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ABSTRACT: The present study focused on the assessment and possible applications of the clay from
the Miličinica deposit, western Serbia. X-ray diffraction (XRD), Infrared (IR) spectroscopy, Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES), Differential Thermal Analysis and
Thermogravimetry (DTA-TG) and High Temperature Microscopy (HTM) were used to characterize the
clay in question. The physical properties determined were colour, plasticity, specific surface area,
particle-size distribution and cation exchange capacity (CEC). Clay minerals are the main phases in the
samples studied, with illite being the predominant phase and kaolinite being present in variable amounts.
Quartz, feldspars, carbonates and iron-bearing minerals were also detected. Varied technological
behaviours were expected because of the mineralogy (illite and iron contents), average grain size (0.6–
0.7 µm), specific surface area (≈60 m2/g) and plasticity index (≈13%). The classification of the clays
studied, based on the main characteristics and using appropriate diagrams, suggests that they are easily
adaptable for ceramic processes.
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Clays are among the most important rawmaterials used
in the fabrication of ceramic products (Norton, 1970;
Burst, 1991; Vieira et al., 2008; Kamseu et al., 2007).
Minerals of the kaolin group play a significant role in
the ceramic industry (Prasad et al., 1991; Murray,
1991, 1995; Murray & Kogel, 2005; Mukherjee, 2013)
but they also find application as fillers in paint or paper
(Bundy & Ishley, 1991; Murray & Kogel, 2005),
cosmetics (Silva-Valenzuela et al., 2013; Valášková,
2015), in pharmaceuticals (Viseras et al., 2007;
Carretero & Pozo, 2009), etc. The most important
ceramic product is porcelain. Porcelain is usually
composed of two main types of components: plastic
and non-plastic. The plastic components are clay
minerals (usually of the kaolin group) and the non-

plastic ones are inert minerals (e.g. quartz), fluxes (e.g.
feldspars) and flux-inducing minerals (e.g. carbonates)
(Matthew & Fatile, 2014). Similar raw materials have
been named either “kaolin” or “ball clay” depending
on their end use (Harvey &Murray, 1997; Dondi et al.,
2014). According to the definition: “Ball clay is a fine-
grained, highly plastic, mainly kaolinitic sedimentary
clay, the higher grades of which fire to a white or near
white colour” (Wilson, 1998; Dondi et al., 2014).
Kaolins are deeply altered parent rocks that contain
abundant non-plastic components with at least 40%
<2 µm particles, while kaolinitic loams represent
sedimentary deposits with kaolinite in admixture
with larger amounts of quartz and other clay minerals
such as illite, smectite, interstratified illite-smectite,
etc. (Dondi et al., 2014). The impurities present in the
raw material, such as iron minerals, carbonate miner-
als, quartz, feldspar, pyrite, etc. (Grimshaw, 1971)
affect the main characteristics and therefore affect its
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utilization (Saikia et al., 2003). The use of clay in
commercial manufacture of different types of tiles
depends on the technological and appearance require-
ments, namely the firing colour after and the behaviour
during manufacturing (Dondi et al., 2014). Due to
complexmineralogical and chemical compositions and
the physical characteristics, clays have unique proper-
ties that are characteristic of their deposits (Saikia et al.,
2003; Vieira et al., 2008; Mitrovic ́ et al., 2009;
Boussen et al., 2016, among others). Based on their
mineralogical, chemical, granulometric and rheo-
logical characteristics, a realistic assessment of the
potential industrial application of the raw materials is
feasible (Dondi et al., 2014).

Kaolins have been investigated in few locations in
W. Serbia (Radosavljevic ́ et al., 1994, 2014).
Miličinica, in the Valjevo district, is endowed with
a large clay deposit which has not yet been exploited
fully. According to the ‘Kaolin’, a.d. Valjevo, Serbia,
a mining company with a history of >50 years, the
annual production is ∼70,000 t with a possibility to
expand to fulfill industrial needs. Few papers have
reported mineral characteristics of this deposit and
the data available in the literature are incomplete in
terms of physical properties (e.g. Mitrovic ́ et al.,
2009; Miloševic ́ et al., 2016). The ‘Miličinica’
deposit is associated with kaolinite clay that has a
larger amount of iron-bearing minerals, which limit
its utility, but contains a favourable amount of illite
which imparts properties useful in some ceramic

industries. Due to the geographic position of the
deposit and its short distance from the tile factories it
presents a good source of raw kaolin at low cost. The
major ceramic industries in Serbia use clay from this
deposit on a daily basis. Systematic investigation of
the characterization of the clay is needed to reach
maximum potential.

