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ABSTRACT

Turkey is located on the Alpine-Himalayan orogenic belt, which has led to significant development in both surface and underground mining indust-
ries. Due to the growing mining sector, there has been an increase in raw material production and workforce, making occupational health and safety
increasingly important. This study identifies 59 hazards and risks associated with 26 activity areas in the marble quarry operating areas on Marmara
Island, the second largest island of Turkey in Balikesir province. The geological structure of the area and the activities carried out in the quarry were
taken into consideration. The hazards and risks were assessed using three quantitative risk methods: 5x5 L-type Matrix, Fine-Kinney, and Potential
Failure Modes and Effects Analysis (FMEA). The 5x5 L-type Matrix identified 24 activity areas as high risk and two as medium risk. The Fine-Kinney
method identified 16 areas as very high risk, 8 as high risk, and 2 in the important risk group. The FMEA method recommended 13 precautions based
on RPN values. Among the identified risks, 11 require precautions while 2 do not. The Fine-Kinney method is considered suitable for marble quarry
operations as it provides a detailed, comprehensive, and sensitive analysis of hazards and risks specific to environmental conditions, work areas, and

employees, resulting in safer outcomes.

Keywords: Marmara Island, Marble Quarry, 5x5 L Type Matrix, Fine-Kinney, FMEA.

Introduction

Marble is a rock composed of carbonate, resulting from the
metamorphism of limestone and dolomite, and bearing traces of
this process. Commercially, according to the Mining Law, it is de-
fined as a stone of sedimentary, magmatic, and metamorphic or-
igin that can yield blocks in sizes in accordance with commercial
standards, is cut and polished, and is suitable for use as a covering
stone (DPT, 2001). Marble quarrying in our country is carried out
using the surface mining method. This sector is economically im-
portant for the extraction and production of raw materials, but it
is also one of the most hazardous in terms of occupational health
and safety. The process of cleaning and stripping the ground cover
in marble quarry operations involves drilling holes on the surface,
dividing the surface into blocks with a cutting machine, demol-
ishing the cut blocks, sizing the demolished blocks into small
pieces with wire cutting machines, transporting them within the
quarry, storing them in the stock area, and finally shipping them
(Angotzi et al.,, 2005). Depending on the work areas and activities
undertaken, there may be many potential dangers and high risks
present. As the number of mines and enterprises increases, so do
work-related accidents and occupational diseases. Therefore, it is

essential to conduct a risk assessment to reduce hazards and risks
to acceptable levels.

In recent years, researchers have evaluated occupational he-
alth and safety in marble quarries andenterprises. Konuk et al.
(2009), identified hazards and risks in 15 marble quarries in Bi-
lecik province using the Check-list method for risk analysis. Agca
(2010), conducted a risk analysis evaluation with the L-Type Mat-
rix method in a private marble factory in Diyarbakir province. El
Gammal et al. (2011), evaluated the health risks associated with
marble. Eleren and Ersoy (2011), used the Failure Mode and Ef-
fects Analysis method to assess the risks of chain arm cutter and
diamond wire cutting methods in natural quarry enterprises. de
Melo Neto et al. (2012), conducted a Preliminary Risk Analysis in
the Recife Metropolitan Region (RMR) of Brazil. They found that
a quantitative study was necessary to determine the risks in the
marble quarry. Goztepe et al. (2013), conducted a study on risk
assessment and occupational health and safety nonconforman-
ce monitoring systems in marble production using a 3T method.
The authors suggest that this method is easy to apply for those
who are knowledgeable in the field and can help raise awareness.
Ozgelik (2013), conducted a risk analysis in a marble quarry using
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the Fine-Kinney methodology and proposed preventive measures.
Cinar and Sens6giit (2016), calculated risk scores for identified
hazards in marble enterprises. The calculated risk scores helped
to identify risky enterprises and sources of risk. Additionally,
measures to eliminate high-risk sources or minimize risks were
determined. Mikaeil et al. (2017), conducted a safety risk analysis
using the FMEA method in Badeki marble quarries. The study
identified wire saw tearing and rockfall as the primary safety
concerns. The authors suggested that implementing preventive
measures and making necessary changes can significantly reduce
the initial risk in these mines, ensuring the safety of both personnel
and equipment. Yilmaz (2018) conducted a survey on the ‘Evalua-
tion of Marble Production and Processing in Terms of Occupational
Safety’ among randomly selected employees from marble compa-
nies and quarries in the Bursa region. The survey aimed to mea-
sure workers’ awareness of the risks in their work environment.
Sarikaya and Kasap (2019) identified existing hazards in a marble
enterprise using the Failure Mode and Effects Analysis method
and interpreted these hazards. Giir and Sezik (2020) conducted
a focus group discussion to determine the working conditions of
employees in a small-scale marble factory in Corum province, with
a focus on occupational health and safety. The questions for the
study were prepared to cover working conditions, existing hazar-
ds and risks, occupational health and safety practices, occupatio-
nal health and safety training, and precautions to be taken by the
management. Esmailzadeh et al. (2022) conducted a study using
the Failure Modes and Effects Analysis (FMEA) method to identify
the most likely hazards in dimensional stone mines in West Azer-
baijan. The study found that the top three hazards were diamond
cutting wire breakage, rockfall, and car accidents, in that order. It
was suggested that these hazards could be reduced by implemen-
ting preventive actions, such as timely replacement of the cutting
wire, using an intelligent system for cutting tool control, providing
necessary personal training, and considering protective measures.
Giindiiz (2023) identified the hazards present in all areas of acti-
vity of a marble enterprise in Bilecik and conducted a risk assess-
ment using the Fine-Kinney risk analysis method. Hazards and ris-
ks in surface mining operations have been identified using various
risk assessment methods

A comparison has been made between risk methodologies to
determine which can provide better results for activities related to
the operation and processing of marble quarries. In the study con-
ducted by Ozfirat et al. (2017), the L-matrix and ETA risk methods
were applied in Afyon marble facilities, and three initiating events
were identified: breaking of the lifting rope, breaking of the dia-
mond wire, and electrical leakage caused by old systems. Dolmaz
(2018) measured physical risk factors, including lighting, thermal
comfort, noise, dust, and vibration, in a marble cutting and polis-
hing facility. The data was analysed using L Matrix and Fine-Kin-
ney risk analysis methods. The results showed that Fine-Kinney
risk analysis is more advantageous than L Matrix analysis due to
the frequency factor. In a study of a marble quarry, Gok (2018)
employed the Fine-Kinney risk method with an L-type matrix for
risk assessment. The study found that this method produced effe-
ctive results due to its incorporation of multiple variables in risk
scoring. However, the author suggested that the L matrix method
should also be employed to support this approach. Demirel (2019)
conducted separate risk assessments using FMEA and Fine-Kin-
ney risk methods for machine-related risks in the mine and its
facilities. They provided recommendations for reducing work ac-
cidents. Ersoy et al. (2019) identified potential accident types and
effects in block production activities at a marble quarry. They per-
formed risk analysis using the Fine-Kinney method and evaluated
the data using the Grey Relational Analysis method. It was conc-
luded that the GIA method can be integrated into the Fine-Kinney
risk analysis method and used to solve problems and determine
priorities for the improvement program.

In addition to mining, other sectors have also compared diffe-
rent risk methodologies to reveal similarities and differences. For
instance, Erten and Utku (2017) compared the 5x5 Matrix, Fine
Kinney, and FMEA risk methods in the pharmaceutical industry.
They found that the 5x5 matrix was inadequate compared to the
Fine Kinney method. When evaluating the FMEA method alongsi-
de the 5x5 L Matrix and Fine Kinney methods, it was found that
the Fine Kinney method was more applicable and functional, and
more comprehensive in terms of conditions. In their comparison
of the Fine-Kinney and FMEA risk methods in the tea business,
Durmus et al. (2021) noted that while the FMEA method has ad-
vantages and disadvantages, it should be used to detect process
errors and prevent them from occurring instantly. Kiray (2023)
compared the hazards and risks of geothermal power plants using
the 5x5 L Matrix and Fine Kinney methods. The study suggests
that the Fine-Kinney Method should be preferred due to its clas-
sification as very hazardous and the need for a detailed analysis.
Yorulmaz and Yegin (2023) found that FMEA risk analysis is more
effective than Fine-Kinney risk analysis in detecting the error that
causes hazardous material handling activities in port enterprises.
However, Fine-Kinney risk analysis provides more precise and de-
tailed risk levels.

Marble quarrying is a crucial sector in the mining industry
and has become a significant source of national income for produ-
cing countries due to its increasing importance. Our country has a
substantial potential for marble resources with its geological and
tectonic structure (Gorgild, 1994). Marmara Island, located in the
Balikesir province, has a significant resource of white dolomite
stone and fulfils a significant portion of the marble demand. Du-
ring the Paleozoic and Mesozoic Eras, Marmara island underwent
sedimentation and was subjected to Alpine-Himalayan tectonic
movements. As a result of orogeny, east-west faults were formed.
Evidence of the island’s exposure to the sea during the Quaternary
period can be seen in the presence of marine terraces in its sout-
hern part. In the Halocene epoch, the Marmara island became se-
parated from the other islands and the Kapidag Peninsula (Tung¢di-
lek, 1987). The island’s current appearance is the result of tectonic
movements it has been exposed to (Aksoy, 1993).

Marmara Island is the largest island in the Marmara Sea and
the second largest in Turkey. The study area is located on the Biga
massif, which is surrounded by a complex tectonic mosaic of va-
rious tectono-stratigraphic layers and fault zones. The location
was previously described by Ketin (1946) and Aksoy (1999). The
Giindogdu Metamorphics, the oldest unit of Marmara Island, were
deposited on the edge of the continent and comprise mica schist,
calcschist, and marble. The Erdek Complex is located on a unit
with a tectonic contact and is mainly composed of metabasites,
which are formed from oceanic crust, as well as smaller amounts
of mica schist, calcschist, and marble blocks. It is overlaid by Mar-
mara Marble, the most common rock type on the island, with an
angular unconformity (Aksoy, 1993). The Sarayli Complex consists
of exotic marble and metabasite blocks, as well as metapsammite,
metapelite, and calcschist intercalations with metavolcanics (basic
and intermediate). It is an intrusion that cuts through the calc-al-
kaline composition, WSW-ENE trending ilyasdagi Metagranodiori-
te, Marmara marble, and Erdek complex, and overlies the Marma-
ra marble. Numerous aplites associated with this intrusion have
cut along hot contacts with pegmatite and quartz veins (Tanyolu
1979; Aksoy 1993).

Based on previous studies have concluded that risk assess-
ment is crucial in the mining industry as it directly impacts mining
operations and production. The selection of the most effective risk
methods should be based on their applicability to changing con-
ditions, such as environmental or technological factors, and the
measures taken to mitigate risks. It is important to continuously
improve the selected risk assessment methodologies. The aim of
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this study is to determine the most effective and reliable methodo-
logy for assessing the risks associated with marble quarrying. This
will be achieved by comparing the hazards and risks of marble
quarrying using commonly used 5 x 5 L-type matrix, Fine-Kinney,
and FMEA.

Marble quarries on the Marmara Island (NW Kapidag Penin-
sula), which is the second largest island in Turkey and the largest
island in the Marmara Sea and which gives its name to the sea, will
be evaluated for the first time in terms of occupational health and
safety with this study. In this study, a comparison of risk methods
using 5x5 L Type Matrix, Fine-Kinney and Possible Failure Modes
and Effects Analysis (FMEA) methods was made for the first time
in determining the hazards and risks in these marble quarries.

1. Materials and Methods

The objective of this study was to identify the hazards and ris-
ks associated with a marble quarry. To achieve this, we compared
the potential hazards and risks using three methods: the 5x5 L
Type Matrix, Fine Kinney, and Possible Failure Modes and Effects
(FMEA). The aim was to determine the most suitable risk assess-
ment method for the quarry.

1.1. 5x5 L Type Matrix Method

The 5x5 L Type Matrix method is a widely used quantitative
risk assessment technique. It was developed by the United States
to meet the requirements of the system security program (MIL_
STD_882-D Military Standard). The method calculates the risk sco-
re by multiplying the probability and severity parameters (Ozkilig,
2005). The risk score is obtained by multiplying the probability
(Table 1) and severity (Table 2) parameters, as shown in Table 3.
Table 4 outlines the acceptability and actions to be taken based on
the risk score.

Table 1. The probability of an incident occurring(Ozkilig, 2005)

Likelihood Rating for Likelihood of Occurrence

Very Small Almost never

Small Very rarely (once a year), only in abnormal cases
Medium Less (a few times a year)

High Frequency (once a Month)

Very High Very often (once a week, every day), under normal oper-

ating conditions

Table 2. Severity of the incident outcome (Ozkilig, 2005)

Result Rating

Very Light No work hours lost, first aid required

Mild N0.1<.)ss of worl.dng (.jays, no permanent effects re-
quiring outpatient first aid

Moderate Minor injury, inpatient treatment

Serious Serious injury, long-term treatment, occupational

disease

Very Serious Death, Permanent Disability

Table 3. Risk rating matrix (Ozkilig, 2005)

Likelihood Severity

1 2 3 4 5

1 Acceptable Low Low Low Low
1 2 3 4 5

) Low Low Low Medium  Medium
2 4 6 8 10

3 Low Diisiik Medium  Medium
3 6 9 12

4 Low Medium Medium
4 8 12

5 Low Medium
5 10

Table 4. Acceptability values of the incident outcome (Ozkilig, 2005)

Result Action

Activities should not commence until the identified
risk has been reduced to an acceptable level. If ac-
tivities are already underway, they must be halted
immediately. If the risk level does not decrease
despite the measures taken, the activity should be
prevented.

Intolerable Risks

(25)

Activities should not commence until the identified
risk has been mitigated. If activities are already un-
High Level Risks derway, they mustbe halted immediately. If the risk
(15,16,20) is related to the continuation of the work, urgent
measures should be taken and a decision should be
made on whether to proceed with the activity.

Efforts are ongoing to decrease the identified risk

Moderate Risks levels.

(8,9,10,12) G . R
Mitigating risks may require a significant amount

of time.

Low Level Risks
(2,3,4,5,6)

The maintenance of existing controls and auditing
of taken controls is recommended.

Acceptable Risks  Control to eliminate identified risks

1.2. Fine-Kinney Method

The Fine-Kinney method was developed in 1976 by Kinney
and Wiruth as a quantitative risk assessment tool for controlling
hazards. This method considers the risk value, consequences of an
accident, and frequency and probability of occurrence of the ha-
zard (Table 5, 6, and 7). The risk score is calculated by multiplying
these three factors (Table 8, Fine, 1971).

Table 5. Probability of harm occurring (Kinney and Wiruth, 1976)

Value Probability of Occurrence
10 Expected, sure

6 High / quite possible

3 Likely to happen

1 Rarely possible

0,5 Unexpected but possible

0,2 Not practically possible
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Table 6. Severity of estimated damage to humans and the environment(Kin- their effects on system performance (Gandhi and Agrawal, 1992).
ney ve Wiruth, 1976) The risk table is determined by analysing the frequency of error
occurrence, the severity of impact, and detectability parameters
Value  Consequence (Table 9-11). Precautions are evaluated based on the risk priority
100 Multiple deaths - Environmental disaster numbers (Table 12).
40 Fatal accidents - Serious environmental damage
15 Permanent damage, disability, need for internal first aid - Table 9. Likelihood of failure (Stamatis, 1995)
Wide environmental impact
7 Significant damage, disability, external first aid - Environmen- Likelihood Occurrence Degree
tal impact beyond land boundaries
. . . . . . o Very High: more than 1/2 10
3 Minor damage, injury, first aid - Environmental impact within
land boundaries Unavoidable error 1/3 9
1 Cheap bypass - No harm to the environment High: 1/8 8
Mistake over and over again 1/20 7
Middle: 1/80 6
Table 7. Repeated exposure to hazard (Kinney ve Wiruth, 1976) Occasional error 1/400 5
Low: 1/2000 4
Value  Frequency
10 Very often (Several times an hour) Relatively 1/15000 3
6 Frequently (Once or several times a day) Few: 1/150000 2
3 Occasionally (Once or several times a week) Improbable error 1less than 1/1500000 1
2 Not often (Once or a few times a month)
1 Rare (A few times a year)
0,5 Vi [0] 1
! ery rare (Once a year or less) Table 10. Classification of the impact of consequence (Stamatis, 1995)
Effect Effect of Severity Level
Coming with-  There is a risk of catastrophic failure that 10
Table 8. Risk levels and acceptability values(Kinney ve Wiruth, 1976) out warning  could occur without warning.
High risk
Risk Value Risk Severity Level Risk Control Measures . . .
Hazard that This text describes a potential error that 9
comes with-  could cause significant damage and mass
out warn- casualties without warning.
ing
Very high This text describes a failure type that can 8

cause complete damage to a system, resulting
in catastrophic effects such as severe injuries,
third-degree burns, acute burns, and even

In the short term, it should be death.
resolved within a few months.

200<R<400  High Risk

Major This failure type can cause severe damage to 7
the equipment and result in fatalities, poi-
soning, third-degree burns, acute death, and

The improvement should be .
other serious consequences.

