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Abstract: The work presents a detailed analysis of the possibilities of the thermal processing of
clay raw material granulates in a fluidized bed reactor powered by coal fuel. Potential customers
of calcined granulates include the following: plants producing refractory materials for the steel
industry, producers of refractory concrete, sanitaryware plants, tile plants, large-size tile plants,
industry abrasives, chemicals, paints, paper, food and medical industries and others. The advantage
of the presented fluid bed calcination technology is the possibility of the continuous operation of the
reactor and the short time of the material in the bed, compared to the previously used methods of
calcination in a shaft and rotary kiln, which lasts less than twenty minutes in the temperature range
of 650–850 ◦C. During the experimental studies of calcination in the fluidized bed layer, the influence
of the type of coal, its particle size and the mass share of coal in the feed mixture on the calcination
process and the final product obtained was analysed. As a result of the conducted research, it was
proven that solid fuels such as anthracite and steam coal type 31.2 (flaming) can be successfully
used in the fluidized bed calcination process of clay materials. The key parameter determining the
fluidized bed calcination process is the fuel particle distribution.

Keywords: clay raw materials; fluidization; calcination; thermal enrichment

1. Introduction

Clay minerals are mostly represented by layered silicates and aluminosilicates, and
depending on the mutual positions of the layers, they may belong to the following silicates:
two-layer silicates with a 1:1 structure type (e.g., kaolinite) and three-layer silicates with a
2:1 structure type (e.g., illite) [1,2]. The resources of clay rocks are abundant and extensive.
They are common in various parts of the Earth’s crust subject to weathering processes
(mainly chemical) in temperate climate conditions [3]. Clay minerals have been used
since prehistoric times in ceramics, pottery and sculptures. Currently, the use of clay raw
materials in industry is estimated at hundreds of millions of tons because they are minerals
with very versatile properties. The reason for this is also their great diversity and the
simplicity of their modification. In recent years, there has been a significant increase in
interest in materials obtained from thermal processing of clay raw materials.

Calcination is a heat treatment process in which the processed material is heated
to its decomposition temperature which releases water and other volatile components,
e.g., CO2 from carbonates contained in the raw material. When raw clays are exposed
to increasing temperatures, three main phenomena can be distinguished related to the
aluminosilicate material: dehydration, dehydroxylation and recrystallization. Dehydration
is the release of molecular water that may be adsorbed or trapped in a pore or channel
structure or that is associated with interlayer cations common in most clay minerals of a
2:1 structure type [4]. The size and range of dehydration temperatures depend on many
factors such as storage conditions, the crystallinity of clay minerals and the nature of
cations in the interlayer area [5]. At temperatures of 400–1000 ◦C, most clay minerals
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undergo dihydroxylation or, in other words, release water bound in the structure in the
form of OH groups. The dehydroxylation temperature depends on the structure of the
mineral. Thus, for a 1:1 structure type clay mineral, a disordered, metastable material
can be obtained, while 2:1 structure type clay minerals retain some of the initial crystal
structure after dehydroxylation and require higher calcination temperatures to activate
calcination. At temperatures higher than 850 ◦C, recrystallization occurs, which indicates
the conversion of structurally disordered, potentially reactive phases into more stable,
high-temperature phases. A crystalline aluminosilicate spinel is formed, which transforms
into mullite with a further increase in temperature.

Clay materials subjected to the calcination process may exhibit pozzolanic proper-
ties [6–9], and their use in construction is increasing because they are available in adequate
quantities and can improve both the physical and chemical properties and durability of con-
crete [10–13]. Calcined kaolinite—metakaolinite—is commonly used as a supplementary
cementitious material (SCM) and in cement production [14–16]. Recent achievements, in-
cluding the use of calcined clays in a cement system in combination with limestone [17–19],
their use as precursors for alkali-activated cement [20] and/or geopolymers [21], their use
in the production of lime–pozzolanic cement [22] and combining them with magnesia for
the production of hardened cement [23], indicate that the potential of using calcined clay
minerals as building materials is huge.

