the coal mine of the WLC
for which the current research was carried out. Unfortunate-
ly, these wastes are not being used in the coal powered station
nearby, mainly because of the high dewatering cost required. The
other problem being faced with regard to the wastes of WLC is
the cost of deposition is getting rather high for the company ow-
ing to strict legislation concerning the deposition of such wastes
(Turkey, 2015). It is well known that most of the waste ponds are
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almost full with a total amount of wastes reaching up to 18 million
m?. Moreover, the newly created deposition areas such as the old
open cast areas are being filled up rapidly. Therefore, the task of
processing these fine waste coals is essential not only for econom-
icreasons but also to comply with the legislation for the protection
of environment.

From the literature reviewed, it was found out that some phys-
ical and physico-chemical methods were seen to be effective for
the processing of fine coal wastes. As a matter of fact, various
processing equipment ranging from jigs to heavy media separa-
tors and from cyclones to spiral separators have been successfully
used in many coal processing plants in the world. New equipment
such as Multi gravity separator (MGS), Knelson concentrator (KC),
Falcon separator, spirals and heavy media cyclones based on the
centrifugal forces have recently been employed for the separation
and enrichment of fine waste coals.

Research attention has recently been drawn to spirals in re-
moving the ash producing impurities within coal owing to the ad-
vantages they have, such as being economical, simple and solid in
structure (no movable parts) (Honaker et al., 2006; Honaker, et al.,
2013; Oney, 2013). While higher combustible recovery values have
been obtained from the tests carried out using coal samples with
low ash content, combustible recovery values typically decrease
as ash content increases. Research interest has also increased on
the use of KC for the processing of fine coals where spirals possess
some difficulties. Honaker et al. (1996), obtained a clean coal of
8% ash content with a high combustible recovery from the tests
on medium sized coals with low ash content. A clean coal with
16.28% ash content was obtained with a combustible recovery of
67.82% from a hard coal having an ash content of 34.30% by Oney
and Tanriverdi (2016). Uslu et al. (2012), reported that they had
removed ash content with a high combustible recovery at a par-
ticle size group of -0.500+0.300 mm. A clean coal having 30.51%
ash was obtained by Sabah and Koltka (2014) from the samples
with high ash content taken from a waste pond.

Processing attempts using spirals on fine particle sizes have
been very limited. Honaker et al. (2007) reached a clean coal of
11.71% ash content through a combustible recovery of 84% after
processing by spirals on coals with a 33.5% ash content. Moreover,
a clean coal of 8% ash content was obtained by 70% combustible
recovery by Honaker and Das (2004) using KC on fine coals with a
22% ash content.

Although the MGS application is more common for the pro-
cessing of chromium ores, there has also been a growing tendency
for the use of MGS in coal enrichment. Many investigations have
been carried out by using MGS on both run-of-mine coal with high
ash content (Aslan et al., 1999; 0z Aksoy et al,, 2012a; Oz Aksoy,
et al,, 2012b; Oz Aksoy et al., 2014) and on the medium and fine
particle sized waste coals taken from waste ponds or coal process-
ing plants (Altun et al., 2010; Cicek et al., 2008; Engin et al., 2006;
Erdem et al., 2008; Erdem et al., 2012).

Physico-chemical methods have found increasing uses for the
processing of finer coal wastes together with physical methods.
Coal is typically known as an organic and naturally hydrophobic
substance having some inorganic impurities. However, floatabil-
ity of coal particles is a complex process determined by various
factors owing to the complex chemical nature of coal. Although,
presence of functional chemical groups within coal such as (car-
boxyl (-COOH), carbonyl (-C=0), and hydroxyl (phenolic -OH)) are
thought to be the main reason for the floatability of coal surfaces,
the other factors such as surface elemental composition, surface
morphology and particle size also play important roles in the hy-
drophobicity of coal surfaces (Bunt, 1997; Pifleres et al., 2018;
Polat et al., 2003; Sivrikaya, 2014; Sokolovi¢ et al., 2012; Tao et
al,, 2002; Wang and Tao, 2018; Xia etal,, 2017). Since the hydro-

phobicity of coal samples taken from waste ponds is decreased
because of the oxidation process, it is required to use an exces-
sive amount of fuel oil (Tao et al., 2002). Therefore, ash content of
most Turkish coals could not adequately be reduced by using the
flotation method only (Sivrikaya, 2014; Oz Aksoy et al., 2010; Oz
Aksoy et al., 2014). As a matter of fact, meaningful results were
not obtained from many enrichment tests on highly oxidised coal
wastes using mechanical flotation (Engin et al., 2008) and column
flotation (Oteyaka et al., 2008). However, a clean coal of 18.3% ash
content was obtained with a high combustible recovery by using
the Jameson Cell (Ucar et al,, 2006). Das et al. (2010), were able to
reduce ash content by 50% by using the Jameson Cell in the pro-
cessing of coking coals with an ash content of 26%; the combusti-
ble recovery was 54%.

In this research, enrichment possibilities of fine waste coals
were investigated using various physical and physico-chemical
methods which are commonly used for ore processing and the
comparisons of the aforementioned methods were made. This re-
search can, therefore, be stated as the first comprehensive study
which compares the results of various enrichment methods for the
wastes of a coal processing plant in Kiitahya-Turkey. For this pur-
pose, various methods such as sink-float, spiral separator, KC, MGS
and different types of flotation cells were used. The waste pond
material was also investigated in terms of their particle size dis-
tribution, mineralogy and fractional chemical composition. Effec-
tive enrichment performance for the processing of wastes ranging
from coarse to fine was determined both by using the equipment
working on centrifugal forces and flotation principles; more spe-
cifically by using classical and Jameson Cells. Finally, comparisons
were made according to the particle size fractions and the equip-
ment used.

1. Materials and methods
1.1. Materials

The samples used during the tests were collected from the
waste pond of WLC called Number-4. The pond covers an area of
163637 m? with a waste capacity of 3960000 tons. Samples were
collected by WLC personnel using an excavator, however, sam-
pling points were determined by the researchers. Samples were
collected by 50 m intervals and from the deepest part of the pond
that the excavator arm could reach. Two buckets of samples (ap-
proximately 2 tons) were excavated from each excavation point.
The samples obtained were first mixed-homogenized and later
the amount of samples were reduced, near the pond, for delivery
to the Mining Laboratory of Dumlupinar University. Approximate-
ly 400 kg of the material was taken to the laboratory and then
they were re-mixed and homogenised. Homogenized materials
were stored after being divided by the coning-and-quartering
procedure for use in the following experiments. A Russel-Sieve
was used for the proper classification of the material such asin 1,
0.212 and 0.038 mm particle sizes. -0.038 mm sized material was
separated by sieving.

1.2. Characterisation

Particle size, chemical (elements, humidity, ash, sulphur and
calorific value) and mineralogical analyses were made for the
characterisation of the material used. Sieve analysis of the waste
material taken from the pond was made in order to determine the
cumulative amount of material for any particle fraction chosen
and the results are summarised in Figure 1. As seen from Figure 1,
waste material taken from the pond exhibits homogeneous distri-
bution at fine particle fractions. Although, the largest particle size
is 4 mm, 80% of the samples are finer than 0.150 mm. Under-sieve
rate of 0.038 mm is seen to be 69.55%.
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Figure 1. Particle size distribution of the sample

Elemental analysis of the material was made using an XRF in-
strument-of Panalytical brand (Axios Max model). Results of the
elemental analysis for the samples taken from the waste pond are
given in Table 1.

When Table 1 is examined, it is seen that major oxides are com-
prised of Si0,, AL 0,, Fe,0,, Ca0, Mg0, K,0 and SO,. Total amount of
Na,0 and TiO, compounds within the sample is less than 1%. The
reason for the high concentration of SiO,, AIZO3 and Fe,0, are ex-
plained by the existence of silica and clay minerals as gang (waste)

or neighbouring minerals within the coal.

Coal wastes were classified into various particle size groups
through sieving. The results for moisture, ash and sulphur con-
tents, lower calorific value (LCV) and upper calorific value (UCV)
of these particle size groups are given in Table 2.

Table 1. Results of elemental analysis of the sample

As seen from Table 2, calorific values typically decrease while
ash content increases as the particle size decreases. This result can
be explained by the fact that clay minerals have fine particles and,
therefore, they mostly pass into finer particle size groups. This re-
sult is even more noticeable in the materials under 38 microns.

Mineralogical analysis of the samples was made using an XRD
instrument called PANalytical-Empyrean series using CuKaX-rays
(A=1.54 A) in the range of 26=5-70° and at a rate of 2°/min. When
XRD patterns of the samples are examined (Figure 2), it is seen
that the dominant minerals are composed of quartz, muscovite/
illite, montmorillonite, kristobalite, kaolinite, gypsum and pyrite.
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Figure 2. XRD pattern of the sample

Compound Sio AlO, Fe,0, Ca0

MgO K,0 Na,0 TiO SO LOI

2 3

2
Amount (%) 37.40 14.06 7.07 1.05

242 1.73 0.16 0.70 2.01 333

Table 2. The results of humidity, ash content, LCV and UCV of the sample

Particle Size (mm) \(/:;:)ight 18;3 ?k(i: Zl /kg) LCV, (kcal/kg) ?;/101 ; hur, I(\illz)isture,
+4 0.24 27.25 5191 4763 1.07 3.80
-4+2 1.50 24.83 5441 4944 1.16 4.70
-2+1 2.87 20.41 5731 5233 1.19 4.30
-1+0.85 0.24 25.45 5170 4710 1.23 4.30
-0.85+0.6 3.55 22.31 5468 4980 1.24 4.40
-0.6+0.5 1.61 26.00 5260 4803 1.28 4.20
-0.5+0.425 1.23 26.66 5031 4564 1.26 4.60
-0.425+0.3 1.52 33.64 4859 4451 1.20 4.00
-0.3+0.212 4.78 40.04 4519 4133 1.33 4.20
-0.212+0.150 1.86 40.78 4670 4251 1.33 4.60
-0.150+0.106 3.06 47.1 3933 3680 1.43 2.20
-0.106+0.075 1.35 48.03 3358 3086 1.39 3.10
-0.075+0.063 3.33 49.07 3598 3263 1.31 3.90
-0.063+0.053 0.93 50.69 3127 2870 1.12 3.10
-0.053+0.038 2.37 58.81 2531 2333 1.11 2.50
-0.038 69.55 81.91 - - 0.34 1.70
Total 100.00 68.01 - - 0.62 2.35
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1.3. Methods

The enrichment possibility of the samples taken from the
waste pond called Number-4 was investigated in terms of their
particle size distribution. Enrichment process was carried out in
two stages, namely, the -0.038 mm sized materials with almost no
coal content were first removed and the remaining materials were
then processed. Samples were classified as coarse (+1 mm), medi-
um (-1+0.212 mm) and fine (-0.212+0.038 mm) and the tests were
carried out using these fraction groups of the samples. However,
the ultra-fine fraction of the samples (-0.038 mm) being the larg-
est portion (69.55%) but with high ash content (81.91%) and low
calorific value was not used during the investigation. Two differ-
ent enrichment methods, namely physical and physico-chemical
methods, were employed throughout the research. Gravity based
methods such as sink-float, spiral, KC and MGS were used for the
physical processing. On the other hand, flotation method was em-
ployed with the mechanical and Jameson type of flotation cells for
the physico-chemical processing of fine fraction group only. Sink-
float processing method was preferred for the coarse fraction of
the samples; the other gravity methods were used for both fine
and medium size groups.

The most important performance assessment methods for
processing are upgrading curves such as Halbich and Fuerstenau
Curves (Duchnowska and Drzymala, 2012). In this research, Hal-
bich Curves were used for the performance assessments or for the
comparison of various processing methods employed.

1.3.1. Physical enrichment

In this research, the coarse fraction of the samples was pro-
cessed by using sink-float method while the gravity based equip-
ment such as Spiral, KC and MGS were used for the processing of
other size groups.

1.3.1.1. Sink-float tests

In ASTM method D4371-06, sink-float processing method is
fully described. Standard float-sink processes include adding pre-
determined amounts of representative coal samples into liquids
with known densities or a range of densities, after classifying the
samples to a specific particle size. Compared to clay, coal has rel-
atively lower specific gravity (1.2 to 1.5). As a result, float-sink
tests are typically conducted in liquids with densities ranging
from 1.3 to 2.0. These densities were prepared by using ZnCl,. Be-
cause coal has a lower density than the mass of clay, it floats in
liquids with densities that are equivalent to or higher than coal,
while clay sink.

The floating material is evaluated by scraping it off the top of
the test tank, drying it, and weighing it to determine the float frac-
tion based on the density of the liquid. The float fraction’s ash con-
tent is also measured. Then, the graphs are drawn. In such an eval-
uation, various methods such as Henry Rheinhard Curves, Mayer
Curve, Washability Index and MCM Curve are typically utilized
(Arslan and Kemal, 2006; Meyers, 2012; Subba Rao and Gourich-
aran, 2016; Unlu, 1990). More specifically, these methods indicate
maximum coal quality to be reached after coal washing processes.
Henry Rheinhard Curves were used to evaluate coal washing per-
formance after the float-sink tests during this investigation.

1.3.1.2. Spiral

A laboratory type of Spiral having 5 curvatures and a diameter
of 12.5 cm was used. The effects of feeding rate and solid rate to
carbon content and combustible recovery values were determined
for the fine and medium size fractions during the tests. Samples
were collected by intervals both from the concentrate and the
waste during testing without changing the descent angle of the
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equipment. The Spiral was used for the processing of the fine and
medium size fractions. The spiral experimental conditions were
(Table 3):

Table 3. Spiral experimental operating conditions

Parameters Values
Descent angle (°) 90
Feeding rate (I/min) 5,10,15
Solid ratio (%) 10, 20, 30

The optimum results from the tests with medium size fraction
were obtained as 30% and 10 1/min for the solid ratio and feed-
ing rate, respectively. However, the optimum results from the tests
with the fine fraction were obtained as 20% and 15 I/min for the
solid ratio and feeding rate, respectively.

1.3.1.3. Knelson concentrator (KC)

Fine and medium size fractions of the samples were processed
by using a laboratory type of KC (KC-MD3). Test were accom-
plished by changing water flow rates and the rotational speed of
conical bowl on both fractions. The KC experimental conditions
were (Table 4):

Table 4. KC experimental operating conditions

Parameters Values

Solid ratio (%) 10
Rotational speed (rpm) 20, 30, 40, 50
Water flow rate (1/min) 2,3,4

Samples were fed to the KC at a solid ratio of 10% and the over-
flow (clean coal) was collected in a concentrate bowl while the un-
derflow (waste) was retained by the KC chamber. Clean coal was
then washed and dewatered by filtration. Afterwards they were
dried, weighed and analysed for their ash content. The optimum
operational parameters such as rotational speed and water flow
rate for the KC were determined as 150 rpm and 2 I/min, respec-
tively, for the medium and fine particle size groups.

1.3.1.4. Multi gravity separator (MGS)

A laboratory type of MGS called Mozley C900 with a length of
0.6 m and a diameter of 0.5 m was used throughout the experi-
ments. A series of tests were conducted in order to determine the
optimum working parameters given below for a maximum con-
centrate grade and a recovery when using the MGS (Table 5):

Table 5. MGS experimental operating conditions

Parameters Values
Rotational speed (rpm) 230
Drum slope (°) 0,24
Wash water rate (1/min) 2,3,4
Pulp density (% w/w) 20
Feeding rate (I/min) 2
Shaking amplitude (mm) 15
Shaking frequency (cps) 4
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Samples which were prepared to be in medium and fine par-
ticles sizes were fed to the inner surface of the equipment contin-
uously. The heaviest particles were placed on the inner surface of
the drum by infiltrating through the thin layer caused by the pulp
under centrifugal forces. These were then transferred upwardly by
the scrapers which rotate faster than the drum itself rotating in
the same direction. The samples were reverse flow washed before
they were discharged from the open end. The low density particles
(coal) were transferred to the other exit behind the lower drum
by the washing water. Consequently, the products were separately
obtained after the steady-state conditions reached; they were then
drained, dried, weighed and analysed to determine the optimum
parameters given below:

The optimum conditions for medium sized material using MGS
were determined as 2° and 2 1/min for the drum slope and feeding
rate, respectively. On the other hand, the feeding rate for the fine
sized material using MGS was determined as 4 1/min, when the
drum slope was chosen as 0°.

1.3.2. Flotation methods

Coal is a solid matter having a heteropolar surface owing to
the hydrophobic carbon structure and hydrophilic mineral mat-
ter content. Therefore, the flotation method has been used for
the recovery of fine coal particles (hydrophobic part) for a long
time. In this research, a Denver mechanical flotation cell which is
commonly used worldwide and a Jameson Flotation Cell which
is mainly used for the processing of fine coals were preferred.
A series of flotation tests were conducted in order to float coal
particles and to depress ash containing minerals under various
operational parameters such as the dosages of collector, depres-
sant and frothing agents. Flotation tests were carried out on the
fine sized materials.

1.3.2.1. Mechanic flotation cell

A laboratory type of flotation cell with a capacity of 2 1 and
self-aerating character was used during the tests. Several tests
were conducted to determine the optimum flotation parameters
given below (Table 6):

Table 6. Mechanical flotation cell experimental operating conditions

Parameters Values

Collector (kerosene) dosage (g/t) 7000, 8500, 10 000
Frother (AF65) dosage (ppm) 8,16.5, 25
Depressant (Na,Si0,) dosage (g/t) 100, 550, 1000
Mixing rate (rpm) 1200

pH Natural (7.3)

Pulp solid ratio (%) 10

Conditioning time (min) 8

Flotation time (min) 2

1.3.2.2. Experiments with the Jameson flotation cell

The Jameson Flotation cell, having a worldwide use of more
than 250, has been successfully used for coal flotation, especially
in Australia. The Jameson Cell whose operational parameters have
been explained by various research, Jameson (Jameson, 1988),
Sahbaz et al. (2008), was also chosen for this research under the
given conditions (Table 7):
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Table 7. Jameson flotation cell experimental operating conditions

Parameters Values
Collector (kerosene) dosage (g/t) 700, 5900, 11 000
Frother (AF65) dosage (ppm) 8,16.5, 25

Depressant (Na,Si0,) dosage (g/t) 100, 550, 1000

pH Natural (7.3)
Pulp solid ratio (%) 5
Conditioning time (min) 8

Feeding rate (I/min) 12

Flow rate for washing water (1/min) 3.2
Tailing flow rate (1/min) 14.5

Bias factor rate 0.78

Air to pulp ratio 0.9

Cell (transparent plexiglas) diameter (d,) 20

(cm)

Vertical shaft (transparent plexiglas) diam- 2 and 180
eter (d,) and the length (L) (cm)

Nozzle (stainless casting steel) diameter 0.4

(D) (em)

2. Results and discussion

After the characterisation studies on the wastes of Number-4
pond, it can be said that increased ash content and decreased cal-
orific value owing to the decrease in particle size is an expected
result. Total sulphur content of the sample was increased up to the
particle size of 0.106 mm, from which it decreased with a decrease
in particle size. The reason why sulphur content is relatively lower
at -0.038 mm is explained by the fact that sulphur is dominant-
ly contained by the coal material (Table 2). In fact, when Table
1 and 2 is reviewed together, it is seen that total ash content and
the loss of ignition values of the waste materials obtained from
the elemental analysis show a good conformity. Likewise, total
ash content of the waste materials is in good agreement with the
ash values obtained from the elemental analysis. As seen from the
characterization results, it can conveniently be said that materials
under 0.038 mm should not be enriched because of its low carbon
content while the other size groups could properly be enriched by
using physical and physico-chemical methods.

Experimental parameters were also optimised by evaluating
the results obtained from each tests on the various size groups.
Ideal beneficiation curves were drawn using the results of com-
bustible recovery and carbon content values experimentally ob-
tained from the fine, medium and coarse size groups of the waste
materials under the optimum conditions as well as using the the-
oretical results of the combined size groups concerned, compari-
sons were also made.