The objective of the present work was to character-
ize the clays found in a deposit of Miličinica in the
municipal area of Valjevo, Serbia, to promote exploit-
ation of raw materials for production of building
ceramics.

Location and geological setting

The Miličinica deposit is situated ∼90 km SW of
Belgrade (Fig. 1, left, marked with a black triangle), at
the edge of the Pannonian basin. Pannonian sediments
are represented by marls, clays, quartz sands and
gravels, developed over a wide area in the Posavo-
Tamnava and Pocerina region of Serbia (Fig. 1, right).
The largest area with these sediments is near the
Višnjica and Mlakve rivers. The deposits in Miličinica
region are characterized by high-quality quartz sands
and kaolinitic clays.

The clays occur at different levels of the Miocene
series and show gradual transition from plastic to sandy
clay and quartz sands. They form lenses of various
sizes and variable thickness (1–15 m) and lie at a
relatively shallow depth, 2–35 m (Filipovic ́ et al.,

FIG. 1. (left) Location and geological setting of the Miličinica clay deposit, Serbia; (right, black triangle), together with
the well known clay deposits (white triangle) (Basic Geological Map of Serbia 1:100,000, Vladimirci sheet).
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1973; Radosavljevic ́ et al., 1994). The occurrence of
clay lens-like bodies is due to frequent oscillations of
the Mio-Pliocene waters. Fine, dispersed clayey
material precipitated by lifting and deepening of the
basin forming clay deposits. Some of the clay deposits
are located in the Mio-Pliocene sediments along the
eastern slopes of the Vlašic ́ mountains (Fig. 1, right,
marked with a white triangle). These sediments consist
of Upper Palaeozoic phyllites, slates and sandstones.
Alteration produced a wide range of ceramic and brick
clays along with quartz sands (Filipovic ́ et al., 1973;
Radosavljevic ́ et al., 1994).

MATER IALS AND METHODS

The clay was collected from exposed faces of the
Miličinica deposit with the permission of the govern-
ing company Kaolin, a.d. Valjevo, Serbia. The deposit
comprises two different layers of clay separated by
colour: M1 –white andM2 – yellow. The third sample,
M3, represents a mixture of the M1 and M2 clays from
different parts of the deposit (1 kg each, prepared by
the Kaolin company). The samples were dried at room
temperature, crushed and homogenized. The clay
fraction (<2 µm) was separated from the bulk clays
by sedimentation in distilled water.

The grain-size distribution in suspended raw
samples was determined by the pipette method
according to the DIN ISO 11277 (2002). Dark-field
microscopy (FLUOVAL2 (Carl Zeiss)) was applied for
measurements of suspended <2 µm particles. The
suspensions were photographed using a Canon, Power
Shot (SX 220 HS) camera and were processed using
the ImageJ program. The specific surface was
calculated according to the average particle size.

Powder XRD data were obtained with a Philips PW
1710 diffractometer using Cu-Kα radiation with a step
size of 0.02°2θ and scanning time of 1 s per step.
Randomly oriented samples were examined in the
intervals 3–60°2θ and oriented samples from 3 to 15°
2θ. The oriented samples were examined as air dried
(AD), after solvation with ethylene glycol (EG) and
after heating at 450°C (H). Phase identification
followed ICSD cards 68698 – kaolinite, 166961 –
illite, 18172 – quartz, 40000 – feldspar.

The chemical composition was determined by
inductively coupled plasma optical emission spec-
trometry, using a Thermo Scientific iCAP 6500 Duo
ICP-OES spectrometer (Thermo Fisher Scientific,
Cambridge, UK), equipped with a RACID86 Charge
Injector Device (CID) detector, a pneumatic cross-flow
type nebulizer, quartz torch, and alumina injector,

which allowed detection of samples containing small
amounts of HF. The optical system was purged with
argon and the Echelle polychromator thermostated at
38°C. The detection limit for the elements analysed
was ∼0.1 mg/L.