Methods of Calcination of Clay Raw Materials

The calcination of clay materials can be accomplished using a number of techniques.
In the past, shaft kilns were commonly used [24], whereas now, calcination in a rotary
kiln is more often used. The calcination temperature using these technologies is approxi-
mately 1000 ◦C. They are characterized by a long calcination process time (up to several
hours), which does not guarantee the complete combustion of the carbon accompanying
clay raw materials. Due to difficulties in temperature control, recrystallization and the
formation of a new stable phase may occur (mullite, cristobalite, etc.), leading to a decrease
in the reactivity of the calcined product. A novelty is the flash calcination method (flash
heating), which involves calcining particles of very finely ground clay raw material in
seconds (0.5–12 s). However, this method requires drying and grinding the original clay
material into a form where 90% of the particles will be smaller than 2 µm [6,25]. Innovative
technologies for the calcination of clay raw materials include solar calciners [26,27], mi-
crowave calcination [28,29] and plasma calcination [30], but these technologies have many
limitations in terms of implementation on an industrial scale.

An alternative method of calcining clay raw materials is calcination in a fluidized
bed. So far, fluidized bed furnaces on an industrial scale have only been used for burning
limestone in the production of quicklime [24,31]. However, research carried out on a
laboratory scale [31–36] and the pilot installation [37] demonstrated the potential of this
technology to be used in the calcination of clay raw materials. Fluidized bed technology
offers potential benefits in terms of energy (fuel) savings, a high heat transfer coefficient,
the intensive contact of hot gases with clay material particles, the guarantee of a uniform
temperature and product homogeneity, a short process time and the easy operation and
maintenance of the installation.

A characteristic feature of the innovative fluidized bed calcination technology exam-
ined in this work is the possibility of the continuous operation of the reactor. This means
the continuous supply and collection of the product, thus allowing the processing of a
large amount of raw material in a short time without interrupting the process. This fact
indicates the possibility of using this technology in the calcination of clay granulates on
an industrial scale. Another very important feature of the proposed technology is the
so-called fuel flexibility. The choice of energy source is one of the most important factors
influencing the energy efficiency of the production process, as well as the properties of
the final product. This work analyses the possibilities of the thermal processing of clay
granulates in a fluidized bed reactor using coal fuel. This choice was motivated by the fact
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that the clay raw material industry is often linked to the coal mining industry. Another
motivation was that of the findings made in previous studies [36], based on which it was
stated that during fluidized bed calcination, carbon–organic pollutants are completely
burnt. An additional advantage of these fuels is the fact that coal combustion processes in
a fluidized bed have been widely studied in terms of the use of this technology in power
boilers (fluidized bed boilers).

In the calcination process of clay raw materials, the physicochemical properties of the
fuel are very important. The choice of fuel determines the quality of the final product. In
the paint and paper industry, the use of diesel and fuel oil is preferred because the most
important process requirement is the whiteness of the calcined product. The use of other
fuels may cause colour changes or coloured inclusions in the final product. The colour
of the calcined product is not that important in the construction industry where calcined
clay materials are used only to improve the physical, chemical properties and durability of
concrete [10–13]. For this reason, coal or petroleum coke may be used in the calcination
of clay raw materials for the construction industry. There are also known cases of the use
of biomass and other waste fuels [38]. Therefore, in the process of the calcination of clay
raw materials, the composition of the fuel, especially the presence of impurities in it, is
extremely important. Contaminants such as sulphates, chlorides, etc., may participate in
hydration with cement and affect the durability of concrete.