2.1. Enrichment tests on the coarse size group

The float-sink test results for the coarse size group is given in
Figure 3. As seen from the +0.1 density curve, it can be said that
the washing process is made as “very easy”, “easy” and “difficult” at
the densities of 1.8 gr/cm?, 1.6-1.7 gr/cm? and at <1.6 gr/cm?, re-
spectively. A clean coal was obtained with an ash content of 15%,
by weight of 88% and a recovery rate of 96.4%, using the optimum

density of 1.7 gr/cm?.
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Figure 3. Float-Sink test results for the coarse particles

2.2. Enrichment tests on the medium size group

Four different methods were used in order to enrich waste
coals in the medium size group (ash content is 31.13%) which
are namely; classification, classification + Spiral, MGS and KC. Re-
covery performance curves obtained from the results are given in
Figure 4.
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Figure 4. Comparisons for the recovery performances of various gravity
methods on the medium size group

The best results were obtained by using Spiral and KC at op-
timum conditions with regard to the carbon content and com-
bustible recovery results, while carbon content of the clean coal
produced by classification was found to be 68.87%. The best com-
bustible recovery value was obtained as 95.29% when using the
KC; the carbon content was found to be 80.37% in these tests. On
the other hand, the best carbon content value was reached by MGS
as approximately 85%. However, the combustible recovery could
only reach a value of 55% by MGS.

Similar carbon values were obtained (~34% ash) by Altun et
al. (2010) and Erdem, et al. (2012) from the beneficiation tests
on waste coals using MGS. However, combustible recovery values
were relatively higher than those of this research. Aslan (2007),
reached a clean coal with a combustible recovery of 60% and an
ash content of 36.1% in his research. In all these beneficiation
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tests using waste coals and MGS, both combustible recovery and
ash content values were found to be high. However, high combus-
tible recovery values were obtained together with relatively lower
ash contents in this research.

As seen from Figure 4, a clean coal with an ash content of
81.73% was obtained with a combustible recovery of 81.73% by
using Spiral. In research done by Sivrikaya (2014), a clean coal
with a similar ash content was obtained by a combustible recovery
of 57% on coals at -1.5 mm particle size.

2.3. Enrichment tests on the fine size group

The flotation method was also used together with physical
methods for the beneficiation of fine sized waste coals. The results
of optimum combustible recovery and carbon content obtained by
using the classification method and other beneficiation methods
after classification are summarized in Figure 5.
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Figure 5. Performance comparisons for the methods used in the
beneficiation of the fine sized group

A clean coal with a carbon content of 50.8% was obtained by
a combustible recovery of 12.9% when the classification method
was used on the fine size group. It is well known that methods with
higher recovery performances such as MGS, KC and Flotation have
become more important for the beneficiation of fine waste coals.
As a matter of fact, the highest recoveries were obtained by using
Spiral and KC for the fine sized coals as well as for the medium
size group. Combustible recoveries of 89.12% and 91.66% were
obtained when Spiral and KC were used, respectively. However,
carbon contents still remained low with these equipment (around
55%).

The highest carbon content (82.24%) was obtained by MGS in
this group of tests. From the tests, it was realised that MGS was
more selective but the recovery rate was still low with MGS. In fact,
Falconer (2003) reported that MGS provided better selection for
fine size groups (75~10 micron). Moreover, similar results were
obtained by Ozgen et al. (2011) and Sabah et al. (2007) in their
research they achieved clean coals with 20-23% ash contents from
the waste of Tungbilek/Kiitahya washery by combustible recover-
ies of 50-55%. Sonmez and Koca (1997) also gained clean coals
with an ash content of 17.62% from the wastes of Tungbilek/
Omerler washery (41% ash content) by a combustible recovery of
70.66%. In a research done by Koca et al. (2000), a clean coal with
an ash content of 17.39 and a lower calorific value of 5082 kcal/
kg was obtained by a combustible recovery of 63.08% using MGS
from the wastes of Alpagut-Dodurga washery whose ash content,
total sulphur and lower caloric values were originally 49.19%,
1.37% and 2650 kcal/kg, respectively. It could properly be con-
cluded that several researches have been carried out on the bene-
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ficiation of waste coals using MGS and the results of those studies
show similarity with the results of this research.

Meaningful results for carbon content and combustible recov-
ery were not obtained by using the two different types of flotation
equipment on the fine size group. In other words, clean coals were
obtained with carbon contents of 70% and 75% and combustible
recoveries of 70% and 65% from the mechanical flotation and
Jameson floatation tests, respectively (Figure 5).

The result can be explained by the oxidation of coal and also by
the fact that oxidation process can alter the properties of the coal
surface and coal structures. It is well known that low rank coals
and oxidised coal surfaces are difficult to float and they require
excessive use of kerosene since high oxygen containing functional
groups on coal surface cause coal surfaces to become even further
hydrophilic (Bunt, 1997; Pifieres et al., 2018; Polat et al., 2003;
Sivrikaya, 2014; Sokolovi¢ et al., 2012; Tao et al., 2002; Wang and
Tao 2018; Xia et al,, 2017). Tao et al. (2002) reported that they
obtained relatively better results from the mechanical floatation
tests using special reactive agents on the oxidised waste coal, how-
ever, they were not able to gain successful results from the column
floatation tests.

During the optimisation tests, it was found that each size group
required different beneficiation methods for better results. Figure
6 summarises the performances of each method used for the size
groups used. As seen from Figure 6, spirals become more advan-
tageous with key properties such as being economical, simple and
solid (requiring less maintenance and having no movable part) as
well as they do not demand chemical use while processing. Almost
ideal values were obtained in the medium size group, however, the
results for carbon content could not be regarded as ideal in the
fine size group. This result was explained by the fact that fine clay
particles were mixed up with coal particles through secondary
flows when testing with the fine size group. Therefore, equipment
such as MGS which applies higher centrifugal forces, should be
more meaningful for fine size groups. It was also realised that bet-
ter results could be gained if the secondary beneficiation process
was applied by reducing the solid ratio and water flow rate after
preliminary beneficiation by the spiral.
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Figure 6. Comparison of the beneficiation methods used on the various
particle size groups

Centrifugal separators such as KC and MGS concentrators still
have limited industrial use although they have been developed for
the beneficiation of finely sized coals or minerals. From the test
results, it can also be concluded that spirals are good at medium
size groups, however, MGS concentrators should be used for fine
sized coals to obtain higher carbon content; and KC should be pre-
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ferred for higher combustible recoveries. The Jameson flotation
cell can also be considered for fine sized coals. However, the flo-
tation method should be taken into account only for fresh waste
coals which means that it should be used before oxidation occurs
to get higher performances.

Conclusion

This research was carried out to determine enrichment possi-
bilities for fine waste coals of WLC by using various physical and
physico-chemical methods. The other purpose of the research was
to provide a sustainable solution for the environmental problems
caused by the deposition of these wastes and to compare the re-
sults of various methods for the beneficiation of such waste coals
with different size fractions. During the investigation, various
physical processing equipment such as sink-float tank, spiral sep-
arator, KC, MGS and equipment using physico-chemical methods
such as a mechanical cell and the Jameson cell were used.

From the tests carried out, a clean coal with a carbon content
and a combustible recovery of 85% and 97% were obtained, re-
spectively, when sink-float method and coarse particle size group
(+1 mm) were chosen. Therefore, it was concluded that there was
no other equipment needed for the beneficiation of this size group.
From the tests with the medium particle size group (-1+0.212
mm) using spiral and KC, combustible recovery of up to 94% was
reached together with a carbon content of 81%. A carbon content
of 86.49% with a low combustible recovery of 56.58% was ob-
tained by using MGS. In the fine particle size group (-0.212+0.038
mm), the highest combustible recovery values were obtained by
using spiral and KC (approximately 90%). Almost ideal carbon
content was reached as 82.24% when MGS was used. In the flota-
tion tests, however, a clean coal with carbon contents of 70-75%
was obtained through a combustible recovery of 70% by using
both mechanical and Jameson Cells.

From the tests results obtained, it was understood that Spirals
could efficiently be used for the processing of coal slimes in order
to prevent environmental problems and economic loses. The use
of MGS, on the other hand, could also be considered as an alterna-
tive to spirals whose selectivity is relatively reduced in fine parti-
cle sizes. However, more experiments are needed to investigate
the reasons of low combustible recovery they produce. Moreover,
flotation methods should be considered as an alternative owing to
its moderate high carbon content and combustible recovery val-
ues over 70%, especially in fine particle size groups. It was also
found that the Jameson flotation cell had better selectivity over
the mechanical cell and, therefore, it possesses a potential of pro-
ducing higher carbon content and combustible recovery values on
non-oxidised coal surfaces.
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ABSTRACT

In this study, experimental studies have performed to recover chromite from Eskikdy-Sivas chromite concentrator which is owned Bilfer Madencilik
ve Turizm A.S. Mineralogical and liberation measurement studies were performed, and it was decided to grind the feed to 100% finer than 300 pm.

Gravity concentration and wet high intensity magnetic separation (WHIMS) tests were performed. After grinding to -300 pm, -38 pm fraction which
cannot be recovered efficiently was removed. The studies were conducted on 300+100 pm and -100+38 pm fractions. After the beneficiation tests, it
was determined a circuit consists of spiral concentrator and shaking tables could produce a concentrate containing 48% Cr,0, from the tailings having

6.54 % Cr,0,, with a 56% recovery.
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Keywords: Tailings, Particle Size Distribution, Spiral, Shaking Table, Magnetic Separation.

Introduction

Chromite ((Mg,Fe*?)(Cr,AlFe**),0,), which has been used met-
allurgy, chemical, refractory and foundry industries, is an irre-
placeable mineral.

Tiirkiye is the fourth in the chromite reserves and second in the
production (USGS, 2022). Chromite deposits are distributed to all
regions. Since the beneficiation plants have been in operation since
the beginning of the 20th century, there are large amount of tail-
ings accumulated containing varying amount of chromite, and the
depletion of high grade deposits have been motivated the research-
ers for the recovery of chromite from old tailings (Acar, et al.,2018,
Giiney, et al., 2016, Giiney, et al., 2001 and Cigek, et al. 2002).

Currently, there are two operating plants in Tiirkiye process-
ing tailings.

In countries such as South Africa, Iran, and India, which have a
significant share in chromite production, there are studies to ob-
tain concentrate from tailings. (Tripathy et al, 2011, Khakmardan
et al, 2020, Feng and Aldrich, 2003, Tripathy et al, 2013 and Ku-
mar et al, 2009).

It is possible to enrich the chromite ore by different methods.
However, it is necessary to choose the most appropriate and eco-

nomical management. In the selection of the most suitable meth-
od, mineralogical, physical, and chemical properties of the ore
have an important place. (Deniz et al., 2001)

Gravity concentration has been the main method used in chro-
mite beneficiation. Dense medium separation, jigging, spiral con-
centrators, shaking tables and Multi-Gravity Separator are used in
operating plants (Burt, 1984).

Magnetic separation and flotation have also found application
in a few cases (Nafziger, 1975). As the chemical composition and
attenuation grain size of chromite, which has a spinel structure,
are very variable, enrichment methods naturally also contain
differences. For example, increased the Fe*? ratio in the chromite
content increases its magnetic susceptibility. Therefore, it can be
enriched by high-intensity magnetic separation. (URL-1)

Beneficiation of chromite from tailings is more difficult and
complex since free liberated chromite particles were already re-
covered in the original process.

This paper was extracted from MSc thesis of Mehmet Ozyurt
at Sivas Cumhuriyet University and presents beneficiation stud-
ies have been performed for the recovery of chromite from the
tailings of a chromite beneficiation plant operating since 1987 in
Eskikoy- Sivas.
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1. Materials and methods
1.1. Sampling

Samples were taken from the tailing storage facility of the
mine by trenching and shaft samples in both vertical and horizon-
tal axes. Main sample was then divided to sub sample of 500 kg by
coning-quartering.

1.2. Characterization of the sample
1.2.1. Chemical composition of the sample

XRF method was used for chemical analyses. The chemical
composition of the sample is given in Table 1.

Table 1. Chemical composition of the tailings

% Amount
Cr,0, FeO, ALO, MgO Sio, Ca0 Ni Co
6.54 6.34 212 35.05 2813 1.12 0.28 0.02

1.2.2. Size distribution of the tailings and Cr,0, distribution of the
fractions

The size distribution of the tailings after wet sieving and Cr,0,
content of the size fractions are given in Table 2.

Table 2. Size distribution and Cr,0, content of the size fractions.

Sieve Size (mm) Weight (%) Cr,0,% Distribution (%)

-9.50+1.18 4.85 2.65 2.01
-1.18+0.6 14.71 4.33 9.95
-0.6+0.3 21.42 5.25 17.57
-0.3+0.106 25.08 6.36 2491
-0.106+0.038 14.06 10.04 22.06
-0.038+0.025 3.24 16.65 8.41
-0.025 16.64 5.81 15.10
Total 100.00 6.40 100.00
Assay - 6.54 -

As can be seen from the Table 2, chromite content of the size
fractions increases as the size decreases down to 25um. About 23
% of Cr,0, is in the -38 pm, while 30% of it is in +300um.

1.2.3. Determination of Mineral Composition and Liberation
1.2.3.1. Quantitative XRD Analysis
XRD pattern of the sample were obtained by using Riga-

ku-Miniflex 600 equipment. XRD pattern of the tailing sample is
given in Figure 1 and its mineral composition is given in Table 3.

Figure 1. X-ray diffraction pattern of the tailing
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Table 3. Mineral composition of tailing as measured by quantitative XRD

Mineral Mineral Formula Weight (%)

Lizardite Mg, (Si0,) (O H), 84.5
Magnetite Fe, O, 2.2
Waustite Fe.,,,, O 3.6
Chromite FeO Cr, O, 4.7
Amorphous solid - 5.0
Total - 100.0

1.2.3.2. Determination of liberation

Grain counting using an optical microscope is one of the meth-
ods that can be applied to determine the degree of attenuation.
It is based on the principle of examining the product remaining
on each sieve in the sieve series with a microscope after the sieve
analysis is done as a result of the size reduction processes.

Easily identifiable grains can be counted in “Stereo (Binocular)
Microscopes” up to 75 um. The method is based on counting the
precious and non-precious free particles and the combined parti-
cles under the microscope.

For the determination of liberation degree of the tailings
particle counting under binocular microscope. For this purpose,
-300+212 pm, -212+150 pum, -150+106 pm and -106+75 pm, size
fractions were prepared by wet sieving.

Liberation degrees of the size fractions are given in Figure 2.
As expected, the liberation increases as the size decreases. The lib-
eration of the finest fraction studied, -106+75 pum, was found to be
76.52% which denotes grinding would be required before benefi-
ciation. Fherefore, the sample was ground to 100% finer than -300 pm.

Figure 2. Liberation degree of size fractions

1.3. Mineralogy and liberation of ore produced from quarries

The bright sections of the hand samples taken from the quar-
ries that provide raw materials to the ore beneficiation plant,
prepared by embedding in araldite, were examined by ore micro-
scope. Serpentine mineral containing euhedral and semi-euhedral
chromite crystals and olivine residues filling them were observed
in these sections. Most of the chromite crystals had dimensions of
0.25-0.3 mm. Chromite texture is generally in cataclastic structure
and not strictly angular. Cataclastic tissue is a structure prone to
slime production. It is possible to release the chromite to a large
extent as a result of grinding the ore below 300 microns.

It was determined that the data obtained from the determina-
tion of the degree of attenuation of the waste and the data of the
attenuation dimension obtained from the microscopic analysis of
the run-of-the-mill ore were consistent.
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1.4. Beneficiation Studies

Since the amount of tailings is about 500 kg, it was logical
to build the tailing recovery circuit in the existing concentrator
building. Therefore, to reduce the footprint of the circuit, spiral
concentrator was thought to be the most convenient alternative
as a pre-concentration step. On the other hand, the efficiency of
gravity concentration drops sharply for the particles smaller than
40pum. Multi Gravity Separator has higher efficiency than shaking
tables for this size range was not considered due to the very high
investment cost of the equipment. Instead, -38 pm was removed
from the feed by wet screening. The fractions prepared and their
Cr,0, contents are given in Table 4.

Table 4. Cr,0, contents of size fractions used in tests

Size (micron)  Weight % Cr,0, % Distribution (%)
-300+100 65.28 6.46 63.99
-100+38 20.14 8.12 2481
-38 14.58 5.06 11.20
Total 100.00 6.59 100.00
Analysis 6.54

The simplified flowsheet for the beneficiation studies is given
in Figure 3.

Figure 3. Simplified flowsheet of beneficiation studies

1.4.1. Spiral Beneficiation Studies for -300+100 um Fractions

The spiral concentrator used in the tests has 600mm diameter,
seven turns (Mineral Deposit A87D). The test conditions are given
in Table 5.

Table 5. Spiral test conditions

Parameter Value

Feed Size (um) -300+100
Solid Content (%) 30
Flowrate (m?3/s) 2

Product Splitter Position

S1 High grade
S2 Concentrate + Middling
S3 High Yield

(Pre-concentrate)
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1.4.2. Shaking Table Tests for -300+100 um Fraction

The dimension of the shaking table test is 500x1.200 mm (Wil-
fey). The shaking table was fed with the help of a vibrating feeder
placed under a 5 kg capacity bunker. Then, the tests were carried
out by adjusting the washing water and the table at optimum val-
ues. The test conditions are given in Table 6.

Table 6. Shaking table test conditions

Variable Value
Feed Size (um) -300+100
Solid Content (%) 30
Feed Flowrate (m3/h) 0.05
Wash Water (1/min.) 10
Table Tilt (degrees) 4

1.4.3. Shaking Table Test for -100+38 um Fraction

The test conditions for -100+38 fraction shaking table test are
given in Table 7.

Table 7. Shaking table test conditions

Variable Value

Feed Size (um) -100+38
Solid Content (%) 25
Feed Flowrate (m3/h) 0.04
Wash Water (1/min.) 6
Table Tilt (degrees) 3

1.4.4. WHIMS Tests
These tests were performed with -100+38 pum.

Chromite displays paramagnetic properties, and its suscepti-
bility varies according to the substituting elements in the crystal
structure (Svoboda, 1987).

Matrix type WHIMS (Carpco) was used in the tests as described
in the literature (Carpenter, 1964 and Svoboda, 1987).

After the pulp having 25% solids onto the matrix, the feeding
was stopped 5 litres of wash water was used to wash out non-mag-
netics. Steel balls was used as matrix material. The tests were per-
formed at 0.49, 0.86 and 1.10 Tesla magnetic field intensity.

2. Results and discussion
2.1. Spiral Tests

The test results for three different product splitter positions,
S1, S2 and S3, are given in Table 8, 9 and 10, respectively. The ef-
fect of splitter position on the weight recovery, the grade and the
recovery are shown in Figure 4.

Table 8. Spiral concentration test results (splitter position S1)

S1
Weight % Cr,0, Recovery %
%
Concentrate 6.16 24.90 22.70
Tailing 93.84 5.57 77.30
Feed 100.00 6.76 100.00
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Table 9. Spiral concentration test results (splitter position S2)

Table 12. Shaking table test results with R.0.M. ore

S2
Weight % Cr,0,% Recovery %
Concentrate 12.03 21.33 36.79
Tailing 87.97 5.01 63.21
Feed 100.00 6.97 100.00

Table 10. Spiral concentration test results (splitter position S3)

S3
Weight % Cr,0,% Recovery %

Concentrate 25.11 14.20 56.21
Tailing 74.89 3.71 43.79
Feed 100.00 6.34 100.00

60

Weight
50 H Cr203
W Recovery

40
s
g 30
s

20

10

o]
s1 S2 S3
Splitter Position

Figure 4. Effect of splitter position on concentrate weight, Cr,0, grade and
recovery

As can be seen from Table 10, even for the largest splitter po-
sition, the recovery was 56.2%. However, 75% of the feed was
removed as tailings. Pre-concentration with spiral concentration
would reduce the number of shaking tables required significantly
and allows to fit in existing concentrator building.

2.1.1. Shaking Table Test with Spiral Concentrate

Using the spiral concentrate taken at the largest splitter posi-
tion (S3), a shaking table test was performed, and the results are
presented in Table 11.

Table 11. Shaking table test results with spiral pre-concentrate

Weight % Cr,0,% Recovery %

Concentrate 25.55 47.51 77.89
Middling 30.17 7.88 15.26
Tailing 44.28 241 6.85
Feed 100.00 15.58 100.00

The results showed that a concentrate having 47.51% Cr,0,
with a stage recovery of 77.89 % could be obtained. Middling taken
at this stage could be recycled to the feed to increase the recovery.