70<R<200 Significant Risk made within the year for long-
term benefits. Moderate System failure can result in serious harm such 6
as loss of limbs or organs, serious injury, or
even cancer.
20<R<70 Considerable Risk Must be kept under surveillance.
Low Instances of failure may result in various 5
' Priority is not to take immediate injuries such as fractures, minor permanent
R<20 Acceptable Risk action. disabilities, second-degree burns, concus-
sions, and other similar injuries.
Very low Injuries resulting in minor harm, such as 4
1.3. Potential Failure Modes and Effects Analysis bruises, minor cuts, abrasions, or crushing,

may cause short-term discomfort.
The Failure Modes and Effects Analysis (FMEA) method was

first introduced on November 9, 1949, as Military Procedure Minor SyStem_ failure that causes a slowdown in 3
MIL-P-1629 by the United States Army. It is a reliable and straigh- operation.
tforward method that can be easily applied by a risk assessment Very minor  System failure that causes a slowdown in 2
team with moderate experience, without requiring theoretical operation.
knowledge. FMEA is a systematic procedure used to analyse a None No effect 1

system and identify potential failure modes, causes of failure, and
10
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Table 11. Probability of occurrence of damage(Stamatis, 1995)

Table 12. Risk Priority Number(Stamatis, 1995)

Noticeability Probability of noticeability Degree Risk Priority Number Value Action
Not detectable Not possible to detect potential error 10 RPN<40 No precautions need to be taken.
Not enough Detectability of potential defect is too far 9 40<RPN<100 Precautions may be taken.
- RPNG100 Precautionsmustbetaken.
Little Detectability of potential defect is remote 8
. ] ] Precautions should be taken starting from the highest value of
Very low E) itecmblhty of potential defect is very 7 the risk priority number (RPN) coefficient as it causes the greatest
damage (Ozkilig, 2005).
Low Detectability of potential fault is low 6
Medium Potential error detectability ismedium 5
. High average detectability of potential 2. Results
High average 4 . . .
faults Risk assessment studies were conducted to evaluate occupati-
High High detectability of potential errors 3 onal health and safety in the marble quarries of Marmara Island.
Verv high Potential detectabilitv i high ) The risks associated with quarry activity areas and hazard situati-
ery g otentialerror detectability is very hig ons were assessed using the 5x5 L Type Matrix, Fine-Kinney met-
Almost certain Detectability of potential error is almost 1 hod, and FMEA risk assessment methods (Table 13).

certain

Table 13. Comparison of Risk Assessment Methods: 5x5 L-Type Matrix, Fine-Kinney, and FMEA

5x5 L Type Matrix Fine-Kinney FMEA

= =l °
C =
B 5 g R = p . £ S5

= ) = = ) = B 7 [}
HAZARD Z £ 2 E 2 £ £ 2 E Z £ & sz
< L O 0 < o =) S & ol L B o 0
Q > A O Q > o A O Q > 3] N O
o 3 17 [=) 3 [} b =) Q Q 3
= %] 2 p ) %] = 2 5 = 2] o x ¢
=9 2 < A = 2 < A A O

& =2 (4

LEVEL

The platform height and width of the platform, slope not

suitable for the structure and durability of the ground, unsafe

working on the platform and failure to take safety precau-
tions.

DRAINAGE

Lack of water drainage, improper installation

MINE ROADS - TRANSPORT

Lack of warning signs and markings, uncleaned benchs and
roads, unsuitable road gradient, pedestrians using roads,
speed limits exceeded.

BLOCK PRODUCTION

Failure to drill holes properly, unsafe conditions in the dia-
mond wire cutter, failure to take precautions during block
cutter

BLOCK DESTRUCTION

Failure to take safety precautions when breaking blocks can
lead to block destruction.

LOADING

Unsafe operation of trucks and construction equipment
during loading

11



Didem Kiray / Scientific Mining Journal, 2024, 63(1), 7-18

STOCK AREA 240
Unsuitable ground, unsafe operation of lifting equipment, 3.5 340 2 High 5 73
incorrect stacking of blocks, unauthorized persons. &
EMERGENCIES
Lack of designated bl d tes in th
ack of designated assembly areas and escape routes in the 5 5 6 1 4 9 9

quarry and in the building and its outbuildings, lack of drills,
lack of emergency procedures, lack of employee training on
the subject.

FIRE

Lack of fire extinguishers, and the existing ones are noteasily 3 5
accessible, visible, or placed at a height of 90 cm, not regular-
ly checked for functionality.

ELECTRIC

Lack of leakage current relays in electrical panels, careless-
ness in the use of panels, lack of lightning conductors, failure
to check electrical and earthing installations and lightning
conductors, use of damaged cables.

CONSTRUCTION MACHINES
Failure to check the equipment and machines to be used 240
(such as hole drilling, diamond wire cutting, block cutter) 3 5 6 40 1 5 7 2
before starting work, lack of operating instructions for the High
equipment and machines, lack of an emergency stop system,
lack of metal body and equipment grounding,
WORK EQUIPMENT AND HAND TOOLS
240
The misuse of work equipment and hand tools for purposes 3 5 6 40 1 5 7 3
other than their intended use, as well as failure to wear pro- High
tective visors while using work equipment.
PRESSURE VESSELS AND PRESSURE PIPES
240
Lack of inspection of pressure vessels and cylinders, improp- 3 5 6 40 1 5 7 3
er storage of cylinders, mobile compressors being close to High
employees
WELDING WORKS
Welding work is not carried out by qualified personnel, check 240
valves are not available, gas hoses are damaged, goggles/face 3 5 6 40 1 4 7 4
shields are not used, flammable and combustible materials High
are in the welding area, fire extinguishers are not used while
working.
MANUAL HANDLING AND ERGONOMICS 12 126
The misuse of hand tools, absence of protective casing on ro- 3 4 . 6 7 3 L 75 4
Medium Significant

tating parts of electrical tools, and use of defective equipment

12
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WORKING AT HEIGHT
Failure to use personal protective equipment (parachute type 3 5 40 2

seat belt etc.) when working at heights, working at heights
not receiving proper training.

MAINTENANCE AND REPAIR

Failure to obtain permission for work, failure to disconnect 3 5 40 2
power from the machine/equipment, and failure to take
safety precautions.

PHYSICAL RISK FACTORS
. . - . 15 6
Unsuitable working conditions and lack of environmental
measurements.

CHEMICAL RISK FACTORS

The use of hazardous chemicals without Material Safety Data
Sheets (MSDS) and without working with a minimum num-
ber of employees, non-hazardous or less hazardous chemi-
cals instead of hazardous chemicals.

40 3

BIOLOGICAL RISK FACTORS

The exposure of workers to factors such as dust, humidity, 3 5 40 3
heat, and other environmental hazards, as well as the lack of
protective vaccinations

PSYCHOLOGICAL RISK FACTORS 90
Events experienced by people and failure to find solutions to

Significant
these events, lack of employment and periodic examinations g

PERSONAL PROTECTIVE EQUIPMENT
. . . . 40 3
Failure to provide employees with appropriate personal
protective equipment (PPE) for their work.

TRAINING

The inadequate training of employees in areas such as oc- 3 5
cupational health and safety, vocational training, on-the-job
training, emergency procedures, and first aid etc.

HEALTH AND SAFETY SIGNS
40 3
Inadequate or missing health and safety signs.

SAFETY

The boundaries of the pit have not been determined. Addi-
tionally, third parties have been entering the site without
permission due to the lack of cameras and inadequate light-
ing.

40 1

BUILDINGS AND EXTENSIONS 12 240

The building and its outbuildings lack thermal comfort, hy-

. I - . Medium High
giene, lighting, ventilation, and ergonomics.

13
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2.1. Hazards Identified in Marble Quarries and Related Precautions

The risk analysis for the marble quarry operation was condu-
cted using the L type (5x5) Matrix, Fine-Kinney, and FMEA met-
hods. The analysis identified 59 hazards among 26 activities, and
presented measures to reduce the risks to an acceptable level.

The bench height and slope angle of inclination should be approp-
riate to the specific characteristics of the rock being studied and
the geological structure (Figure 1). The slope should be wide and
flat for comfortable operation of work machines, trucks, and emp-
loyees. Extensometers must be installed in designated locations
within the marble quarry, and cracks should be regularly monito-
red during operation. To prevent slope slippage, measures such as
reducing the slope angle, strengthening the ground, establishing a
drainage system, and retaining walls should be taken. Employees
should not stand or work under the face. Safety barriers must be
installed in areas such as stages and casting areas (Official News-
paper, 2013; CSGB, 2018).

Figure 1. General view of the marble quarry

The determination of groundwater levels in quarries, which
vary according to climatic, geological, and hydrogeological condi-
tions, is necessary for the design and construction of appropriate
drainage systems on site. Observations should be made after he-
avy rain and snowfall to detect any deformation in the water levels
(CSGB, 2018).

At each level of work, there must be at least one functional
path that is suitable for the vehicles being used. The path must
be constructed in a manner that ensures safe movement of the
vehicles. Vehicle paths and crossings should be clearly marked,
and warning signs should be placed at the side of the road. The
road must always be well-maintained, and benchs and road edges
should be cleared of hazardous stones (Figure 2). The slope of the
roads inside the mine should not be more than 10° and a safety
distance of 1 meter should be maintained. The maximum speed li-
mit on the quarry ramps and the roads inside the quarry should be
20 km/h. The quarry roads should be watered regularly to prevent
dust exposure (CSGB, 2018).

Figure 2. Roads in marble quarry
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Drilling (Figure 3) should only be carried out by individuals
who possess a professional qualification certificate. It is important
to exercise caution when handling, placing, adding, and removing
rods. The use of appropriate equipment is necessary when adding
and removing rods. Prior to drilling horizontal holes, it is essential
to clear any shells that may fall from above. An adequate water
supply should be provided and regularly checked. Work should
not be conducted near the slope’s edge to prevent workers from
falling. To ensure worker safety when working close to the edge, it
is necessary to provide secure anchor points and ensure that wor-
kers wear parachute-type safety harnesses. Additionally, safety
barriers must be erected before work begins.

Figure 3. Image of drilling a vertical hole in a marble block

The ladders used must comply with health and safety regula-
tions for work equipment. If possible, the diamond wire cutting
machine should be at least 3 metres away from the face. The rails
must be level. The machine should be securely placed on the rails.
Before using the diamond wire, it is important to check its conditi-
on. Avoid applying excessive tension during cutting and ensure that
the wire is run at an appropriate speed. The length of the wire inside
the marble should not exceed the length of the wire outside. Cons-
tantly check for worn diamond wires and replace them as necessary.
Water must be supplied during the cutting process. The machine
should only be operated by competent individuals in accordance
with the instruction manual. During vertical and horizontal cuts, it
is important to ensure that no one is in line with the wire (Figure 4).
The machine must be equipped with guards. For safety reasons, the
operator should place the control panel at a higher level than the
wire, as recommended by Urhan and Sisman (1993).
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Figure 4. Vertical cutting and horizontal diamond wire cutting process

A specially designed water or air cushion should be used in the
cutting gap to separate the block after cutting. After pushing the
block, tilt the gap using a hydraulic jack. Before tipping the block,
the area where it will be tipped should be cleared of all debris. Ad-
ditionally, if an airbag is used instead of a water bag, care should be
taken to prevent injuries due to explosions that may occur during
inflation (MEGEP, 2011).

The process of block cutter (Figure 5) is identical to the pre-
cautions taken when cutting with diamond wire. The operations
must be performed in safe areas, and the block sizing machine
should be installed in a suitable location. Do not stand under or
near the block, and do not enter the block until the process is
complete. Take appropriate measures when climbing the block,
and avoid keeping sharp hand tools near it. The blocks at the bot-
tom of the stack should be well supported, with no gaps between
them. If there is a gap, it should be filled with rubble to prevent
the cover from falling. A portable screen should be placed behind

the counters. Sufficient water flow should be used to prevent wire
breakage. Wet cutting also prevents the release of dust into the
environment (MEGEP, 2011).

Figure 5. Block cutter and sizing process

During block demolition, individuals other than the excavator
operator and signalman should not be present in the area near the
platforms. Additionally, it is important to inspect the platforms for
any cracks following the demolition and remove them if found.

Loading should be carried out within the capacity of the tru-
cks. Reversing signals must be installed on trucks and constructi-
on equipment and they should be ready for use at all times (Figure
6). In quarries, all signals and commands for the movements and
manoeuvres of excavators, loaders, shovels, and other machinery
must be given by a signalman. It is important to note that constru-
ction machinery should not be used for any purposes other than
those for which it is intended, and only authorised personnel with
an operator’s certificate should operate it (CSGB, 2018).

Figure 6. Transport operations in a marble quarry

15
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The storage area floor should be smooth, and no more than
two blocks ought to be stacked on top of each other. It is impor-
tant to follow regular and safe stacking practices, and access to the
storage area should be restricted to authorized personnel only. He-
alth and safety signs must be displayed in appropriate locations. It
is crucial to avoid being underneath the trucks when lifting loads
(Official Newspaper, 2022).

The risk of accidents should be reduced by taking precautions
against the hazards identified in other areas of activity.

3. Conclusions and recommendations

The study identified 59 hazards in 26 areas of activity invol-
ved in operating surface marble quarries. The hazards and risks

Table 14. Comparison of 5x5 L-Type Matrix, Fine-Kinney and FMEA risk methods

were compared using the 5x5 matrix and the Fine Kinney method,
which are the most preferred risk assessment methods, and the
FMEA method, which has become the preferred method in pra-
ctice. Following the risk assessment, it was found that 24 of the
hazards belong to the high-risk group, while only two belong to
the medium-risk group, according to the 5x5 L-type matrix. Furt-
hermore, the risk assessment identified 16 items as very high risk,
8 as high risk, and 2 as important risk. Based on the Fine Kinney
method and RPN values, 13 precautions are required. The FMEA
method identified 11 risks where precautions can be taken and 2
risks where no precautions are necessary. Appropriate measures
have been determined to mitigate these risks. Table 14 presents
the control measures for hazards identified in the risk assessment
table.

Hazard Risk Methodologies

Control Measures

5x5 L type matrix

Level, Drainage Fine-Kinney

FMEA

5x5 L type matrix
Mine roads - transportation, emergencies, fire,
electricity, maintenance and repair works, physi-
cal risk factors, training

Fine-Kinney
FMEA

Block production, Block demolition, Loading, 5x5 L type matrix

Working at height, Chemical risk factors, Biolog-
ical risk factors, Personal protective equipment,
Health and safety signs

Fine-Kinney
FMEA

5x5 L type matrix
Stock area, Work equipment and hand tools,
Pressure vessels and pressure tubes, Welding
works, Security

Fine-Kinney
FMEA

5x5 L typematrix
Construction Machines

Fine-Kinney

FMEA

5x5 L type matrix

Manual handling and Ergonomics Fine-Kinney

FMEA

5x5 L type matrix
Psychological Risk Factors Fine-Kinney
FMEA
5x5 L type matrix
Buildings and Extensions

Fine-Kinney

FMEA

Immediately take necessary precautions or stop the work

No need to take precautions

Immediately take necessary precautions or stop the work

Immediately take necessary precautions or stop the work

Precautions can be taken

Immediately take necessary precautions or stop the work
In the short term, it should improve within a few months
Precautions need to be taken

Immediately take necessary precautions or stop the work
In the short term, it should improve within a few months .
Precautions can be taken

Activities to reduce identified risk levels continue and response may
take time.

In the long term, it should be improved year-round.
Precautions need to be taken

Immediately take necessary precautions or stop the work
In the long term, it should be improved throughout the year.
Precautions can be taken

Activities to reduce identified risk levels continue and response may
take time.

In the short term, it should improve within a few months

Precautions can be taken

16
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The marble quarries on Marmara Island have various areas of
activity, including stages, drainage, quarry roads for transportati-
on, block production and demolition, loading, stock areas, emer-
gencies, fire, electricity, work machines, work equipment and hand
tools, pressure vessels, and pressure tubes. The following topics
will be covered: welding works, manual handling and ergonomi-
cs, working at height, maintenance and repair works, physical risk
factors, chemical risk factors, biological risk factors, psychological
risk factors, personal protective equipment, training, health and
safety signs, security, and building and its extensions. As the 5x5L
type Matrix, Fine Kinney, and FMEA are the most commonly used
risk assessment methods, the identified hazards and potential ris-
ks were evaluated using these three methods and their respective
risk ratings compared.

After comparing these methods, it appears that the evalua-
tions differ depending on the field experience and knowledge of
those conducting the risk assessment study. It has been determi-
ned that the 5x5 L Type Matrix method is inadequate when com-
pared to the Fine-Kinney and FMEA methods. In the 5x5 L type
matrix method, high values are assigned to both probability and
severity, resulting in urgent precautions being taken and the acti-
vity being continued. For the dangers caused by manual handling
and ergonomics, the severity value should be 3 in the L-type mat-
rix system. However, precautions were necessary, and the severity
value was increased to 5.The Fine-Kinney method is unique in that
it allows the frequency value to be multiplied by probability and
severity. This enables a more detailed examination of hazards spe-
cific to work areas and employees, and provides quicker solutions.
The FMEA method is deemed more appropriate for identifying
mechanical risks in machine and system operation. However, it is
not recommended for risks specific to the field of activity of the
studies and employees. It is complex, difficult to apply and time
consuming. The severity of the risks was determined by multipl-
ying their detectability, probability, and severity values. Further-
more, it has been noted that assigning risk severity levels based
on the need for precautions presents a significant challenge. In the
FMEA method, events that require precautions should be assigned
low detectability values. However, this approach poses a problem
as there are limited measures that can be taken regardless of the
risk severity. For example, in the FMEA method, there is no need to
take precautions against the dangers that may occur in stage and
drainage activities. However, other methods may require urgent
precautions. The study suggests that selecting an appropriate risk
assessment method for a given sector and work area is related to
the severity of the risks involved and the effective implementation
of control measures based on these levels.

Fine-Kinney risk method, taking into account the environmen-
tal conditions, areas of activity and results related to hazards and
risks specific to employees in the operation of marble quarries,

It is easy to implement, practical, effective and unders-
tandable;

It produces safer outcomes by conducting a more detai-
led, comprehensive, and sensitive analysis of hazards and risks;

Including the frequency value in the calculation of proba-
bility and severity enhances the clarity of risk classifications;

It has quantitative results;

The expertise and experience of the individual conduc-
ting the risk analysis are crucial.

Therefore, it is recommended to use this risk assessment met-
hod in the mining industry for a detailed and comprehensive study
of occupational health and safety in mining activities.
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ABSTRACT

Particulate matter is one of the primary pollutants in open pit mining operations. Measurements must be taken to control particulate matter created
during open pit mining activities and to compare them to the regulatory limits. Numerous studies have been undertaken to estimate particulate matter
emissions produced by open pit mining. It was discovered that the research were largely conducted on coal mines (69.4%), with little study done in
other mining types. Research studies on particulate matter estimation took into consideration mostly machine characteristics (loader bucket volume,
truck capacity, number of truck wheels etc.) and atmospheric conditions (air temperature, wind speed, relative humidity etc.). This study emphasizes
on particulate matter measurement methods along with other measuring parameters and equipment for particulate matter estimation (TSP, PM,,

PM,, PM, , and PM,).

PM_, TSP.

