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Abstract:

Diatomite (diatomaceous earth) and clay minerals deposits from the mining basin
Kolubara, Serbia, are natural materials with high economic potential in many fields. As
received and treated materials, diatomite and clay were characterized using X-ray
diffraction, mercury intrusion porosimetry, particle size distribution, scanning electron
microscopy, and Fourier-transform infrared spectroscopy. Activity concentrations for natural
radionuclides 40K, *Ra and #*Th and anthropogenic radionuclide **’Cs in diatomite and
clay were determined by gamma spectrometry with HPGe detector. For diatomite and clay,
the mean activity concentrations of ?°Ra, ?*Th and 40K were found to be 9, 26 and 173 Bq
kg™ and 19, 26 and 470 Bq kg™, respectively. In the present study was to show that these
materials are environmentally safe for further use in many fields.
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1. Introduction

During coal exploitation from surface coal mine Kolubara, Serbia, a huge amount of
diatomite and clay sedimentary minerals were deposited as accompanying minerals.
Diatomite or diatomaceous earth is of sedimentary origin consists mainly of accumulated
skeletons formed as a protective covering of the diatoms. Diatomite is typically soft, friable
and fine-grained, characterized by a relatively low density, chemically inert in most liquids
and gases and sparingly soluble in water. Also, this natural material has low thermal
conductivity and high absorption capacity. Diatomite usually finds application as filters, heat
insulators, absorbents, catalyst supports and advanced environmental applications such as
membranes or chromatography columns [1-9]. This material has traditionally been used as
building materials and thermal insulation [10]. Clay generally consists of a mixture of
different clay minerals and associated minerals. The most abundant clays are minerals from
the smectite group, with a 2:1-layer structure comprises sheets linked by weak van der Waals
forces [11]. Smectite is the name used for a group of phyllosilicate mineral species, the most
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important being montmorillonite, beidellite, nontronite, saponite and hectorite.
Montmorillonite, as the most common mineral from the smectite group
((12Ca,Na)(Al,Mg,Fe)4(Si,Al)sO2(OH)4nH20) is the main constituent of bentonite, derived
by weathering of volcanic ash [12]. Clays are used in drug delivery systems, agrochemical
delivery agents, and catalytic materials [13-19]. Radionuclides such as “°K and radionuclides
from #*Th and “®U series and their decay products in soils that occur in minerals are
adsorbed into soil components (organic matter, carbonates, iron and manganese oxides). From
an environmental point of view, processes of their transfer and bioavailability are important
[20-21].

The main constituent of diatomite and clay is SiO,, so these sediments are often used
for the synthesis of SiO, based ceramics [22-26]. Commercially used diatomite is generally
produced from natural diatomite by calcination processing at about 900°C. Clay minerals can
be chemically treated to activate its pore structure and/or the surface of the solid. Acid
activation of clay minerals (e.g., montmorillonite, bentonite) is a common chemical
modification to enhance its adsorption capacity and give it certain properties for desirable
applications [7]. Adsorption is an effective method for quickly lowering the concentration of
the environmental organic compound in an effluent [27].

In this study, we determined the properties of diatomite and clay before and after
thermal and chemical treatments by using X-ray diffraction (XRD), particle size distribution,
scanning electron microscopy (SEM), and Fourier-transforminfrared spectroscopy (FTIR).
Since the starting materials are of geological origin it is to be expected that those materials
possess natural radioactivity. Concentrations of activity of natural radionuclides “°K, ?’Ra
and #*Th in diatomite and clay were determined by gamma spectrometry with a high-
resolution hyper purity germanium detector (HP Ge) which is important for further use.

The main goal of this work were to study the feasibility of utilizing diatomaceous
earth and clay by physical and chemical characterization to show that these materials are
environmentally safe for further use in many fields.

2. Materials and Experimental Procedures
2.1 Chemicals and purification procedure

As-received diatomite and clay were purchased from coal mine Kolubara (Serbia).
Purification procedures have been done for as-received diatomite and clay using thermal and
chemical treatments (treated samples). Organic impurities from sedimentary minerals have
been removed by heat treatment at 600°C for 2 h in air. Thermal treatment has also been
found to be effective for removing Fe to leach iron [25]. After thermal treatment, in an
aqueous solution of 0.5 M HCI (p.a. 37%, BDH Prolabo) (wt% 1:10) sedimentary minerals
were chemically treated by stirring for 6 h at 60°C. Sediments were dried at 120°C until the
constant weight.