2.2. Shaking Table Test Results
2.2.1. -300+100 um Size Fraction

Shaking table test for -300+100 pum fraction is given in Table
12.
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Weight % Cr,0, % Recovery %
Concentrate 7.82 50.83 57.62
Middling 1.70 37.28 9.18
Tailing 90.49 2.53 33.20
Feed 100.00 6.90 100.00

Shaking table enables the production of concentrate having
over 48% Cr,0, with a higher recovery than spiral concentrator.

In a plant application, a scavenger stage must be added to the
spiral concentration to increase the recovery. Then rougher-scav-
enger concentrate can be fed the shaking tables for final upgrad-
ing. Otherwise, the performance of shaking table is superior com-
paring the spiral concentrator in single stage.

2.2.2.-100+38 um Size Fraction

The test results are given in Table 13.

Table 13. Shaking Table Test Results with -100+38 um size fraction

Weight % Cr,0, % Recovery %
Concentrate 1.73 42.34 8.72
Middling 14.03 25.76 43.02
Tailing 84.24 4.81 48.26
Feed (Analysis) 100.00 8.40 100.00

As it can be seen from Table 13, both the grade and the recovery
are low in single stage beneficiation. Since 25% of the chromite is
in -100+38 pm fraction, it must be processed. To increase the per-
formance of the shaking table, two stage separation may be used. In
the first stage, a combined product of concentrate and middling can
take while 80-85% of the material could be removed as tailings. In
the second stage, a concentrate can be taken and middling could be
recycled back to the feed of the second stage. Such an arrangement
would improve both the recovery and the grade.

2.3. WHIMS Results

The results of the WHIMS test at 0.49, 0.86 and 1.10 Tesla are
given in Table 14, 15 and 16, respectively. The results are also pre-
sented for different field intensities in Figure 5.

Table 14. H1.W.M.S test results with -100+38 um fraction (0.49 Tesla)

0,49 Tesla
Weight % Cr,0, % Recovery %
Concentrate 60.90 12.27 91.92
Tailing 39.10 1.68 8.08
Feed 100.00 8.13 100.00

Table 15. H.1L.W.M.S test results with -100+38 um fraction (0.86 Tesla)

0,86 Tesla
Weight % Cr,0,% Recovery %
Concentrate 78.13 10.14 97.16
Tailing 21.87 1.06 2.84
Feed 100.00 8.15 100.00
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Table 16. H.ILW.M.S test results with -100+38 um fraction (1,10 Tesla)

1,10 Tesla
Weight % Cr,0,% Recovery %
Concentrate 89.46 9.03 99.25
Tailing 10.54 0.58 0.75
Feed 100.00 8.14 100.00

Figure 5. Effect of magnetic field intensity on concentrate weight, grade, and
recovery

The best result was obtained at 0.49 Tesla field intensity. The
tailing grade was 1,68% Cr,0, and 40% of the material could be
with 8% metal loss.

In larger plants, WHIMS could be used an efficient pre-concen-
tration step for this fraction since single WHIMS equipment could
process 300 tph. This could reduce the number of equipment used
in downstream processing.

The chromite recovery in conventional plants is higher at the
medium size range and deteriorates both at the coarser and the
fine size range. The losses at the coarser range are usually result
from poor liberation, the efficiency of shaking tables and spirals
are lower for the finer size range.

There is an operating plant processing U¢képrii- Fethiye chro-
mite concentrator tailings. The plant uses shaking tables and MGS
for chromite recovery. MGS is particularly useful for the recovery
of fines (-100um) fraction which consists of 80% of the Cr,0, Over
2 million tons oftailings was processed (Uysal, 2022).

As the high grade and easy to process ores were almost deplet-
ed, the lower grade ores are now being processed. This requires
increase in plant capacities to keep the operation profitable. With
this respect, spiral concentrators have been found applications in
high-capacity plants (Burt, 1984). Modern spirals can process 12-
18 tph feed in a 1 m? footprint. Such a capacity can be processed
4-6 triple-deck shaking tables each requires ~10 m?. Although the
efficiency of shaking tables is higher than spiral concentrator in
single stage separation, the investment, operating costs, control,
and water consumption would be in favour of spiral concentrator.

The best arrangement for a general flowsheet may be remov-
al of barren oversize, grinding, pre-concentration by spirals, final
concentration by shaking tables and MGS for fine fraction.

Considering the limited amount of tailings in Eskikdy plant,
two stage spiral concentration (rougher-scavenger) and the shak-
ing tables for final concentration was found to be feasible and
could be installed in the existing concentrator building.
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Conclusions

Since the chromite are locked with gangue minerals at the siz-
es coarser than 300 pm, the tailings should be ground to 100%
finer than 300 um before beneficiation.

Spiral concentration tests showed that 75% of the feed could
be removed with a 43,79 % Cr,0, loss. To increase the recovery, a
scavenger stage is recommended.

WHIMS could be used as an efficient pre-concentration step
for -100+38 um fraction.

Feasibility studies showed that the tailings of Eskikdy plant
can be processed economically with a minimum investment by us-
ing two stage spirals and shaking tables.
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ABSTRACT

Feldspar is usually found in conjunction with titanium and iron minerals. Feldspar should be separated from other minerals by generally magnetic
separation or/and flotation with high grade. However, due to the similarities in the properties, feldspars are difficult to separate from gangue minerals

by flotation.

In this study, the degradability of iron was investigated by mica flotation, and Central Composite Design (CCD) was used to plan and analyze the results.
During the study, the effect of pulp density, pH, collector amount and air flow rate on the iron grade and the recovery of the obtained feldspar concen-
trate were modelled. Then, estimation of the optimum conditions and verification tests were performed. The iron content was reduced to 0.14% by
mica flotation. However, this reduction amount was found to be insufficient. Finally, iron content was reduced to 0.05%. Considering that the maximum
iron content of the superior grade feldspar is 0.1%, it can be said that two stage flotation is successful without different processes such as magnetic

separation.

Keywords: Feldspar flotation, superior grade feldspar, central composite design, modelling of the mica flotation.

Introduction

The feldspar which constitutes approximately 60-65% of the
earth’s crust has a wide range of use, mainly in the ceramic and
glass industries. Turkey has 14% of the world feldspar reserves
and as of 2016, the 5.5 million tons of feldspar export has been an
important part of the country’s economy with an income of 155.5
million dollars (Sahiner, 2017). The usability and market price of
feldspar are strongly related to presence of the impurities such
as rutile and ilmenite which contain the colorant Fe,0, and TiO,.
In the world, the most common methods employed in the enrich-
ment of feldspar are magnetic separation and flotation. In Turkey,
feldspar is generally enriched by flotation method in industrial
scale.

Celik et al. (Celik et al, 2001) tried to remove the colorant
impurities by a combination of magnetic separation and flota-
tion methods. In this study, magnetic separation was used both
before and after flotation. It was found that magnetic separation
after flotation produced superior grade feldspar concentrate. In
the study of Seyrankaya in 2003 (Seyrankaya, 2003), obtaining al-
bit concentrate which is suitable for ceramic and glass industries
was investigated by using two-stage flotation method from Albit

ore in Mugla-Milas region. In a study published in 2006 by Orhan
and Bayraktar (Orhan and Bayraktar, 2006), for the flotation of
mica and metal-oxides from Milas Cine feldspars, they examined
the interaction of the amines that remained after the first stage
mica flotation with the sodium oleate used in the second stage
flotation. According to the results obtained, with dewatering and
washing applied after the first stage, the yield was increased to
94.58% from 86.67% in case of no washing. Heyes et al. (Heyes
et al, 2012) published a review about removing minerals such as
quartz, mica, ilmenite, rutile and magnetite from feldspar by flo-
tation. The feldspar flotation in this article was explained as three
stages flotation; in first stage, micas were floated with amines, in
the second stage, titanium and iron-oxide minerals were floated
with anionic collectors, and in the last stage the feldspar that acti-
vated by fluorite ions were floated with amines and leaving quartz
in tailing. In a study published in 2016, Larsen and Kleiv (Larsen
and Kleiv, 2016) indicated that quartz could be separated from
feldspar by flotation with highly selective and high yields with
dilute HF. In another study of the same researchers (Larsen and
Kleiv, 2017), they stated that quartz yield depends on the condi-
tioning time with HF, the type of frother and the concentration
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of HF and frother. In the study published by Jia Tian et al. (Tian et
al, 2017), it was determined that the mixture of dioxylammonium
chloride as a cationic collector and sodium oleate as an anionic
collector showed high selectivity in the separation of spodumene
from feldspar. Surface tension measurements, adsorption mea-
surements, zeta potential measurements and FTIR analysis were
carried out to determine the adsorption mechanism. In 2018,
the same research team (Wu et al, 2018) published a study about
spodumene-feldspar flotation with the use of the cationic reac-
tant with the anionic collector. Due to the attachment mechanism,
feldspar flotation was reported to be improved as the particle size
decreased by Longhua Xu et al. (Xu et al, 2017). Again, in 2018, the
same researchers published another study comparing the differ-
ent flow diagrams for the spodumene flotation performance and
recycling of mica and feldspar from the lithium wastes (Tian et al,
2018).

In a study published by Gulgonul and Celik in 2018 (Gulgonul
and Celik, 2018), the selective flotation of Na-K (albite-microcline)
feldspar flotation in the presence of K* ions as the potential-deter-
mining ion was investigated. In Brazil as one of the most import-
ant granite slab producers, quartz and iron removal from granite
wastes studies were done (Silva et al, 2019). In this study, iron was
reduced from 3.2% to 0.48% by magnetic separation. In another
study published in 2018 (Sulaymonova et al, 2018), magnetic sep-
aration as a physical method, chemical enrichment using HCl+H-
,SiF, mixture reagents and flotation with a specially designed flo-
tation cell were used for quartz separation. In a published review,
it was stated that crystalline structure, monovalent salts, flotation
reagents and particle size distribution are important factors in the
process. Also, mixed collectors are given as a promising method
for feldspar flotation (Zhang et al, 2018).

Statistical design methods which allow effective analysis of
effective parameters with less experimentation have been used
for many years. For example, in a study published by Aytar et al.
(Aytar et al, 2014), the Taguchi methodology, a statistical design
method, was used in the optimization of the process in the fungal
desulphurization study. The usage of these methods especially
in academic studies has been increased with the use of response
surface methods (RSM) that define effective parameters better
and enable the process to be mathematically modelled (Aksoy
and Sagol, 2016; Oluklulu and Koca, 2018). As an example, the
study of Koca et al. (Koca et al, 2017) can be given. In this study,
Box Behnken Design (BBD) which is a RSM method was used to
investigate microbial treatment and flotation of lignites. Another
common RSM method in the literature is Central Composite De-
sign (CCD). When these two response surface methods are com-
pared, BBD method has a significant disadvantageous compared

Table 1. Chemical analysis of feldspar sample (XRF analysis).

to CCD. The main disadvantage of BBD method is that it requires
less experiments at low (-1) and high (+1) levels. Therefore, it
generally decreases the success of the predictions of these re-
gions during the optimization stage (Croarkin and Tobias, 2015).
In the literature, CCD has been used in experimental studies on
many different topics including modelling and optimization in
the literature, such as the calibration criteria optimization of gas
flowmeters (Guerra et al, 2018), optimization and the desirabili-
ty function for sorption of methylene blue from aqueous solution
(Sadhukhan et al, 2016) etc. As in all experimental studies, CCD
has been utilized in mining and mineral processing as well, such
as coal preparation (Aksoy and Sagol, 2016; Aslan, 2007), pyrol-
ysis (Onay and Koca, 2019), gold-silver recovery in cyanidation
process (Karimi et al, 2010), copper leaching from refractory flo-
tation tailings (Bai et al, 2018), optimizing of sphalarite flotation
(Mehrabani et al, 2010).

In this study, the cleanability of feldspar in Aydin Soke region
by mica flotation was investigated. The studied sample contains
0.24% Fe. In the case of superior grade feldspar, it is required by
the ceramic factories that the iron content should be below 0.1%
Fe. The aim of this study was originally to reduce the iron content
with mica flotation and statistical experimental design was used
to plan flotation experiments and to analyze the results. Howev-
er, according to results of mica flotation, the iron content was not
found to be sufficient. Therefore, a series of iron oxide flotations
was needed to reduce the iron content to less than 0.1% in order
to obtain superior grade feldspar.

1. Materials and Method
1.1. Materials

Feldspar samples were taken from Aydin Soke region. The
feldspar ore found in this region is also used extensively in the ce-
ramic industry established in that region. The sale price of these
Feldspars is inversely proportioned to the iron content of the ore.
Therefore, it is aimed to reduce Fe content to less than 0.1% with
the highest feldspar yield. Microscope studies showed that the
mica and other impurities contained in the ore were in the liberat-
ed state at -0.1 mm. Chemical analyzes of the samples by XRF are
given in Table 1. Due to the low rate of impurities in the ore, it was
not possible to determine the minerals contained as impurity in
the feeding sample. Therefore, for the determination of unwant-
ed minerals, XRD and SEM-EDS analyzes were carried out on the
floating products obtained from reverse flotations. One of the re-
sults of SEM-EDS is given in Figure 1 as an example. All analyses,
XRE, XRD and SEM-EDS, were repeated three times and mean re-
sults were presented in the manuscript.

Content % Content % Content % Content %
ALO, 17.70 Cu <0.002 Ni 0.002 TiO2 0.29
As <0.002 Fe 0.24 P 0.148 \% <0.002
Ba 0.051 K,0 3.36 Pb 0.016 Zn 0.002
Ca0 0.58 MgO 0.16 S 0.003 Zr 0.020
Co 0.002 MnO <0.01 Sio, 70.00 LOI* 0.4
Cr <0.001 Na,O 7.43 Sr 0.013

*Lost of ignition
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According to XRD and SEM-EDS analysis, both sodium (albite)
and calcium (anorthite) structure (NaAlSi,0,-CaALSi, O, (triclin-
ic)) were determined in the ore. In addition, alkali feldspar (XAl(1-
2)Si(3-2)0(8) X: Na, K or Ca) were observed, and quartz was also
found as silicate mineral. In the analysis of the floated product
of mica flotation, muscovite was determined as a mica mineral
and also kaolin minerals were detected. In the floating product
obtained from iron flotation, chlorite mineral was found as an
iron-containing mineral. Again, the presence of apatite was found
in the same product.

Figure 1. (a) SEM-(b) EDS analysis example.

1.2. Method

Mica flotation was originally selected to reduce the iron con-
tent and CCD method was chosen to plan flotation experiments
and to analyze the results. However, according to initial results of
mica flotation, the iron content was found to be insufficient. There-
fore, a series of iron oxide flotations was needed to reduce the iron
content to less than 0.1% in order to obtain superior grade feld-
spar. Therefore, the method used in this study can be called as two
stage reverse flotation: mica flotation as stage I and iron-oxide flo-
tation as stage II. Lab-scale Denver flotation machine was used for

25

all flotation experiments. The test results were evaluated accord-
ing to the iron content and weight yield of feldspar concentrates
taken as sinking products by means of XRF analysis.

Before starting systematic studies, different collectors used in
mica flotation in the literature were investigated with pre-trials
for mica flotation and Procol CK 21 was found as the most effective
collector among others. In stage I, Procol CK 21 which is an amine
as a cationic collector and is produced by Ciba Specialty Chemicals
was used as collector. The use of frother is not needed because of
frothing property of chosen collector. The first conditioning was
made in 55% solids ratio, the temperature was kept constant at
20°C and the flotation time was 120 sec. In experiments; the effect
of pulp density, pH, collector amount and air flow rate on the iron
content and weight ratio of the concentrate (Recovery; %) were
investigated. To determine the effect of each parameter, experi-
ments were designed according to the Central Composite Design
(CCD) which is one of the methods of response-surface methodol-
ogy. These parameters were studied at 3 different levels and the a
coefficient used to determine axial points in CCD was chosen as 2.
In the software used, a value is suggested as 2 for 4 parameters. In
various studies the a value is also suggested as 2 (Onay and Koca,
2019; Wang et al, 2016; Gungor et al, 2019) therefore the o coef-
ficient was chosen as 2. The parameters and their levels are given
in Table 2.

Table 2. Selected parameters and their levels for Stage 1.

Parameters Unit Levels

-a -1 0 1 +a
A (Pulp Density) % 20 25 30 35 40
B (pH) 2.0 25 30 35 40
C (Collector Amount) g/t 10 30 50 70 90
D (Air Flow Rate) 1/min 5.5 65 75 85 95

Number of experiments with a axial point at CCD was calculat-
ed as 29 by using following equation:

N=2F+2k+n 1)

Where N: number of experiments; k: number of factors, n:
gives the number of midpoint experiments. After obtaining the
test results, the results were subjected to variance analysis. Anal-
ysis of variance was performed according to 95% confidence in-
terval. The equations proposed in the related module of the soft-
ware used are based on the creation of reduced ANOVA tables and
models. After the completion of the statistical analyzes, R? value
indicating the compatibility of the obtained model equations with
experimental data and PR? value indicating the prediction power
of the model were examined. The optimum conditions optimizing
iron content and the iron content and the yield of the concentrate
taken under these optimum conditions were estimated. Experi-
mental verification of the optimization study in the Stage I is also
included. Design Expert software 10.01 was used for experimental
design and the analysis of results.

Since Fe content remained at 0.14%, different collectors / col-
lector mixtures recommended for iron-oxide flotation in the litera-
ture were also tested with preliminary studies. In the Stage II, iron
oxide flotation was performed as reverse flotation to reduce iron
content. 1:2:1 mixture of the AB01+A825+A840 reagents which
are petroleum sulphonates as an anionic collector produced by Cy-
tec was selected as a collector. In the experiments, AF65 (produced
by Clariant) was used as frother agent. At this stage, the amount of
this collector mixture was studied and the initial conditioning was
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performed at 55% pulp density. Pulp density, pH and airflow were
kept constant at 30%, 3 and 8 1/min, respectively. The amount of
collector was studied for 200-300-400 g/t as total amount.

2. Results and Discussion

As mentioned earlier, products from experimental studies
were subjected to XRF analysis. Experimental studies were eval-
uated for the iron content and yield of feldspar concentrate tak-
en as sinking product. The results are given separately for each
stage.

2.1. Stage 1

The values of the response variables calculated according to
the results of chemical analysis of the products taken in the Stage
[ are given in Table 3. In this Table, solid rate (%), pH, the collector
amount (g/t) and the air flow rate (1/min) are shown as A, B, C, D,

Then, an ANOVA chart was created by adding the CD interaction
term to the linear model. Summarized ANOVA chart is given in Ta-
ble 4.

Recommended model is statistically significant, with p value
less than 0.05 (less than 0.0001); and the error term is also greater
than 0.05 (0.8898). The R? and PR? values of the model are 0.9362
and 0.9044, respectively. Figure 2 (a) is a graph showing the rela-
tionship between the experimental results and the estimated re-
sults. As it can be seen from the figure, the predicted iron content
values from the model represent approximately 94% of the ex-
perimental results. This shows the power of the model. The main
effect graphs of the parameters examined in the process are given
in Figure 2 (b) for all parameters. The model equations for coded
values and actual values are given in Equation 2 and Equation 3,
respectively.

Fe=0.17 - 6.66*10° A + 4.16 * 102 B- 0.029

respectively, and parameter levels are given as coded values. C-3.33*10%D-3.75*103 CD (2)
Table 3. The results of Stage 1.

No A B C D Fe (%) Rec. (%) No A B C D Fe (%) Rec. (%)

1 -1 -1 -1 -1 0.20 93.46 16 +1 +1 +1 +1 0.13 84.61

2 +1 -1 -1 -1 0.20 94.78 17 -o 0 0 0 0.19 93.82

3 -1 +1 -1 -1 0.22 96.07 18 +a 0 0 0 0.16 89.21

4 +1 +1 -1 -1 0.21 94.65 19 0 - 0 0 0.15 90.61

5 -1 -1 +1 -1 0.16 88.89 20 0 +a 0 0 0.18 89.02

6 +1 -1 +1 -1 0.15 90.04 21 0 0 -a 0 0.23 96.55

7 -1 +1 +1 -1 0.16 88.52 22 0 0 +a 0 0.12 81.68

8 +1 +1 +1 -1 0.15 86.88 23 0 0 0 -a 0.17 89.50

9 -1 -1 -1 +1 0.21 95.44 24 0 0 0 +o 0.16 88.28

10 +1 -1 -1 +1 0.20 93.3 25 0 0 0 0 0.19 94.89

11 -1 +1 -1 +1 0.22 96.59 26 0 0 0 0 0.17 90.12

12 +1 +1 -1 +1 0.20 94.11 27 0 0 0 0 0.17 91.44

13 -1 -1 +1 +1 0.15 89.17 28 0 0 0 0 0.16 91.26

14 +1 -1 +1 +1 0.13 86.10 29 0 0 0 0 0.17 88.81

15 -1 +1 +1 +1 0.15 85.86

The results were subjected to the analysis of variance for both Fe=0.22-1.33*1034+833*103B-5.21*10°

selected response variables. Subsequently, the reduced ANOVA C-6.04*103D-1.88*10*CD (3)

charts and final models were generated by subtracting the terms
that were statistically insignificant in the 95% confidence interval.
In this study, the results are given as reduced ANOVA charts. R? and
PR? values are also given. Besides, the results obtained are graph-
ically interpreted for all parameters, and the graphs of interaction
terms, if any, are presented in both two and three dimensions. In
all graphs, parameters other than the parameter whose effect is
examined are kept at medium level.