2.5 10’

Keywords: Open pit mine, PM,, PM

Introduction

Air pollution is a major health risk. Particulate matter (PM)
is one element that contributes to air pollution (Choudhary and
Garg 2013; Kim et al., 2015; Beloconi et al., 2018; THHP, 2019).
There is a great deal of risk to people, other living things, and the
environment because of the failure to manage air pollution. The
mining industry is one of the pollutants that contributes to air
pollution (Hendryx et al., 2020). Large amounts of dust released
during both underground and surface mining activities exacer-
bate environmental problems (Kahraman and Erkayaoglu, 2021).
Dust and PM, which accumulate above the limit values in various
places in and around mining areas, negatively affect the health of
those working in mines and those living around them and can also
cause serious damage to plants and other living things in the vi-
cinity. For this reason, it is extremely important to measure and
control dust and especially PMs that cause air pollution, especially
in the mining industry. In this study, PM measurement methods
are mentioned and at the same time, studies on PM measurement
during open pit mining operations are compiled. The parameters

used in these studies are examined. This compilation study also
provides a perspective on which parameters are used in PM mod-
eling in the open-pit mining industry.

1. Particulate matter concentration measurement methods

There are two ways in which PM concentration measuring
devices operate. Under the first method, air quality measurement
stations continuously record PM concentrations at predetermined
intervals (e.g., seconds, minutes) and instantly monitor particulate
matter content. These highly sensitive measurement devices can
be controlled remotely via telemetry, or wireless transmission,
and they can run for weeks or months once started with little or
no operator involvement. However, high standards for calibration,
quality control, and maintenance are necessary for accurate mea-
surement. In addition to air quality monitoring stations, handheld
or portable PM measuring devices with inexpensive optical sen-
sors can also be used to record at specific intervals. However, de-
vices operating on this principle are generally used to monitor dust
exposures in workplaces due to their low sensitivity (NZG, 2009).
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In the second method, PM concentrations are collected in fil-
ters and analyzed in laboratories at the end of the measurement
period. Due to the laborious method of measuring PM concentra-
tion in ambient air and the complex nature of particulate matter,
the chosen method can significantly affect the measurement re-
sult. Therefore, the choice of method is extremely important for
accurate measurement of PM concentration. US Environmental
Protection Agency (USEPA) particle monitoring methodologies
are classified as reference or equivalent methods. Reference meth-
ods are referred to as gravimetric (such as measuring directly by
mass), while equivalent methods are referred to as methods based
on reference methods (NZG, 2009). Leading PM concentration
measurement methods are given in Figure 1. The unit of measure-
ment for PM concentrations is generally mg/m?® or um/m?.

PM concentration
measurement methods
Visual

Filter ]| Impact | Light scattering | [ Light fading ] | Lignt absorption
T T

Light
transmittance
measurement

-Fotometer
-OPC
-CPC

-Spotmeter
-Aethalometer
-PASS

-LI

Figure 1. PM concentration measurement methods (modified from Amaral
etal, 2015)

1.1. Gravimetric method

Gravimetric sampling and analysis methods are commonly
used to quantify the amount of airborne particulate matter collect-
ed from workplace environments (O’Connor et al., 2014; Walley
and Zandji, 2016). These measurements are frequently performed
to estimate occupational exposure to airborne particles and/or
to assess the efficacy of air pollution control technologies. Fur-
thermore, gravimetric analysis of airborne particles is frequent-
ly supplemented by other analytical methods used to determine
the concentrations of specific chemical agents in occupational
environments (O’Connor et al., 2014). This method’s main goal is
to collect particulate matter in a filter. Air is drawn from a sam-
pler at a certain flow rate with the help of a pump and collected
in a pre-weighed filter. Then, the mass of PM is determined with
the help of filters weighed under laboratory conditions, and the
suspended PM concentration is determined by dividing the PM
mass by the volume of air drawn through the filter by the pump.
There are various types and manufacturers of samplers working
on the gravimetric principle, from individual dosimeters to fully
automatic units (Pfeiffer, 2005). With this principle, the average
mass concentration for the sampling period is obtained. However,
when measuring with this method, the flow rate of the device to
be used and the laboratory conditions for weighing are extremely
important. In addition, time-dependent concentration values are
produced with the gravimetric method, and it is not possible to
measure continuous values (minutes, hours, etc.) (Winkel et al,,
2014; Walley and Zandi, 2016). With the gravimetric method, PM
and PM, . concentrations (Pfeiffer, 2005; Mojala et al,, 2017) and
TSP concentration are found using the equations 1-3 (Mojala et
al, 2017). Here, the volume of air sampled for PM, (V) is calcu-
lated by the sampler’s microprocessor, rather than manually as in
high-volume PM,  analysis (Pfeiffer, 2005; EPA, 2008).

TSP = [(W; = W;) — (W, — cw,)|/V (1)
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PMy510 = (Wp —W;) - 10%/V ()
V=0t (3)
where:
W, : Mass of filter after sampling (mg)
W, : Mass of the filter before sampling (mg)
CW, : Mass of the powder cone after measurement (mg)
CW, : Mass of the powder cone before measurement (mg)
V  :Sampled air volume (m?)
Q, :Average air flow rate during the sampling period (m?®/min)
t : Sampling time (min)

i. Filter-based samplers are widely used because their cost is
low, atmospheric particles can be easily stored, and the collected
PM can be used later in simple and/or complex analyses (EPA,
2008). In this method, particles are collected in a pre-weighed fil-
ter. Filters are weighed before and after sampling (“loaded” and
“unloaded” filters) under standard temperature and relative hu-
midity conditions. The difference between both readings is equal
to the mass of the PM (Baumann et al., 2006; Giechaskiel et al.,
2014; Amaral et al.,, 2015; Walley and Zandi, 2016). Since filters
are sensitive to environmental factors such as relative humidity,
their selection is extremely important. Traditional filters are made
of glass fiber and their surface is protected from chemical reac-
tions by a special coating (such as Polytetrafluoroethylene, PTFE).
For this reason, PTFE-coated glass fiber filters are widely used by
EPA and European Union institutions (EPA, 2008; Walley and Zan-
di, 2016). The USA also recommends the use of PTFE type filters
with legal regulations (Giechaskiel et al., 2014). On the other hand,
it has been stated that quartz fiber filters should be used for PM, |
measurement according to the EN 12341, and glass fiber, quartz
fiber, PTFE or PTFE-coated glass fiber filters should be used for
PM, . measurement according to the EN 14907. It has also been
stated that EN 12341 needs to be revised to be consistent with EN
14907, and that any of the four filters listed in EN 14907 can be
used in both PM,  and PM, reference samplers (Harrison et al.,
2006).

ii. Impactors are devices used to measure the size distribution
in the mass with the gravimetric method, and some types have
multiple holes (Amaral et al., 2015). In this measurement method,
aerosols pass through sequential filter stages. At each stage, an air
jet containing aerosol reaches the impinging plate and particles
larger than the filter diameter are collected for the stage. While
the smaller particles follow the gas flow surrounding the collec-
tion plate and are collected in the next stage where the holes are
smaller and with higher air velocity conditions, this process con-
tinues until the smaller particles are cleared in the final filter (Vin-
cent, 2007). Low-pressure cascade impactors (Andersen impactor,
Dekati Low Pressure Impactor (DLPI), Berner Low Pressure im-
pactor (BLPI), etc.) used for measurements of PM size distribu-
tions are generally suitable for size ranges ranging from 30 nm to
10-20 um. Sampling can be done in lower size ranges with filters.
Due to the sampling method, the particles obtained can also be
used for additional analyses (Nussbaumer et al., 2008).

1.2. Optical method

Optical particle monitors utilize the interaction between air-
borne particles and visible, infrared or laser light (Pilling et al.,
2005) for measurement. Optical Particle Counters (OPC) work
on the principle of light scattering to detect the size and number
of individual particles. OPCs are used in aerosol research in long-
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term monitoring networks. The size of particles detectable with
OPCs is approximately 0.05 to 50 um, with general measurement
ranges from 0.2 to 30 pm. Although size measurements with OPCs
are very precise, their accuracy depends on particle composition
and shape (EPA, 2008). Real-time monitoring of PM  concentra-
tions can be achieved using optical instruments (Walley and Zandji,
2016). In the optical measurement method, aerosol particles are
illuminated with a beam of light. With the particles spreading in
all directions, a part of the light beam is transformed into other
forms of energy (absorption). The extinction of light is calculat-
ed by scattering and absorption (Giechaskiel et al., 2014). Optical
instruments used to measure particle concentration in real time
are based on the principles of scattering, absorption and light ex-
tinction (Giechaskiel et al.,, 2014; Amaral et al., 2015; Walley and
Zandi, 2016).

i. Light scattering devices absorb sample air from a laser-il-
luminated chamber. A photodetector, which indicates the degree
of light beam scattering, is used to classify airborne particles (Gi-
echaskiel et al., 2014; Winkel et al.,, 2014; Amaral et al,, 2015).
The photodetector’s signal converts the categorized particles into
mass concentration by employing a calibration constant that is
predetermined at the factory with a particular calibration aero-
sol (Winkel et al.,, 2014). Light scattering devices are generally
portable, have an internal pump, are equipped with batteries
and data storage, and can provide continuous data (Pilling et al.,
2005; NZG, 2009; Winkel et al., 2014). Some devices can simul-
taneously determine several mass fractions (such as PM, , PM, ,
PM,) or count the number of particles in a series of size channels.
The main disadvantages of this method are that the optics inside
the device can be contaminated with PM and the concentration
readings can differ from the actual values because the particle
size, shape, density and refractive index of the measured PM dif-
fer from the aerosol used to calibrate the device (Winkel et al,,
2014). Nephalometers and/or transmissometers are widely used
in the USA to determine visibility loss due to airborne particulate
material, especially in national park areas (Pilling et al., 2005).
Devices operating on this principle are generally used to monitor
dust exposures in workplaces. Over the last few years, some of
these devices have been adapted for environmental monitoring
with varying degrees of success. In addition, they are more suit-
able for use in research or in low-level survey studies due to their
measurement sensitivity and not being suitable for continuous
monitoring (NZG, 2009).

ii. Light fading: The light transmitted from the exhaust can be
measured with opacity meters. In addition, it has been stated that
measurements based on light extinction depend on the particle
concentration, shape and composition, as well as the path length
and wavelength of the light (Giechaskiel et al., 2014).

iii. Light absorption: Measuring devices based on the princi-
ple of light absorption measure the concentration of black carbon
that forms the aerosol in motor vehicles. Black carbon is a positive
radiative substance that strongly absorbs light and therefore con-
tributes to climate change, and due to this feature, it has been ex-
tensively used in atmospheric measurement studies (Giechaskiel
etal, 2014; Amaral etal,, 2015). Common techniques used to mea-
sure aerosol absorbance include (i) the difference method, where
the absorbance is derived from the difference between extinction
and scattering, (ii) filter-based methods, which measure light at-
tenuation by PM collected on a filter, (iii) Photoacoustic spectros-
copy, which measures black carbon through heat particles and (iv)
laser-induced incandescence (LII). The last two methods measure
black carbon by heating particulate matter and the particles ab-
sorb light (Giechaskiel et al., 2014).
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1.3. Microbalance principle

There are two main measuring devices in the microbalance
method: conical element oscillating microbalance (TEOM) and
quartz crystal microbalance (QCM) (Amaral et al,, 2015). Particu-
late matter monitoring devices using TEOM technology are “grav-
imetric” devices that draw ambient air through a filter by con-
tinuously heating it (50 °C) at a constant flow rate, continuously
weigh the filter, and calculate particle concentrations in near real
time (EPA, 2008; Winkel et al., 2014). Although these devices are
used in the United States by many government agencies to obtain
PM, .and PM,  mass concentration data, they are only approved as
an equivalent method for PM, ; sampling (EPA, 2008). The TEOM
measurement technique is based on a replaceable filter cartridge
placed at the end of a hollow conical tube. The wider end of the
pipe is fixed, particles accumulate as the air passes through the
filter, and since the flow rate is constant throughout the sampling,
the mass concentration can also be calculated (Baumann et al,,
2006). The filtered air then passes through the conical tube to a
flow controller. The conical pipe with the filter at the end is kept
oscillating in clamp-free mode (Figure 2).
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Figure 2. Working principle of conical element oscillating microbalance
(TEOM) (Url-2,2023)

The frequency of oscillation depends on the physical proper-
ties of the conical tube and the mass at its free end (Nosratabadi et
al,, 2019; Url-1, 2023). On the other hand, in this method, evapora-
tion of PM material may occur due to sample flow heating, which
may cause the actual PM concentration to be underestimated
(Grim and Eatough, 2009; Winkel et al., 2014). PM concentration
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changes collected in TEOM devices are affected by airflow, relative
humidity, temperature, gaseous pollutants and particulate matter
characteristics (Li et al, 2012). For this reason, it has been stat-
ed that the concentration value calculated during measurement
with the TEOM device in England should be multiplied by a factor
of 1.3 (Pilling et al., 2005; Harrison et al., 2006). TEOM monitors
are currently used only for measuring PM, , PM, ;. or PM, concen-
trations. However, airborne particle concentrations are normally
low and therefore long sampling times or the use of high volume
pumps are necessary to collect sufficient particles to perform an
accurate gravimetric analysis and/or more specific chemical or bi-
ological analysis of the collected material (Nosratabadi et al., 2019)
. Devices with TEOM analyzers are widely used both in the UK and
the rest of the world (Pilling et al., 2005; Walley and Zandi, 2016).
Quartz crystal microbalance (QCM) devices have piezoelectric
properties that change the resonance frequency when a small mass
is added to the quartz crystal surface. In these devices, particles
are deposited by electrostatic precipitation in a thin quartz crystal
resonator (EPA, 2008; Giechaskiel et al., 2014). On the other hand,
QCM-based devices use the detection electrode of the quartz crys-
tal as a collision plate. Particles in the air are sampled into the de-
tection chamber and then deposited onto the crystal electrode via
inertial force. However, it has been stated that these devices have
significant disadvantages such as splashing of particulate matter
due to poor adhesion, the need for frequent cleaning of the crystal
electrode, and uneven distribution of collected particles (Ngo et al,,
2019). Nevertheless, these devices can measure the mass concen-
tration of 100 pg/m? aerosol in less than a minute (EPA, 2008).

1.4. Beta ray attenuation principle (BAM)

Beta-ray attenuation particle analyzers are the most widely
used method for measuring ambient PM, j concentrations in na-
tional networks across Europe (Pilling et al., 2005). In addition,
in Tirkiye, measurements are made with devices working with
this method at air quality stations in some provinces affiliated
with the Ministry of Environment and Urbanization. The devices
automatically measure and record airborne particulate matter
concentrations (mg/m?® or pg/m?). Devices working with this
principle collect the particulate matter in the air on the strip filter
with the help of a pump. With the beta ray source coming from a
radioactive source (Carbon-14 or Krypton 85), fixed high-energy
electrons are emitted from the clean filter band to the particulate
matter collected on the filter along a point, and these beta rays are
detected and counted by a sensitive detector. The system automat-
ically advances this band point to the sample spray system, where
the vacuum pump then draws a measured and controlled amount
of dust-laden air through the filter band and fills it with ambient
dust. At the end of the sample hour, this dirty spot is placed back
between the beta source (Carbon-14 or Krypton 85) and the de-
tector, causing attenuation of the beta beam signal used to deter-
mine the mass and volumetric concentration of particulate matter
on the filter band (Figure 3). This mass is used to calculate the
volumetric concentration of particulate matter in the ambient air
(Pilling et al., 2005; Baumann et al., 2006; EPA, 2008; Kamyotra,
2012; Url-3, 2023). Samplers working with the BAM principle are
the only systems that continuously measure the mass concentra-
tion of particles by extraction and are not affected by chemical
composition, size or color changes in the particles (Castellani et
al,, 2014). Although the filter material in the monitors of devices
operating on this principle is generally not heated, in some analyz-
er configurations the inlet system can be heated to reduce the rel-
ative humidity in the sample, minimizing the water content of the
particulate matter mass (Pilling et al., 2005; Winkel et al,, 2014).
Glass fiber filters are commonly used in particle analyzers that
work on the beta attenuation principle. Additionally, while these
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monitors can produce half-hour average mass concentrations, a
24-hour averaging period is required for typical ambient concen-
trations to obtain sufficient particle accumulation for accurate es-
timation (EPA, 2008).

Comparison of PM,  and PM, concentration measurement
methods is given in Table 1. According to this; filter-based gravi-
metric samplers are the PM,  reference measurement method ac-
cording to EN 12341 and EPA 40 CFR PART 50 and EU directives,
and chemical analyses of the measurement results are performed.
However, this method is costly and measurement values are ob-
tained from laboratory results. On the other hand, measurement
results can be obtained in a short time (< 1 hour) with real-time
monitoring techniques. Only PM, ; sampling with the BAM meth-
od, one of the real-time monitoring techniques, complies with EU
directives.

Figure 3. Working diagram of a BAM analyzer “1. “Air intake, 2. Bicycle lane,
3 and 4. Beta radiation source, D1 and D2 Beta radiation detectors, 5 air
pumps, 6. Air exhaust” (Url-4, 2023)

1.5. PM related standards

Determination of PM,; mass concentration in ambient air
is made in accordance with EN 12341 or EPA 40 CFR PART 50,
PM, . mass concentration in accordance with EN 14907. According
to the European Union First Air Quality Directive (1999/30/EC),
PM,  measurements should be made using the reference meth-
od as defined in the EN 12341 European Standard. This standard
includes “very high volume sampler-WRAC”, “high volume sam-
pler-HVS” (PM,, sampler-1133.33 L/min) and “low volume sam-
pler-LVS” (PM, sampler-38.33 L/min). It recommends three sam-
pling devices: very high volume samplers are often considered the
‘primary standard’ and are not suitable for placement in general
work environments (Pilling et al,, 2005). When the literature was
examined, it was seen that low volume samplers were frequently
used. According to this standard, the measurement period, the lab-
oratory temperature for filter weighing and humidity should be 24
hours, 19-21 °C and 45-50% (TSE EN 12341, 2014; Url-5, 2023),
respectively. In the EPA 40 CFR PART 50, the measurement period,
the flow rate of the device to be used, the laboratory temperature
for filter weighing and humidity should be 24 hours,16.67 L/min,
15-30 °C and 20-45% (EPA, 1999), respectively.