The cation exchange capacity (CEC) of the samples
was determined after saturation with methylene blue
(MB) solution according to ASTM C387-99 (1984),
using a uniSPEC2 spectrophotometer. Quantitative
determination of carbon content was performed by
calcimetry according to the AFNORNFEN ISO 10693
(1995) standard. Infrared spectroscopic analysis was
performed using a Perkin Elmer 597 spectrometer with
the KBr pellet method in the region 4000–200 cm−1.

The colour and whiteness of the raw and pressed
powder samples after firing at 1200°C (10°C/min,
Hereuse furnace), were established from the diffuse
reflectance (DR) spectra using a CCS200 spectrometer
(Thorlabs) with R45/45 geometry in the region
between 400 and 700 nm according to the CIE
(1932) method. The white standard was BaSO4 and
the light source was illuminant C. The whiteness (W)
was determined from the luminous reflectance (Y),

W(%)Y ¼
X700

400

RlylElDl

where R = R(sample)/R(standard), y is the y tristimulus
value, E is the energy distribution of illuminant C and
Δ = 5 nm.

Differential thermal analysis (DTA) was performed
on a modernized A.D.A.M.E.L furnace equipped with
a Pt-PtRh thermocouple and BK PRECISION
XLN15010 DC power supplies as heating rate
controller. All measurements were performed in air
atmosphere using Al2O3 as the reference material, over
a temperature range of 20–1000°C and heating rate of
10°C/min. Thermal gravimetric (TG) analysis was
carried out using a Setsys, SETARAM Instrument,
France, over the temperature range 20–1100°C. The
samples were placed in an Al2O3 pan and heated at a
rate of 10°C min−1 under air flow (20 cm3 min−1).

A high-temperature microscope (HTM) (Carl Zeiss,
Jena, Germany) equipped with a video system and a
digital camera (Canon PRO-1) was used to determine
the intervals of sintering, softening and melting of
pressed cube samples (3 mm × 3 mm × 3 mm) over the
temperature range 20–1400°C (10°C/min). The tem-
perature of the sample was recorded using a PtPt-Rh
thermocouple. The dilatation-contraction curve as a
function of temperature was evaluated from the relative
change of the surface area of the body being examined,
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using ImageJ software. The 66 images were taken at
different temperatures with increasing image fre-
quency around critical points.

Particle morphology and grain-size assessment were
determined using Scanning Electron Microscopy
(SEM) with a JEOL JSM-6610LV SEM coupled
with an Oxford Energy Dispersive X-Max 20 mm2

SDD energy dispersive X-ray spectrometer (EDXS).
The analyses were performed with 20 kV acceleration
potential and 20 nA beam current using external and
internal standards. Calibration of the analysing system
was achieved using iron. Samples were coated with
gold films (LEICA Model SCD005).

The Atterberg limits were determined according to
the Casagrande method (L.C.P.C., 1987). The plastic
limit (PL), liquid limit (LL) and plasticity index (PI)
were determined according to Atterberg (1911).

RESULTS AND DISCUSS ION

The clay particles display face-to-face associations and
their sizes vary between 1 and 5 µm (Fig. 2). Pseudo-
hexagonal kaolinite stacks and plates were observed
along with less frequent rolled and rough-edged

particles. The M1 sample has more regular edge
particles while samples M2 and M3 contain flakes
mostly with broken edges. Well crystalized, stacked
flakes composed of large particles yielded low specific
surface area while those with broken edges yielded
greater specific surface area and greater adsorption of
impurities (Felhi et al., 2008). The rolled particles,
present in minor amounts are indicative either of
halloysite or of disordered kaolinite (Frost et al., 2002;
Joussein et al., 2005). Halloysite may adopt various
morphologies according to the crystallization and
geological history. Morphology may range from short
tubular, spheroidal and platy to elongated tubules
which are the most common (Joussein et al., 2005).

FIG. 2. SEM-BSE and SEI images of pseudo-hexagonal kaolinite stacks and plates with EDXS point of illite and iron
oxyhydroxide.

TABLE 1. Specific surface area and average grain size of the
<2 µm fractions.