2.2 Methods

The XRD of as-received and treated samples was done at room temperature using
Ultima TV Rigaku diffractometer, equipped with Cu Koy, radiation, with generator voltage
40.0 kV and generator current 40.0 mA. The range of 5°-60° 26 was used in a continuous scan
mode with a scanning step size of 0.02° at scan rate of 10 °/min. An ANALYSETTE 22
Micro-Tec plus was employed to determine particle size distribution. The microstructure
analysis is performed by SEM, VEGA TS 5130 MM, Tescan. The functional groups of
diatomite and clay were studied by using FTIR spectroscopy. The powder samples with a
small amount of KBr were pressed in a mould and introduced into a Perkin Elmer FT-IR
spectrometer, Spectrum Two. The spectral data of the sample were collected between
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1200and 450 cm™. The HP Ge gamma-ray spectrometry system, ORTEC-AMETEK, with
49% relative efficiency was used to determine the activity concentration of **°Ra, “**Th
andK in the samples. Each sample was counted for 60ks, and the analysis of the obtained
gamma spectra was performed with the use of the software Gamma Vision 32. The absorbed
gamma-ray dose rates (D, in nGy h™) in the air at 1 m above the ground is calculated using
the following equationD (nGy h™) = 0.0417 AK + 0.462 ARa+ 0.604 AThby the [21], where
AK, ARa, ATh are the activity concentrations of “°K, ?6Ra and #**Th, in Bq kg™ respectively.

3. Results and Discussion
3.1 Properties of as-received and treated diatomite

The silica content of the diatomite powder is (in wt.%) 73.68. The other impurities
present in the diatomite powder are Al,03-12.28, Fe,05-3.29, Ca0-0.70, Mg0-0.44, Na,O-
0.12, K,0-1.01 and weight loss 8.26 [28]. Wet chemical methods determined the chemical
composition of as-received diatomite.

The XRD patterns of as-received and treated diatomite are depicted in Fig. 1. The
XRD analysis revealed that diatomite had a typical opal structure. The X-ray diffraction
pattern of the heat-treated diatomite (Fig. 1) shows that amorphous silica transformed into
quartz (PDF no. 33-1161).
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Fig. 1. XRD patterns of as-received and thermally and chemically treated diatomite.
Q PDF no.33-1161 quartz, SiO,; M PDF no.74-2428 muscovite, K,(AlSizO10)(F,OH)s,.

The XRD pattern shows the broadening of the diffraction lines in the regions around
15-25° of 26, associated with the present amorphous silica phase. Quartz (peak of quartz at
about 26° 26, PDF no. 33-1161) is the major crystalline phase in the as-received diatomite
and thermally and chemically treated samples [22]. Quartz is preferred over amorphous silica
for many applications because of its greater chemical and thermal stability [2]. As
accompanying mineral muscovite is observed (PDF no.74-2428) [22,26,28].

Scanning electron microscope images of as-received diatomite are shown in Fig. 2
and Fig. 3b. The frustules have a disk, capsule-shaped with a middle circular opening.
Regularly spaced rows of fine pores run along the cylindrical walls. They possess pitted
surface areas with fine pores. The frustules also appear as short tubes with rows of fine pores
aligned parallel to the tube axis (centric type). A short tube end of the frustules possesses a
circular hole with a protruding outer rim (Fig. 2b). According to the shape and morphology,
diatoms belong to the Aulacoseira type [29].
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The specimen as-received diatomite (Fig. 3a) has almost the same particle size
distribution as treated diatomite. Particle size distribution was given by an average diameter
value of 26 um for both as-received and treated diatomite. All of these observations are in
good agreement with results obtained by the SEM analyses (Fig. 3b). Particle size distribution
and SEM image of treated diatomite samples were not provided due to similarity with as-
received diatomite.
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Fig. 2. SEM image of frustules of as-received diatomite: a) disks and b) capsule-shaped
with a middle circular opening.
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Fig. 3. As-received diatomite: a) particle size distribution curve, and b) SEM images of
disks and frustules.