Zekeriya Duran, Tugba Dogan, Biilent Erdem / Scientific Mining Journal, 2024, 63(1), 19-30

‘Pa1BWIISAIAA0 10 PIjewsalapun A[SNoLIaS

aq Aew S3uIpea. UONEBIIUIIUOD [BNIIE ‘[ J paInsesau
9Y) WOy SISJJIP JuUsWa.INSeaW N J dY3 Jo AdeIndde
943 323D 03 pasn N d parelqI[ed 8y} asnesag

‘INd UM pajeuruIe;uod

awo29q Aew I93aw a3 apisur sondo ay ],

"050€ SI Akl £oeIndde ay ],

"Xopul 9A1DeJal pue 10]0d ‘adeys Aq

A

‘Al
m

*10308)

Ayisuap e 3uisn A[[eonewayjewr

POALISp 9 UED SUONBIIUIDU0D

SSeul pue paInseaw si

saduel az1s JuaayIp ur Juasard
sapn.ed jo Jaquinu ay ], I

anbiuyoay s1y3 SureA0d

Ppa309yje s1 juswanseaw SuLmp apmyuSewt NJ Y.L, I "3[qe[leAe 1k SUuoIsIaA d[qellod spoylaw pJepueils Sq 10 OS] ‘NAD (1930woaydaN)
<W/81 0009-0 'sjnsal pue Areuoneis "A[snosuejnuis ou Ajjua.and ate a1ay ], ‘puejduy ur J193unod
2d £y 10zATeUR "JozAeue  ow-[eal SIAIS A[3UaISISU0D Jey) sAaAlns Suruueds jo QUOp 9q UBd JusWAINSLIW (£-£T09T Y.L-NAD) Splepuels awos aon.aed reondo Surioyiuowr
uo spuadaq Aq saL1ep poyaw pajewoine Jeindod 9y 10y a[qeIINS JoU ST 3] 1 INd PUe SZTNd O'INd T UM 9OUBPIOIIE Ul S2INSEIW J] T JuddsauTwNg awn-[eay
‘SnoaueIUL)SUl J0U ‘SJNSal
Apnoy apraoad pue snonunuod 'J0U SA0P SN ‘SIANDAIIP NF
*90.IN0S 9AI}DBOIPEL € SUIeIU0d JazA[eue ay ], -1WIS dJ€ SJUSWAINSEI I YaIm sa1[dwod JuswaInseaw 0T d I
“JozATeue “Iojem Jo dduasald oy '99s A[isea 'S10)0€)
|} uo 0} aNp Mmo[j paonpa. aaey Aewr sia[dwes pajeayup Il ued s1asn yarym ‘(anoy 1>) U01199.L10D IIM dUWOS ‘S.1030e] (nva)
spuadap anfea '1s0[ 9q awn jo sporiad 310ys .10J duop UONIA.LI0D INOYIM THEZTINA uonenuane Surioyiuowr
s3INg ‘s ¥ <W/31000T1-0 Aewl S J 9[1IB[0A-TWIAS dWOS ‘Pasn SI 1d[Ul pajeay J| I 9q ued Suipeal ejep awil-[edy 1 ym Adwod spppowt swos 1 Ael eyog awn-[eay
SPIM - T SIJI B A
481y s1 uoneIUIUOD ‘poyzowr 0N SurInseaw 10y poyiaw
Nd 2y3 usaym paoejdal aq p[noys Iay[ly ay ], ‘Al 20UdIJa 33 UBY) 19132 q jusreainba ayy paydope aaey ysn
o *045GZ SPIdIXa ST pue ST Adeandoe JuswaInSea|y I a3 ul sapuade JusWLLIaA0S Auepy I
S0 OTINd 0§ an[ea jru] ay) ut Ajurersaoun papuedxa ayy, I 995 A[Ised "(L06%INH) 74 10 (THEZINT)
431y S131500 JUaWAINSLIN I ued s1asn yorym ‘(1noy 1>) 0TI 0] POYI9W 9JUd.IDJa.I (WO03A.L) @2ueleq
‘poyIaW doUL.IJA 93 03 patedwod SSo awn jo spotiad 3.10Ys .10 dUOp N Y3 Ul BLI9ILID ddUd[eAInba oJo1w Suneqoso Surioyuow
<W/8w 000S-0 d[1e[0AIWAS 191ea1d sasned mofyaie pajeayald ayl, 1 9q ued Surpeal ejep swn-[eay 1 93 199W 10U S0P WO PIEpULIS ‘T  JUSWS[O [EDIUO) awin-[eay
'sj[nsa. K1ojeaoqe|
9Y3 19}je paure}qo SII[NSAI JUSWAINSEAW A, ‘Al JUSWAINSEIW Y} JO (NSl B S
_ uru/[ 99T *S9ATIDAIIP auop aq ued SisA[eue [ed1wLdY) I
(& MOTJ JLI}DWN[0A Nd jo syuswaambaa Sun.iodal ay) 399w 30U S0P 3] it S9ATIDRIIP s1ajdures Gurdwes
pue sanoy $z *SINOY §Z 03 PaWI[ ST 9WI) JUSWSINSLI Bt N4 03 Suip1odoe poyow 0S LYVd 44D 0¥ vdd 11 JLPWIARIS aSeraae
awn Surmseajy 431y s13500 JuswaINSLay I JUSWIAINSEIW dDUDIJI OTIN ' TPEZINA 1 paseq-191[1 -poLiad
\Mwmmﬂ\ww_w awn pue sagejueapesiq sagejueapy poyiaw paepueis onbruyay °dky
: ; JULWIINSEI Suriojiuoy
JUdWAINSEI |\ a8uea Surinseay
(o102

‘Ipupz pup A3 ‘STOZ “ID 32 [DIDWY ‘FTOZ “ID 32 [2UIM ‘TI0Z ‘Mouaby Juawuodiaug ;8002 ‘Vdd ‘S00Z “Ip 32 buijjid) SpoyIaw Juawansnvawl Uo1Ip.Luaduod 1233pw a3p[nonaod 'z d pub 0 Td Jo uostindwo) T ajqu],

23



Zekeriya Duran, Tugba Dogan, Biilent Erdem / Scientific Mining Journal, 2024, 63(1), 19-30

The European Standard EN 12341 is defined as the TSE EN
12341 in Tiirkiye as “Ambient air - Standard gravimetric measure-
ment method for the determination of PM,, or PM, . mass concen-
trations of suspended particulate matter”. The original version of
this standard (EN 12341: 2014) was prepared by the technical
committee CEN/TC 264 “Air quality”, whose secretariat is man-
aged by DIN. This standard also replaces EN 12341:1998 and EN
14907:2005. This standard can also be used to calculate mass con-
centrations of other PM fractions such as PM,. According to this
standard, measurements are carried out with samplers operating
at a nominal flow rate of 2.3 m®/h during a nominal sampling pe-
riod of 24 hours, with inlet designs as specified in Annex A of the
standard, and measurement results are expressed in ug/m®. The
range of application of this European Standard is from approxi-
mately 1 pug/m? (i.e. the limit of observability of the standard mea-
surement method expressed in terms of the uncertainty of the
method) to 150 pg/m* for PM, and 120 pg/m?® for PM, . Here,
ambient air is passed at a constant flow rate through a known size
selective inlet and the relevant PM fraction is collected in a strain-
er for a known period of nominal 24 hours. The mass of the PM
material is determined by weighing it with a strainer at pre-speci-
fied constant conditions before and after collecting the particulate
matter, hence the concentration in micrograms per cubic meter
(ug/m?) in the measured environment. It is then calculated by di-
viding the difference between sampled and unsampled filter mass-
es by the sample volume found by multiplying the flow rate and
sampling time as given in Equation 4.

c=(my —my)/(Qq *1t)
Where;

¢ :Concentration per cubic meter (ug/m?)

(4)

m, : Sampled strainer mass (ug)

m  : Unsampled filter mass (ug)

Q, : Flow rate at ambient conditions (m?®/h)
t :Sampling time (h)

When using sampling systems operating at flow rates other
than 2.3 m3/h, the strainer conditioning and weighing require-
ments can be obtained in accordance with standard’s Clause 6 by
applying a scaling factor equal to the ratio of the flow rates of the
non-reference and reference samplers. Accordingly, for a sampler
operating at a flow rate of 30 m3/h, the scaling factor of the fil-
ter witnesses is considered to be equal to 30/2.3 (TSE EN 12341,
2014). On the other hand, monitoring of aerosols in workplaces
and evaluation of particle concentrations in the air can be done in
accordance with the CEN/TR 16013-3:2012. This standard details
the use of photometers (aerosol monitors) for the determination
of airborne particles of the respirable fraction, their measurement
limitations and their possible use in the field of occupational hy-
giene. All photometer-based direct reading aerosol monitors use
the principle of light scattering to determine airborne particle con-
centration (NSAIL 2012). Studies carried out to estimate PM emis-
sion rates resulting from activities in open-pit mining operations
and the devices used in measurements are given in Table 2. It has
been noted that most studies on PM emissions are conducted on
coal mines; whereas, little research has been done on iron, manga-
nese, and copper mines, as well as gypsum and limestone quarries.
However, measurements of PM emissions have only been discov-
ered in the aforementioned open-pit mines. Measuring of PM,,
PM, , and TSP emissions was mostly done for routine operations
including drilling, loading, and hauling. PM, emission levels were
the lowest measured. The majority of the indicators measured
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were meteorological, aside from PM emissions. Thermal comfort
and PM emission tests were conducted using various brands and
kinds of instruments.

2. Open pit PM emission measurements

It is crucial to estimate PM emissions for comparable activities
and to compute the PM emissions from open pit mining operations
in a realistic manner in order to regulate air quality. Activity based
emissions must be continuously measured and tested with various
parameters. Various researchers have used different parameters to
estimate PM (TSP, PM_, PM, , PM, . and PM, ) emission rates result-
ing from activities during open-pit mining operations. Studies on
basic activities such as drilling, blasting, loading and hauling in the
mining industry have been compiled. The parameters used by the
PM emission estimation equations, handled formations, and par-
ticulate matter emission were analyzed in the following sections.

2.1. PM emission from drilling operations

There have been nine studies conducted to estimate PM
emissions from drilling operations. The majority of research has
focused on TSP estimate (64%) while none has examined PM,,
estimation (0%) (PM,, » 18%, PM,. - 9% and PM, — 9%). Pa-
rameters such as moisture and silt content of the drilled formation,
wind speed, hole diameter and drilling frequency (Chakraborty et
al,, 2002; Lal and Tripathy, 2012), moisture and silt content of the
drilled material (Nagesha et al., 2016) were employed in the mod-
eling of TSP emission during drilling operations in the overburden
layers of open coal mines. Furthermore, during coal drilling, a TSP
release rate of 0.1 kg/hole was utilized (USEPA 1998), and during
coal pickling, a constant value of 0.59 kg/hole (USEPA 1998; NPI,
2012) was employed. A constant value of 0.31 kg/hole for PM,
was utilized in coal mine research (NPI, 2012). On the other
hand, air temperature, relative humidity, station pressure, dew
point temperature, wind speed (including side and counterwind
speeds), silt + clay content of the material, and material moisture
were used in TSP, PM, , PM, ,, and PM, emission modeling that was
done in gypsum and limestone quarries (Duran, 2022). Examining
the literature, TSP release prediction models considered hole di-
ameter and drilling frequency the least, and the moisture content
of the drilled material and wind speed the most. Factors such air
temperature, relative humidity, station pressure, dew point tem-
perature, wind speed (including head and side wind speed), silt +
clay content of the material, and material moisture were utilized to

estimate PM, , PM, , and PM, emissions (Figure 4).
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Figure 4. Frequency of parameters used for estimating PM emissions from
drilling operations
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2.2. PM emission from blasting operations

To quantify PM emissions from blasting activities, nine stud-
ies have been undertaken. The majority of research has focused
on TSP prediction (43%), whereas no research has targeted on
PM, prediction (0%) (PM,, - 10%, PM, - 33%, PM,, > 14%).
TSP emission during blasting activities in the overburden layers
of open coal mines was modeled using factors such as blast area,
blast hole length, and moisture of the blasted material (Axetell
and Cowherd 1984; USEPA, 1998; NPI, 2001-2012) and blast area
alone (USEPA, 1991-1995-1998; NPI, 2001-2012). USEPA (1991-
1995-1998) and NPI (2001-2012) multiplied PM, by a fraction
(0.52) of TSP in order to model PM,; emissions whereas TSP was
multiplied by a coefficient of 0.03 to yield PM, , (Axetell and Cow-
herd 1984; USEPA, 1998). The blasting area was the most import-
ant factor for TSP emission models, whereas the moisture content
of the blasted material and the hole size were the least important
factors. The blasting area, hole length, and moisture content of the
blasted material were all employed in identical numbers for the
PM, . emission models. Models for PM,  and PM, ; emissions were
produced by simply multiplying TSP by a certain coefficient (Fig-
ure 5).

Frequency of parameters
v

A D
uTSP

MSTR
PM15 mPM10 mPM2.5

TSP

Figure 5. Frequency of parameters used for estimating PM emissions from
blasting operations

2.3. PM emission from loading operations

Sixteen research studies have been conducted to estimate
PM emissions during loading activities. When the studies on PM
estimation are weighted as a percentage, the rate of PM, estima-
tion was 3%, whereas the rate of TSP estimation was 44% (PM15
- 15%, PM,, = 19%, PM,, — 19%). Parameters like the mois-
ture content of the loaded material (Axetell and Cowherd 1984;
USEPA, 1991-1995-1998; NPI, 2012), and the moisture and silt
content of the loaded material, material unloading height, wind
speed, loading frequency, and loader capacity (Chakraborty et al.,
2002; Lal and Tripathy, 2012) were used in the modeling of TSP
in loading operations in open coal mines. The modeling of TSP
emission during pickling in coal mines took into account moisture
and silt content of the loaded material, material unloading height,
wind speed, loading frequency and loader capacity (Chakraborty
et al., 2002; Lal and Tripathy, 2012) and moisture content and
wind speed of the loaded material (NPI, 2012). The TSP generat-
ed during ore production and stripping in an open iron mine was
modeled using the following factors: wind speed, load frequency,
moisture and silt content of the loaded material, material unload-
ing height, loader capacity, and loading frequency (Chaulya, 2006).
In aggregate quarries, factors including material moisture content

27

and wind speed (USEPA, 2006) were taken into account in loading
operations. Parameters including moisture content of the load-
ed material (NPI, 2012), moisture content of the loaded material
and wind speed during coal pickling (NPI, 2012), and correction
factors (0.75*PM15) (USEPA, 1991-1995) were considered while
predicting PM, ; emission in coal production. Similarly, PM10 in
aggregate loading was estimated using 0.35*TSP. An equation of
0.053*TSP for aggregate loading (USEPA, 2006) and 0.019*TSP for
coal production (Axetell and Cowherd 1984; USEPA, 1991-1995-
1998; NPI, 2012) was used for estimating PM, . emissions. TSP,
PM, , PM,, and PM, emissions in gypsum and limestone quarries
were predicted using parameters such as air temperature, dew
point temperature, station pressure, relative humidity, wind speed
(including counter and side wind speed), humidity of the loaded
material, and loader bucket volume (Duran, 2022). Based on a
review of pertinent literature, the moisture content of the mate-
rial being loaded, wind speed, loader bucket volume, unloading
height, and loading frequency are the main factors used in TSP
emission models; at the very least, counter and side wind speeds,
air temperature, station pressure, relative humidity, and dew point
temperature are considered. Loader bucket volume, material
moisture, wind speed (including head and crosswind speeds), air
temperature, dew point temperature, relative humidity, and sta-
tion pressure were all employed in PM1 emission models (Figure
6).

17
16
15
14
13
12
"
10

Frequency of parameters

O AN WA OO N ®

H BC MSTR SLT WS CW HW TMP DWPT RH SP X TSP PM15

=TSP =PM15 mPM10 =PM2.5 mPM1

Figure 6. Frequency of parameters used for estimating PM emissions from
loading operations

2.4. PM emission from hauling operations

For hauling both within and outside the pit, twelve studies
yielded PM emission models. 48% of the research concentrated
on TSP estimate and 4% on PM, estimation (PM,; — 10%, PM, -
21%, PM,, — 17%). The following parameters were used for TSP
emission modeling in open coal mines for in-pit transportation;
truck mass and silt content of the road surface (Axetell and Cow-
herd 1984; USEPA, 1991-1998); silt content, truck mass and mois-
ture content (NPI, 2001); moisture and silt content, wind speed,
average truck speed, vehicle cycle frequency and truck capacity
(Chakraborty et al., 2002; Lal and Tripathy, 2012); moisture, silt
content and average truck speed (NPI, 2012). In the modeling
of TSP emission for an open iron mine, Chaulya (2006) profited
from moisture and silt content, wind speed, average truck speed,
vehicle frequency, and truck capacity. Another method used truck
mass and silt content to achieve stabilized road conditions (USE-
PA, 2006). Furthermore, moisture and silt content, wind speed,
average truck speed, and vehicle cycle frequency were employed
for TSP emission modeling in hauling operations on the main haul



Zekeriya Duran, Tugba Dogan, Biilent Erdem / Scientific Mining Journal, 2024, 63(1), 19-30

roads in coal and iron mines (Chakraborty et al.,, 2002; Lal and
Tripathy, 2012; NPI, 2012). For in-pit roads of open coal mines, the
formula 0.60*TSP has been suggested for PM, estimation (USEPA,
1991). Modeling of PM , emissions from gravel roads took into ac-
count truck mass, moisture, and silt content (NPI, 2001); moisture,
silt content, and average vehicle speed (NPI, 2012) and silt con-
tent and truck mass (USEPA, 2006). For coal mine main haulage
roads silt content and truck mass were considered (NPI, 2012).
On a stabilized road, an equation of 0.1*PM,, is introduced to esti-
mate PM, . emissions (USEPA, 2006). Air temperature, dew point
temperature, station pressure, relative humidity, wind speed (in-
cluding counter and side wind speed), moisture and silt + clay con-
tent of the road material, truck mass, number of wheels, and truck
speed were used for TSP, PM,, PM, and PM, emission modeling
in gypsum and limestone quarries (Duran, 2022). The moisture
and silt content of the haul road material, truck mass, and vehicle
speed are the most commonly used parameters for TSP emission
models, while the counter and side wind speeds, air temperature,
station pressure, relative humidity, dew point temperature, num-
ber of truck wheels, a specific coefficient, and silt+clay content
are the least commonly used ones. Only truck mass was used to
build PM15 emission models. For PM,  emission models, the high-
est value was obtained when truck mass and vehicle speed were
taken into account, while the lowest value was reached by multi-
plying TSP with a certain coefficient. Air temperature, dew point
temperature, station pressure, relative humidity, wind speed (in-
cluding head and side wind speed), moisture and silt+clay content
of road material, truck mass, number of truck wheels, and vehicle
speed were all employed in PM2.5 and PM1 emission models (Fig-
ure 7).