In this work [39], the phenomena of the release and ignition of volatile parts, as well
as the ignition and combustion of the char of lignite, hard coal and anthracite particles with
diameters of 4–9 mm in a two-dimensional fluidized bed, were investigated. It has been
shown that carbon particles tend to float on the surface of the bed during the release and
combustion of volatiles. At 21% oxygen concentration, the bed temperature required to
ignite the volatiles was approximately 680 ◦C. It was found that the ignition temperature of
the char of lignite particles was 220 ◦C, while for anthracite particles, the bed temperature
should be at least 600 ◦C. The average heating rates of coal particles were from 12 ◦C/s for
particles of 9 mm and 120 ◦C/s for particles d = 4 mm at a bed temperature of 650 ◦C and
from 20 ◦C/s (d = 9 mm) to 200◦ C/s (d = 4 mm) at 850 ◦C.

Solid fuel containing volatile components (e.g., hard coal) is characterized by two processes
and two auto-ignition temperatures: auto-ignition and the auto-ignition temperature of
volatile components and auto-ignition and the auto-ignition temperature of the char. The
heating of the combustible mixture from the initial temperature of the particle to its self-
ignition temperature takes place within a specific time. This time is called the induction
time, delay time or ignition delay time [40]. As stated in [39], the delay times for the
ignition of volatiles (1–20 s) and the ignition of the char (5–200 s) decrease at higher bed
temperatures. The typical values of the flame extinction time (volatile burning times) are
15 secs for a coal particle with a diameter of d = 4.7 mm and 40 s for a coal particle with a
diameter of d = 8.6 mm.

2. Research Methodology

In the first stage of the experimental research described in this work, the parameters
of the tested clay material and the parameters of the fluidized layer formed from it were
determined, which were important for calcination. Subsequently, calculations were made
of the demand for the total heat of the fluidized bed calcination in the reactor. In the
subsequent stage, a technical and elemental analysis of coals was performed, and the
minimum fuel demand in the calcination process was calculated.

During basic experimental studies of the calcination of selected clays in a reactor
fuelled with coal fuel, the influence of the type, particle size and mass share of coal in the
feed mixture on the calcination process and the final calcination product was analysed.
Two types of coal fuel were used as follows: hard coal type 31.2 (flaming) and anthracite.
Anthracite was chosen due to its expected (average 2–12%) and low mineral content, usually
2–8%. The low ash content obtained after burning anthracite ensures the purity of the final
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calcination product. Hard coal type 31.2 was chosen as an example of typical steam coal. It
is available on the market and commonly used during combustion in fluidized bed boilers.

The optimal temperature range for kaolinite calcination, given in [41], is 650–850 ◦C.
Therefore, research assumed that the calcination temperature in the reactor chamber would
be 850 ◦C. According to the literature data [38], it is a temperature sufficient to ignite
selected coal fuels with the particle size determined in the tests.

In the final stage of the work, tests were carried out to verify the calcination process.
The loss on ignition and the degree of calcination were determined, and changes in the
particle distribution of the material as a result of fluidized bed calcination were analysed.

2.1. Determination of the Degree of Calcination

As mentioned in the introduction, the dehydroxylation temperature range covering
the full calcination of typical clay raw materials, i.e., those rich in kaolinite and illite, is
100–850 ◦C [42].

The determination of the loss on ignition must be preceded by the determination of
the dry weight of the sample because the loss on ignition refers to it [42]. Therefore, in order
to determine the dry mass of the sample, granules weighing 1 g were initially deprived of
moisture by drying at a temperature of 105 ◦C. Subsequently, a sample of dry granulate
was calcined in a muffle furnace at 100–850 ◦C and roasted at 850 ◦C for 1 h. The loss on
ignition was calculated by comparing the dry weight of the sample before roasting to its
weight after roasting. The analysis was performed in triplicate, and the average result of
the loss on ignition of the raw material in the calcination process was determined. In the
same way, the ignition loss of all granulate and coal mixtures was determined each time
after their calcination process.

The degree of calcination of the material after calcination (C) is determined by the
following relationship:

C = 1 − LOIAC/LOIRM ∗ 100% [%] (1)

where

C—the degree of calcination of the material after calcination;
LOIAC—the loss on ignition after calcination;
LOIRM—the loss on ignition of the raw clay material.