2.1.1. Iron content of the concentrate of Stage |

The results of iron content obtained in the experiments were
subjected to variance analysis. In the related module of the soft-
ware, linear model is proposed. However, when a Quadratic model
was created and analyzed, it was determined that there was a low
interaction between the collector amount (C) and the airflow (D).
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As it can be seen from the graph, the effect of A (Solid ratio), B
(pH) and C (Collector amount) is significant at 95% confidence in-
terval, while the effect of D (Air rate) is not statistically significant.
When the P values in both the graph and ANOVA charts are exam-
ined, it is seen that the amount of collector is the most effective pa-
rameter. The graph shows that no parameter has a parabolic effect.
In addition, when the ANOVA chart was examined, it was seen that
the amount of collector interacted slightly with airflow (term CD).
The interaction is graphically shown in Figure 3 in two dimensions
(a) and in three dimensions (b).

As seen in Figure 3, the increase in the amount of collector
causes a decrease in the iron content of the concentrate. Howev-
er, this reduction occurs more slowly when the airflow decreases.
This shows the interaction between these two parameters.
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Table 4. ANOVA chart and summary for the iron content of concentrate in
Stage L.

Source P Values
Model <0.0001
A 0.0005
B 0.0197
C <0.0001
D 0.0569
CD 0.0784
Lack of fit 0.8898
R2 0.9362
PR2 0.9044
Perturbation
0.24
022
C
0.2
£ o Ap B
et B — e D.&.
0.16 |
C
014
012
T
1.000 0500 0.000 0.500 1,000

Deviation from Reference Point (Coded Units)

(b)

Figure 2. a) Graph of experimental results versus predicted values for iron
content of concentrate in Stage I; b) Main effect graphs of parameters on
iron content of concentrate in Stage 1.
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Figure 3. Graph of the interaction between the collector amount and the
airflow on the iron content of the concentrate in the Stage I; a) two-dimen-
sional; b) three-dimensional

2.1.2. The recovery of the concentrate of Stage |

The results of yield obtained in the experiments were also sub-
jected to variance analysis. In the related module of the software,
linear model is proposed. The ANOVA chart was created according
to the linear model. Summarized ANOVA chart is given in Table 5.

Table 5. ANOVA chart and summary for the yield of concentrate in Stage I.

Source P Values
Model <0.0001
A 0.0304
B 0.3941
C <0.0001
D 0.2077
Lack of fit 0.8983
R? 0.8385
PR? 0.7730

Recommended model is statistically significant with p value
less than 0.05 (less than 0.0001); and the error term is also greater
than 0.05 (0.8983). The R? and PR? values of the model are 0.8385
and 0.7730, respectively. Figure 4 (a) is a graph showing the re-
lationship between the experimental results and the estimated
results. As can be seen from the figure, the predicted yield values
from the model represent approximately 84% of the experimental
results. This shows the power of the model. The main effect graphs
of the parameters examined in the process are given in Figure 4
(b) for all parameters.

The model equations for coded values and actual values are
given in Equation 4 and Equation 5 respectively.

Recovery=90.82-0.78A4-0.29B-3.67C-0.44D
Recovery =109.74-0.16 A-0.59 B-0.18 C-0.44 D

(4)
(5)
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As it can be seen from the graph, the most effective parame-
ter is the amount of collector (C). While the effect of solid ratio
(A) was statistically significant at 95% confidence interval, the
effect of pH (B) and airflow (D) parameters were not statistically
significant. Similar to iron content analysis, no parabolic effect is
observed in any parameter.

Figure4. a) Graph of experimental results versus predicted values for yield
of concentrate in Stage I, b) Main effect graphs of parameters on yield of
concentrate in Stage I.

2.1.3. The optimization of Stage I and verification results

With the help of the software, the estimation of the conditions
that minimize the iron content of the sinking product (for coded
values), the predicted values of the iron contents of the products
taken under these conditions and the iron contents of the sam-
ples obtained from the experimental studies performed under the
same conditions are given in Table 6.

The experimental data (0.14% Fe) corresponds to the esti-
mated values in the 95% confidence interval (0.11% - 0.15% Fe).
Therefore, it can be said that the obtained model is sufficient. In
these conditions, the content of iron of floating product was found
to be 0.97% Fe, and 88% of the feed was taken as feldspar con-
centrate. 51.42% of the iron in the feed was sunk. As a result, the
values of all the response variables of the floating product and
feldspar concentrate obtained from verification experiment in the
optimum conditions matched up with the predicted value ranges
calculated in the 95% confidence interval.

Table 6. The results of verification tests of Stage I.

Predicted value of Fe (%) Experimental

Parameter Value
Minimum Average Maximum Value of Fe (%)

A +1

B -1
0.11 0.13 0.15 0.14

C +1

D -1

2.2. Stage Il

In the Stage 11, used sample was the sinking product of the first
stage and with 0.14% Fe content. At this stage, the total amounts
of collectors were determined as 200-300-400 g/t by preserving
the 1:2:1 mixture ratio for AB01+A825+A840. XRF results of these
3 experiments performed under these conditions are given in Ta-
ble 7.
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Table 7. The effect of collector amount on iron content of feldspar concen-
trate in Stage I1.

Col. Amt. (g/t) Recovery (%) Iron Content (%) Iron Dist. (%)

200 78.00 0.05 26.57
300 73.75 0.03 15.21
400 61.25 0.02 8.28

The increase in the amount of collector reduces the iron con-
tent of the concentrate, while the selectivity has also decreased.
Therefore, the yield of feldspar taken as sinking product decreased
rapidly. Considering that minus 0.1% Fe is the initial target, 200
g/t collector provides the target with 0.05 % Fe. As a result of this
study, it can be stated that high quality feldspar which contains
less than 0.1% Fe can be produced with the usage of a series col-
lector, and the quality of feldspar can be increased significantly by
increasing the amount of collector with a comprise on the feldspar
yield.

On the other hand, the statistical design applied in the first
stage and model equations of this stage were also acceptable ac-
cording to the R2 and PR2 values of equations obtained. The mod-
el equation created especially for iron content is a model with a
high predictive power with 0.9362 R? and 0.9044 PR? values. The
result of the verification study carried out of this stage shows the
power of model equations, too.

Conclusions

In this study, the possibility of reducing the iron ratio of feld-
spar taken from Aydin Soke region from 0.24% Fe to minus 0.1%
Fe was investigated. The analysis shows that the ore consists main-
ly of plagioclase and alkaline feldspar and some quartz, and low
amount of impurities such as muscovite, kaolin, iron containing
chlorite and apatite minerals. In order to reduce the iron content,
two stage reverse flotation was applied.

The mica flotation was applied in the stage I by using CCD
methodology. XRF analysis was carried out on the products ob-
tained from the experiments and the results were analyzed for the
Fe content and the yield of concentrate.

The mathematical models of the process for these two re-
sponse variables were examined. The correlation coefficient for
the model of the iron content of the concentrate which is the first
response variable was 93.62% and the PR? value of the model was
90.44%. These two values are over 90% and are very close to each
other, and this situation shows that the model is very strong. Ac-
cording to the model and for the studied levels, the most effective
parameter on the iron content was found to be the amount of col-
lector. The models created for other response variable was also
statistically significant. As a result, the iron content of feldspar was
reduced from 0.24% to 0.14% by stage I.

In the stage II, the amount of the combination of
A801+A825+A840 in the ratio of 1:2:1 determined as the most
effective combination of collectors was studied. The used lowest
amount of collector reduced the iron content in feldspar to 0.05%
Fe, and this value coincided with the initial target as minus 0.1%
Fe. This step was not optimized and it can be said that the iron
content of the sinking product can be reduced to 0.02% Fe by in-
creasing the amount of collector. However, increasing the amount
of collector reduced the amount of sinking product by up to 60%
by weight.
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ABSTRACT

In this study, besides summarizing the properties of polymer materials used in underground coal mines, the problems that may arise in the use of
polymer materials used in coal mines and the deficiencies of the relevant existing standards are discussed. Most of the safety accidents of polymer ma-
terials are encountered with results such as spontaneous combustion of materials, combustion of coal seams due to these combustions, and the release
of toxic and harmful gases. The main causes of combustion accidents can be summarized as high reaction temperature, insufficient flame retardant,
uncontrollable reaction process, defective standards and awareness of insufficient safety materials. Within the scope of this study, health problems
that may be encountered due to the carcinogenic formaldehyde content of phenol-based filling materials will also be mentioned, and reasonable sug-
gestions and measures will be discussed to prevent these and similar situations. The aim of this study is to establish a guide on the safe use of polymer
materials in underground coal mines and correct understanding of the possible risk associated.

Keywords: Polymer materials, Underground coal mines, Safety precautions, Spontaneous combustion, Reaction temperature, Flame tightness.

Introduction i. Cavity filling

Polymer materials are widely used in coal mines and there are ii.  Air-tight ventilation seals which will aid underground
many types including polyurethane, epoxy resins, urea-formalde- ventilation requirements
hyde resins for the main problems related to ventilation/leakage iii.  Isolate the coal from air flow

or cracks of coals (Liu 2021). In addition to that, some sodium
silicate/polymer composite gels are recently being used for the
prevention of coal spontaneous combustion (Ren et al. 2019). The
polymers are mostly needed in terms of the isolation purposes
and they are desired to show high strength, low reaction tempera-
tures and no harm to human health. The scope of the application
of phenol based filling materials in underground mining is sum-
marized as in the following: consolidation of the structure of the
weak coal strata to be produced or excavated, filling the cavity be-
tween steel support and ground, goaf stabilization, sealing of all
entries connected to the fire area and isolating coal surface in the
fire zone or area of spontaneous combustion. Accordingly, pur-
poses of the usage of these abovementioned phenol based filling
materials are provided as in the following:

iv.  Fighting underground fires by constructing airtight bar-
rier to cut off oxygen supply

The characteristics of the polymer materials have been sum-
marized by Liu 2021 which are “high infiltration permeability, fast
setting speed, short curing time, small shrinkage after grouting,
good bonding and compressive properties, strong durability and
impermeability”. As well as the need for these polymers in mines
increases day by day, the production statistics was reported as
40 000-50 000 tons/year by Liu 2021, for the coal mines (more
than 2000 mines) in China. Keeping in mind the abovementioned
statistics by Liu 2021, need for the polymers (specifically phe-
nol based filling materials) in coal mines in Turkey is recently
increased almost 30%-50% and the respective amounts for year
2019 and 2020 were reported as in Table 1 (Anon 2021).
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Table 1. Usage of phenol based filling materials in Turkey in 2019 and in
2020 (Anon 2021).

REGION Total amount of Total amount of usage
usage in 2019 (tons) in 2020 (tons)

SOMA 1650 2880

ANKARA 300 400

ZONGULDAK 160 210

OTHERS 30 45

TOTAL 2140 3535

In addition, Cavusoglu (2008) has a study which investigates
the potential use of fly ash as a backfill material for the specific
mine in Cayirhan-Turkey. Although the study abovementioned
does not refer to the polymers or phenol based filling materials,
the need for these materials in underground mine environments
can be very well understood with this study. Zhang and Sun (2019)
have carried out experiments and investigated mechanism of a
polymer based material for reinforcing purposes of broken coal
mass. In their study of Zhang and Sun (2019), authors have wide-
ly described the fractures, as primary and ongoing. They (Zhang
and Sun 2019) have stated the fact that primary fractures result
in expansion and transfix which initiates large number of initiat-
ed secondarily fractures, even as worse as coal rupture and many
problems related to mechanical properties of coal mass (Shi et al.
2017, Wang and Yang 2017, Zhang and Sun 2019). Referring back
to Zhang and Sun 2019 study, they have stated the fact that stress
state changes for newly exposed coal seams and authors have ex-
pressed this as a reason of the damages of coal mass and rapid re-
duction of its bearing capacity. The importance of initial fractures
and crack initiation is mainly because of the results abovemen-
tioned and the risks of inducing coal gas outburst disasters due
to the result due to ineffective resist of the ground stress and gas
expansibility (Zhang and Sun 2019).

Polymers, phenol based filling materials in specific has their
significance based on the air leakage/ventilation problems which
also has a vital role in underground mines. Phenol-based fillers are
widely used in mining, and especially in underground coal min-
ing, as an effective material for filling and blocking air leaks due
to its heat resistance, flame retardancy, good sealing and ease of
construction (Lei et al 2010, Wang et al. 2019). In addition to the
usage in underground coal mining, Lei et al. (2010) have summa-
rized their usage for civil construction, passenger and military
aircrafts, marines and electronic applications. In Figure 1, a repre-
sentative of phenol formaldehyde polymer condensation reaction
is provided. The SEM microphotographs of the phenolic foam (Lei
etal. 2010) is provided in Figure 2.

In addition, Ren et al. (2019) have investigated the novel sodi-
um silicate/polymer composite gels and authors have suggested
the usage of this polymer based material in order to prevent spon-
taneous combustion of coal. In their study of Ren et al. (2019),
the authors have given information about the attempts of the re-
searchers to prevent spontaneous combustion of coal by applying
different technical measures and materials, up to year 2019. Ren
et al. (2019) have cited the studies (Qin et al. 2015, Lu and Qin
2015) which includes pumping the top coal caving regions of coal
drifts with foam cement, and some other papers (Hu and Wang
2013, Huetal. 2014A, Hu et al. 2014B) which includes filling them
with a polymeric material to seal air leakage. In the same context
as in the Ren et al. (2019) study.
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Figure 1. Phenol formaldehyde condensation reaction (Frihart, 2005,
Ozliisoylu 2016).

Figure 2. The SEM microphotographs of the phenolic foam (adapted from
the study of Lei et al. 2010)

Fan et al. (2020) have proposed a novel plastogel which was
claimed to have the ability to prevent and control fires in coal
mines. The plastogel proposed by Fan et al. (2020) was described
with its preparation by adding coagulant, polymer plasticizer and
bentonite into the water glass solution. With the understanding
of the abovementioned papers, it can be clearly emphasized the
fact that polymer materials have been widely used in underground
coal mining applications mainly for the purposes of sealing the air
leakage and prevention of spontaneous combustion. In addition,
these abovementioned polymer materials (with one, two or even
three components (like plastogel by Fan et al. 2020)), should be
tested in terms of their possible hazardous composition.

Giiner and Oztiirk (2019) have investigated deformability be-
havior of thin spray-on liners both experimentally and numerical-
ly. Although TSLs (thin spray-on liners) will not be detailed in this
study, still they are polymeric or cement-based products that have
been used for underground mine operations extensively for the
purposes of rock support. Being produced based on the polymer-
ic materials, TSLs should also be reconsidered and examined in
terms of their hazardous content as regards to occupational health
and safety.



M. Bilen ve C. Tuz / Bilimsel Madencilik Dergisi, 2023, 62(1), 31-36

Formaldehyde is one of these hazardous components of some
of these polymer materials which are widely utilized in under-
ground coal mines. In order to understand possible formaldehyde
exposure, circumstances of exposure and results accordingly, re-
port by AWES (2014) can be suggested to be a guide in the first
place. As regards to USA-OSHA (Occupation Safety and Health Ad-
ministration) standards formaldehyde concentration of gas pro-
duced by the reaction between resin and catalyst should be limited
to 2 ppm.

In this study, polymers and phenol based filling materials were
investigated in terms of the accidents caused by their utilization
in underground coal mines. In addition, some examples of the
accidents were provided in this context with their analysis. Not
only the accidents based on the usage of these polymer materials
and phenol based filling materials were examined but also some
suggestions were provided by means of occupational health and
safety.

1. Analysis and reasons behind the accidents resulting with
polymer materials utilization in underground coal mines

Since chemical reaction is undergoing between the composites
of the polymer & phenol based filling materials, each composite,
final product and the chemical reaction should be taken into con-
sideration all together in order to correctly address the hazardous
structure of the specific material. To be clearer, -in the case the
composites A and B forming polymer C, not only polymer formed
(C) should be tested but also A and B along with the chemical re-
action should be investigated in terms of their hazardous nature
in specific atmosphere such as underground coal mining. Since
underground coal mining is not directly in contact with the at-
mosphere, polymer materials (C), composites (A, B) and chemical
reaction (between A and B) might be dangerous and hazardous
in specific atmosphere of underground coal mining. Flash point
temperature of each composite (A and B) should not be low, and
it should be the first issue raised in underground coal mining ap-
plication. The reason is rule of thumb, if the flash point tempera-
ture of the composites are lower than reaction temperature, that
would result in fires that can trigger spontaneous combustion of
coal. If the flash point is too high, then the polymer product is not
classified as flame resistant. According to Liu (2021), polymeric
materials and their composites along with the chemical reaction
in between may cause carbonization failure, spontaneous com-
bustion, explosion, fire, combustion, and toxic and harmful gases
lead to poisoning and corrosion accidents. According to Kiigtik and
Ilgaz (2015), accident causes by technical reasons (Giiyagiiler and
Bozkurt 1993, Akkaya 2001, URL-1 2014, Dursen and Yasun 2012)
were summarized as in the following:

1. Accidents caused by electricity and mechanization systems
failures.

2. Explosions caused by dust, gas and radiation.
3. Explosives usages in mining operations.
4. Collapses and strata failures.

5. Haulage and water drainage system malfunctioning rea-
soned accidents and flooding.

6. Open pit fires, self-heating of coal related problems.

7. Sudden inrush, spontaneous combustion, pressurized gas
discharges.

8. Accidents during the operations of coal preparation & min-
eral processing.

9. Low quality of mechanical maintenance, laboring and oper-
ational misguidances.
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10. Accidents observed during the transportation, prepara-
tion, and usage of materials and instrumental tools.

11. Accidents due to mine environment constraints (heat,
moisture, pressure, steam, noise, lighting, sliding surface, etc.).

12. Personnel and occupational health & safety related prob-
lems (ability, education, motivation, physical and mental state,
personal attention, personal protection, etc.).

13. No proper working conditions and working environment
(Kiigiik and Ilgaz 2015).

2. Examples of accidents and their causes

According to Liu 2021, a fire accident occurred in four mining
areas (4238 fully mechanized working face in + 1030 m level) of a
coal mine in Sichuan Province. This fire accident abovementioned
occurred during the process of using organic polymer filling re-
inforcement material to deal with the top high caving area of the
specified support, and it resulted in the closure of the whole min-
ing area (Liu 2021). According to Liu 2021, direct causes of this
abovementioned fire accident are: “rise in the internal tempera-
ture of the material due to heat release caused by the fire, ignition
of wood stack, ignition of coal wall and return air side combustible
and coal seam, fire”. The indirect causes of the accident are stat-
ed as: “(i) Security technology management confusion. (ii) Mixing
different polymer materials. (iii) Poor air circulation environ-
ment. Since the front is a closed falling space, which is almost not
circulated, and the volume of the falling space is limited, a large
amount of heat cannot be, forming a heat accumulation area. (iv)
Spontaneous combustion of materials. Water injection cooling is
not enough, the head of the water and water pressure is not large,
can not inject a large number of cooling water at high tempera-
ture point, resulting in the combustion of polymer material itself,
and then cause coal combustion” (Liu 2021). Not only accidents in
terms of polymer based materials for the purposes of support and
strata in mines but also gas inhaling and smoke based accident was
observed in China, in specific mines (Liu 2021) observed. Accord-
ing to Liu (2021), toxic and harmful gases resulted in the death of
a worker who was objected to the “yellow smoke” at the bottom of
the drilling site door. Harmful gases were released by the chemical
reaction of polymer materials filled in drilling site in a coal mine in
Huaibei (5 # drilling site of 7118 working face). According to Liu
(2021), direct causes of the accident is summarized as: “the fill-
ing material is not qualified, after filling the high temperature and
toxic and harmful gas caused by poisoning death”. Liu (2021) has
also mentioned about the indirect causes of the abovementioned
toxic and harmful gases’ accident as: “(i) The procurement of fill-
ing materials is random. Not in accordance with the provisions of
the company, from the normal channels of regular manufacturers
import, acceptance. (ii) The material acceptance personnel in the
ventilation area failed to work, only received quantity and did not
check the quality. (iii) Poor hazard identification ability. Ventila-
tion area gas inspectors in the third inspection smell, see yellow
smoke but not informed. (iv) Unclear job responsibilities. Institu-
tion adjustment, the outburst prevention area has just been listed
and has not been properly operated; The construction personnel
directly used the filling material without identification, result-
ing in the chemical reaction of the filling material and producing
high-level and toxic and harmful gases” (Liu 2021).