Frequency of parameters
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Figure 7. Parameters used in transport activity PM release estimates

3. Conclusions

In this paper, previous research has been compiled on the
monitoring and the prediction of PM emissions considering basic
open-pit mining activities such as drilling, blasting, loading, and
hauling. 69.6% of the research on PM emission measurements and
projections were conducted in coal mines, whereas only 30.4%
were conducted in iron, manganese, copper mines, and gypsum
and limestone quarries. Nevertheless, other than the open-pit
mines mentioned above, no measurements of PM emissions have
been reported in the literature. This requires that further research-
es should be carried out in other fields of mining than coal. The
majority of the articles reviewed in this field measured PM, , PM, ,
and TSP emissions, with PM, emissions being the least. In terms of
quantification, 78.26% of the articles had measurements of PM
56.52% of PM

10’

39.13% of TSP, 30.43% of PM,, and 13.04% of

2.5’
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PM,. Other emission rates were also estimated and the equations
developed, primarily utilizing TSP and PM, data. Similar to PM
emission, a variety of brands and models of instruments were
used to measure meteorological factors. It was found that, even for
the same mining activity and for the same location, the equations
used for PM emission prediction might create or produce different
results. Therefore, it would be appropriate to design or develop
prediction models that are unique to the mine in question.

Nomenclature

A : blasting area (ft?, m%)

BC : Loader bucket volume (m?)

c : Constant

cw : Side wind speed (m/s)

D : Blasting hole length (ft, m)

DWPT : Dew point temperature (°C)

D2 : Hole diameter (mm)

F : Drilling frequency (number of holes/day

F1 : Vehicle frequency (number/hour)

H : Material unloading height (ft, m)

HW : Headwind speed (m/s)

MASS : Truck mass (t)

MSTR : Moisture content (% mass)

RH : Relative humidity (%)

SLT : Silt content (%)

SLT&CLY : Silt content (%)

SP : Station pressure (mb)

SPD : Truck speed (km/h)

TMP : Air temperature (°C)

TL : Truck capacity (t)

WHL : Number of truck wheels (pieces)

WS : Wind speed (m/s)

X : Upload frequency (number/hour)
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ABSTRACT

This study investigates the oil agglomeration method which has significant importance for achieving high recovery and cost-effectiveness in utilizing
energy resources. This method is particularly relevant for resources that pose environmental challenges due to their fine particle size or low quality,
such as oxidized coal with large reserves. This research examines the effects of various factors, i.e. type of inorganic pretreatment material, proportion
of bridging liquid, duration of agglomeration and mixing speed, on the efficiency of oil agglomeration in the beneficiation of Zonguldak coal dust, which
has a low ash content of 2.23%. In the experiments, kerosene serves as the bridging liquid, and various inorganic pretreatment materials, including
NaCl, FeCl,, Fe,(S0,), and AL,(SO,),, are tested. The experiments revealed that when inorganic pretreatment materials were combined with kerosene,
the maximum agglomeration recovery of 81.6% was achieved at kerosene concentration of 15%, mixing speed of 800 rpm, and agglomeration time of
10 minutes. The agglomeration recovery was found to be 71.5% when using only kerosene under suitable conditions, but it varied between 78.3% and
81.6% when pretreatment materials were combined with kerosene. Among the inorganic pretreatment materials, the highest recovery was obtained
with the use of 50 mg/L Fe,(S0,), in combination with kerosene. Furthermore, the optimum agglomeration recovery obtained with only kerosene

could be achieved in a shorter agglomeration time when inorganic pretreatment materials were used together with kerosene.

Keywords: Bituminous coal. Bridging liquid. Coal dust. Kerosene. Oil agglomeration.

Introduction

Today, the recovery of coal dust through cleaning and increas-
ing the quality of coal becomes imperative along with develop-
ing technology due to both economic reasons and environmental
issues. Excessive fragmentation of Zonguldak coals due to their
brittle structure and applied production methods significantly
increases plant losses in the fine size fractions. Of the raw coal
produced in the basin, according to the enterprises, 15-30% con-
stitutes 1 mm size coals, which can be referred to as fine coal. For
this reason, the significance of fine coal enrichment increases sig-
nificantly (Hacifazlioglu, 2013).

The beneficiation of fine coal in coal washing plants is per-
formed with the help of some new technology devices such as coal
spirals, flotation machines, feldspar jigs, shaking tables, water cy-
clones, multi-gravity separators, teetered-bed separators and re-
flux classifiers. Heavy media beneficiation method, which is based
on the density difference between coal and mineral matter, is one of
the most widely used methods in coal beneficiation plants (Abbott
and Miles, 1991; Aktas, 1993; Ozbayoglu and Mamurekli, 1994;
Aktas and Woodburn, 1995; Aktas et al., 1998; Celik, 2002; Celik,

2006; Yiice et al., 2009). The ash content in the floating part of the
coal obtained in the beneficiation process performed with heavy
media separation is equivalent to the maximum amount of mineral
matter that can be removed (Flynn and Woodburn, 1987; Stockton,
1989; Aktas, 1993; Aktas et al., 1998; Unal et al., 2000). On the oth-
er hand, in the heavy media beneficiation method, the recovery de-
creases at fine sizes, and especially the recovery of coals at sizes fin-
er than 0.5 mm becomes quite difficult (Kemal and Arslan, 2000).

Due to the inadequacy of traditional gravity methods for fine
coal beneficiation, methods like flotation, selective flotation, and
oil agglomeration, which leverage the physicochemical surface
properties of mineral grains, are becoming increasingly import-
ant (Cebeci and Sénmez, 2002). Flotation is a beneficiation meth-
od that is widely used in cleaning coal dust and is performed by
utilizing the differences in surface properties of organic and in-
organic components of coal. However, in the flotation process of
oxidized coals under 0.074 mm size and coal dusts with high clay
content, various technical and economic problems arise, such as
high moisture in the clean coal filter cake, low recovery and poor
selectivity (Aktas, 2002).
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In the field of beneficiation studies; the flocculation method,
which is used to regulate the distribution of very fine-sized coal
particles (<0.15 mm) in suspension, is not economically viable
(Hacifazlioglu, 2013; Sahinoglu, 2006) and the oil agglomeration
method holds significant importance in terms of high recovery and
low cost, particularly for the utilization of our energy resources
that pose environmental challenges due to their fine particle size
or for our low-quality oxidized coal resources with substantial re-
serves. The oil agglomeration method is a beneficiation technique
capable of selective separation by exploiting differences in the sur-
face properties of minerals associated with raw coal (-0.5 mm) or
finely ground (<0.074 mm) intermediate products. Furthermore,
oil agglomeration is an efficient process that can replace flotation
in certain contexts, as it can reduce coal moisture in the form of
oil agglomerates without the need for thermal drying, filtration or
thermal dewatering. It also enables the cleaning of oxidized coals
and the recovery of coal from coal washery residues (Nicol and
Swanson, 1980; Guerra et al., 1986; Hazra et al., 1986; Hosten and
Ugbas, 1989; Cebeci et al., 2002).

However, the major drawback of the oil agglomeration method
is its high oil consumption (Kiling, 2000). To mitigate this issue,
recent studies have focused on optimizing the usage of oil and
exploring alternative, more sustainable agglomerants that could
potentially lower costs and reduce the environmental impact asso-
ciated with oil agglomeration. The oil agglomeration method rep-
resents a critical advancement in coal beneficiation technologies,
offering a promising approach for enhancing the utilization of coal
as an energy resource. Its ability to address the specific challenges
posed by fine and oxidized coals, combined with ongoing research
aimed at improving its economic and environmental performance,
underscores its potential as a key strategy in the sustainable man-
agement and utilization of coal reserves.

0il agglomeration is a beneficiation method in which selec-
tive separation is performed by making use of the differences in
the surface properties of coal and accompanying minerals (Kiling,
2000). Coal consists of organic contents, inorganic compounds
constituting ash and other mineral substances. Factors such as the
carbon content percentage in coal, the presence of inorganic ma-
terials, and the level of carbonization influence the surface char-
acteristics of coal, which in turn impacts its beneficiation process
(Laskowski and Parfitt, 1988; Sahinoglu, 2006; Giilsuna, 2007).

In the oil agglomeration method, fine hydrophobic coal parti-
cles are agglomerated with an oil containing hydrocarbons, and
the obtained dispersion resistant agglomerates are taken from the
liquid phase with a mechanical method. Hydrophilic mineral sub-
stances, on the other hand, remain in suspension in a dispersed
state (Mehrotra et al.,, 1983; Capes and Darcovich, 1984; Capes,
1991). The separation of coal from the accompanying inorganic
substances depends on the fact that both coal particles show suf-
ficient natural hydrophobic characteristics and the oil selectively
wets coal surfaces in appropriate conditions and forms spherical
agglomerates by bridging particles (Capes and Germain, 1982; Sla-
ghuis and Ferreira, 1987; Steedman and Krishnan, 1987; Petela,
1991; Shrauti and Arnold, 1995; Garcia et al.,, 1998; Laskowski and
Yu, 2000; Diizyol, 2015).

The amount of bridging liquid strongly affects agglomerate
structure, recovery of agglomerates and selectivity (Capes and
Germain, 1982; Capes and Darcovich, 1984; Steedman and Krish-
nan, 1987; Petela, 1991), while also determining the size and ap-
pearance of agglomerates (Darcovich et al., 1989; Petela, 1991;
Garcia et al,, 1995; Alonso et al,, 2002; Cebeci and S6nmez, 2002;
Chary and Dastidar, 2010; Cebeci, 2003; Gence, 2006; Cebeci and
Sénmez, 2006; Chary and Dastidar, 2013; Diizyol, 2015; Kumar et
al,, 2015). Agglomerants form smaller, rounder and more compact
agglomerates in low concentrations, whereas larger, irregular and
looser agglomerates are formed at higher concentrations (Cebeci,
2003).
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Although oil agglomeration processes have been used since
1920, microscopic coal-oil-water interactions are still yet to be
completely understood. This originates from the heterogeneous
structure of coal, which consists of hydrophilic and hydrophobic
regions (Keller and Burry, 1987; Ozer et al., 2017). Coal agglom-
eration processes are based on the wettability difference between
clean coal particles and mineral substance when coal is treated
with an agglomerant or bridging agent such as light and heavy hy-
drocarbons or non-hydrocarbon oils. In fact, agglomeration is only
possible when coal particles are hydrophobic enough to allow se-
lective wetting with oil in place of water. Agglomeration is strongly
dependent on petrography, structure, type, sequence and surface
oxidation of coal in addition to agglomerant type and concentra-
tion. If the coal particle hydrophobicity is not sufficient, surface
modification agents are usually added to the coal-water-oil slur-
ry to enhance the agglomeration of clean coal particles. Besides,
in some circumstances, surface active agents can be incorporated
into the slurry to reduce the amount of agglomerant and oil need-
ed in the process (Ozer et al., 2017).

In the agglomeration experiments, kerosene was used as the
bridging liquid because Zonguldak hard coal is bituminous coal.
On the other hand, heavy oils are used in the agglomeration of
coals such as sub-bituminous and lignite. Heavy oils characteris-
tically comprise polar hydrophilic functional groups, such as ni-
trogen, oxygen and sulfur, and these groups promote adsorption
on the relatively hydrophilic surfaces of coals to create agglomer-
ates, whereas light oils with low density and viscosity are used in
the agglomeration of bituminous coal (Capes, 1976). Light oils in-
crease the probability of particle-oil droplets collision as they can
be easily dispersed in the pulp through mixing (Capes, 1991; Unal
etal., 2000; Chary and Dastidar, 2010).

There are many studies in the literature regarding the effect
of different processing factors, such as coal recovery, ash content,
coal petrography and composition of agglomerates, coal particle
size, pulp density, type and concentration of bridging liquid and
mixing speed, on agglomeration performance in beneficiation
by oil agglomeration (Capes and Germain, 1982; Mehrotra et al.,
1983; Capes and Darcovich, 1984; Slaghuis and Ferreira, 1987;
Steedman and Krishnan, 1987; Darcovich et al., 1989; Hosten and
Ugbas, 1989; Capes, 1991; Petela, 1991; Yamik et al., 1994; Garcia
et al,, 1995; Shrauti and Arnold, 1995; Garcia et al.,, 1998; Kiling,
2000; Laskowski and Yu, 2000; Unal et al.,, 2000; Alonso et al.,
2002; Cebeci and Sénmez, 2002; Cebeci, 2003; Cebeci and Son-
mez, 2006; Gence, 2006; Unal and Ersan, 2007; Chary and Das-
tidar, 2010; Kiling Aksay et al., 2010; Uslu and Sahinoglu, 2010;
Diizyol et al., 2012; Chary and Dastidar, 2013; Diizyol, 2015; Ku-
mar et al., 2015). The biggest disadvantage of oil agglomeration
is high oil consumption. There exist a limited number of studies
towards the use of surface active agents, which improve the hydro-
phobicity of coal and assist the oil to disperse in water, to reduce
oil consumption and to obtain agglomerates with high quality in
the agglomeration of dust coals (Kiling Aksay et al., 2010).

This study involves the use of the floating part obtained from
the beneficiation of hard coal from the Zonguldak-Kozlu region
through heavy medium separation in oil agglomeration experi-
ments. This research investigates the effects of variables such as
bridging liquid concentration, agglomeration time, mixing speed,
and the use of various inorganic pretreatment materials on recov-
ery. This study presents significant methodological differences
from similar works in the literature by emphasizing the impor-
tance of optimizing kerosene concentration and adjusting mixing
speed and agglomeration time. Particularly, the maximum recov-
ery (81.6%) achieved at 15% kerosene concentration and 800 rpm
mixing speed demonstrates the critical impact of mixing speed on
agglomeration efficiency. Additionally, the use of cleaned coal re-
sulting in a homogeneous coal structure and low ash content has
led to different outcomes compared to previous studies using raw
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coal. These differences highlight that the efficiency of the agglom-
eration process can vary depending on the quality of the coal used
and the processing conditions.

1. Materials and Methods
1.1. Materials

In the beneficiation studies using oil agglomeration method,
the samples taken from the coal mine belonging to the Turkish
Hard Coal Institution, Kozlu Hard Coal Enterprise were used. Raw
coal was subjected to a float-sink operation in a heavy medium,
formed from ZnCl, solution, at a density of 1.3 g/cm>. The size re-
duction process was applied to the floating part using a jaw crush-
er and a ball mill. The sample obtained from the size reduction
process was sieved with a 0.5 mm sieve, and the oversize was
stored, while the undersize was used in oil agglomeration experi-
ments. The flowchart followed in sample preparation is shown in
Figure 1.

Raw Material

Heavy Medium

Ball Mill

+0,5 mm

Classification

—Stocking

-0,5 mm

Grid

Agglomeration
Experiments

Figure 1. Sample Preparation Flowchart

Particle size analysis was performed on the coal sample pre-
pared for agglomeration experiments. The particle size distribu-
tion curve of the coal used in the agglomeration experiments is
given in Figure 2.
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Figure 2. Particle Size Distribution of the Coal Sample

The chemical analyses of the coal used in the experimental
studies were carried out using an IKA-Mag branded ash furnace
for ash analysis, an IKA 4000 device for total calorific value analy-
sis, and a LECO branded sulfur-carbon test device for sulfur analy-
sis. The results of these analyses are given in Table 1.
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Table 1. Chemical Analysis Results of the Coal Sample

Property Value
Gross calorific value, cal/g 7790
Sulfur, % 0.30
Ash, % 2.23

In oil agglomeration experiments, kerosene (Sigma) with a
density of 0.78 g/cm?, viscosity of 1.5 ¢St and 99% puritywas used
as the bridging liquid. The selection of inorganic pretreatment
materials, NaCl, FeCl,, Fe,(SO,), and AL(SO,),, all from Merck, was
based on a literature-based evaluation of their effects on surface
properties of coal particles and how these properties influence
the oil agglomeration process. The inorganic pretreatment mate-
rials were chosen to enhance the hydrophobic properties of coal
particles and to facilitate more effective agglomeration during the
process. NaCl and FeCl, can interfere with the agglomeration pro-
cess by affecting the electrical charge distribution on coal surfaces,
whereas Fe,(S0,), and Al (SO,), promote the formation of hydro-
phobic areas on the surface, easing the interaction between oil
droplets and coal particles. These inorganic pretreatment materi-
als were selected with the aim of better understanding the mecha-
nisms behind coal agglomeration and enhancing the effectiveness
of the oil agglomeration method in coal beneficiation technologies.

1.2. Methods

Agglomeration experiments were carried out in a 50 mL bea-
ker in which three 2 cm wide plates were present. In addition, an
IKA RW-20 stirrer was used for mixing, and the mixing was en-
sured by a propeller with four blades having 5 cm diameter and 1
cm width, and held 1 cm above bottom of the beaker.

The experiments were conducted using 10 g coal at 10% solids
ratio. A conditioning time of 5 minutes was allowed in all experi-
ments before adding the bridging liquid. The sample obtained at
the end of the experiments was sieved with a 0.710 mm sieve, and
the oversize fraction was taken as the agglomerate. The agglom-
erates obtained were dried in an oven at 105 °C after being sub-
jected to the cleaning process. The agglomeration recovery was
determined as the ratio of the mass of agglomerate to the mass of
coal fed. This recovery was employed in the evaluation of experi-
mental results.

In the experiments in which only kerosene was used, the bridg-
ing liquid in the ratios of 2, 4, 8, 12, 15, 20, 30, and 40% were used.
In the experiments carried out with only inorganic pretreatment
materials, 25, 50, 250, 500, and 1000 mg/L pretreatment materi-
als were added to the system. The agglomeration time of 10 min
was given in the these experiments.