Fig. 4 shows FTIR as-received and treated diatomite spectrums. In the observed
spectrums, the absorption bands at 1050 cm™, 795 cm™ and 446 cm™ are the characteristic
bands for modified SiO, amorphous silica phase, opal. Partial arrangement of SiO,
modification toward quartz structure (X-ray diffraction, Fig. 1.) has been presented with a
weak absorption band in 693 cm™. Absorption bands at 1054 cm™ and 795 cm™ are assigned
to Si—O-Si plane vibrations, while the band at 446 cm™ refers to Si—O-Si deformation
vibrations. The clay minerals in as-received diatomite indicates a weak absorption band at 916
cm™ [7, 28, 30]. A combination of weak absorption bands at 533 cm™ and 446 cm™ could
probably correspond to Si—-O (bending) deformation and Al-O stretching vibrations [31].
After the chemical and thermal treatments, absorption bands at 916 cm™, 693 cm™ and 533
cm' are missing.

The activity concentrations of ?°Ra, ??Th, “K and **'Cs in diatomite samples are
determined by gamma-ray spectrometry. The **Ra activity concentration varied, ranging 5-12
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Bq kg™ with a mean of 9 Bq kg, ??Th in the range 22-33 Bq kg™ with a mean of 26 Bq kg™
and “K in the range 150-190 Bq kg™ with a mean 0f173 Bq kg™. UNSCEAR reports the
worldwide average activity concentration of these radionuclides as 32, 45 and 420 Bq kg™,
respectively [21]. In all samples, the activity concentration **’Cs was below the detection
limit.
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Fig. 4. FT-IR spectra of as-received and thermally and chemically treatedtreated
diatomite.

The total absorbed gamma dose rate due to terrestrial radionuclides varied between 22
and 43 nGyh™. The mean value total absorbed gamma dose rate of 35 nGy h™* was lower than
the average world value (58 nGy h™).

3.2 Properties of as-received and treated clay

The chemical composition of clay obtained by the inductively coupled plasma (ICP)
spectrometry  (Spectro-Flame, Spectro-Analytical Instruments) shows that its main
composition includes (in wt%) SiO,-88.00, Al,05-6.05, Fe,05-2.06, TiO,-0.48, CaO- 0.18,
MgO-0.35, Na,0O-1.05 and K,0-1.76 [23].

The XRD pattern of the as-received and chemically and thermally treated clay is
depicted in Fig. 5. Quartz (PDF no. 33-1161) is a major phase, followed by the appearance of
feldspar (PDF no. 89-8575) and smectite clays (PDF no. 229-1490) [23].
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Fig. 5. XRD patterns of as-received and thermally and chemically treated clay.Q PDF
no.33-1161 quartz, SiO,; F PDF no. 89-8575 feldspar, NaAlSi3O,4; S PDF no. 229-1490,
smectite clays.
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After thermal and chemical treatment, which removed mainly organic impurities, the
clay changed its surface properties.

Particle size distribution curve and matching SEM images of as-received and treated
clay are shown in Fig. 6. The treated clay (Fig. 6¢) has a distinctly narrower particle size
distribution compared to as-received clay (Fig. 6a). Particle size distribution was given by an
average diameter value for as-received and treated clay, 22.8 ym and 52.2 pm, respectively.
Even though the distribution of particle sizes for as-received clay is rather wide than treated
clay, the average diameter value has increased for treated clay compared to as-received clay
(Fig. 6). These observations are in good agreement with results obtained by the SEM analyses
(Fig. 6b and 6d). According to the shape of curves of treated clay compared to as-received
(the appearance of the shoulders on both curves), these samples have another group of smaller
particles whose medium diameter is ~ 3 um (Fig. 6a and 6c¢).
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Fig. 6. Particle size distribution curve of a) as-receive and c) thermally and chemically
treated clay. SEM images of b) as-received and d) treated clay.

Mostly agglomerated grains of the as-received (Fig. 7a) and treated clay (Fig. 7d) are
visible in the form of lumps. Moreover, SEM images showed a layered microstructure on
various magnifications (Fig. 7).