3. Problem in current standards and technical uncertainties

Usage of polymer materials in coal mines were issued by four
standards which are being implemented since 2011 in China (Liu
2021). Existing situation about the application of these above-



M. Bilen and C. Tuz / Scientific Mining Journal, 2023, 62(1), 31-36

Table 3. Main problems in the standards (standards in China) for reinforce-
ment and water plugging polymer materials (Liu 2021).

mentioned standards is regarded as “not ideal” by Liu (2021) and
yet it is also mentioned the fact that there are great objections
to them in China (Liu 2021). By referring back and forth to Liu

(2021), current standards in China were stated to only regulate Problemin  Problem Description
the flame retardancy, antistatic ability and mechanical properties Standard
of polymer materials under normal temperature conditions. This (9] In AQ1089 - 2011, according to the different
abovementioned criticisms about the standards and their corre- parts of reinforcement materials in coal and
sponding regulations are also valid for the ones which are being rock mass, it can be divided into C (coal rein-
implemented in Turkey (See the example of a technical require- forcement) and R (rock reinforcement). In the
ments of phenol based filling materials, Table 2) practical application process, it is difficult to
distinguish in most cases.
Table 2. Technical requirements of phenol based filling materials in Turkey. (2) The anti-aging performance index is expressed
- - as ‘no change in surface and no loss in mass,,
Techl'ncal Explanation which is problematic. In the aging process, the
Requirement e s .
volatilization of some solvent molecules will
Flame Retardancy The foam will be flame resistant (Fla- reduce their mass, but generally will not affect
me Retardant). their mechanical properties.
Reaction Temperature  The reaction temperature will be < 90°C. 3) The expression of “ hazardous substance limit ” in

the standard is relatively vague. It should be conc-

Antistatic Property The foam will be antistatic (<109Q).
retized according to the material type, increase
Strength Compressive strength shall not be less the flue gas toxicity test of the material, and quan-
than min 0.02 MPa at 10% stacking. titatively detect the content of toxic and harmful
Free Formaldehyde The amount of free formaldehyde of gases (HCN, NO, CO, halogen acid gas, etc.)
Content the resin component used for foam

Swelling Rate and Reac-

formation will be less than 0.1% by
weight.

High expansion rate and instant (im-

Table 4. Main problems in the standards (standards in China) for filling and
sealing polymer materials (Liu 2021).

tion Rate mediate foaming) reaction. Problemin  Problem Description

Availability for Fire Fi- It will be suitable for fire fighting ac- Standard

ghting tivities. (8] The materials in AQ1090 - 2011 were divided

Resistancy for Degra- The foam formed as a result of the re- into N and P categories. In the actual grouting

dation in underground action is resistant to underground we- process, the materials used for hole sealing also

atmosphere ather conditions, water, solution and need to bear pressure, so there is no need to clas-
biological disturbances. sify them.

Flash and Ignition Point Low rea}ctl'on temperature.t'hat will ) The standard flash point determination prob-
not self-ignite. The flammability of the : v A ial h
reaction heat should be lower than em, generally A material can not measure the
the flash point temperature of the re- flash point, 50 ~ 60°C began to bubble, 80 ~ 90°C
sin and catalyst used in the formation overflow pot, 100 ~ 110°C condensation; Mate-
of the foam. rial B is an acid without flash point. Substances

Blocker Property for It will stop the spontanous combus- with IOW boiling points (foaming ag.ent) may be

Coal Spontaneous Com- tion of coal. It will stop the heating added in component A. After he'atmg, .the gas

bustion process of coal by isolating coal from overflows and expands, and material A will bubb-
air flow. le, overflow pot or even condense, which is diffi-

cult to measure.

Long-term Availability The stability of the foam structure will

of the Foam Structure  not change in the long term under un- 3) The expansion ratio specified in the standard is
derground conditions. not less than 25 times. Due to the different un-

) L derground environments of coal mines, some

No Possible Effect No effect of foam application on . .

. . need large expansion ratios, and some do not.

on the Surroundings the sensors in the underground at- . ) o

(sensors, etc) in Un- mosphere. In general, the higher the expansion ratio is, the

derground Atmosphere lower the mechanical strength of the material is,

. ) and the expansion ratio of the material is not less

Property for Occupati- It should be proper for occupational than 10 times

onal Health and Safety health and safety regulation. '

Regulations 4) The expression of ‘hazardous material limit’ in

Liu (2021) have widely described the main problems in the
standards (standards in China) of either for reinforcement and
water plugging polymer materials (Table 3) and filling and sealing

polymer materials (Table 4).
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the standard is vague and should be specified ac-
cording to the type of material; The flue gas toxi-
city test of materials should be added to quanti-
tatively detect the content of toxic and harmful
gases (HCN, NO, CO, halogen acid gas, etc.).
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The sector of polymer materials used in mining and under-
ground coal mining is a rapidly developing sector and there are
two problems that can be associated with the rapid development
of this sector. First, the research and development potential of
polymer reinforcement materials is insufficient. The second is that
the users of polymer materials do not have enough information
about the properties of the materials (Liu 2021). When the poly-
mer materials usage standards in mining applications in Turkey
(Table 2) and in China (Table 3, Table 4) are evaluated, it is under-
stood that the users of polymer materials are not well-informed
and research and development activities are not carried out at a
sufficient level. For example, when the standards in Turkey (Table
2) are evaluated, it has not been determined in which standards
these polymer materials should be tested for most of these tech-
nical requirements. Similarly, in the study of Liu (2021), author
described the expressions in the standards for China (Table 3 and
Table 4) as “problematic”, “not clear enough”, “indistinguishable”,
“cannot be generalized and should be specified specifically for the
mine”, “difficult to measure” and “do not need to be classified”.

Conclusions

In addition to its high risk intense structure of underground
coal mining, usage of polymer materials might have potential
risks in terms of their hazardous and toxic content. Due to the
high demand for the polymers with their available solutions to the
problems in underground coal mining, corresponding industry is
developing rapidly. This rapid development of polymer industry
for mining applications results in two main problems: (i) lack of
knowledge about the properties of polymers, (ii) lack of research
and development about the applicability of these polymers. Based
on the abovementioned problems for polymer materials, accidents
or health disorders resulted by short-middle-long term objection
might be unfortunately observed due to their hazardous and toxic
structures. Considering the availability of polymer materials for
the corresponding problems in underground coal mines, usage of
polymer materials is inevitable. However, safe production of coal
mines should be the top priority with the proper selection of poly-
mer materials (least harmful, best convenient). Proper selection
of polymer materials should include flue gas toxicity test and the
content of toxic and harmful gases (HCN, NO, CO, halogen acid gas,
etc.) should be quantitatively detected. In order to evaluate the
abovementioned polymer material specifications (least harmful,
best convenient), more research should be conducted in this field.
With the help of the current developments and research carried
out, technical requirements should be revisited and reworded. In
this case, standards for the evaluation of polymer materials, the
preference should be made according to test results obtained
previously well-defined and described experimental conditions
& standards. Technical uncertainties can only be overcome with
the standard testing methods and technical specifications of the
polymer materials should include the description of this standard
testing methodology. Since, objection of the gases from these poly-
mer materials (either during the chemical reaction or during the
application) and interrelationship between this objection (short-
middle-long term) and health issues is not yet well established,
occupational health and safety precautions should be taken into
consideration. Reviewing the occupational health and safety pre-
cautions, least harmful alternatives should be recommended by
independent authorities. Cheaper alternative of polymers will
always be available while their corresponding level of toxicity is
questionable. Independent authorities should evaluate the poly-
mer materials in terms of their potential risks (hazardous, toxic
content) and price of each alternative should be out of their con-
cern.
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Afrika sahip oldugu 6nemli maden kaynaklar1 nedeniyle, tiim Diinya iilkelerinin ve yatirimcilarin dikkatini ¢cekmektedir. Kita, 6zellikle ytiksek altin
tenériine sahip bliylik miktarda plaser altin yataklarina sahiptir. Bu ¢alismada, Gine Cumhuriyeti sinirlari icerisinde bulunan Siguiri havzasindan
alinan altin cevheri numunesinin zenginlestirilmesi gerceklestirilerek alternatif proses akim semalar1 olusturulmustur. Bu kapsamda, 6zgiil agirlik
farkina gore zenginlestirme yapan Mozley masasi ve Knelson ayiricisi ile kimyasal zenginlestirme yontemlerinden biri olan siyaniir lici deneyleri
yapilarak cevher bilesimindeki altinin kazanim olanaklari ortaya koyulmustur. Mozley masasi ile ti¢ kademe zenginlestirme sonucunda 186,91 g/t Au
icerigine sahip bir agir tiriin (konsantre) %89,1 kazanma verimi ile elde edilirken Knelson ayiricisi ile tic kademe sonunda 149 g/t Au iceren bir kon-
santre %86,1 kazanma verimi ile elde edilmistir. Gergeklestirilen siyaniir li¢i deneyleri sonucunda ise 2 g/L NaCN derisiminde 48 saatlik li¢ ile %94,9
Au kazanma verimine ulasilirken 1 g/L NaCN derisimi ve daha diisiik li¢ siiresi (24 saat) ile bu deger %91,9 olmaktadir.

Anahtar Sézciikler: Plaser Cevher, Altin, Fiziksel Zenginlestirme, Siyaniir Ligi, Santrifiij Ayirici

ABSTRACT

Since the Africa is endowed with important mineral reserves, it attracts the attention of all countries and investors. In particular, the continent has large
deposits of placer gold ore with high gold content. In this study, the enrichment of gold ores samples collected from Siguiri basin within the borders of
the Republic of Guinea was carried out and alternative process flowsheets were created. In this context, the recovery possibilities of gold in the ore were
revealed using Mozley table and Knelson separator, which separate minerals according to the specific gravity difference, and cyanide leaching experiments,
which is one of the chemical enrichment methods. As a result of three-stage enrichment with the Mozley table, a heavy product (concentrate) with 186.91
g/t Au grade was obtained with 89.1% recovery, while with the three-stage Knelson separator application, a concentrate assaying 149 g/t Au was obtained
with 86.1% gold recovery. Furtermore, in the cyanide leaching experiment with 2 g/L NaCN concentration, 94.9% Au dissolution efficiency was achieved
for 48 hours of leaching, yet this value was 91.9% with 1 g/L NaCN concentration and lower leaching time (24 hours).

Keywords : Placer Ore, Gold, Physical Enrichment, Cyanide Leaching, Centrifugal Separator.

Giris faaliyetlerine dayanmaktadir. Sahip oldugu 6nemli altin rezerv-

Bati Afrika kiy1 iilkesi olan Gine Cumhuriyeti yaklasik 13 leri, bircok madencilik sirketinin dikkatini bu iilkeye ¢cekmekte,
milyon niifusa sahip olup yiizélgiimii 245857 km?dir. Baskenti altin rezervleri agirhikh olarak tilkenin kuzey dogusundaki Siguiri
Konakri olan iilkede ekonomi biiyiik 8lciide tarim ve madencilik bélgesindeki Yukar: Nijer havzasinda bulunmaktadir. Ulke yilda
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ortalama 8-10 ton altin liretmekte ve potansiyel rezervlerinin 700
ton oldugu tahmin edilmektedir (Punam vd., 2017; Signé, 2021).
Birkac sirket, Gine’de altin iiretmek i¢in endiistriyel olarak faali-
yet gostermektedir (Vella, 2013; Veiga ve Gunson, 2020). Bunlar;
AngloGold Ashanti’'nin yan kurulusu olan Guinea Gold Corpora-
tion, Dinguiraye Mining Corporation ve Avocet Madencilik'in bir
yan kurulusu olan Wega Madencilik'tir.

En 6nemli altin kaynagi olan Siguiri havzasinda (Sekil 1) mey-
dana gelen esasen iki tiir altin yatagi mevcuttur. Bunlar, laterit
veya kalsiyum fosfat mineralizasyonu ve yerinde kuvars damariy-
la ilgili mineralizasyonlardir (Erwann vd., 2017). Gine’de altin
madenciligi, gegmisten bugiine aile bireylerinin bir araya gelerek
actiklar: yaklasik 0,8-1 metre ¢apinda ve 10-15 m derinligindeki
kuyulardan herhangi zorunlu bir havalandirma olmadan olduk¢a
ilkel ve riskli kosullar altinda yapilmaktadir (Veiga vd., 2006; Vei-
ga ve Gunson, 2020). Kuyu derinlikleri bazi bolgelerde 30 metre
derinlige kadar inebilmektedir. Fakat, yeralti su seviyesinin ytik-
sek olmasi nedeniyle su seviyesinin altina el yordamu ile ineme-
mektedirler. Bu sekilde Gine’deki 200000 ila 300000 madenci
tarafindan iiretilen altin miktar1 senede 6 ton civarinda olmak-
tadir ve bu iiretim miktari iilke icin olduk¢a 6nemlidir (Amwele ve
Groot, 2018). Ulkede uygulanan bu ilkel yéntemler sonucunda al-
tin kazanma verimleri %5-%10 degerlerinin lizerine ¢ikamamak-
tadir. Riskli madencilik uygulamalar1 hem ¢alisanlar i¢in dnemli
saglik ve giivenlik sorunlari dogururken, iiretim sirasinda oldukca
onemli miktarda altin kayiplar1 olusmaktadir. Gerek mevcut kay-
naklarin daha verimli kullanilmas1 gerekse de insan sagliginin
korunmasi ve ¢evresel olumsuzluklarin azaltilmasi amaciyla bu
kaynaklarin sistematik bir sekilde degerlendirilmesi ve tiretimde
belli zenginlestirme siireclerinin kullanilmasi olduk¢a énemli bir
konudur (Hylander vd., 2007).

Sekil 1. Gine Cumhuriyeti, Siguiri bélgesinin haritadaki yeri

Cizelge 1. Altin kazaniminda uygulanan yontemler (Andrew, 1984)

Bilindigi iizere, yerkabugunda farkh sekillerde ve olusumlar
halinde bulunan altinin tretiminde kullanilacak zenginlestirme
slireclerinin ve teknolojinin se¢imi; cevherin tiirline, olusum
sartlarina, cevher bilesimindeki diger minerallerin fiziksel, kimy-
asal ve mineralojik 6zeliklerine, cevher i¢indeki altinin boyutu
ve icerigine bagl olmaktadir (Sen, 2007; Alp vd., 2008; Bayoglu,
2013). Cizelge 1'de farkhi cevherlesme tiirleri icin uygulanabi-
lecek zenginlestirme yontemleri verilmektedir.

120 yili askin siiredir siyaniir li¢i diinya altin {iretiminin
%84’iinde kullanilmakta olup geri kalan %10’u gravite zengin-
lestirme, %4l flotasyon ve %2’si amalgamlastirma ve diger yon-
temlerle ile gerceklestirilmektedir (Deschénes, 2005; Celep vd,,
2006; Bayoglu, 2013; Gokelma vd., 2016). Plaser yataklarda ser-
best halde bulunan ve nabit altin igeren cevherlerden altinin ka-
zanilmasinda 6zgiil agirlik farkliligina gére zenginlestirme islem-
leri kullanilmaktadir (Folinsbee ve Hewitt, 1997; Meza vd., 1994).
Bu yontem, diinyanin en eski yontemlerinden biri olup nabit
altinin sahip oldugu 19,3 degerindeki yiiksek 6zgiil agirligina
dayanilarak yapilan bir zenginlestirme islemidir (Sarikaya, 2018).
Insanoglu yaklasik 6000 yildan fazla bir siiredir plaser altin ma-
denciligi yaparak degerli metali ilk olarak bu tiir yataklardan
elde etmistir. Bugiine kadar plaser yataklar, toplam diinya altin
arzinin Ugte ikisinden fazlasini karsilamistir. Zanaatkar madencil-
er tarafindan binlerce yildan beri yapilan madencilik faaliyetinde
kullanilan yontem hep gravite esash olmustur. Plaser altin yatak-
larinda altin ¢ogunlukla graniil, pul ve dal seklinde (0,2-2 mm
arasi) serbest halde olabilecegi gibi ana kayag¢ icerisinde bagh
olarak bulunabilmektedir. Ozellikle serbest altin taneleri gravite
ayirma yontemleri ile direkt kazanilabilecegi gibi bagl taneler
halinde bulunan altin ise gang adi verilen ana kayagtan ayrilarak
serbest hale getirilmek amaciyla bir 6giitme islemine tabii tutul-
maktadir (Yiice vd., 2009). Bu tiir cevherlerin bilesimindeki al-
tin tanelerinin serbestlesme boyutuna bagh olarak uygulanacak
zenginlestirme yontemi belirlenmektedir. Sekil 2’den goriildiigi
lizere, zenginlestirme islemlerinde daha iri boyutlarda jigler ve
sluice kullanilirken daha kii¢iik boyutlarda yar1 merkezkag kuvveti
uygulanan spiral zenginlestiricilerin yani sira sarsintili masa, koni
ve oluklar kullanilmaktadir. Bu boyutlarda elde edilen konsant-
relerin temizlenerek daha yiiksek Au igerigine ulasmak amaciyla
Gemini masalar1 kullanilmaktadir. Ayrica, daha kiiciik boyutlarda
kullanilan Mozley masasi ve gravite ile hidrodinamik kuvvetler-
in yani sira merkezkag¢ kuvvetinden de yararlanilan Multi Gravite
ayiricist (MGS), Knelson ve Falcon ayiricilar1 kullanilmaktadir
(Celep, 2005; Yiice vd., 2009; Yasar, 2017; Ozcan, 2019; Veiga ve
Gunson, 2020).

Yataklanma Tipi

Uygulanan Proses

Nabit Altin iceren Serbest Halde Ufalanmis Damar Seklindeki Cevher
Nabit Altin iceren Diger Cevherler

Serbest Halde Ufalanmis Cevherler

Telliiridli Altin Cevherleri

Piritli Altin Cevherleri

Bakirli Kompleks Altin Cevherleri

Karbonath Altin Cevherleri

Refrakter Altin Cevherleri

Gravite ayirma + Amalgamasyon +Siyaniir ligi

Gravite ayirma + Amalgamasyon + Flotasyon + Siyaniir lici
Direkt siyaniir li¢i

Toplu flotasyon + Kimyasal oksidasyon + Siyantir lici
Toplu flotasyon + Ergitme + Siyaniir lici

Flotasyon + Siyantir ligi

Kimyasal Oksidasyon + Siyaniir lici

Kimyasal Oksidasyon veya mikronize 6glitme + Siyantir lici
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Sekil 2. Altinin zenginlestirilmesinde kullanilan cihazlar (https://seprosys-
tems.com/wp-content/uploads/2019/05/Gravity-Concentration.jpeg)

Ozellikle plaser altin cevherlerine 6n zenginlestirme amach bu
tiir fiziksel zenginlestirme yontemlerinin uygulanmasi ile yiiksek
altin icerigine sahip dn konsantreler elde edilebilmektedir. Elde
edilen miktarca daha az olan ve yiiksek Au igerigine sahip bu
iriinler normal kosullarda li¢ islemine tabii tutulmayip bunun
yerine Acacia reaktdr gibi 6zel altin kazanim sistemlerinde hizh

li¢ islemine tabii tutulabilmektedir. Bu reaktorlerin kullanimi ile
%98'’in lizerinde toplam altin kazanimi degerlerine ulasilabilme-
ktedir (Celep vd., 2006).