In the experiments conducted with only kerosene; when the
effect of agglomeration time on the recovery was examined, the
bridging liquid in the ratios of 5, 10 and 15% were incorporated
to the system, and the agglomeration times of 1, 5, 10 and 15 min
were applied for each ratio; in investigating the effect of mixing
speed on the recovery, kerosene in the ratios of 5, 10 and 15% was
added at the mixing speeds of 300, 600 and 1200 rpm, and 10 min-
utes of agglomeration time was allowed.

In the experiments in which inorganic pretreatment materials
and kerosene were used together, a conditioning time of 5 min
was given after the addition of the pretreatment materials to the
system, then kerosene in the ratio of 15% was incorporated, and
the agglomeration time of 10 min was applied. In these experi-
ments, when the effect of agglomeration time on the recovery was
investigated, after the addition of 5, 50 and 150 mg/L NaCl and
Fe,(S0,), as the pretreatment material, 5 min conditioning time
was used, afterwards the bridging liquid in the ratio of 15% was
incorporated to the system, and the agglomeration times of 1, 5,



Kemal Sahbudak, Yakup Cebeci / Scientific Mining Journal, 2024, 63(1), 31-40

10 and 15 min were given for each amount of the pretreatment
materials.

In the preliminary agglomeration experiments conducted at
various pH levels (3, 5, 7, 8, 10, 12) using only coal and kerosene,
the effect of pH on agglomeration recovery was investigated. The
highest agglomeration recovery was observed between pH 7.3 and
pH 8, with recovery decreasing as the pH increased. In this study,
the optimal pH value was determined to be 7.7. This represents
the pH range that optimizes interaction in the agglomeration pro-
cess, thereby achieving maximum recovery.

2. Results and Discussion
2.1. Agglomeration Experiments Conducted with Only Kerosene
2.1.1. Effect of Kerosene Concentration on Recovery

In the experiments in which only kerosene was used, the
bridging liquid in the concentration of 2, 4, 8, 12, 15, 20, 30 and
40% were used, and the agglomeration time of 10 min was given.
The recovery values obtained in the agglomeration experiments
conducted with the use of kerosene only are illustrated in Figure 3.

Figure 3. Recovery Variation Depending on the Bridging Liquid Concentra-
tion

The investigation of experimental data presented in Figure
3 reveals a complex interplay between the concentration of the
bridging liquid and its impact on the efficiency of coal recovery via
agglomeration. It was observed that recovery rates progressively
increased with the concentration of bridging liquid up to 25% and
beyond this point, a significant reduction in recovery was noted.
This reduction at higher concentrations primarily results from
spherical agglomerates transforming into less coherent, paste-like
structures. These structures tend to form bulkier clusters, which
diminish their structural integrity under mechanical stress (Capes
and Jonasson, 1988; Hacifazlioglu, 2008; Aslan and Unal, 2011).
Sub-optimal concentrations resulted in the formation of loose
flocs due to insufficient oil coverage around the coal particles. This
led to an increased presence of water within the agglomerates,
making them prone to easy breakdown during operations, such as
sieving or washing (Nicol and Swanson, 1980; Cebeci and Sénmez,
2006). Crucially, optimal agglomeration efficacy is achieved with a
careful application of oil, typically maintained between 10% and
50% of the mass of coal (Hacifazlioglu, 2008). Excessive applica-
tion of oil was found to be detrimental to recovery, leading to the
conversion of agglomerates into oil sludge and causing coal parti-
cles to form non-cohesive, paste-like flocs in an oil-rich environ-
ment (Ozer etal,, 2017).
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Additionally, insights from experiments utilizing only kerosene
have revealed that although a 25% concentration of the bridging
liquid facilitated high recovery rates, the formed agglomerates
exhibited irregularities and compromised durability against me-
chanical forces. Conversely, a 15% concentration produced dens-
er, more spherically shaped agglomerates with superior resis-
tance to breakage. This emphasizes the necessity of finely tuning
the concentration of the bridging liquid to foster the formation of
agglomerates with optimal physical characteristics and stability,
highlighting the intricate balance essential in the agglomeration
process to maximize coal recovery efficiency.

The findings of the study reveal that the agglomeration pro-
cess achieves its highest recovery (71.5%) at a kerosene concen-
tration of 15%, and the recovery decreases when this concentra-
tion is exceeded. Using clean coal resulted in a more homogeneous
coal structure and lower ash content, differing from the results
obtained with raw coal used in the study by Cebeci et al. (2002).
These differences indicate that the impact of kerosene concentra-
tion on agglomeration recovery can vary depending on the quality
of the coal used.

2.1.2. Effect of Agglomeration Time on Recovery

In the experiments that used only kerosene to investigate the
effect of agglomeration time on recovery, bridging liquid concen-
trations of 5%, 10%, and 15% were added to the system. Agglom-
eration times of 1, 5, 10, and 15 minutes were applied for each
concentration.The effect of agglomeration time on the recovery in
different kerosene concentrations is shown in Figure 4.

Figure 4. Effect of Agglomeration Time on Recovery at Kerosene Concentra-
tions of 5, 10 and 15%

As shown in Figure 4, with a 15% concentration of the bridg-
ing liquid, the recovery increased from 60% to 71.5% as a result
of mixing for 1 and 10 minutes, respectively. This increase in re-
covery was attributed to the increased likelihood of particle-oil,
particle-particle and particle-microagglomerate contacts, result-
ing in agglomerates that were more stable, contained less water,
and were more spherical. The maximum recovery (71.5%) was
reached at the end of the 10 min mixing time. A slight downward
trend in recovery was observed when the mixing time increased
from 10 to 15 minutes. This decrease in recovery may be attribut-
ed to the agglomerates, having reached a certain size, being par-
tially fragmented by rubbing against each other and the beaker
wall. Furthermore, it was observed that the agglomerates had a
looser structure, as particle-oil contacts and attachments were re-
duced at shorter mixing times. Similar results were reported by
Osborne (1988), Ucbas et al. (1997), Hacifazlioglu (2008), Sahino-
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glu and Uslu (2008), Chary and Dastidar (2010) and Shukla and
Venugopal (2019). Analysis of Figure 4 indicated that the optimal
agglomeration time was 10 minutes.

The results of this study, compared to those of Cebeci et al.
(2002), highlight significant differences in the effect of agglom-
eration time. Experiments conducted with clean coal achieved
the highest agglomeration recovery at a kerosene concentration
of 15%, with increases in this concentration negatively affecting
the recovery. The maximum recovery value (71.5%) was reached
within a mixing time of 10 minutes, whereas in the study of Ce-
beci et al. (2002) using raw coal, this duration was determined to
be 15 minutes. This difference demonstrates that the efficiency of
the agglomeration process varies depending on the quality of the
coal used and the processing conditions. The use of clean coal, re-
sulting in a more homogeneous and lower ash content structure,
has led to different outcomes compared to previous studies that
utilized raw coal.

2.1.3. Effect of Mixing Speed on Recovery

To investigate the effect of mixing speed on recovery, kerosene
at different concentrations (5%, 10%, and 15%) was added to
the system at mixing speeds of 300, 600, and 1200 rpm, with an
agglomeration time of 10 minutes for each. The impact of mixing
speed on recovery, in experiments utilizing only kerosene, is illus-
trated in Figure 5.

Figure 5. Recovery Variation with Mixing Speed at Kerosene Concentrations
of 5,10 and 15%

Analysis of Figure 5 shows that at a 15% bridging liquid con-
centration, increasing the mixing speed from 300 rpm to 800 rpm
raised the recovery rate from 49% to 81.6%. However, further in-
creasing the speed to 1200 rpm reduced the recovery to 58.8%.
The diminished recovery at lower speeds is attributed to the inad-
equate dispersion of oil in the pulp and reduced collisions among
oil-coated particles (Bhattacharyya et al,, 1977; Coleman et al,,
1995; Aslan and Unal, 2011). As the mixing speed increases, the
bridging liquid more effectively coats particle surfaces, enhancing
the likelihood of collisions between oil-coated particles and thus
improving recovery. The decline in recovery beyond a critical mix-
ing speed is due to high shear and turbulence (Yu, 1998), uneven
distribution of oil droplets (Capes and Germain, 1982; Coleman et
al,, 1995), and collisions of coal-oil agglomerates with each other
and the beaker walls at high speeds (Cebeci and S6nmez, 2002;
Kumar et al., 2015). The literature indicated that agglomeration
recovery increases with mixing speed up to a critical point, beyond
which it decreases (Cebeci and Sonmez, 2006; Gence, 2006; Sahi-
noglu and Uslu, 2008; Aslan and Unal, 2011; Duzyol, 2015; Ozer et
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al,, 2017). Upon reviewing Figure 5, the optimal mixing speed was
identified as 800 rpm.

2.2. Agglomeration Experiments Conducted with Only Inorganic
Pretreatment Materials

The agglomeration recovery values obtained from agglomer-
ation experiments conducted using only inorganic pretreatment
materials indicated that, in the absence of kerosene as a bridging
liquid, the effectiveness of all tested inorganic pretreatment mate-
rials in coal agglomeration was negligible, with agglomeration effi-
ciencies being less than 1%. This outcome underscores the critical
role of bridging liquids in facilitating agglomeration, as inorganic
pretreatment materials alone, without the presence of a bridging
agent, fail to achieve significant dispersion on particle surfaces or
to exhibit bridging properties.

2.3. Agglomeration Experiments Conducted with Inorganic Pre-
treatment Materials and Kerosene

In the experiments in which inorganic pretreatment materials
and kerosene were used together, after the addition of the pre-
treatment material, a conditioning time of 5 min was allowed, then
kerosene in the concentration of 15% was added to the system and
10 min agglomeration time was given.

2.3.1. Agglomeration Experiments Conducted with Al(SO,), and
Kerosene

The recovery values obtained as a result of the oil agglomera-
tion experiments conducted with Al(SO,), were given Figure 6. An
increase in AL (SO,), concentration to 50 mg/L led to an enhanced
recovery, after which a slight decrease was observed. The initial
recovery improvement at lower concentrations can be attribut-
ed to electrostatic attractions facilitating better cohesion among
coal particles and their interaction with oil droplets. In contrast, at
higher concentrations, electrostatic repulsion may have impeded
effective agglomeration due to the partial surface coating of coal
particles with Al(OH),, thereby preventing direct contact between
oil droplets and coal surfaces.

Figure 6. Recovery Variation with respect to Al,(S0,), Concentration (Kero-
sene concentration: 5, 10 and 15%; pH=7.5)

These observations align with previous research indicating
that Al(SO,),, among other salts, influences the electrokinetic
properties of coal and oil droplets, affecting their interactions and,
ultimately, the efficiency of the agglomeration process. Notably,
this study observed a 12.9% increase in recovery with 50 mg/L
Al,(S0,),at a 15% bridging liquid concentration, highlighting the
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nuanced role of inorganic pretreatment materials in optimizing
the agglomeration process.

Furthermore, salts such as Alz(SO4)3, CaClz, NacCl, and FeSO,
have been shown to impact the zeta potential of oil droplets (Wen
and Sun, 1981; Gurses et al,, 1997). The ions Al(OH),* and Al(OH),’
are found to affect the electrokinetic potential of coal particles and
oil droplets (Ozbayoglu, 1980; Cebeci et al., 2002), contributing
directly to the agglomeration process’s efficiency. This study un-
derscores the importance and potential effects of using inorganic
pretreatment materials in the agglomeration process, providing
detailed insights into their contribution to the field of coal benefi-
ciation technologies.

In this study, the use of clean coal resulted in an increase in ag-
glomeration recovery with the increase of AL, (SO,), concentration
up to 50 mg/L, followed by a subsequent decrease. This indicates
that electrostatic attractions facilitated better cohesion among
coal particles and their interaction with oil droplets. In contrast,
the study by Cebeci et al. (2002), which used raw coal, reported
a decrease in combustible recovery with the increase of Al,(SO,),
concentration up to 75 mg/L, but then observed a partial increase.
This difference highlights the effects of the type of coal used (clean
coal vs. raw coal) on the agglomeration process and the role of in-
organic pretreatment materials. Both studies underscore the com-
plexity of AL (S0O,),’s impact on the agglomeration process and the
significance of the coal type used.

2.3.2. Agglomeration Experiments Conducted with Fe,(SO,), and
Kerosene

The recovery values obtained as a result of the oil agglomera-
tion experiments in which Fe,(SO,), was used as the inorganic pre-
material are illustrated in Figure 7. As seen in Figure 7, similar to
the trend observed in Al,(SO,), experiments, an increase in recov-
ery was noted with the concentration of Fe,(SO,), up to 50 mg/L,
followed by a slight decrease. The increase in recovery at low con-
centrations can be attributed to the enhanced hydrophobicity of
coal particles due to the adsorption of Fe** ions on their surface.
Conversely, the decrease in recovery at high concentrations may
be linked to the obstruction of oil droplets contact with coal par-
ticles, presumably because the Fe(OH), compound, believed to be
present in the medium, partially coats the coal particle surface.
Similar findings have been reported in studies by Butler (1964),
Ozbayoglu (1987) and Cebeci et al. (2002). Evaluating the results
from agglomeration experiments with Fe,(S0,),, it was observed
that 50 mg/L of Fe,(S0,), increased the recovery by 14.1% at the
bridging liquid concentration of 15%.

Figure 7. Recovery Variation with respect to Fe,(S0,), Concentration (Kero-
sene concentration: 5, 10 and 15%; pH=7.8)
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In this study, the increase in recovery at low concentrations
has been linked to the adsorption of Fe3* ions on the surface of coal
particles. The adsorption of Fe3* ions enhances the hydrophobicity
of coal surfaces by forming complex bonds with oxygen-containing
functional groups, such as carboxyl (-COOH) and hydroxyl (-OH),
present on the coal surface. These complex bonds reduce the inter-
action potential of the coal surface with water molecules, thereby
giving the surface a more hydrophobic character. This, in turn, facil-
itates easier coalescence of coal particles with oil droplets during
the oil agglomeration process, leading to an increase in agglomer-
ation efficiency. Research conducted by Arbiter (1985), Wen and
Sun (1981), and Langmuir (1969) has shown that the adsorption of
Fe* ions significantly enhances the hydrophobicity of coal surfaces,
thereby improving the efficiency of oil agglomeration.

2.3.3. Agglomeration Experiments Conducted with FeCl,and Kerosene

The recovery results obtained from the oil agglomeration ex-
periments conducted with FeCl, are shown in Figure 8. As seen in
Figure 8, the recovery slightly decreased with an increase in the
concentration of FeCl,. This decrease in recovery was attributed
to the fact that Fe?* and Fe(OH)* cations, which are believed to be
present in the medium, render the surfaces of coal particles and
oil droplets more hydrophilic by altering their surface charge
(Frederick, 1964; Langmuir, 1969; Wagman, 1969; Fuerstenau
et al,, 1983; Gutierrez-Rodriguez and Aplan, 1984; Arbiter, 1985;
Ozbayoglu, 1987; Laskowski and Parfitt, 1988). Additionally, the
Fe(OH), compound, also presumed to exist in the medium albeit
in smaller quantities, prevents coal particles from contacting the
bridging liquid (Butler, 1964; Fuerstenau and Palmer, 1976; Oz-
bayoglu, 1980; Wen and Sun, 1981; Gurses et al., 1997). The re-
sults from the experiments showed that 50 mg/L FeCl, increased
the recovery by 11.1% at a bridging liquid concentration of 15%.

Figure 8. Recovery Variation with respect to FeCl, Concentration (Kerosene
concentration: 5, 10 and 15%; pH=7.3)

2.3.4. Agglomeration Experiments Conducted with NaCl and Kerosene

The recovery values obtained from the oil agglomeration ex-
periments conducted with NaCl are presented in Figure 9. As seen
in Figure 9, the evaluation of experimental results showed that
adding 50 mg/L NaCl increased recovery by 9.5% at a 15% bridg-
ing liquid concentration. The increase in recovery with rising so-
dium chloride concentration in oil agglomeration is attributed to
the reduced thickness of the electrical double layer between coal
particles and oil droplets (Ozbayoglu, 1980; Wen and Sun, 1981;
Cebeci et al,, 2002). Fan et al. (1988) explored the impact of NaCl
on the oil agglomeration recovery of coals with varying hydro-
phobicity levels. They discovered that as NaCl concentration in-
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creased, agglomeration recovery improved in highly hydrophobic
coals but decreased in less hydrophobic ones. Yang et al. (1987)
demonstrated that recovery slightly increases in oil agglomeration
as NaCl concentration rises, attributing this improvement to the
compression of the electrical double layer between coal particles
and oil droplets. The analysis of experimental data confirmed that
50 mg/L NaCl enhanced recovery by 9.5% at a 15% bridging liquid
concentration.

Figure 9. Recovery Variation with respect to NaCl Concentration (Kerosene
concentration: 5, 10 and 15%; pH=7.7)

In this study, the results showed that adding NaCl to a mixture
with a 15% kerosene concentration and using clean coal led to a
9.5% increase in recovery. These findings align with those of Cebe-
cietal. (2002), who used raw coal, highlighting NaCl’s influence on
the agglomeration process. However, the substitution of raw coal
with cleaned coal altered the process’s efficiency, yielding a more
uniform coal structure with lower ash content and, consequently,
different outcomes.

2.4. Comparison of the Results of Experiments Conducted with
Different Inorganic Pretreatment Materials at Different Agglomer-
ation Times

In the experiments where the effect of agglomeration time on
recovery was investigated using different inorganic pretreatment
materials and kerosene, after the addition of 50 mg/L of NaCl,
FeCl,, AL(SO,), and Fe,(SO,), as pretreatment materials to the sus-
pension, a conditioning time of 5 minutes was allowed. Then, the
bridging liquid at a concentration of 15% was added, and agglom-
eration times 1, 5, 10 and 15 minutes were applied for each con-
centration. To determine the effect of mixing time on agglomera-
tion, four different mixing times were tested at the mixing speed of
800 rpm. The results obtained from these experiments are shown
in Figure 10.