The FT-IR spectra of as-received and treated clay are displayed in Fig. 8. In the clay
spectrum, characteristic wide band 1023 cm™ is Si—O-Si stretching vibrations. The small
wide band at 910 cm™ corresponds to Al-OH-AI bending vibrations originating from OH in
the di-octahedral layer [32]. A characteristic band at 795 cm™ followed by the less intensive
band at 777 cm™, according to the literature data, corresponds to a doublet of quartz [33,34].
The characteristic narrow band around 693 cm™ is assigned to Si-O-Si bending vibrations
[34]. The absorption band at 523 cm™ is assigned to Si—-O-Al bending vibrations stemming
from oxygen in the octahedral layer. Wide band at 453 cm™ originates from the Si-O-Si
bending vibrations [34]. Due to thermal and chemical treatments, bands are less pronounced,
while the bands at 910 cm™ and 745 cm™ are missing in the spectrum of the treated clay
sample.
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Fig. 7. SEM images (a-c) of as-received clay and (d-f) of thermally and chemically
treated clay in the form of layered lumps.

The #*Ra activity concentration varied in the range 14-25 Bq kg™ with a mean of 19
Bq kg, %*Th in the range 23-32 Bq kg™ with a mean of 26 Bq kg™and “°K in the range 420-
550 Bq kg™ with a mean of 470 Bq kg™. UNSCEAR reports the worldwide average activity
concentration of these radionuclides as 32, 45 and 420 Bq kg™, respectively [21]. In all
samples, the activity concentration **'Cs was below the detection limit. The total absorbed
gamma dose rate due to terrestrial radionuclides varied between 39 and 54 nGyh™. The mean
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value total absorbed gamma dose rate of 44 nGy h™ was lower than average world value (58
nGy h™).
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Fig. 8. FT-IR spectra of as-received and thermally and chemically treated clay.

4. Conclusion

Sedimentary mineralsfrom the mining basin Kolubara, Serbia, diatomite and clay
were characterized by standard methods. After thermal and chemical treatment, the main
phase in both materials was quartz, a chemically and thermally stable phase preferred for
many applications. The average particle diameter value for both as-received and treated
diatomite was 26 pm, while this value for as-received clay was 22.8 ym and 52.2 pum for
treated clay. The scanning electron microscopy confirmed the layered microstructure of as-
received and treated clay.Although the stated activity concentrations 0f**Ra, ?*Th and*’K for
clay were constantly above the allowed values they are however, in the recommended values,
according UNSCEAR.The measured natural radioactivity of sedimentary minerals from the
mining basin Kolubara, Serbia, is within the recommended safety limit. They do not pose any
significant source of radiation hazard and radiological risk for further applications.
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Caxcemax. Munepanne nacnace, oujamomejcka 3emma U 2IuHa U3 pyoapckoz Oaszena
Konybapa, Cpbuja, umajy npumeny y MHO2UM 00RACMUMA KAO NPUPOOHU MAMeEPUjanu
8UCOKOZ eKOHOMcKo2 nomeHnyujana. [lonasne u mpemupane cupoeune, Oujamomejcka
3eMbAHA U 2AUHA, CY OKAPAKMEPUCAHE PEeHOLeHCKOMOUDpaKyujom, memooom pacnooene
genuyuHe Yecmuyd, CKeHupajyiom eiexmpoHcKoM MUKPOCKONUjOM KAO U Memooom
unppaypsene  cnexmpockonujeca  Doypueposom  mpancopmayujom. Konyenmpayuje
axkmusnocmu npupoouux paduonyikiuda K, **Ra u **Th u anmponozenoe paduonykmuoa
137Cs y oujamomejcxoj zemmu u enunu cy oopehusane camacnekmpomempujcku ca HPGe
Odemexmopom. 3a oujamomejcky 3emmy ymephene cy cpedre 8pedHOCHMU KOHYEeHmpayuja
AKMUBHOCIU 226Ra, 221h u* K 00 9 26, 173 Bk kg'1 00K ¢y 3a enuny ose gpednocmu 19, 26,
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470 Bk kg™. Osa cmyouja je nokasana da cy 06u npupodru mamepujanu exonowiKu 6e36eonu
3a dasmy ynompeoy.

Kuyune peuu:oujamomujcka 3emma, 2IuHA,pacnooend 6eludeHe yecmuyd, npupooHu
PAOUOHYKTIEUOU.
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