Bu calisma kapsaminda kullanilan altin cevherinin te-
min edildigi, olduk¢a zengin maden kaynaklarina sahip Siguiri
havzasinin jeolojisi hakkinda birgok ¢alisma (Steyn, 2012; Ruth-
erford, 2021) olmasina ragmen bu cevherin zenginlestirilmesine
yonelik yeterli teknik veri bulunmamaktadir. Gergeklestirilen bu
calisma ile Siguiri havzasina ait altin cevherinin gravite ve siyaniir
lici ile zenginlestirme olanaklar1 arastirilmis ve alternatif proses
akim semalar1 olusturulmustur. Bu sayede hem bolge cevherler-
inin hem de benzer plaser cevherlerin farkli yontemlerle deger-
lendirilebilirligi ortaya koyulmustur.

1. Malzeme ve yontem
1.1. Deneysel ¢alismalarda kullanilan numune

Deneysel ¢alismalarda, Gine Cumhuriyeti’'nin batisinda bulu-
nan diinyaca linlii Siguiri havzasi cevher numuneleri kullanilmistir.
Numuneler, Siguiri'’ye bagli Kouroussa sehrinin kuzey kismin-
da bulunan ve zengin altin yataklari ile taninan bélgedeki altin
cevheri alanindan alinmistir (Sekil 3). Genis bir sahada yapilan
calismalar kapsaminda, 2-3 m derinliginde ve belli araliklarda
acilan kuyulardan alinan numuneler toplanmis ve bu numunel-
er bir alanda stoklanmistir. Biiylik miktarda ve iri boyuttaki bu
numunelerden temsili bir numune alma miimkiin olmadigindan,
alinan cevherler mobil bir ¢eneli kirici ile boyutu kiigiiltiilerek
numune azaltma islemlerine tabii tutulmustur. Cevher hazirlama
numune azaltma kurallar1 dikkate alinarak azaltilan 100 kg'lik bir
numune Tiirkiye'ye getirilmistir.

Sekil 3. Calismalarda kullanilacak numunelerin alinmast amaciyla yapilan saha ¢alismasi
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Gine Cumbhuriyeti'nden alinan altin cevheri numunesi, ana
kayac tiirleri tizerinde tropikal ayrisma kosullar: altinda gelisen
ancak bilinen ana kayag¢ altin yataklarinin uzaginda olan laterit
ve saprolitler icerisinde homojen olmayan bir sekilde yayillmistir.
Yapilan mikroskobik calismalar ve kimyasal analizler sonucun-
da cevherin bilesiminde bulunan altin, demir oksitler ve kuvars
ile kil mineralleri birlikte bulunmustur (Veiga vd. 2006; Steyn,
2012; Siguiri Gold Mine, 2020). Sekil 4’te verilen kimyasal analiz
sonuglarina gore yiiksek Fe icerigi (%12,99) demir oksitlerden,
Al icerigi (%2,66) ise cevher bilesimindeki kil minerallerinden
(Rutherford, 2021) kaynaklanmaktadir.

Sekil 4. Altin cevherinin kimyasal analiz sonucu

1.2. Yontem

Bilindigi gibi altin tiretim siireci; maden liretimi, cevher hazir-
lama ve zenginlestirme ile hidrometalurji gibi islem adimlarindan
olusmaktadir. Uretimi yapilan cevherin, éncelikle uygun bir tane
boyutuna getirilmesi gerekmektedir. Bu islemin amaci cevherin
bilesimindeki altinin serbest hale getirilmesi veya yiizey alaninin
arttirilmasidir. Bu amagla, numune hazirlama siireci sonrasinda
boyut kiiciiltme deneyleri gerceklestirilmistir. Bu deneyler, Sekil
5’te verilen akim semasina gore yapilmistir Akim semasinda
belirtilen her noktadan (1, 2, 3, 4, 5 ve 6) alinan iriinlerin elek
analizleri yapilmis ve her bir boyut kii¢tiltme isleminden sonraki
boyut dagilimlari belirlenmistir.

Sekil 5. Boyut kiictiltme islemlerinin akim semast

Burada, elek analizi yapilacak noktalarda 1) tiivenan cevheri,
2) konik kiric1 Girtiniini, 3) merdaneli kiric iiriiniing, 4) -0,5 mm
boyutuna 6giitiilmis cevheri, 5) -0,3 mm boyutuna 6gitilmiis
cevheri ve 6) -0,150 mm boyutuna 6giitiilmiis cevheri ifade etme-
ktedir.

Cevherin Kkarakterizasyon c¢alismalari ve boyut Kkigiiltme
calismalar1 yapildiktan sonra gravite etkisi ile zengin-
lestirme yapan Mozley masasi ve Knelson ayiricisi ile deneyler
gerceklestirilmistir. En son asamada ise cevherin siyaniir lici
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deneyleri gercgeklestirilmistir. Tiim gravite ile zenginlestirme
deneylerinde {i¢ farkli boyutta hazirlanan numuneler (-0,5 mm;
-0,3 mm ve -0,150 mm) kullanilmistir. Calismalarda ilk olarak Mo-
zley masasi ile zenginlestirme islemi yapilmistir.

Bu deneylerde, diiz ylizeyli Mozley masasi kullanilmis (Sekil
6) ve ikinci asamada ise santrifiij kuvveti ile ¢alisan Knelson
ayiricisiyla zenginlestirme deneyleri gerceklestirilmistir (Sekil 7).

Sekil 6. Deneysel calismalarda kullanilan Mozley masasi

Fiziksel zenginlestirme islemleri sonrasinda, tiivenan cevher-
in siyaniir li¢i calismalar1 gergeklestirilmistir. Bu ¢alismalar, 100
mikronun altinda 6giitilmiis orijinal numune ile gerceklestir-
ilmistir. Bu kapsamda, o6ncelikle sise doéndiirme (bottle roll)
testi yapilmistir. Bilindigi lizere bu test altinin siyaniir lici ile
kazaniminda, altin ¢éziinme verimi, asit tiiketimi ve reaktif mali-
yetleri gibi hususlarda fikir vermektedir. Ayrica, bu sonuglar, pilot
tesis ve ticari 6lgekli lic devresinden elde edebilecek sonuglarin
dogru bir gostergesi olabilmektedir. Sise dondirme testi, ince
ogiitilmiis cevherin, plastik bir sise icerisinde %30-50 piilpte kat
oraninda ayarlanarak uygun bir ¢dziicii ile ¢6ziindiiriilmesinden
ibarettir. Altin i¢in yapilan uygulamalarda genellikle pH 10,5 ci-
varinda tutulur. 1 g/L NaCN kullanilir ve islem 24 saat devam etti-
rilir. Belirli zaman araliklarinda sise durdurularak numune alinir.
Alinan numunelerin altin icerigi analiz edilerek ¢ézlinme kinetigi
tespit edilir (Dunne vd., 2019).

Gergeklestirilen sise dondiirme testi sonrasinda, cevher nu-
munesi lizerinde laboratuvar 6lgekli altin ¢6ziindiirme (li¢) den-
eyleri yapilmistir. Bu deneyler, yine tamami 100 mikronun altina
indirilmis numune ile 400 mL1ik beherlerde ve 400 d/dk karistir-
ma hizinda gergeklestirilmistir. 100 g altin cevheri ve 233 mL su
ilave edilerek istenen miktarlardaki li¢ reaktifleri (0,25; 0,5; 0,75;
1 ve 2 g/L NaCN) behere aktarilmistir. C6zeltinin pH degeri kon-
trol edilmis ve kireg ilavesi ile 10,5-11 arasina ayarlanmistir. 24
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saat li¢ siiresi sonunda ¢ozelti kati-sivi ayirimi icin filtre edilm-
is, kat1 ve ytkli ¢ozelti halinde iki {irtin elde edilmistir. Li¢ den-
eylerinden elde edilen yiiklii ¢ozeltideki Au analizleri induktif
olarak eslestirilmis plazma kiitle spektrometresi (ICP-MS, Perkin
ElmerELAN DRC-e 6000) cihaz1 ile gergeklestirilmistir. Bunun
yani sira, fiziksel zenginlestirme islemleri sonunda elde edilen
kat1 lirtinlerdeki altin icerikleri de altinin ¢6zeltiye alinmasi isle-
minden sonra yine ayni ICP-MS cihazi kullanilarak belirlenmistir.

Sekil 7. Deneysel calismalarda kullanilan Knelson ayiricisi

2. Deneysel ¢calismalarin sonuglari
2.1. Boyut kiiciiltme deneylerinin sonuglari

Kirma islemleri sonrasinda elde edilen iiriinlerin boyut
dagilimlarinin  belirlenmesi amaciyla kuru elek analizleri
yapilirken, yas 6glitme sonrasi elde edilen numunelerin elek anal-
izleri yas olarak yapilmistir. Kuru olarak gerceklestirilen boyut
kiiciiltme islemlerinde sonra yapilan elek analizi sonuglar1 Sekil
8’de verilmektedir.
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Sekil 8. Kirma islemleri sonrast tiriinlerin elek analizi sonuglari
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Yapilan elek analizleri sonuclarindan, tiivenan cevherin (No:1)
maksimum tane boyutunun 60 mm oldugu goriilmektedir. Bu
malzemenin %85’i 30 mm’nin altinda oldugundan, kalan %15’lik
+30 mm boyutlu kismi ¢eneli kiricidan gegirilmistir. Buradan elde
edilen tiriin ile orijinal cevherin -30 mm boyutu konik kiriciya
beslenen malzemeyi olusturmustur. Konik kiricida yapilan kirma
islemi sonrasi elde edilen iiriiniin (No:2) maksimum tane boyutu
9 mm iken, d,, boyutu 6 mm olarak elde edilmistir. Konik kiricidan
elde edilen bu iirtin son kademe kirma olarak merdaneli kiriciya
beslenmis ve kirma islemi sonrasi 3,8 mm maksimum tane boyu-
tuna sahip bir tiriin (d,,:2,8 mm) elde edilmistir.

Kuru olarak yapilan bu islemler sonrasinda elde edilen mer-
daneli kiricl iriiniinii 3 farkli boyuta (-0,5 mm; 0,3 mm ve 0,150
mm) indirmek i¢in bilyali degirmen ile yas 6giitme yapilmistir. Bi-
lyali degirmende piilpte kati orani %60, bilya sarji ise %45 olarak
ayarlanmistir. Malzemeyi 0,5 mm boyutu altina indirmek i¢in
10+10 dakika, 0,3 mm boyutu altina indirmek i¢in 15+20 daki-
ka ve son olarak 0,150 mm altina indirmek i¢in ise 20+25 dakika
o0giitme gerceklestirilmistir. Elde edilen iirlinlere yapilan elek an-
alizi sonuglari Sekil 9'da verilmektedir. Sekil 9°da, tamamu 0,5; 0,3
ve 0,150 mm boyutlarinin altina 6giitiilen cevherin 6glitme son-
ras1 d,, boyutlarima bakildiginda; sirasiyla 0,28 mm; 0,19 mm ve
0,09 mm oldugu goriilmektedir.
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Sekil 9. Ogiitme islemleri sonrast iiriinlerin elek analizi sonuglari

2.2. Gravite ile zenginlestirme deney sonuglart

Bu tiir cevher yataklarinda altinin 6zgiil agirhiginin yiiksek
olmasi nedeniyle, yercekimi etkisi ile zenginlestirme islemleri
kullanilarak daha diisiik 6zgiil agirhgina sahip diger mineralle-
rden ayirmak miimkiindiir. Mozley masasi ve Knelson ayiricisi bu
calismada kullanilan gravite ayiricilaridir.

2.2.1. Mozley masasi ile yapilan zenginlestirme deneylerinin sonuglari

Ug farkli boyuta hazirlanan numuneler (-0,5 mm; -0,3 mm

ve -0,150 mm) ile yapilan Mozley masasi zenginlestirme deney-
lerinde (Sekil 10), masanin egimi 2°, yikama suyu ise sirasiyla 2, 4
ve 6 L/dk olarak alinmistir. Gergeklestirilen zenginlestirme den-
eyleri sonrasinda elde edilen iirtinlerin altin analizleri yapilmis ve
elde edilen sonuglar Cizelge 2’'de verilmistir.
Cizelge 2’den goriildiigii lizere; li¢ farkh boyutta gerceklestirilen
zenginlestirme deneyleri sonucunda altin serbestlesme
boyutunun 0,150 mm’nin altinda oldugu goriilmektedir. Bu
boyutta yapilan gravite ayrimi ile toplam cevherin %76,3'4,
0,49 g/t Au tenérii ve %1,9 altin kaybu ile hafif {iriin olarak elde
edilmektedir. Bunun yani sira, d,, boyutlar1 daha iri olan (-0,5
mm ve -0,3 mm) boyutlarda elde edilen hafif iiriinlerin yiiksek
Au igerikleri (-0,3 mm i¢in 3,1 g/t; -0,5 mm icin 7,6 g/t) altinin
bu boyutlarda bagh taneler halinde bulunmasindan kaynaklan-
maktadir. Tamami -0,150 mm boyutu altina égiitiilmiis cevherin
zenginlestirilmesi sonucu 186,91 g/t Au igerigine sahip bir agir
iirtin %89,1 altin kazanma verimi ile elde edilebilmektedir.



Cizelge 2. Mozley masasit ile li¢ farkli boyutta yapilan zenginlestirme deney sonuglari

Boyut, mm Uriinler Miktar, % Au i(;erigi, g/t Au Kazanma Verimi, %
Agir Uriin 14,70 63,1 46,2
Ara Uriin 23,40 20,9 24,4
-0,500 mm Hafif Uriin-2 22,70 12,9 14,6
Hafif Uriin-1 39,20 7,6 14,8
BESLEME 100,00 20,07 100,0
Agir Uriin 11,4 112,4 64,9
Ara Uriin 16,5 16,9 14,1
-0,300 mm Hafif Uriin-2 28,1 9,9 14,1
Hafif Uriin-1 44 3,1 6,9
BESLEME 100 19,74 100,0
Agir Uriin 9,5 186,91 89,1
Ara Uriin 14,1 12,80 9,0
-0,150 mm Hafif Uriin-2 25,9 %76,3 0,78 049 g/t 1,0 %19
Hafif Uriin-1 50,4 0,34 0,9
BESLEME 100,0 19,95 100,0
Merdaneli Kinci
Cikisi
14
Oglutme
+
Eleme (0,250 mm) -

Sekil 10. Mozley masast ile farkli boyutlarda yapilan zenginlestirme
deney akim semasi

2.2.2. Knelson ayiricist ile yapilan zenginlestirme deneylerinin
sonuglari

Knelson ayiricisi ile gerceklestirilen zenginlestirme deneyleri,
tane serbestlesmesi nedeni ile daha iyi sonuglarin alindigi -0,150
mm boyutunda yapilmistir. Sekil 11’de verilen akim semasina
gore lic kademede gerceklestirilen deneylerde, 1. ayirma kademe-
sinde 1 L/d olan yikama suyu, ikinci kademede 2 L/d ve son ka-
demede ise 3 L/d olarak alinmistir. Cihazin sabit G kuvveti degeri
olan 60’da ¢alisilmistir. Zenginlestirme deneyleri sonunda elde
edilen tUriinlere altin analizleri yapilarak sonugclar1 Cizelge 3’te
verilmistir.
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* 0,150 mm
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Sekil 11. Knelson ayiricist ile yapilan zenginlestirme deney akim semasi

Cizelge 3. Knelson ayiricisi ile yapilan zenginlestirme deney sonuglart

Au Kazanma

Uriinler Miktar, %  Auigerigi, g/t Verimi, %
Agir Uriin 11,3 149,00 86,1
Aratiriin 7,0 24,65 8,8

Hafif Uriin-2 371 %81,8 2,20 1,22 g/t 4,2 %5,2
Hafif Uriin-1 44,7 0,42 1,0
BESLEME 100,0 19,57 100,0

0,150 mm boyutu altindaki cevherin Knelson ayiricisi ile
yapilan zenginlestirme deney sonugclari incelendiginde; cevherin
%44,7 miktar1 hafif bir tirtin olarak 0,42 g/t Au tenoéri ile elde
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edilebilmektedir. Ayrica, bu islemde 149 g/t iceriginde bir kon-
santre %86,1 verimle elde edilmistir.

Elde edilen hafif iiriinler birlestirildiginde, %81,8 miktarinda
bir hafif iirtin, 1,22 g/t Au igerigine ve %5,22 Au kaybina sahip
olmaktadir.

2.3. Kimyasal zenginlestirme (siyaniir lici)

Siyantir lici, cevherlerden altin elde etmek icin en yaygin
kullanilan kimyasal yontemlerden biridir. Altin kazanimi igin si-
yaniir liginin kullanimi cevherin mineralojik yapisina (stilftirli
veya oksitli olmasina) ve cevherin diger ozelliklerine baghdir.
Altin stlfiirik, hidroklorik veya nitrik asitlerde ¢dziinmez, ancak
nitrik ve hidroklorik asitlerin bir karisimi (aqua regia) icinde ve
seyreltik siyaniir ¢ozeltilerinde ¢6ziilebilir. Bu nedenle, siyaniir
hidrometalurjik proseste altin kazanimi amaciyla ¢6ziicii olarak
kullanilmaktadir.

Bu calisma kapsamindaki siyaniir li¢ci ¢galismalari, 100 mikro-
nun altina 6giitiilmis orijinal numune ile gercgeklestirilmistir. Bu
kapsamda oncelikle Cizelge 4’te verilen kosullarda sise dondiirme
testi yapilmistir.

Cizelge 4. Sise déndiirme testi kosullari

Tane boyutu -106 mikron
Piilpte kati oran1 %30

H Kireg ilavesi ile 10,5-11 degerleri arasinda
p tutulmustur.

Siseden numune

.. . 2,4,8,12,16, 20, 24, 48 saat
alma stireleri

100
o\ci 80
E
g 60 r
€
c
S 40 t
T
X
3
< 20 f
0 L L L L L ,
0 10 20 30 40 50 60
Siire, Saat
Numune Alma Siiresi 2 4 8 12 16 20 24 48
Au Kazanim Verimi, % 23,7 435 529 779 889 914 948 956

Sekil 12. Sise dondiirme test sonuglari

Gine Cumbhuriyeti altin cevherinin sise doéndiirme testi
sonuglarina gore (Sekil 12); cevherin siyaniirlenmesi ile altinin
%95,6'sm1n ¢ozeltiye alinabilecegi ortaya koyulmustur. Stire 24
saat oldugunda altin kazanma verimi %94,8 olmaktir.

Altin cevherinin siyanir licinde ¢dziinme Kkinetiginin ve
miimkiin olan en ytliksek Au ¢6ziinme veriminin belirlendigi sise
dondiirme testinin ardindan laboratuvar 6l¢ekli altin ¢éziindiirme
(li¢) deneyleri yapilmistir. Li¢ deneyleri 400 mL1ik beherlerde ve
400 d/dk karistirma hizinda gerceklestirilmistir. Behere 100 g
altin cevheri ve 233 mL su ilave edilerek, istenen miktarlarda li¢
reaktifleri (0,25; 0,5; 0,75; 1 ve 2 g/L NaCN) behere aktarilmistir.
Cozeltinin pH degeri kontrol edilmis ve kireg ilavesi ile 10,5-11
arasina ayarlanmistir. 24 saat li¢ siiresi sonunda ¢ozelti kati-sivi
ayirimi icin filtre edilmis, kati1 ve yiiklii ¢ézelti halinde iki {iriin
elde edilmistir. Yiklii ¢ozeltiden Au analizi ICP-MS ydntemi ile
yapilmis olup kati iiriin ii¢ kez yikanmis ve kurutularak altin an-
alizi icin hazirlanmistir. 24 saat boyunca gergeklestirilen ilk li¢
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deneylerinde farkli NaCN derisimlerinde altin kazanma verimler-
inin degisimi incelenmis ve ulasilan deney sonuglar1 Sekil 13’te
verilmistir.