As can be seen from Figure 10, the recovery was found to be
low when the agglomeration time was 1 minute. The particle-oil
contacts and particle-oil attachments were low at short mixing
times (Bhattacharyya et al., 1977; Osborne, 1988; Coleman et al.,
1995; Hacifazlioglu, 2008; Sahinoglu and Uslu, 2008; Aslan and
Unal, 2011; Shukla and Venugopal, 2019). When the agglomera-
tion time was increased from 1 to 5 min, recovery increased due
to increased contact of oil coated particles (Capes and Germain,
1982; Kumar et al,, 2015; Ozer et al.,, 2017). From 10 to 15 min, a
slight downward trend was observed in recovery. This decrease
may be due to the fact that, at longer mixing times, agglomer-
ates reaching a certain size were partially fragmented by rubbing
against each other and the wall of the beaker (Coleman et al., 1995;
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Yu, 1998; Cebeci and Séonmez, 2002; Ozer et al., 2017). In experi-
ments conducted with only kerosene, the maximum recovery was
71.5% when the agglomeration time was 10 min. In experiments
where different pretreatment materials were used (NaCl, FeClL,
AL(S0O,), and Fe,(S0O,),) with kerosene, the recovery values were
found to be 9.5%, 11.2%, %12.9% and 14.1%, respectively, when
the agglomeration time was 5 minutes.

Figure 10. Recovery Variation with respect to Agglomeration Time (Pre-
treatment material: 50 mg/L; Kerosene: 15%)

3. Conclusions

The results of the agglomeration experiments conducted only
with kerosene indicated that recovery increased up to a bridging
liquid concentration of 25%, and then decreased beyond this con-
centration. Diminished recovery at lower bridging liquid concen-
trations resulted from inadequate coverage of the coal surface,
whereas the decline at higher concentrations occurred because
the agglomerates formed had lower resistance to mechanical forc-
es.

In the experiments where the effect of agglomeration time on
recovery was investigated using only kerosene, it was determined
that the optimal time for agglomeration of hard coal was 10 min-
utes.

Coal could not be agglomerated using only pretreatment mate-
rials without a bridging liquid.

Using inorganic pretreatment materials led to specific increas-
es in recovery rates, ranging from 9% to 15%, at a 15% bridging
liquid concentration. This variation in recovery rates, is depen-
dent on the specific type of pretreatment material used. Notably,
the employment of Fe,(SO,), and AL (SO,), resulted in significant
recovery improvements, with increases of 14.1% and 12.9%, re-
spectively. These findings imply that such materials potentially
augment the hydrophobic qualities of coal particles, thereby pro-
moting agglomeration and consequently elevating recovery rates.
Conversely, the utilization of FeCl, and NaCl was associated with
more modest recovery increments, 11.2% and 9.5% respectively,
suggesting that these substances may restrict agglomeration effi-
ciency. This limitation appears to stem from modifications in sur-
face charges induced by these materials, which in turn adversely
impact the agglomeration process.

Recovery levels achieved in 10 minutes with only kerosene
were reached in just 5 minutes when pretreatment materials were
added. This indicates that inorganic pretreatment materials can
shorten the agglomeration time, thereby increasing process effi-
ciency.
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Experiments showed that maximum recovery occurred at a
mixing speed of 800 rpm. This finding demonstrates the signifi-
cance of mixing speed as a parameter in the agglomeration pro-
cess and suggests that selecting an optimal speed can maximize
recovery efficiency.
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ABSTRACT

To accurately obtain the gas content of in-situ coal seams in coal mines, a sealed coring technology for in-situ coal seams in coal mines is proposed.
Utilizing the pressure difference generated by high-pressure water at both ends of the piston, the piston is driven to cut off the positioning pin. This
in turn drives the ball valve in the coring device to rotate, cut off and seal the in-situ coal core. Performance tests were conducted on the sealing
pressure of the coring device by opening the water holes on the piston and using suspension pins of different materials. This verifies the working
parameters of the piston opening amount and suspension pins made of different materials, providing basic data for subsequent industrial under-
ground tests. Finally, during the industrial test underground, it was found that the gas content in the coal seam measured by closed sampling was
1.9-2.5 times higher than that of the coal seam sampled by the hole. This verifies the successful design of the closed sampling device.

Keywords: Directional long-borehole; In-situ coal seam; Sealed coring; Pressure difference; Cutting mechanism.

Introduction

Coalbed methane(CBM) content is an important technical pa-
rameter to characterize the characteristics of underground coal
reservoirs, and is the main basis for the development and utili-
zation of CBM resources and comprehensive gas control (Chen et
al,, 2017).The coal-bed gas resources are rich in China, with up
to 29.8 trillion cubic meters (Tao et al,, 2019).However, due to
complex geological conditions as well as difficult exploration and
development technology, the main method is the underground
gas drainage drilling methods (Sang et al,, 2024). CBM is usually
stored in coal seams or rock fractures with the characteristics of
flammability and explosiveness. During the construction of under-
ground gas drainage drilling, if the samples and the gas content
parameters of in-situ coal seam cannot be accurately obtained, it
is difficult to formulate effective and reasonable gas control mea-
sures, posing a serious safety hazard to coal mine production (Van
etal., 2020).

Coal seam borehole sampling and testing technology is an
important means to obtain original geological information such
as coal seam gas content. It is the most basic technical work for

underground gas disaster control and comprehensive utilization
of coalbed methane (Long et al,, 2022; Karacan et al., 2021). The
detection parameters of coal seam gas content mainly include gas
content, desorption amount and residual amount (Li et al., 2020;
Szlazak et al., 2021; Akdas et al., 2023). The desorption amount
and residual amount can be accurately measured, while the gas
content can only be estimated based on the initial desorption law
of the coal sample taken. The estimated value is related to sam-
pling time, and coal sample exposure time. The longer the coal
sample exposure time, the more inaccurate the estimated value
will be (Zhao et al,, 2023; Guo et al., 2023). Therefore, how to
ensure the in-situ information of coal samples is closely related
to the sampling method of coal samples. There are two methods
to determine the gas content of coal seam: the orifice sampling
method and the coal sample tube method. Due to the prolonged
exposure time of the coal seam during the process of returning to
the borehole, not all coal samples are immediately drilled from
the borehole. Therefore, the coal sample data obtained through
this method is far from the data of the on-site coal seam. Howev-
er, the coal sample tube method also has some problems, such as
long exposure time of samples, ands serious deterioration of coal
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samples due to grinding and heating. Therefore, the coal sample
data obtained using the orifice sampling method and coal sample
tube method have serious distortion problems, which cannot meet
the accurate formulation and implementation of gas control mea-
sures. To obtain accurate coal samples of underground coal seams,
many researches on adopting in-situ coal seam coal samples have
been conducted.

To accurately obtain deep oil and gas resources, Guo et al.
(2023a, b, 2024) and Xie et al. (2021) proposed a design scheme
for a new in-situ pressure-preserved coring (IPP-Coring) tool. This
scheme is used to complete performance tests and on-site indus-
trial tests to obtain stable sealed samples. In response to the cur-
rent situation of shallow sampling depth and low accuracy, Li et
al. (2017) proposed a long-distance fixed-point pressure sealed
coal seam gas content measurement sampling technology under-
ground. It can improve the coal sample collection rate and sam-
pling depth, and improve the accuracy of coal sample collection to
a certain extent. With the development of the resource exploration
and environmental science drilling, Yu et al. (2020) proposed an
in-situ core drilling method to obtain fidelity rock samples from
deep rocks. To avoid distortion in the evaluation of deep oil and
gas reserves, Wu et al. (2023) studied a pressure intelligent con-
trol coring device and innovatively proposed the theory and meth-
od of deep intelligent temperature pressure coupling control. To
obtain high-condition preserved core samples, Yang et al. (2023)
proposed a development strategy for a high toughness and high
barrier sealing film based on molecular structure design and fill-
er synergistic enhancement. To solve the problem of low core re-
covery rate during drilling, Wang et al. (2022a) discussed the flow
field characteristics of the closed device valve core under different
working conditions.

In terms of coal mine soft rock coring, Zhao et al. (2023) de-
veloped the Pressure Maintaining Continuous Coring Technolo-
gy (PHCCT) and equipment and achieved high coring quality. To
improve the sampling rate of fragmented soft coal seams, Chu et
al.(2022) studied the “mechanical+hydraulic” multi branch hole
sampling drilling technology combined sampling technology with
directional branch hole drilling technology. This provides a new
method for sampling and gas parameter determination of frag-
mented soft coal seams in coal mines. To avoid the influence of
cutting and friction of the drilling bit for coal core quality, Wang
et al. (2022b) established a thermodynamic model of the coring
drilling bit and coring tube during the coring process. They stud-
ied the main influencing factors during the coring process through
numerical simulation. To accurately obtain deep coal cores in coal
mines, Huang et al. (2023) developed a low disturbance pressure
maintaining coring sampler for sampling tests and analysis of
coalbed methane content. To determine the methane content in
hard coal seams, Szlazak et al. (2021) studied the gas loss during
the sampling process to estimate the consistency between the core
and drill cuttings samples. To measure the gas content of coal sam-
ples, Hua et al. (2022) used different sampling methods to obtain
in-situ coal seams, measured the gas content and compared and
analyzed the data. To solve the problem of inaccurate estimation of
coalbed methane loss, Chen etal. (2017) proposed a testing device
for sealed coring of coal seam, and improved the CBM sealed cor-
ing drilling process. Based on the characteristics of conventional
coring and closed coring, combined with underground directional
drilling in coal mines, an in-situ coal seam closed sampling device
for long directional drilling in coal seams is studied. Many perfor-
mance tests and field tests are conducted to improve the in-situ
coal sampling rate and sealing effect. The results can provide reli-
able in-situ coal seam data for gas detection in coal mines.
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1. Design of coal seam closed core-taking device
1.1. Technical development ideas

Since the depth of directional drilling long hole in coal mines
is deeper, generally more than 300m, the coal samples obtained by
conventional coring drilling technology will be exposed to the air
for a long time during coring and drilling. A large number of gas
adsorbed in the coal seam will be rapidly desorbed and dissipated.
As a result, the gas loss estimated by the method (“Coal Seam Gas
Content Underground Direct Determination Method” or the power
function method) is quite different from the actual loss. The coal
seam gas content cannot be accurately measured. Therefore, ac-
cording to the technical requirements for measuring coal mine gas
content, an in-situ coal seam sealed sampling and testing device is
developed. That is, when coring drilling, the coring drilling time
and the contact time between coal samples and air are reduced
as much as possible. After sampling drilling, the coal samples are
quickly sealed in the core tube by using relevant mechanisms to
avoid exposure to the air for escaping of gas. Then, the sealed coal
sample is analyzed on site with special sampling. After recording
the analytical data, the coal sample is loaded into the coal sample
tank and sent to the laboratory for other data detection. Compared
with conventional sampling techniques, the coal sample taken by
this device can greatly reduce the exposure time of the coal sample
in the air. It can preserve the original occurrence of the coal seam,
greatly improve the accuracy of data testing such as the original
coal seam gas content, and provide accurate coal seam data for
coal mine gas control.

1. 2. Structural design and working principle of the in-situ sealed
core-taking device

The in-situ sealed coring device is mainly composed of outer
tube, piston, suspension pin, intermediate tube, rear inner joint,
coring inner tube, rear outer joint and coring bit, as shown in Fig.
1. The device adopts a three-tube single-acting structure, wherein
an outer tube is connected with a drill rod through a rear outer
joint. The front end of the outer tube is provided with a coring bit
that has the functions of power transmission and movement. The
middle tube is a drive tube, which is connected with the rear inner
joint through a suspension pin. Under the action of hydraulic pres-
sure difference, the suspension pin can be cut off, and the piston
pushes the drive tube to move forward. At the same time, the drive
tube drives the gear fixedly connected with the ball valve to ro-
tate 90 degrees through its own rack mechanism, to complete the
cutting and sealing of the coal sample. The coring inner tube can
accommodate and resolve the coal sample.

During coring drilling, the coring device is sent to the bottom
of the hole. When it touches the coal wall, the coring device is
slowly drilled with a small bit pressure and a small pump volume.
When the coring is 3-5 m, the drilling is suspended, and the bit
pressure is increased. The connecting pin between the outer bit
and the inner bit for coring is cut off, and then the coring drill-
ing is carried out. Under the action of the coal core, the inner bit
and the coal core are pushed into the inner tube for coring. After
the sampling is completed, the pump pressure is increased. The
pressure difference between the two ends of the piston is also
increased. The suspension pin between the middle tube and the
rear inner joint is cut off. The middle tube moves rightward under
the action of the piston, and drives the gear rack mechanism to
act. In this way, the ball valve cuts off the coal core and seals the
coal core in the coring inner tube, and the coal sample drilling is
completed.
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Figure 1. Structural design of the in-situ sealed core device

1.3. Calculation of the cutting force of the suspension pin

The drive pipe and the rear inner connector are fixed by the
suspension pin (as shown in Fig. 2). As the pressure difference
between the piston sides gradually increases, the allowable shear
stress of the suspension pin is exceeded. According to the assem-
bly structure, the shear force of the suspension pin under the dif-
ferential pressure of both sides of the piston is as follows:

F=2A.t (0

where, F is the actual shear force of the piston on the suspen-
sion pin, N; A is the shear area of the suspension pin, m? as shown
in Fig.2, and 7 is the shear stress on the suspension pin, MPa.

To ensure that the piston thrust can cut the suspension pin,
the actual shear force should be greater than the allowable shear
stress of the material 7. That is, the actual shear force of the hang-
ing pin in the upper type should be greater than the maximum
shear stress that the material can withstand under the allowable
shear stress state, namely:

F22A.[1] (2)

Figure 2. Assembly structure and force analysis of the hanging pin

1.4. Calculation of the pressure difference between both ends of the
piston

According to the fluid dynamic knowledge, the flow rate and
pressure difference characteristics at both ends of the piston are
as follows (Ding, 2022):

Q=KeA +Ap" 3)

where, K is the coefficient of throttling, decided by the shape
of the throttle orifice, and fluid properties. K = @? / (32ve L), where
d and L are the diameter and length of the throttle orifice, respec-
tively. v is the dynamic viscosity of the fluid; A is the flow area of
the throttle hole, mm? Ap is the pressure difference between the
two ends of the piston, MPa.
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Figure 3. Flow and pressure difference characteristics on both sides of the piston

Through calculating the pressure difference and flow charac-
teristics on both sides of the piston, the thrust force of the fluid on
the piston can be calculated as F = p;s, = p,s, (5 and s, represent
the area on both side of the piston, respectively). From the force
analysis of the suspension pin, we have F = F > 2 A « [1]. Thus, the
relationship between the flow rate and the shape and quantity of
the piston throttle mouth can be obtained.

1.5. Calculation of the core cut force

When the pressure difference on the piston is large enough,
the suspension pin is cut off and the high pressure water pushes
the piston to the right. At the same time, the end surface on the
right side of the piston acts on the left side of the drive pipe. The
gear rack on the drive pipe pushes the gear fixed on the cut-off
valve core to rotate. When the driving force is sufficient, the core
is cut and sealed.

According to the engagement of the gear and the drive pipe,
the tangential force and torque on the gear are as follows:

F,=F/2=ps, —p,s, (4)
r-r.2 (5)
2

where, F, is the tangential force of the gear, which is equal to
the thrust of the piston on the drive pipe. Due to the double teeth,
the tangential force is half of the force on the driving pipe; T, is the
rotation torque of the gear, acting on the indexing circle; d is the
diameter of the gear indexing circle, mm.

The gear is connected to the ball valve through a hexagonal
connection, as shown in Fig. 4. Therefore, the shear torque of the
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ball valve subjected to the coal core should be equal to the rotating
torque on the gear:

F,

Tc = Lsnear dl

(6)
where, F,  is the ball valve is subjected to a shear force derived

from the coal core, N; d, is ball valve diameter, mm.

a) Figure of the gear and rack engagement  b) gear

¢) ball valve

Figure 4. Force analysis of the gear and the ball valve

2. Testing of closed coring devices
2.1. Performance test

The device was tested on an FMC mud pump to test the closing
pressure of the closed core device ball valve and the number of
upward pressure holes on the piston. The rated working pressure

of the FMC mud pump is 10.3 MPa, and the flow rate is 80-284 L/
min. The schematic diagram of the test connection and the pres-
sure regulation performance test are shown in Fig. 5 and Fig. 6,
respectively.

Figure 5. Schematic diagram of performance test connection for closed core
device

Figure 6. Pressure performance test diagram

During the test, 6061 aluminum alloy rod and 35 steel rod
were used as cutting pins. The coal core was replaced by carrot,
cucumber and cement block respectively. The pressure regulating
holes on the piston were tested according to the number of 2, 3
and 4 openings respectively. During the test, the pump volume is
slowly adjusted to slowly increase the pump pressure. When the
pressure gauge has a large swing arc and the suspension pin shear
sound is heard in the closed corer, the test is stopped. The test of
carrot and cucumber as coal core is shown in Table 1, and the situ-
ation after the “coal core” is cut off is shown in Fig.7.

Table 1 Performance test of the sealed core device

Number of the Whether the
Serial . Pump pressure Pump volume Material of the hanging pin and Conclosed condition of
piston regulator ) . . P »
number . /MPa /L/min suspension pin the “coal core” are  the ball valve
openings cut off
1.5 100 6061 yes obturation
1 2
4 150 35 yes obturation
2.5 150 6061 yes obturation
2 3
6.0 200 35 yes obturation
4 200 6061 yes obturation
3 4
8.5 280 35 yes obturation

Note: In the cement block test, due to its high hardness, the pump volume and pump pressure increased appropriately, in
which the pump pressure increased by 1MPa compared with the carrot and cucumber. However, due to the damage of the
front and rear gaskets after the shear test, it was stopped only after two tests.
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Figure 7. The cutting-off “coal core”

From the test, as the regulating holes increase, the pump pres-
sure and pump volume required for the suspension pin and the
“coal core” are gradually increased, and the ball valve can be well
closed and sealed. When the suspension pin is made of 6061 alu-
minum alloy, the pump pressure and pump volume when it is cut
off are only about 40% of the 35 steel. It shows that the sealed
core sampling is feasible, and it will be sent to the underground
for industrial test.

2.2. Industrial testing
1) The general situation of the test mine

The designed annual production capacity of Zhaogu No. 2 Mine
of Henan Coking Coal Group is 1.8 million tons; the construction
period is 45.3 months, and the service life is 55.5 years. The mine
geological reserves are 339 million tons, and the designed recov-
erable reserves are 140 million tons.