Samples (<2 µm)

M1 M2 M3

Average grain size (µm) 0.6 0.7 0.7
Specific surface area (m2/g) 55.5 66.2 57.1
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Tubular halloysite is commonly derived from feldspars
and micas or it may result from alteration of platy
kaolinite particles (Singh & Gilkes, 1992; Joussein
et al., 2005). Illite (K = 3.20 wt.%) and iron oxyhydr-
oxides (Fe = 54.39 wt.%, O = 42.6 wt.%) were con-
firmed by EDXS. Illite minerals (Fig. 2) that are
precipitated from formation waters in sandstones
frequently appear in the form of fibres and laths
(Güven, 2001). Iron oxyhydroxides are present in the
form of solid spheres.

The grain-size distribution of suspended raw
samples is similar in all materials. The <2 µm fraction
dominates except for sample M3 where the >20 µm
fractions is more abundant (27%). The <2 µm clay
fractions of M1, M2 and M3 were 27, 35 and 24%
respectively. The average grain size and specific
surface area of the 2 µm fractions of the samples
were determined by dark field microscopy (Table 1).
Particle-size distribution is important in defining the
properties of green pastes and suspensions during their
drying or firing (Rivi & Ries, 1997; Boussen et al.,
2016).

Assessment of the clays based on the average grain
size <2 µm and >20 µm only, was performed by means
of a Winkler diagram (Fig. 3). The projection indicates
suitability for production of vertically perforated bricks
(M1 and M2) and hollow products (M3) (Winkler,
1954; Dondi et al., 1998; Boussen et al., 2016).

The clay colour affects the appearance of the
finished product. Large percentages of iron oxide or
iron-bearing clays tend to produce brown/orange fired
clay bodies (Lawrence, 1972; Murray, 2007). The
whiteness index (L) represents the degree to which a

surface reflects light and has a value of 100% for a pure
white colour. The samples have L values ranging from
49.5 to 57.4% before firing (Table 2, left). The M2 and
M3 samples absorb more in the blue region compared
to sample M1 and have higher yellowness due to its
greater Fe2O3 content.

The amount of iron minerals (goethite >9%) in M2
and M3 might have a significant influence on the
colour of the fired products. Clays with Fe2O3 content
>5% would fire red while those with Fe2O3 content
<5% would have brown to light brown colour (Murray,
2007). The threshold of <3% of Fe2O3 in the clay
would potentially classify the samples as “light-firing”
(M1) and “dark-firing” ceramic bodies (M2 and M3)
(Dondi et al., 2014). This was confirmed from the
dominant wavenumber (Dc) and the purity of the
colour (Pc) of the samples after firing at 1200°C
(Table 2). The standard deviation values indicate that
the samples do not have completely uniform colour

FIG. 3. Technological classification of the clay samples according to Winkler (1954).

TABLE 2. Colour properties and semi-quantitative
estimates of the goethite content.

%

Samples

M1 M2 M3

Whiteness 57.4 51.9 49.5
Yellowness 9.5 28.9 23.1
Dc (nm) 583.8(0.2) 589.3(0.2) 589.1(0.1)
Pc (%) 15.6(0.6) 37.1(1.1) 30.4(1.1)
Goethite (%) 3 9 10
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(Table 2) although surfaces were even and free of flaws
or cracks. The colour of the M1 sample was lighter
compared to its counterparts due to the low concen-
tration of iron oxides.

The XRD patterns of bulk sediments and oriented
clay fractions are shown in Fig. 4. The samples can be
characterized as illite and kaolinite clay. Illite and
kaolinite were identified by the reflections at 10 Å and
7.2 Å, respectively, which are not affected by ethylene-
glycol solvation. The intensity of the kaolinite 001
reflections decreased after heating. Characteristic
reflections for swelling minerals were not found after
ethylene-glycol solvation. These results were very
similar to those of M1 and M2 studied by Miloševic ́

et al. (2016). The presence of halloysite was not
verified unambiguously. Identification of the dehy-
drated form of halloysite by XRD may be ambiguous
because its 001 basal spacing at 7 Å is comparable to
that of disordered kaolinite (Brindley, 1980). Quartz
and feldspars were detected in the XRD patterns of the
bulk powder samples. The XRD data for M1 and M2
were published previously (Miloševic ́ et al., 2016).
The main minerals identified in M3 were illite and
kaolinite, quartz (Q) and feldspars (F).