2.2. Characteristics of the Research Material

Due to the fact that the primary clay material consists of sub-fine particles (less than a
dozen or so µm), which are impossible to fluidize, an innovative solution was decided on
in this study, which involved the prior preparation of clay granulates. The block diagram
for the production of granules for testing is shown in Figure 1. In the granulation process,
it is required that the enriched raw material has a standardized moisture content within
a narrow range, i.e., 16 ± 0.5%. In order to ensure such humidity, the filter cakes of the
enriched raw material obtained in the filtration process of the suspension of the enriched
clay raw material were conditioned in atmospheric conditions and, after obtaining the
required humidity, were pre-crushed in a semi-technical hammer mill with a diameter of
800 mm, which was equipped with a 16 mm escape partition. The pre-crushed raw material
was then granulated on a sieve granulator, as shown in Figure 2. The reciprocating rotary
granulator consisted of a base column on which the reciprocating rotary mechanism was
mounted (1) and also a bowl for the pre-crushed raw material for granulation (2), vertically
adjustable within ±25 mm in relation to the reciprocating rotary grinder with a ring and
(3) the mounting of the grinding screen.
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Figure 2. Reciprocating rotating sieve machine for granulation. 1—reciprocating and rotating
mechanism, 2—power supply bowl, 3—attaching the sieve to the pulper.

In tests to obtain granulates, woven sieves with a mesh size of 3, 4 and 6 mm and a
perforated sieve with round holes of 6 mm diameter were used. The granulate obtained
from the grinder was spread into particle classes on a vibrating sieve. The undersized and
oversized particles obtained from the process of spreading granulates were moistened,
mixed until homogenized and returned to grinding so that the entire raw material intended
for granulation was finally obtained in the form of granules of the assumed particle class.

The sown granulates of the required particle class were dried on a screw dryer with
a heated screw pipe, which was constructed especially for the purpose of observing the
drying process under screw transport conditions. In these conditions, the granulate was
surrounded, especially during the first passage through the dryer screw, when the granulate
humidity was the highest. The drying of the granulate below 5% humidity was achieved
after passing the granulate through the dryer 4 or 5 times.

Therefore, the research material consisted of granulated clays enriched from Polish lig-
nite deposits, obtained in the process of purifying mud water, which was comprehensively
enriched with high-alumina kaolin accompanying vein quartz deposits. In the enriched
product, the mass ratio of substrates was 1:1. Enrichment aims to increase the Al2O3 content
and reduce the Fe2O3 content. Table 1 presents the results of tests on the chemical composi-
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tion of the material, which were performed for materials without transient moisture and
crystal-bound water [43].

Table 1. Chemical composition of clay material [43].

Compound Content, %

SiO2 58.50%
Al2O3 32.70%
Fe2O3 2.51%
TiO2 2.01%
CaO 0.33%
MgO 0.61%
K2O 2.99%

Na2O 0.11%
other 0.24%

together 100%

The technical analysis of the clay raw material was carried out in accordance with the
Polish Standards applicable to solid fuels [44–46] The results of the technical analysis are
presented in Table 2.

Table 2. Technical analysis results.

Parameter Moisture [%] Volatile Matter Content [%] Clay Content [%]

value 4.32 1.01 94.67

The ignition loss of the raw clay material was 13.92%.
The bulk density of the granules was determined according to the Polish Standard [47]

and amounted to 1031.59 kg/m3.
A sieve analysis was performed for the clay material, and average distributions

showing the percentage of clay mass remaining on the sieves were determined (Figure 3),
as well as cumulative graphs (Figure 4).

Materials 2024, 17, x FOR PEER REVIEW 7 of 22 

Figure 3. Residual clay mass on the sieves. 

Figure 4. Cumulative graphs. 