Table 2 Comparison of CBM gas content for different core-extraction methods

The main coal seam is No. 1 coal seam of Permian, whose incli-
nation Angle is generally 2°-6°.Its average thickness is 6.16m, be-
longing to a nearly horizontal and stable thick coal seam. The coal
quality is high quality anthracite with medium ash, low sulfur, high
calorific value, high ash melting point and high yield of lump coal,
and the calorific value can reach 30.03 MJ/ kg. The construction of
the mine was officially started on January 9, 2007, and completed
and put into operation on April 23, 2011. After full operation, the
annual sales revenue is 1.6 billion yuan, and the profit and tax are
600 million yuan.

2) Main test equipment

In this test, the deep hole fixed point sealing core device is
used to close the coal seam of different depths of underground
coal seam, and the gas content is measured. The closed core drill-
ing equipment is ZYD6000-type directional drill and NB-300 mud
pump of Xi'an Research Institute of China Coal Science and Indus-
try Group. The drill pipe adopts ©73 groove spiral drill rod of Xi’an
Research Institute.

3) Analysis of the test results

The gas content of coal samples is determined according to
GB/T23250-2009 “Underground Direct Determination Method of
Gas Content in Coal Mines”. A total of 9 test holes in the test were
carried out, and coal samples were connected to the holes using a
coal sample tank for comparative measurement of the same gas
parameters. The test results are shown in Table 2.

Shear pressure of Cut-

The CBM gas content/(m?/t)

Hole Sampling Sampling  off pin(ball valve closing Mud pump Hanging pin
number method depth/m  pressure) flow/L/min material
/MPa The amount of obturation
the hole

1% Closed core 80 6 190 2.33 5.85 35

2# Closed core 130 6 190 2.85 6.23 35

3# Closed core 180 6.2 200 3.04 6.30 35

4* Closed core 230 6.2 200 3.15 6.50 35

5# Closed core 280 6.4 220 3.42 6.80 35

6" Closed core 330 6.5 220 3.78 7.35 35

7% Closed core 380 6.5 230 3.75 7.45 35

8* Closed core 430 6.8 230 3.93 7.86 35

9# Closed core 480 7 240 4.20 8.01 35
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According to Table 2, at the same depth, the CBM content mea-
sured by the sealed core sampling method is 1.9-2.5 times that of
the CBM content measured by coal sampling of orifice. It shows
that the closed core device can meet the sealed sampling of in situ
coal seam, and effectively avoiding the escape of sampling gas from
coal connecting orifice. The main reason for the low CBM content
measured by coal seam sampling of orifice is that the coal sam-
ples are already exposed to the air when the coal seam returns to
the orifice from the bottom of the hole. However, the sealed coring
is only exposed to air for a short time, and the CBM escapes less,
which can measure the true content of in-situ coal seam gas more
accurately.

3. Conclusion

From the experimental process of the closed core device, it can
be concluded that:

1) The developed “three tube single action” sealed coring de-
vice can effectively drill coal samples from the original coal seams
of the mine. This provides an effective guarantee for coal mines to
obtain data on the gas content of the in-situ coal seams.

2) The developed pressure differential piston sampling struc-
ture can improve the utilization rate of mud pump pressure and
effectively increased the success rate of in-situ coal core extraction
in underground coal seams.

3) A 20 day industrial underground test was conducted using
a sealed coring device at Zhaogu No. 2 Mine of Henan Coking Coal
Group. The test results showed that the gas content of coal sam-
ples obtained by the sealed coring method was increased by 90%
to 150% compared to the gas content obtained by coal sampling
of orifice.
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ABSTRACT

Plaster is among the most needed raw materials in the world. In this study, thermal activation provided by calcination and mechanical activation
methods provided by intensive milling in the plaster production process were evaluated in terms of activation energy. In this context, the energies
of laboratory-scale thermal and mechanical activation processes were calculated and these activation methods were evaluated economically and the
ideal activation methods were determined. Although the mechanical activation method creates additional investment and operating costs, it reduces
the calcination temperature by 13 °C, thus provides lower energy costs. Addition of a mechanical activator mill before thermal activation in plaster
production as a more economical and more environmentally friendly method was proposed.

Keywords: Plaster, Thermal Activation, Mechanical Activation, Energy Cost.

Introduction

Gypsum (CaSO0,.2H,0) is a naturally occurring calcium sulpha-
te mineral containing two moles of water in its crystal structure.
When pure, it contains 79.1% calcium sulphate and 20.9% water.
According to the mineralogical formula CaSO,.2H,0, when gyp-
sum, which contains approximately 21% water, is heated, 15% of
this water is removed (Eq. 1). Thus, hemihydrate (CaS0,.1/2H,0),
also known as plaster, containing 0.5 moles of water is obtained.
If the hemihydrate continues to be heated, it loses all the water in
its structure and turns into anhydrite (Eq. 2).

Calcination (160-170°C)
CaS04.2H,0(Gypsum) 1)

CaS0,.1/, H,0(Plaster) + 3/, H,0

Calcination (250°C)

CaS0,. 1/, H,0 (Plaster)
CaS0,(Anhydrite) + 1/, H,0

(2

Depending on the properties of gypsum ore (pure gypsum, na-
tural gypsum, gypsum grade, component type, etc.) and calcinati-

on conditions, the calcination temperature varies. The conversion
temperatures of gypsum to hemihydrate are in the range of 100-
120 °C, which is the temperature at which gypsum starts to lose
mass; 160-180 °C, which is the temperature at which the transiti-
on from hemihydrate to anhydrite starts, and 180-250 °C, which
is the temperature at which it no longer loses mass (Putnis et al.,
1990; Hudson-Lamb et al., 1996). The production of plaster used
in the construction sector is generally carried out by rotary kiln or
vertical kiln. The flow chart of the process including a rotary kiln
is given in Figure 1. Simply, plaster is obtained by heating in such a
way that 15% of the water contained in the gypsum is evaporated
and milling the plaster before packaging.

Mechanical activation (MA) is defined as an “increase” in the
reactivity of a solid whose chemical structure remains unchanged
throughout the milling process, during which mechanical energy
transfer takes place. During MA, the particle size of the mineral
is reduced by milling, while defects in the crystal structure are
formed depending on the mechanical energy density (Balaz and
Achimovicova, 2006). Thus, fresh, clean surfaces and semi-stable
species are formed (Boldyrev, 1986; Sekulic et al.,, 1999). In the
case of mechanical activation, the mineral will then behave more
actively during a metallurgical process such as calcination (Uysal
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et al, 2016; Erdemoglu et al,, 2020; Aydogmus et al.,, 2023) sinte-
ring (Uysal et al,, 2015; Birinci et al,, 2017; Alyousif et al., 2023a)
or leaching (Erdemoglu et al., 2017; Uysal, 2018), which will redu-
ce the temperature or increase the speed of the process. Recovery
as a result of this mechanical activation can be realized at lower
energy costs than thermal activation (Alyousif et al., 2023b). Even
if thermal activation (TA) can be achieved at lower temperatures, it
may result in less energy costs in the calcination process. It is also
known that in the plants where mechanical activation is applied,
reactions take place in shorter times, using simpler and cheaper
reactors or furnaces (Erdemoglu et al.,, 2018; Barry et al., 2019).
The only modification to the present plant is the installation of a
high-energy transfer mill before the kiln.

Figure 1. General flow chart of plaster production

Although there are many studies on plaster production, the-
re is not enough work in the literature on the activation energy
calculation, which has a significant effect on the economics of the
production process. In this study, thermal and mechanical activati-
on energy calculation was carried out in order to contribute to the
research on plaster production with lower costs. With MA, gyp-
sum formation temperature decreases and energy cost decreases.
With this reduced energy cost, it was calculated how many years
the initial investment cost required for MA can be amortised and
evaluated economically. The activation energy spent per unit qu-
antity was evaluated and the appropriate activation method was
determined.

2. Materials and Methods
2.1. Material

The gypsum used for the experimental studies was obtained
from Arslanl Al¢1 A.S. (Elaz1g, Tiirkiye) plaster plant. The ore used
in the experiments is a massive natural alabaster gypsum ore with
a CaO content of 32.45%. The chemical analysis results of this gy-
psum ore are given in Table 1 and XRD analysis results are given
in Figure 2. According to the CaO and loss on fire values in Table 1,
the CaSO,.2H,0 content of the ore was determined to be approxi-
mately 99.0%. According to XRD results, the ore consists of gyp-
sum and anhydrite.

Table 1. Chemical content of the gypsum ore sample (Sener, 2012)

Ca0 SO, Sio, MgO Cl LOI*
32.45 44.49 0.2 0.004 0.41 20.63
*LOI: Loss on ignition (1000 °C)
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2.2. Method

Representative samples of ore with an average particle size of
20 cm were taken from the plant stockpile by sampling. The samp-
les were crushed in a jaw crusher and then ground to a particle
size of -2 mm in a ceramic ball mill. This milling was performed
under dry conditions. Samples (1 kg) were ground in the cera-
mic mill at 200 rpm for 5 min. The ore with -2 mm particle size
was intensively milled to provide mechanical activation. Intensive
milling operations were carried out using Fritsch Pulverisette 6
mono mill model planetary ball mill. In the air-cooled mill, a 250
cm® bowl made of hard metal tungsten carbide (WC) and and 10
mm diameter 50 pieces balls made of the same material with the
bowl were used. Protherm PLF120/5 model muffle furnace and 15
ml porcelain crucibles were used for calcination of the intensively
milled samples. A Setaram LabSys 60 model TG-DSC device was
used to observe the thermal behavior of the intensive milled gyp-
sum. The measurements were carried out in an argon atmosphere
at a heating rate of 10 °C/min in a platinum crucible. The crys-
tal structures of the powders subjected to intensive milling were
examined by X-ray diffraction analysis performed using a Rigaku
brand RadB model device in a Cu-Ka (A = 1.5405 A) radiation en-
vironment at a scanning speed of 2 min™ and at diffraction angles
varying between 5-80°.
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Figure 2. XRD pattern of the gypsum ore sample

The ball-to-ore ratio by weight was 10 and the mill rotation
speed was 300 rpm, as recommended by Sener (2014). In the cal-
culation of activation energies, the specific milling energy per unit
amount of ore was calculated using Eq. 3 (Pourghahramani and
Forssberg, 2007; Baldz, 2008) and the specific heat energy was
calculated using Eq. 4.

SE= (my/my) *a*n*t, *D

(3)

Where, m, is mass of milling media (balls) (kg), mg is mass
of ore to be milled (kg), a is theoretical acceleration of the balls
(26.41 m/s? for the planetary mill used), n is mill rotation speed
(1/s), t,, is milling time (s) and D is mill diameter (m). In this for-
mula, the specific energy unit is k] /kg and kWh is converted (1 KkJ:
2,78*10* kWh).

Q=m*C *AT (4)

Where m is the mass in kg, Cp is the heat capacity at constant
pressure and AT is the difference between the initial ambient and
final temperature. The Cp of gypsum was calculated as the sum
of the specific heat and mass fraction of each of the chemical ele-
ments of gypsum and estimated as 1.090 kJ/kg.K (Engineering
toolbox, 2003; Evans, 2016). In both activation methods, sample
masses were taken as 1 kg due to the close feed amounts.
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3. Results and Discussion
3.1. Particle Size Distribution

Table 2 shows variations of selected cut point particle size
values with increasing milling time. Milling, as expected, not only
decreased the particle size, but also increased the amount of fine
particles in the powders. Milling up to 15 min significantly shifted
the size distribution to finer sizes, however milling for longer ti-
mes as much as 18 and 20 min shifted the distribution relatively
coarse sizes again. The particle size of unmilled gypsum is minus
2 mm, milling 15 min decreased the cut point d,, from 710.29 pm
to 38.56 um. But, prolonged milling for 18 and 20 min increased it
to 52.81 and 75.90 pum, respectively. Some coarse particles of long
milled powders are not primary but formed by coating of secon-
dary fines or aggregation.

Table 2. Variation of cut point particle size with increasing milling time.

Milling time Particle Size
(minute) (um)
d90 dSO le
0 710.29 250.27 53.46
104.31 34.19 2.45
10 63.02 9.16 1.48
15 38.56 5.74 1.34
18 52.81 5.38 1.08
20 75.90 15.04 1.51

3.2. Energy Consumption

The thermal behaviour of gypsum samples was investigated
by thermal analysis methods and the thermal analysis (TG) curve
is given in Figure 3. TG and DTA curves of the 15 minutes milled
sample are given in Figure 4.

Figure 3. TG curves of unmilled (REF) and prolonged milled gypsum sam-
ples (G5: 5 minutes, G10: 10 minutes, G15: 15 minutes, G18: 18 minutes,
G20: 20 minutes) (Sener and Erdemoglu, 2014)

According to the results showed in Figure 3, with the incre-
ase in milling time, the conversion temperatures of gypsum to
hemihydrate and hemihydrate to anhydrite decreased. It was ob-
served that the transformations shifted to lower temperature re-
gions. In thermal analysis, one reason for the shift of the mass loss
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temperature value to lower temperature regions is the reduction
of the particle size of the gypsum exposed to calcination. However,
since the gypsum sample was also prepared by milling for thermal
analysis, it was assumed that the effect of particle size on the dec-
rease in conversion temperatures can be neglected. Results similar
to these results obtained as a result of thermal analyses were also
determined by various researchers. In a study by Lou et al. (2011),
the dehydration behaviour of artificially produced gypsum was in-
vestigated with the help of TG and DSC analyses. In this study, the
temperature at which gypsum starts to lose mass is shown in the
range of 110-115 °C; the temperature at which the transition from
hemihydrate to anhydride starts is 160-165 °C and the temperatu-
re at which it starts not to lose mass is 175-185 °C.

Figure 4. TG and DTA curves of the sample milled for 15 minutes

When the curves in Figure 4 are analyzed, it was determined
that the initial temperature of conversion of the sample milled for
15 minutes to hemihydrate was 99.1 2C, the initial temperature of
conversion from hemihydrate to anhydrite was 140.9 2C and the
mass loss ended at 157.4 °C. When the specific milling and heat
energy values were evaluated together, the optimum milling time
was determined as 15 minutes (Figure 5). Therefore, the TG and
DTA curves of the sample milled for 15 minutes were taken into
consideration and the specific milling and heat energy changes
depending on the milling time are given in Figure 5. The initial
temperature values of conversion of gypsum milled and calcined
at different times to gypsum and anhydrite are given in Table 3,
and the specific milling, heat energy values and costs are given in
Table 4. The specific heat energy (kWh/ton) value was calculated
depending on the temperature required for gypsum conversion.

Table 3. Initial temperature values for conversion of gypsum milled and
calcined at different times to plaster and anhydrite

Milling time, minute 0 5 10 15 18 20
Initial temperature 112.8 109.2 107.3 99.7 100.2 103.4
for conversion to

plaster, °C

Initial temperature 166.6 1459 1441 1409 140.1 1379

for conversion to
anhydrite, °C

In Table 3, it was observed that the initial temperature of
gypsum to plaster transformation decreases until 15 minutes of
milling time and increases slightly after 15 minutes. The increase
after 15 minutes of milling was thought to be due to the decrease
in intensive milling efficiency with agglomeration. This was also
observed in the specific heat energy value given in Figure 5. When
these two data were evaluated together, the optimum milling time
was determined as 15 minutes as indicated by the dashed line in
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Figure 5. With 15 minutes of milling, the initial temperature of
conversion from gypsum to plaster decreased by 13.15 °C and the
initial temperature of conversion to anhydrite decreased by 25.7
oC.

Figure 5. Variation of specific milling energy and heat energy with respect
to milling time

Table 4. Specific milling and heat energy value and costs of samples milled
at different times

Milling 0 5 15 20
time,

minute

10 18

Specific - 8,26 16,52 24,78 29,74 33,04
milling
energy

(kWh/ton)

Specific
heat energy,
(kWh/ton)
Milling -
energy cost,

TL

194,24 93,43 91,36 82,86 8347 86,58

33,33 66,66 99,99 120,00 133,32

Heatenergy 783,77 376,97 368,64 334,33 336,80 349,34

cost, TL

The average electricity consumption cost per kWh of the en-
terprises located in Tirkiye in January 2024 is 4.035 Turkish Li-
ras (Energy Agency, 2024) and this price was taken as a source
in the calculations. While the initial temperature of conversion of
unmilled gypsum to plaster is 112.8 °C, the calcination tempera-
ture decreases as the milling time increases (Table 3). The initial
temperature of conversion to plaster decreased by 13 2C with 15
minutes milling and the initial temperature of conversion to an-
hydrite decreased by 25.7 2C. When the energy consumption and
energy cost values per ton were analyzed, 194.24 kwh/ton ener-
gy is required for complete calcination of unmilled gypsum, while
this energy requirement is 107.64 kwh/ton with 15 minutes mil-
ling, which was the sum of milling energy and heat energy (Tab-
le 5). For more than 15 minutes of milling, specific energy values
largely decreased.
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Table 5. Energy consumption and energy cost values per ton of gypsum

Cost TA MA + TA
Energy Consumption, kWh/ton 194.20 107.64
Energy Cost, Turkish Liras 783.77 434.32

With the addition of the mechanical activator mill before
calcination in plaster production per ton, the calcination tempe-
rature required for plaster production was lowered by 13.15 °C.
The energy saving resulting from this temperature reduction was
349.45 TL per ton.

4. Conclusions

In this study, TA and MA circuits used in the production of
plaster, which has an intensive use today, were evaluated econo-
mically. From the economic analysis, it was determined that the
MA circuit is generally efficient and the addition of mechanical
activator mills to the plaster production circuit before calcination
as suggested in Figure 6 is a more economical and environmen-
tally friendly method with less energy consumption. Considering
the global energy crisis in recent years, it was evaluated that the
MA+TA circuit will be a more profitable investment. Since it is
thought that the correlation of the data obtained with the equip-
ment used in the laboratory scale with the data to be obtained in
industrial plants will be very low, no evaluation has been made
regarding how long the initial investment cost of the mechanical
activator mill will be covered during the calculations. This study
was a reference in terms of energy efficiency and cost analysis
stages, which are the most important steps of feasibility studies
to be carried out for a gypsum production plant to be established
on an industrial scale.

The need for ultrafine materials in the industry will continue
to grow in the future. Consequently, the use of mechanical activa-
tor mills in industry is expected to continue to grow. The use of
mechanical activator mills in many different processes on an in-
dustrial scale is already available in literature. When evaluating
plaster production, it is predicted that activator mills will be used
in this sector in the near future because they are economical and
environmentally friendly.

Figure 6. Proposed flow chart for plaster production
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