The chemical composition of the clays is listed in
Table 3. The SiO2 varies from 49.86 to 53.21 wt.%,
whileAl2O3 contentwas between24.54and33.60 wt.%.
The considerable mass loss on ignition (LOI)
associated with large Al2O3 and low SiO2 contents
might be associated with increasing contents of clay
minerals (Boussen et al., 2016; Miloševic ́ et al., 2016).

FIG. 4. XRD patterns of samples M1, M2 andM3 (AD – air dried, EG – saturated, H – heated). Left: bulk samples, right:
clay fractions.

TABLE 3. Chemical compositions of the clays.

Oxides (wt.%) M1 M2 M3

SiO2 49.86 53.21 52.53
Al2O3 33.60 24.54 25.92
Fe2O3 2.64 8.37 8.74
K2O 4.45 4.50 4.18
Na2O 0.12 0.04 0.13
CaO 0.29 0.22 0.35
MgO 1.13 0.65 1.12
LOI 7.50 8.07 6.10
Total (wt.%) 99.60 99.60 99.07

Analyses of M1 and M2 are from Miloševic ́ et al. (2016).

TABLE 4. Calculated semi-quantitative amounts of
minerals in the samples investigated.

Minerals (%) M1 M2 M3

Kaolinite 24 20 22
Illite 48 46 46
Quartz 21 21 19
Feldspars 2 1 3
Goethite 3 9 10
Impurities 1 0 0
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The low abundance of CaO samples indicates minor
carbonate minerals.

The semi-quantitative estimates of the mineral
phases present in samples M1, M2 (Miloševic ́ et al.,
2016) and M3, obtained from the XRD traces with
Rietveld refinement and stoichiometric calculations,
are listed in Table 4.

Stoichiometric calculations were based on the ideal
formula unit a for a given mineral with semi-
quantitative amounts of minerals established by
Rietveld refinement. All iron was assigned to iron
minerals, especially goethite, which was confirmed
by DTA. Goethite is considered to have a disordered
crystal structure because it was not detected by XRD.
Potassium was mostly assessed as being present in

illite and only a small percentage was combined with
Na in feldspar. All samples contain Ca-rich plagio-
clase with 58–76% anorthitic component. In order to
achieve a desired glassy phase for floor-tile compo-
sites it is necessary to have ∼50–60% K-feldspar
(Norton, 1970; Abadir et al., 2002). The samples
investigated contain less feldspar but have greater
illite contents. Potassium derived from feldspar or
illite is a necessary flux for the manufacture of
porcelain. The quartz content was calculated from the
excess SiO2 which was not included in clay minerals
and feldspars (Miloševic ́ et al., 2016). Quartz has a
high coefficient of thermal expansion which affects
the strength of porcelain (Jackson & Mills, 2001;
Kamseu et al., 2007).

FIG. 5. IR spectra of samples M1, M2 and M3.
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FIG. 6. DTA/TG curves of the clay samples.
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The CEC of the samples varied between 6 and
7 meq/100 g while for samples of <2 µm, values were
slightly higher, ∼10 meq/100 g, typical of kaolin
minerals (Grim, 1953). According to the Methylene
Blue index, samples could be classified as low-
plasticity kaolinitic loams (Chiappone et al., 2004;
Dondi et al., 2014).

The IR spectra of samplesM1,M2 andM3are shown
in Fig. 5. The presence of clay minerals was confirmed
in all samples by the absorption bands between 3700
and 3620 cm−1, assigned to stretching vibrations of the
OH groups of clay minerals. The shoulder near
3683 cm−1 represents kaolinite OH-stretching vibra-
tions and the relative intensity of this band is indicative
of the kaolinite abundance in the samples (Madejová
et al., 2002; Madejová, 2003; de Almeida Azzi et al.,
2016). According to the relative intensity of this band,
the abundance of kaolinite decreases in the following
order: M1 >M3 >M2, in agreement with the semi-
quantitative estimations with XRD.

The bands in the region between 1196 and 974 cm−1

are attributed to Si–O stretching vibrations while those
near 520 and 460 cm−1 correspond to Si–O–Al and Si–
O–Si bending vibrations, respectively. The small
shoulder at 1406 cm−1 indicates the presence of
minor carbonate minerals (M2). The quartz doublet is
less pronounced but has a greater intensity at
∼775 cm−1 indicating a significant amount of quartz
minerals in agreement with the semi-quantitative XRD
results. Bands assigned to feldspars are observed at
∼680 cm−1.