2.3. Fluidization Parameters of Clay Material 

Based on the particle analysis of the clay material, as illustrated in Figure 4, the 

equivalent diameter of the so-called Sauter diameter (da) was established, which was equal 

to 0.00125 [m]. This subsequently allowed the determination of the Archimedes number 

(Ar), the Reynolds number (Remf), the minimum fluidization velocity (Umf), the lifting 

velocity (Ut) and the pneumatic transport velocity (Utr) [48]. After analysing the particle 

distribution and determining the mass density, the tested clay material was assigned to 

class “B” of bulk materials in the Geldart classification [49]. On this basis, it was assumed 

that the minimum fluidization velocity would be equal to the minimum velocity of the 

bubble layer (Umb). Table 3 presents the results of the calculations of fluidization 

parameters for ambient temperature and the specific calcination temperature of 850 °C. 

0

5

10

15

20

25

30

0 0.16 0.25 0.315 0.4 0.5 0.63 0.8 1 1.25 1.6 2 3

fr
ac

ti
on

 [
%

] 

sieve mesh size [mm]

0

10

20

30

40

50

60

70

80

90

100

0 0.16 0.25 0.315 0.4 0.5 0.63 0.8 1 1.25 1.6 2 3

p
as

se
s 

[%
]

sieve mesh size [mm]

Figure 3. Residual clay mass on the sieves.



Materials 2024, 17, 2185 7 of 20

Materials 2024, 17, x FOR PEER REVIEW 7 of 22 

Figure 3. Residual clay mass on the sieves. 

Figure 4. Cumulative graphs. 

2.3. Fluidization Parameters of Clay Material 

Based on the particle analysis of the clay material, as illustrated in Figure 4, the 

equivalent diameter of the so-called Sauter diameter (da) was established, which was equal 

to 0.00125 [m]. This subsequently allowed the determination of the Archimedes number 

(Ar), the Reynolds number (Remf), the minimum fluidization velocity (Umf), the lifting 

velocity (Ut) and the pneumatic transport velocity (Utr) [48]. After analysing the particle 

distribution and determining the mass density, the tested clay material was assigned to 

class “B” of bulk materials in the Geldart classification [49]. On this basis, it was assumed 

that the minimum fluidization velocity would be equal to the minimum velocity of the 

bubble layer (Umb). Table 3 presents the results of the calculations of fluidization 

parameters for ambient temperature and the specific calcination temperature of 850 °C. 

0

5

10

15

20

25

30

0 0.16 0.25 0.315 0.4 0.5 0.63 0.8 1 1.25 1.6 2 3

fr
ac

ti
on

 [
%

] 

sieve mesh size [mm]

0

10

20

30

40

50

60

70

80

90

100

0 0.16 0.25 0.315 0.4 0.5 0.63 0.8 1 1.25 1.6 2 3

p
as

se
s 

[%
]

sieve mesh size [mm]

Figure 4. Cumulative graphs.

2.3. Fluidization Parameters of Clay Material

Based on the particle analysis of the clay material, as illustrated in Figure 4, the
equivalent diameter of the so-called Sauter diameter (da) was established, which was equal
to 0.00125 [m]. This subsequently allowed the determination of the Archimedes number
(Ar), the Reynolds number (Remf), the minimum fluidization velocity (Umf), the lifting
velocity (Ut) and the pneumatic transport velocity (Utr) [48]. After analysing the particle
distribution and determining the mass density, the tested clay material was assigned to class
“B” of bulk materials in the Geldart classification [49]. On this basis, it was assumed that
the minimum fluidization velocity would be equal to the minimum velocity of the bubble
layer (Umb). Table 3 presents the results of the calculations of fluidization parameters for
ambient temperature and the specific calcination temperature of 850 ◦C.

Table 3. Results of calculations of fluidization parameters of clay material.