100
X80
E
L 60
©
€
g 40
]
4
c
= 20
<
0.25g/L 0.5g/L 0.75 g/L 19/l 2g/L
m\Verim, % 29,8 51,6 72,1 91,9 94,9
NaCN Miktari, g/L

Sekil 13. Siyaniir derisiminin altin kazanimina etkisi

Sekil 13’ten de goriildiigii gibi; 1 g/L'den diisitk NaCN mik-
tarlarinda Au kazanma verimi yeterli seviyelerde olmayip, 1 g/L
NaCN ve 2 g/L NaCN miktarlarinda bu deger sirasiyla %91,90 ve
%94,90 olmaktadir. NaCN miktari iki katina ¢ikarilmasina ragmen
sadece %3’liikk verim artis1 nedeniyle 1 g/L NaCN derisimi dik-
kate alinarak farkl li¢ stirelerinde (4, 8, 16, 24, 48 saat) siyaniir
lici deneyleri gergeklestirilmistir. Gergeklestirilen bu deneylerin
sonuglari ise Sekil 14’te verilmistir.
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Sekil 14. Lig siiresinin altin kazanimindaki etkisi (1 g/L NaCN)

Farkli siirelerde gergeklestirilen li¢ deneyleri sonuglarindan
goriilldigi tizere; 24 saatlik li¢ islemi sonucunda %90 ¢déziinme
verimlerinin lizerinde Au kazanma verimlerinin elde edilebildigi
ve %2,5 verim artisi i¢in toplam 48 saat li¢ siiresine ihtiya¢ duyu-
lacag belirlenmistir. Bu yiizden 24 saatlik li¢ siiresinin optimum
¢ozilindlirme siiresi olarak alinmasi uygun olacaktir.

Sonuglar ve dneriler

Demir oksitler, silikatlar ve kil mineralleri iceren Gine Cum-
huriyeti altin cevheri 18,19 g/t Au icerigine sahiptir. Farkli
besleme boyutlarinda yapilan gravite zenginlestirme deneyleri
sonrasinda 0,150 mm’nin altinda yeterli tane serbestlesmesi
oldugu belirlenmistir. Mozley masasi ile 0,150 mm boyutu al-
tinda yapilan zenginlestirme deneyi sonucunda toplam cevher-
in ~%76’s1 Au igerigi 0,49 g/t ile hafif {irlin (artik) olarak elde
edilebilmektedir. Ote yandan 3. kademe sonunda 186,91 g/t Au
icerigine sahip bir agir {irtin (konsantre) %89,1 kazanma verimi
ile elde edilebilmektedir.

Knelson ayiricis1 kullanilarak yapilan deneylerde benzer
sonuglar elde edilmesine ragmen, iiriiniin Mozley masasi lize-
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rinde daha kolay kontrol edilmesi nedeniyle Mozley masasi daha
iyi performans vermistir. Buradaki zenginlestirme islemi sonunda
0,42 g/t Au igerigine sahip bir hafif iirlin ile 149 g/t Au igeren bir
konsantre %86,1 kazanma verimi ile elde edilebilmektedir.

Bu ¢alismalar sonucunda, cevherin dogasi geregi siyaniir ligi
proseslerinde ¢ok yiiksek oranda altin kazanma verimleri elde
edilmistir. 2 g/L NaCN derisiminde, 48 saatlik li¢ ile %93,70 Au ka-
zanma verimine ulasilabilirken, daha diisiik 1 g/L NaCN derisimi
ve daha diistik li¢ stiresi (24 saat) ile dahi altin kazanim verimi
%91,2 olmaktadir. Bu ¢alismada elde edilen sonuglar 15181nda, bu
tiir bir cevherin asagida acgiklanan 3 alternatif proses ile deger-
lendirilebilecegi sonucuna varilmistir.

Alternatif-1: Siyanir lici ile 18,19 g/t Au iceren cevherin
dogrudan zenginlestirilmesi yapilabilir (Sekil 15).

Sekil 15. Alternatif-1 altin iiretim proses akim semasi

Alternatif-2: On zenginlestirme isleminde gravite ayiricisi
olarak kullanilan Mozley masasindan elde edilen Au igerigi ytik-
sek konsantre dogrudan Acacia reaktoriine gonderilirken, toplam
beslenen cevherin %90,5'i olan 2,41 g/t {irlin i¢in siyaniirleme
islemi yapilabilir (Sekil 16).

Sekil 16. Alternatif-2 altin iiretim proses akim semasi

Alternatif-3: On zenginlestirme isleminde gravite ayiricisi
olarak kullanilan Mozley masasindan elde edilen Au igerigi ytik-
sek olan konsantreden, ayrica Gemini masasi kullanilarak birkag
kademe temizleme islemi ile serbest altin kazanilabilir. Temi-
zleme devresinde elde edilen ara iiriin ise yiiksek Au icerigi ile
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dogrudan Acacia reaktoriine gonderilirken, 1. gravite ayiricisin-
dan elde edilen artik siyaniirleme islemine tabi tutulabilecektir
(Sekil 17).

Sekil 17. Alternatif-3 altin iiretim proses akim semasi
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Bu ¢alismada, siilfiirlii bakir-molibden cevherinden (%0,458 Cu, %0,042 Mo) elde edilen toplu Cu-Mo konsantresinin (%12,02 Cu, %1,37 Mo) biyoflotasyon
yontemiyle zenginlestirme olanaklari aragtirilmistir. Piilp pH’s1, bakteri tiirii ve bakteriyel kivamlama stiresi degiskenlerinin toplu Cu-Mo konsantresinden
kalkopirit ve molibdenit konsantrelerinin kazanimi iizerine olan etkileri incelenmistir. Toplu konsantredeki kalkopiritin bastirilmasi amaciyla asidofilik
Acidithiobacillus ferrooxidans ve Acidithiobacillus thiooxidans tiirii bakteriler kullanilmistir. Diisiik pH’da (2-2,5) yapilan biyoflotasyon deneylerinde
secimliligin olmadig1 goriilmiistiir. Acidithiobacillus ferrooxidans ile pH 5-6 araliginda yapilan biyoflotasyon sonucunda, %3,2 Mo iceren %88,2 verimle
bir molibdenit konsantresi ve %15,65 Cu iceren %80,6 verimle bir kalkopirit konsantresi tiretilmistir. Acidithiobacillus ferrooxidans tiirii bakterinin,
Acidithiobacillus thiooxidans’a gore kalkopiriti daha etkin bir bicimde bastirdig belirlenmistir.

Anahtar Sézciikler: Asidofilik bakteriler, Bakir, Biyoflotasyon, Molibden

ABSTRACT

In this study, enrichment possibilities of bulk Cu-Mo concentrate (12.02% Cu, 1.37% Mo) obtained from copper-molybdenum sulfide ore (0.458% Cu,
0.042% Mo) by bioflotation method were investigated. The effects of pulp pH, bacteria type and bacterial conditioning time on the recovery of chalcopyrite
and molybdenite concentrates from the bulk Cu-Mo concentrate were investigated. For the depression of chalcopyrite from the bulk concentrate,
acidophilic Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans bacteria were used. It was observed that there was no selectivity in bioflotation
experiments at low pH (2-2.5). As a result of bioflotation with Acidithiobacillus ferrooxidans at pH 5-6, a molybdenite concentrate containing 3.2% Mo
with 88.2% recovery and a chalcopyrite concentrate containing 15.65% Cu with 80.6% recovery were produced. It was determined that Acidithiobacillus
ferrooxidans bacteria depressed chalcopyrite more effectively than Acidithiobacillus thiooxidans.

Keywords: Acidophilic bacteria, Copper, Bioflotation, Molybdenum.

Giris diinyadaki molibden rezervlerinin neredeyse yarisi porfiri bakir
yataklarindadir (Abdollahi vd., 2020; Bahrami vd., 2020). Bu tip
yataklarda MoS, tendrii %0,01-%0,07 (veya daha yiiksek) old-
ugunda, bakir konsantrelerinden yan iiriin olarak molibdenitin

Molibden, yiiksek sicaklik dayanimi ve kararliligi nedeniyle
yiiksek sicaklik alasimlarinda, elektrikli ve elektronik cihazlar-
da, termal sprey kaplamalarda, tibbi ekipmanlarda ve ayrica ha-

vacilik ve savunma sanayinde yaygin olarak kullanilmaktadir (Yi
vd., 2021). Celiklere alasim elementi olarak ilave edilen molibden,
celiklerin ¢ekme dayanimini ve akma sinirini yiikseltir, uzama ve
kesit daralmasini azaltic1 etki yapar. Ayrica, geliklerin sertlesme
kabiliyetini, toklugunu, asinma ve korozyon direncini arttirir
(Polyak, 2012). Uluslararast Molibden Birligi'nin verilerine
gore, molibden tiriinlerinin %80’den fazlas1 metalurjide ve yak-
lasik %13’t kimya endiistrisinde kullanilmaktadir (UMB, 2022).
Molibdenit (MoS,), molibden cevherinin baslica minerali olup

kazanimi ekonomik olmaktadir (Yuan vd., 2019).

Sulfirlii bir bakir-molibden cevherinin zenginlestirmesinde,
genellikle iki asamali flotasyon yontemi uygulanir. ik asamada
toplu flotasyon yapilarak kalkopirit-molibdenit mineralleri toplu-
ca kazanilir. ikinci asamada segimli flotasyon uygulanarak molib-
denit ve kalkopirit konsantreleri ayr1 ayr1 elde edilir (Bulatovic
vd., 1998; Bulatovic, 2007). Satilabilir molibdenit konsantresinin
en az %40 Mo icermesi gerekmektedir (MTA, 2022). Kalkopirit
konsantresinin ise %20 ve {lizerinde Cu icermesi gerekmektedir
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(Even, 2009). Cogu tesiste, kalkopirit, kalkozin gibi bakir stlfiirl-
er, sodyum hidrosiilfiir (NaHS), sodyum siyaniir (NaCN), sodyum
stlfir (Na,S), Nokes (P,S.+NaOH) reaktifi vb. gibi bir bastirici
kimyasal kullanilarak bastirilmakta ve molibdenit ylizdiriilerek
kazanilmaktadir (Park vd., 2020; Yi vd., 2021). Diinyada siilfiirli
Cu-Mo cevherinin zenginlestirildigi tesislerden birisi, iran’in giin-
eydogusunda Kerman sehrinde bulunan Sarcheshmeh Cu-Mo
flotasyon tesisidir. Ortalama %0,7 Cu ve %0,025 Mo tenorli cev-
herin beslendigi tesiste, yan {iriin olarak molibdenit konsantresi
tiretilmekte ve iki ayr1 asamada kazanilmaktadir. {lk olarak Cu-Mo
toplu konsantresi liretilmekte ve ikinci asamada ise bakir-molib-
den konsantrelerinin birbirlerinden ayrilmasi saglanmaktadir.
Molibdenitin birinci ve ikinci asamalarda kazanimi sirasiyla %65
ve %85-90’dir. Siilfiirlii bakir ve demir minerallerinin bastirilmasi
icin yliksek miktarlarda (17,7 kg/t, toplam reaktif maliyetinin
%58'1) Na,S kullanilmistir (Poorkani ve Banisi, 2005).

Bazi asidofilik bakteriler (6rnegin; Acidithiobacillus ferroo-
xidans, Acidithiobacillus thiooxidans vb.), siilfiirlii minerallerin
biyoliginde (6rnegin; Cu siilfiirler) ve refrakter altin cevherlerinin
biyooksidasyonunda uzun yillardir basariyla kullanilmaktadir
(Ciftci, 2003, 2008; Ciftci ve Akgil, 2009). Daha 6nce yapilmis olan
temel arastirma niteligindeki ¢alismalar, asidofilik bakterilerin
biyoflotasyon ve/veya biyoflokiilasyon amaciyla siilfiirlii miner-
allerin zenginlestirilmesinde de kullanilabilecegini gostermistir
(Dwyer vd., 2012). Ornegin, asidofilik bakterilerden At. ferroo-
xidans’in hiicre yiizey yapisi, bu bakterinin baz siilftirlii miner-
allere (pirit, kalkopirit vb. gibi) secimli olarak adsorblanmasini
saglamaktadir. At. ferrooxidans, ferros demiri (Fe*?) oksitleyebilir;
bu nedenle, Fe*? iceren mineralleri bir enerji kaynagi ve biiytime/
gelisim substrati olarak kullanir. Boylece, bakteri hiicrelerinin
se¢imli olarak bazi minerallerin yilizeyine adsorblanmasina/
yapismasina ve/veya ylizeyde bakteri-mineral etkilesimlerine
baglh olarak minerallerin hidrofilikliginde (susever 6zelliginde)
artis meydana gelebilmektedir (Nagaoka vd., 1999).

Nagaoka vd. (1999) tarafindan yapilan bir calismada, At. ferro-
oxidans tiirti bakteri kullanilarak safhaldeki bes stilfiirlii mineralin
(pirit, kalkozin, molibdenit, millerit ve galen) yiizdiirtlebilirlikleri
arastirllmistir. Kontrol (bakterisiz) deneylerinde, bu bes stlfiirli
mineralin yiizdirtlebilirlikleri %90-99 arasinda degismistir. At.
ferrooxidans kullanildiginda, pirit etkin sekilde bastirilmis ve
%?20’nin altinda pirit kazanimi elde edilmistir. Buna karsilik, At.
ferrooxidans’'in diger minerallerin flotasyonuna olumsuz etkisi
daha az olmustur. Diger mineraller (kalkozin, molibdenit, millerit
ve galen), %81-98 araliginda kazanilmistir. Bu nedenle, At. fer-
rooxidans’in piriti se¢imli olarak bastirdig1 sonucuna varilmistir.
Piritin bastirilmasinin nedeni, diger minerallere gore pirit min-
erali ylizeyine daha fazla sayida bakterinin adsorblanmasindan/
yapismasindan dolay1 oldugu belirtilmistir. Pirit ve kalkopiritin
flotasyonunda potasyum izopropil ksantat (PIPX) tiirii toplayici
ilave edilmeden 6nce s6z konusu mineraller At. ferrooxidans ile
kivamlandirildiginda, pirit 6nemli oranda (>%70) bastirilirken
kalkopiritin biiytik bir kismi (>%80) ytizdirilerek alinmistir.
Bakterinin kalkopirit mineralini bastirma etkisinin pirite kiyasla
daha az oldugu goriilmistiir (Chandraprabha vd., 2005). Saf pirit
ve kalkopirit minerallerinin Leptospirillum ferrooxidans bakter-
isi ile biyoflotasyonunda, kalkopirit mineralinin yiizeyinde daha
fazla bakterinin adsorblandigi ve kalkopiritin pirite gore daha et-
kin bir sekilde bastirildig1 gézlenmistir (Vilinska, 2007).

Silfiirld minerallerin biyoflotasyonu konusunda giliniimiize
kadar olan ¢alismalar, genelde saf minerallerle ve mikro-flotasyon
capinda yapilmisti. Bu konuda mikroorganizmalarin saf miner-
aller lizerindeki (FeS,, FeS, CuFeS,, PbS vb.) etkileri gézlemlenmis
olup cevher bazinda yapilan ¢alismalar oldukga sinirlidir. Stlfiirli
mineral(ler)i iceren cevherler ile yapilan sinirli sayidaki biyo-
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flotasyon c¢alismalarinda, bu silirecin metalurjik performansina
yonelik yeterli veri bulunmamaktadir. Ayrica, literatiirde siilfiirli
Cu-Mo cevherinin/konsantresinin biyoflotasyonu iizerine her-
hangi bir ¢alisma da bulunmamaktadir. Siilfiirli minerallerin
biyoflotasyonu konusunda daha 6nce yapilmis temel arastirma
niteligindeki (saf minerallerin kullanilmasi, mikro-flotasyon vb.
gibi) calismalardan farkli olarak bu ¢alismada, daha biiytik 6l¢ekte
(hacimde) deneyler uygulanarak asidofilik bakterilerin konsantre
iizerindeki etkileri arastirilmis ve biyoflotasyon stirecinin metal-
urjik performansina yonelik veriler elde edilmistir. Bu kapsamda,
At. ferrooxidans ve At. thiooxidans tiirli bakterilerin stilfiirli Cu-
Mo konsantresinin secimli flotasyonuna etkileri arastirilmistir.

1. Malzeme ve yontem

Tepeoba-Havran (Balikesir) bolgesinden alinan siilfiirli
bakir-molibden cevheri, %100’ 1,7 mm’nin altinda olacak sekil-
de ¢eneli kiricida kirllmis ve sonrasinda ¢ubuklu degirmende
kontrollii bir sekilde %100’G 106 um'nin altina 6gitilmiistiir.
Ogitiilmiis cevherin d,, ve d., boyutlarl, sirasiyla 0,05 mm ve
0,025 mm’dir. Kontrolli 6giitme yapilmasina karsin, cevherde
¢ok ince boyutlu (-0,02 mm) tanelerin miktar1 oldukea yiiksektir
(~%46).

Cevher numunesinin kimyasal analizi Rigaku marka ZSX
Primus 2 model X-1s1nlar1 Floresans Spektrometre (XRF) cihazi
ve Perkin Elmer marka Optima 5300DV model Indiiktif Olarak
Eslesmis Plazma-Optik Emisyon Spektrometresi (ICP-OES) ci-
haz1 ile gerceklestirilmistir (Cizelge 1). Cevher numunesinin
X-151nlar1 Kirinimi (XRD) analizi, Bruker marka D8 Advance Twin-
Twin model XRD cihazi ile Cu K-a radyasyonunda (A=0,154 nm)
gerceklestirilmistir. XRD analizinde, cevher i¢inde siilfiir minerali
olarak sadece kalkopirit gézlenmistir (Sekil 1). Ayrica cevherin
kuvars, muskovit, biyotit, kalsit, dolomit, albit, kaolinit ve hematit
icerdigi belirlenmistir.

Cizelge 1. Bakir-molibden cevherinin kimyasal bilesimi

Bilesen % Bilesen % Bilesen %
Sio, 55,74 CuO 0,56 NiO 0,01
ALO, 1864  MnO 0,12 Y,0, 0,01
Ca0 5,60 P,0, 0,12 Zn0O 0,01
K,0 454 MoO, 0,06 Mo 0,042
Fe,0, 295 Cr,0, 004 Cu 0,458
Na,0 2,11 Rb,0 0,03 Fe 2,06
MgO 1,77 SrO 0,03 S 0,608
SO, 1,52 Cl 0,03 Kizdirma kayb1 5,38
TiO, 0,65  Zr0, 0,03
1600
d a - Muskovit (KAL,(Si,Al),0,0(0H),)
b - Kaolinit (A1,Si,05(0H),)
1400 ¢ - Albit (NaAlSi,0)
d - Kuvars (Si0,)
e - Kalsit (CaCO;)
1200 f - Biyotit (K(Mg,Fe),(AlSi;0,,)(F,0H),)
g - Dolomit (CaMg(CO5),)
h - Hematit (Fe,05)
1000 i- Kalkopirit (CuFeS,)
% 800 e
600
400 a
200 b
0
10 20 30 40 50 60 70
20

Sekil 1. Bakir-molibden cevherinin XRD deseni



H. Ciftci ve S. Avcl / Bilimsel Madencilik Dergisi, 2023, 62(1), 47-53

Kimyasal analiz sonuglarindan, cevherin silfiirlii mineraller
olarak %1,32 oraninda kalkopirit (CuFeS,), %0,07 oraninda
molibdenit (MoS,) ve en fazla %0,22 oraninda da pirit (FeS,) min-
eralini icerebilecegi hesaplanmistir. Diger taraftan, cevherdeki
demirin biiyiik oranda oksitli/silikatli mineraller olan hematit
ile biyotitten kaynaklandig1 XRD analiz sonuglarindan goriilmek-
tedir. Ayni cevher yatag ile ilgili yapilan jeolojik/mineralojik bir
calismada, cevherin oksitli demir minerallerini (hematit, manye-
tit, ilmenit vb.) icerdigi belirtilmistir (Akay, 2013). Cevherin pirit
mineralini neredeyse icermemesi ve demirin oksitli mineraller
olarak bulunmasi nedeniyle biyoflotasyon deneylerinde demir
analizleri yapilmamistir.

Biyoflotasyon  deneylerinde  asidofilik  bakterilerden
Fe/S-oksitleyici Acidithiobacillus ferrooxidans ve S-oksitleyici
Acidithiobacillus thiooxidans kullanilmistir. Bakteriler, DSMZ (Al-
manya)’den saf kiiltiir olarak temin edilmistir. Bakteri kiiltiirleri,
0,4 g/L (NH,),SO,, 0,4 g/L. MgS0,-7H,0, 0,2 g/L KH,PO, ve 0,1 g/L
KCl iceren besiyerinde gelistirilmislerdir. Bakterilerin gelisiminde
enerji kaynag olarak At. ferrooxidans i¢in ferros demir (Fe*?) ve
At. thiooxidans i¢in elementel kiikiirt (S) besiyeri ortamina ilave
edilmistir.