The DTA-TG curves of clay samples are presented
in Fig. 6. The DTA curves exhibit four endothermic
events. The first, at ∼120°C, with mass loss of
1.5–2.5%, is attributed to the removal of the adsorbed
water in the clay minerals (Bradley&Grim, 1951). The
endothermic peaks between 300 and 450°C (mass loss
∼0.5%), are attributed to the presence of goethite and
organic matter. The main endothermic event, with a
maximum at ∼560°C and mass loss of ∼4%, was
caused by dehydroxylation of kaolin minerals and illite
(Brown & Brindley, 1984; Jouenne, 1990; Boussen
et al., 2016). The endothermic event at ∼900°C
indicates the collapse of the illite lattice and formation
of spinel (Gaudette et al., 1964; Földvári, 2011)
without significant mass loss. The band at ∼1050°C
corresponds to the formation of mullite which forms
from kaolinite and illite at temperatures of >1000°C
(Okada & Otsuka, 1986; Gonzalez-Garcia et al., 1990;
Aras, 2004). The TG curves show a total mass loss at
1000°C of 6.83, 7.39 and 4.22 wt.% for M1, M2 and
M3, respectively.

The firing shrinkage curves of the three samples
investigated are shown in Fig. 7. In general the curves
show a small degree of shrinkage at ∼400°C followed
by a plateau caused by expansion and deformation of
the ceramic bodies. Shrinkage at 400°C was a
consequence of dehydroxylation of goethite and
combustion of organic matter. The smaller expansion
at ∼570°C is attributed to the α–β quartz transition
(Cruz et al., 2015) and is expected due to the relatively
large quartz content in the samples.

The shrinkage between 870°C and 1120°C is
attributed to the lattice collapse of illite and the intial
formation of the mullite phase (Cruz et al., 2015). At
∼1100°C, the rate of shrinkage increases indicating the
beginning of sintering. The sintering process was
terminated at 1250–1300°C. At higher temperatures
the viscosity of the liquid phase decreases and the
ceramic body deforms. The larger shrinkage observed
in M2 and M3 compared to the M1 is attributed to the
goethite content in the samples. The transformation of
goethite to hematite was followed by a considerable
decrease in volume producing additional porosity.
During sintering, closure of the pores led to densifi-
cation of the body. Therefore, for the same density the
greater shrinkage should be linked with the greater
porosity. The firing curves suggest that the firing
temperature during manufacture should be between
900 and 1100°C, depending on the firing regime.

The plasticity values of the studied samples are
shown in Table 5. According to their PI values (PI 10–
15%) the samples have low plasticity (L.C.P.C., 1987).
The LL varies between 33 and 42%, in agreement with
the range defined in the literature (30–60%) for
compositions used in ceramics (L.C.P.C., 1987;

FIG. 7. Shrinkage after firing in the temperature range
20–1400°C.
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Baccour et al., 2009). High PL values might indicate
possible difficulties in the drying process, although
they might contribute to reduction of wear during
extrusion (Monteiro & Vieira, 2004). In extrusion
processes, the PI values should exceed 10% (Abajo
2000; Vieira et al., 2008). The plasticity of the clays
investigated is acceptable for extrusion (Fig. 8, Abajo,
2000).

CONCLUS ION

The clay samples from the Miličinica deposit (Valjevo,
SW Serbia) consist mainly of kaolinite, illite, quartz,
goethite and smaller amounts of feldspars. The greatest
clay mineral content (kaolinite and illite) and the
smallest amount of goethite were observed in sample
M1. The average grain size of the <2 µm clay fraction
was ∼0.7 µm and the CEC ranges between 6 and
7 meq/100 g. From a technological point of view, the
clay samples studied were characterized as low-
plasticity, kaolinitic loams which are generally suitable
for a wide range of ceramic industries. All the samples
studied have PL values >10% which makes them
suitable for extrusion processes. The materials are
suitable for vertically perforated bricks (M1 and M2
samples) and hollow products (M3). The greater
goethite content in M2 and M3 samples (>9 wt.%)
limits their application in the ceramic industry but

possible reduction might be achieved by leaching with
organic acids. Such an investigation has yet to be
carried out.
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