Cevhere ilk olarak toplu flotasyon uygulanmis ve bu asamada
belirlenen optimum sartlarda yeterli sayida toplu flotasyon den-
eyleri yapilarak tretilen toplu Cu-Mo konsantresi (%12,02 Cu,
%1,37 Mo) lizerinde biyoflotasyon deneyleri gerceklestirilmistir.
Toplu flotasyon uygulanmasinin nedeni; cevherde yaklasik %98
miktarinda gang minerallerinin bulunmasi, kullanilacak kimyasal
(bastirici, dagitic1 vb. gibi) tiikketimini artirmaktadir. Ogiitiilen
cevherin de biiyiik bir kisminin (~%46) -20 um boyunda olmasi
nedeniyle slam kaplama, mekanik tasima vb. gibi flotasyon stireci-
ni olumsuz yénde etkileyen durumlar s6z konusu olabilmektedir.
Bu nedenle, toplu flotasyonda bu tiir gang minerallerinin sistem-
den uzaklastirilmasi ile secimli flotasyonda flotasyon verimi
artirllmaktadir.

Kalkopirit ve molibdenitin etkin bir sekilde ayrilmasi i¢gin
uygulanacak biyoflotasyon deneylerinde incelenen degiskenler
ve degerleri Cizelge 2’de sunulmustur. Biyoflotasyon calisma-
larinda; pilp pH’sy, bakteri tiirii ve bakteriyel kivamlama siiresi-
ni iceren degiskenlerin secimli sekilde molibdenit ve kalkopirit
konsantrelerinin kazanimina etkisini belirlemek icin deneyler
gerceklestirilmistir. Bu asamadaki deneysel ¢alismalarda; toplu
konsantre 130 d/dk’ya ve 30 °C sicakliga ayarlanmis ¢alkalamali
inkiibatorde farkli pH ortamlarinda (2 ve 5) bakteriler ile farkli
stirelerde (0,5-168 saat) kivamlandirildiktan sonra konsantreye
flotasyon islemi uygulanmistir. Deneylerde pH diizenleyici olarak
H,SO, ve NaOH, dagitici olarak Na,SiO,, kopiirtiicii olarak MIBC
kullanilmigtir (Cizelge 2). Biyoflotasyon deneyleri 150 mL hacimli
hiicrelerde yapilmistir. Deney diizenegi Sekil 2’de gosterilmistir.
Bu deneylerde karistirma islemi i¢cin manyetik karistirici kul-
lanilmistir.

Flotasyon Hiicresi

f—» Akis Olger

/v Kompresor

Kabarcik Ureteci
(Esnek Akvaryum Tas1)

Manyetik Balik +— ____ Sem——

Manyetik Karigtiricr <

$kil 2. Biyoflotasyon deneylerinin yapildig deney diizeneg

Sekil 2. Biyoflotasyon deneylerinin yapildigi deney diizenegi
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Cizelge 2. Biyoflotasyon deney kosullari

Degisken Degeri
Kati orani %10
pH diizenleyici NaOH
pH aralig (flotasyon igin) 5-10
pH kivamlama stiresi 10 dk
Dagitici cinsi Na,Sio,
Dagitici miktari 1000 g/t
Dagitic1 kivamlama siiresi 5dk

At. ferrooxidans, At. thiooxidans
1,2:10°-3,8:10° bakteri/mL

Bakteri cinsi
Bakteri sayis1
Bakteriyel kivamlama

. 0,5-168 saat
siiresi
Koptrtiici cinsi MIBC
Kopiirtiicli miktar: 100 g/t
Kopiik alma stiresi 1dk
Karistirma hizi 1000 d/dk
Hava akis hizi 2 L/dk

Her bir biyoflotasyon deneyinden elde edilen tiriinler kurutu-
lup tartilmis ve sonrasinda kimyasal analizi yapilmistir. Kurutulan
iiriinlerden temsili olarak alinan drnek numunelere ¢éziindiirme
islemi uygulandiktan sonra Mo ve Cu analizleri Perkin Elmer mar-
ka Optima 5300DV model ICP-OES cihazi ile gergeklestirilmistir.

2. Bulgular ve Tartisma

Asidofilik bakteriler optimum olarak pH 2-3 araliginda
gelismekte olup, pH 1-6 araliginda faaliyetlerini siirdiirebilmek-
tedirler (Silverman ve Lundgren, 1959; Kelly ve Harrison, 1989).
Bu bakimdan, biyoflotasyon deneylerinde ilk olarak bakterilerin
genel olarak en iyi gelisim gosterdigi pH 2-2,5 araliginda toplu
konsantreye, bakteriler ile farkli stirelerde (3-168 saat) kivam-
lama islemleri tamamlandiktan sonra pH 10’da (pH diizenleyi-
ci olarak NaOH ile) flotasyon yapilmistir. Kivamlama islemi, ilk
olarak bakterilerin gelisimleri agisindan ihtiya¢ duyabilecegi ele-
mentleri iceren besiyeri (0,4 g/L (NH,),SO,, 0,4 g/L MgSO,-7H,0,
0,2 g/L KH,PO,, 0,1 g/L KCl) ortaminda yapilmisti. pH 2-2,5
arasinda bakteriyel kivamlama sonrasi yapilan flotasyondan elde
edilen sonuglar Sekil 3 ve 4’te sunulmustur.

Besiyeri ortaminda pH 2-2,5 araliginda farkl siirelerde bak-
teriyel kivamlama sonrasi flotasyon deneylerinden elde edilen
tiriinlerde molibdenit mineralinin kalkopirit mineraline benzer
dagilim gostermesinden sec¢imliligin olmadigi goriilmektedir
(Sekil 3 ve 4). Bakteriler ile yapilan deneylerde molibdenit kon-
santresinde Cu veriminin %20,1-44,7 araliginda olmasinin yani
sira Mo veriminin de diisiik oldugu (%18,7-48,5) belirlenmistir.
Ayni sartlarda yapilan bakteri icermeyen kontrol deneylerinde ise
molibdenit konsantresinde Mo verimi %37,1-64,8 ve Cu verimi
%32,5-53,7 arasinda degismektedir.

At. thiooxidans ile yapilan biyoflotasyon deneylerinde 168
saat kivamlama siiresinde kalkopirit konsantresinde Cu verimi-
nin %79,9 gibi yliksek degere ulasmasina karsin, Mo veriminin de
oldukea yiiksek (%81,3) olmasi, kalkopiritle birlikte molibdenitin
de etkin bir sekilde bastirildigini ve se¢imliligin olmadigini gos-
termektedir (Sekil 4). Kontrol (bakterisiz) deneylerinde kivam-
lama siiresi artisiyla molibdenit konsantresinde hem Mo hem de
Cu verimlerinde belirgin bir azalma meydana gelmistir (Sekil 3).
Ornegin, kontrol deneylerinde kivamlama siiresi 3 saatten 120
saate yiikseltildiginde molibdenit konsantresinde Mo verimi
%064,8'den %37,1’e azalmistir. Bu nedenle, molibdenit minerali-
nin hidrofobikligindeki azalmanin bakterilerin etkisiyle olmadigy,
besiyerinde kullanilan kimyasallarin ve/veya asidik ortamda
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¢Ozlinmiis iyonlarin etkisiyle olabilecegi degerlendirilmistir.
Besiyeri bilesenleri kullanilmadan yapilan biyoflotasyon den-
eylerinden elde edilen sonuglar, besiyeri ortamindakine benzer
sekilde kalkopirit ve molibdenit flotasyonun diisiik se¢imlilikle
gerceklestigini gostermistir.

Biyoflotasyon deneylerinde 3 saat ve daha uzun siire uygula-
nan bakteriyel kivamlama siirelerinin se¢imlilige olumlu yénde
belirgin etkisi olmadigindan daha az kivamlama siirelerinde (30
dk ve 120 dk) biyoflotasyon deneyleri uygulanmistir (Sekil 5 ve
6). Literatiirde, bakteriyel kivamlama siiresi olarak 2 dk (Nagaoka
vd., 1999), 15 dk (Hosseini vd., 2005) gibi ¢ok daha az siirelerin
uygulandig1 biyoflotasyon ¢alismalar1 da bulunmaktadir. At. fer-
rooxidans’in pirit mineraline diger silfiirlii minerallerden daha
hizli adsorblandig ve pirit yiizeyine adsorblanmasinin 10-15 dk
arasinda denge durumuna ulastig1 belirtilmistir (Das vd., 1999;
Sharma vd., 1999; Natarajan ve Das, 2003; Chandraprabha vd.,
2004a). Ayrica, At. ferrooxidans’in kalkopirit ve arsenopirit min-
erallerine gore pirite daha fazla sayida adsorblandig1 bildirilm-
istir (Chandraprabha vd., 2004a,b; Chandraprabha vd., 2005).
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Sekil 3. Bakteriler ile kivamlama (pH 2-2,5) sonrasi yapilan
flotasyonda molibdenit konsantresinin tenér-verim degisimi
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Sekil 4. Bakteriler ile kivamlama (pH 2-2,5) sonrasi yapilan
flotasyonda kalkopirit konsantresinin tenér-verim degisimi
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Sekil 5. 30 dk ve 120 dk bakteriyel kivamlama (pH 2-2,5) stirelerini iceren
biyoflotasyonda molibdenit konsantresinin tenér-verim degisimi
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Sekil 5 ve 6’dan goriilebilecegi gibi, kivamlama siiresinin 30
dakikadan 120 dakikaya artirilmasinin kalkopiritin bastirilmasini
olumlu yonde etkiledigi, bu siire artisiyla ayrica molibdenitin hi-
drofobikliginde de azalmanin oldugu belirlenmistir. Ancak, 3 saat
ve daha fazla siirenin uygulandig1 bakteriyel kivamlama deney-
lerinde ise molibdenitin hidrofobikliginin daha yliksek oldugu,
molibdenit konsantresindeki Mo verimlerinden de goriilmektedir
(Sekil 3 ve 4).

Bu kapsamda, benzer sartlarda klasik secimli flotasyon deney-
leri gerceklestirilmistir. Toplu konsantreye pH 2-2,5 araliginda 10
dk kivamlama islemi uygulandiktan sonra bastirici olarak Na,0.S,
ve NaCN kullanilarak pH 10’da yapilan se¢imli flotasyon deney-
lerinde de molibdenitin hidrofobikliginin 6nemli oranda azaldig1
belirlenmistir. Ornegin, ayni bastiricilar kullanilarak pH 10’da
kivamlamanin yapildig1 deneylerde molibdenit konsantresindeki
Mo verimi %80’lerin iizerinde elde edilirken, pH 2-2,5 araliginda
ise Mo verimi yaklasik %35'lere diismiistiir (Cizelge 2).
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Sekil 6. 30 dk ve 120 dk bakteriyel kivamlama (pH 2-2,5) stirelerini iceren
biyoflotasyonda kalkopirit konsantresinin tenér-verim degisimi

Cizelge 3. pH 2-2,5 araliginda kivamlama sonrasi pH 10°da farkli bastiricilar
ile yapilan secimli flotasyon sonuglari

Bastirict - . Agirhik  Tendr (%) Verim (%)
cinsi Urtinler (%) Cu Mo Cu Mo
Konsantre 17,16 19,58 298 279 373

Na,0.S, Artik 82,84 1047 1,04 721 627
Besleme 100 12,04 1,37 100 100

Konsantre 14,76 14,62 3,18 18,0 34,8

NaCN Artik 8524 11,56 1,03 820 652
Besleme 100 12,02 1,35 100 100
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Literatiirde, piilp ortaminda bulunmasi muhtemel Ca*?, Mg*?,
Na*, Cu*?vb. gibi cesitli katyonlarin molibdenit kazaniminda 6nem-
li bir etkisi oldugu belirtilmistir (Jeldres vd., 2016; Castro, 2018;
Lin vd., 2020). Ozellikle Ca*2 ve Mg*? iyonlarinin pH 8’in {izerinde
molibdenit flotasyonunda olumsuz bir etkiye sahip oldugu bildi-
rilmistir. Ornegin, pH 11’de piilpe 102 M MgCl, ilave edildiginde
molibdenit kazanimi %30 azalmistir (Hirajima vd., 2016). Molib-
denit ylizeyine adsorbe olan Ca(OH)*, Mg(OH)*, Mg(OH), gibi hi-
droksitler ve ¢okeltiler, alkali ortamda molibdenit kazaniminda
onemli oranda bir azalmaya yol acarak molibdenit mineralini hi-
drofilik hale getirebilmektedir (Lu vd., 2019). Molibdenit miner-
ali ile Ca*? ve Mg*? iyonlar1 arasindaki etkilesim mekanizmasinin
incelendigi bir ¢alismada, asidik ortamda molibdenit kenar
ylzeyinin (edge surface) oksidasyonu ile HMoO, olustugu orta-
ya konmustur (Li vd., 2018; Lu vd., 2019). Ca*? ve Mg*? katyon-
larinin bu kenar yiizeyine adsorbe olmasiyla molibdenitin negatif
ylizey potansiyelini azaltmasinin veya tersine ¢cevirmesinin miim-
kiin oldugu belirtilmistir. Bu nedenle, asidik ortamda molibdenit
ylizeyi ile hava kabarcig1 arasindaki itme kuvveti azalarak molib-
denit kazaniminin artabilecegi vurgulanmistir (Yi vd., 2021).

Alkali ortamda Ca(OH)* ve Mg(OH)* gibi metal hidroksit
katyonlar1 molibdenit yiizeyine adsorplanabilir. Alkali ortamda
Ca(OH)* ve Mg(OH)*'nin molibdenit yilizeyine adsorpsiyonu, fizik-
sel etkilesimin yani sira Ca*? ve Mg*2 iyonlarinin molibdenit kenar
ylizeyinde MoO, ile kimyasal etkilesimi ile gerceklesebilir (Las-
kowski vd., 2019; Lu vd., 2019). Ortam pH’sinin artisiyla molib-
denit minerali yiizeyine adsorplanan metal hidroksit katyon-
larinin miktarinin arttif1 ve yiiksek pH degerlerinde molibdenit
yuzeyinde Mg(OH), ve CaCO, ¢okeltilerin bulundugu ortaya kon-
mustur (Wan vd., 2017; Lu vd., 2019).

Yapilan kimyasal ve mineralojik analizlerde (Cizelge 1 ve Sekil
2) cevher igerisinde kalsit ve dolomit minerallerinin oldugu belir-
lenmistir. Biyoflotasyon deneylerinde yiiksek asidik (pH 2-2,5) or-
tamda kalsit ve dolomit minerallerinden agiga ¢ikan Ca*? ve Mg*2
iyonlarinin alkali ortamda (pH 10) olusturabilecekleri Ca(OH)*,
Mg(OH)* gibi kompleks iyonlarin molibdenit yiizeyine adsor-
blanmalariyla ve/veya molibdenit ylizeyine Mg(OH),, Ca(OH),
bilesiklerinin ¢okelmesiyle molibdeniti hidrofilik hale getire-
rek molibdenit kazanimin1 6nemli bir oranda azaltabilecekleri
distnilmistiir. Bu nedenle, Ca*? ile Mg*? katyonlar1 ve Ca(OH)*
ile Mg(OH)* iyonlarinin olusmasini azaltmak/engellemek amaciy-
la sonraki biyoflotasyon deneyleri, bakterilerin faaliyetlerini de
olumsuz etkilemeyecek sekilde hafif asidik (pH 5-6) ortamda
yapilmistir (Sekil 7 ve 8).

Pilp ortaminda ayrica, bakir minerallerinin ¢dziinmesiyle
Cu*? ve Fe*® katyonlari1 da bulunabilmektedir. Yang vd. (2019),
pH 4,2’de piilpte Cu*? iyonu derisimi 50 mg/Lye artirildiginda
molibdenit kazaniminin %42’den %12’nin altina diistiigiini be-
lirtmislerdir. Ayrica, Cu*?nin bastirma etkisinin pH 2-5 araligina
gore pH 5-8,4 araliginda daha fazla oldugu bildirilmistir (Yang vd.,
2019). Asidik ortamda Cu*? iyonunun ve alkali ortamda olusan
Cu(OH), bilesiginin molibdenitin bastirilmasina neden olabildigi
belirtilmistir (Yi vd., 2021). Bu bakimdan, uzun bakteriyel kivam-
lama stirelerinde kalkopiritin oksidasyonu sonucunda piilpte Cu*?
iyonlarinin bulunmasi ve derisiminin artmasi muhtemeldir. Bu da
yukarida ag¢iklandigi izere molibdenitin hidrofobikligini azaltmis
olabilir. Bu nedenle, sonraki biyoflotasyon deneyleri daha kisa ki-
vamlama stiresinde (30 dk) gerceklestirilmistir. Bu deneylerden
elde edilen sonuglar Sekil 7 ve 8’de sunulmustur.

Bakteriyel kivamlama siiresi olarak 30 dakikanin uygulandigi
pH 5-6 araliginda yapilan biyooksidasyon deneylerinde molib-
denit konsantresinde %88’in iizerinde Mo verimi elde edilirken,
Cu verimi ise %19,5-28,4 arasinda degismektedir (Sekil 7).
Fe-oksitleyici At. ferrooxidans ile yapilan deneyde kontrol amaglh



H. Ciftci and S. Avcl / Scientific Mining Journal, 2023, 62(1), 47-53

(bakterisiz) deneylere gére Mo verimlerinde yaklasik %3 azalma
olmasina ragmen, Cu veriminde belirgin bir azalmanin (~%14)
oldugu goriilmektedir. S-oksitleyici At. thiooxidans ile yapilan
deney sonuglarindan, bu bakterinin kalkopirit mineralini bastir-
ma performansinin diisiik oldugu gériilmektedir (Sekil 7 ve 8). At.
ferrooxidans kullanilarak pH 5-6 araliginda yapilan biyoflotasyon
deneyi sonuglarindan, kontrol deneyine gére molibdenit konsant-
resinin Mo igerigi daha diisiik (%3,71'den %3,2’ye) olsa da Cu
iceriginin de 6nemli oranda azalmis (%11,97’den %6,18’e) old-
ugu goriilmektedir.
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Sekil 7. Bakteriler ile pH 5-6 araliginda 30 dk kivamlama sonrasi
flotasyonda molibdenit konsantresinin tenér-verim degisimi
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Sekil 8. Bakteriler ile pH 5-6 araliginda 30 dk kivamlama sonrasi
flotasyonda kalkopirit konsantresinin tenér-verim degisimi

3. Sonuglar

Bu c¢alismada, siilfiirlii bakir-molibden cevherinden elde
edilen toplu Cu-Mo konsantresi tizerinde biyoflotasyon deneyleri
yapilmistir. Deneylerde At. ferrooxidans ve At. thiooxidans tiirt
bakteriler kullanilmistir. Piilp pH’s1, bakteri tiirii ve kivamlama
stiresinin toplu Cu-Mo konsantresinin biyoflotasyonuna etkileri
arastirilmistir. pH 2-2,5'te yapilan biyoflotasyon deneylerinden
elde edilen sonuclar, molibdenit minerali ile kalkopirit minerali-
nin benzer bir dagilima sahip oldugunu géstermistir. Benzer sart-
larda bastiricr olarak Na,0.S, ve NaCN ile yapilan klasik se¢imli
flotasyon deneylerinde de molibdenitin hidrofobikliginin dnemli
oranda azaldig1 belirlenmistir. Diisiik pH’da (2-2,5) molibdenit
mineralinin hidrofobikligindeki azalmanin asidik ortamda ¢6ziin-
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miis iyonlarin (Ca*?, Mg*? vb. gibi) etkisiyle olabilecegi degerlendi-
rilmistir. Daha yliksek pH’larda (5-6) yapilan biyoflotasyonda ise
se¢imli olarak molibdenit ve kalkopirit minerallerinin kazanilabi-
lecegi belirlenmistir. At. ferrooxidans kullanilarak yapilan biyo-
flotasyon deneyleri sonucunda, %3,2 Mo tenorlii %88,2 verimle
bir molibdenit konsantresi ve %15,65 Cu tenorli %80,6 verimle
bir kalkopirit konsantresi iiretilmistir.
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