T [◦C] 27 850

Ar [−] 67,645.65 3097.19
Remf [−] 31.96 2.23

Umf [m/s] 0.41 0.25
Ut [m/s] 7.35 0.63
Utr [m/s] 5.39 0.81

Umb [m/s] 0.41 0.25

2.4. Experimental Stand

Experimental tests on calcination were carried out at the station described in [36].
For individual tests, the appropriate homogeneous mixtures of raw clay granules and
selected ones with different particle size and mass fraction were prepared. The design of
the laboratory station enabled fuel to be introduced simultaneously with the clay material
through a feeder located in the upper zone of the main reactor, as shown in Figure 5. The
total time of fluidized bed calcination, i.e., the time of the mixture in the main chamber of
the reactor, was set at 16 min based on previous tests because for this time, a calcination
degree of >95% was achieved for different clay granulates.
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In order to obtain the proper calcination temperature and maintain a constant temper-
ature between experiments, the reactor was powered by 4 electric heaters with a power
of 1.5 kW each, mounted on the walls of the main chamber of the reactor and air-heated
to 850 ◦C from the heater used to fluidize the bed. During the heating process, previously
calcined granulate was fed into the reactor. After achieving the stable fluidization of the bed
and the appropriate temperature in the main chamber of the reactor, the calcined material
in the feeder tank was replaced with the appropriate mixture of fuel and raw granulate.
When the mixture filled the main chamber of the reactor, the heaters in the main chamber
were turned off and, in some justified cases, in the air heater too. After calcination in the
main chamber of the reactor, the material was fed to a cooling chamber supplied with air at
ambient temperature to cool it. The cooled material left the reactor by gravity.

In the first stage of basic research, two experiments were carried out on the calcination
of pure raw granules with a moisture content of 4.32% and 0.6%, with the station being
electrically powered. The second stage of the research was devoted to examining the
calcination of a mixture of granules and anthracite hard coal with different particle sizes
and different mass fractions—a total of 10 experiments. During this time, the electric
heaters were turned off each time.

In order to determine the amount of fuel required for the calcination process, a tech-
nical and elemental analysis of the tested coals was performed. Calculations of the heat
flow demand in the calcination process in the reactor at 850 ◦C were carried out, and on
this basis, the minimum fuel demand in the tested process was calculated.

After completing the examination of the calcination process, tests were carried out
each time to verify the calcination process, in which the loss on ignition and the degree of
calcination were determined, and the particle distribution of raw and calcined granules
was compared.

3. Experimental Research on Feeding a Fluidized Bed Reactor with Carbon Fuels
3.1. Fuel Characteristics

As mentioned earlier in the article, two types of coal fuel were used during the tests:
hard coal type 31.2 (flaming) and anthracite. The analysis of both fuels was performed in
accordance with Polish Standards applicable to solid fuels, and its results are presented in
Tables 4 and 5.
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Table 4. Results of technical analysis of fuels.

Technical Analysis Anthracite 1 Hard Coal Type 31.2
(Flaming) Anthracite 2

Moisture content [%] 2.97 8.12 4.8
Volatile content [%] 9.43 30.30 10.07

Fixed carbon [%] 77.38 47.20 82.68
Ash content [%] 10.22 14.38 2.45

Heat of combustion [MJ/kg] 29.28 26.10 31.54
Calorific value [MJ/kg] 28.27 25.00 31.12

Table 5. Results of elemental analysis of fuels.

Fuel Nitrogen, N [%] Carbon, C [%] Hydrogen, H [%] Sulphur, S [%]

Anthracite 1 0.86 62.45 4.31 0.85
Hard coal type
31.2 (flaming) 0.87 55.81 4.45 1.44

Anthracite 2 0.44 76.45 1.40 0.33

Due to the unusual composition of anthracite 1 (high ash content above 10%), it was
decided to additionally use a second anthracite (anthracite 2) from another source with a
lower ash content in the tests.

Comparing the obtained results of the technical analysis of anthracites with the litera-
ture data [39], where the typical composition of anthracites is 86–98% fixed carbon, 2–12%
volatile substances and 3–6% moisture content and their calorific value is 34.89 KJ/kg, it
can be seen that the anthracites selected for testing were characterized by a significantly
lower content of a solid combustible part, which was within the range that is typical for
hard coal. The results of the technical analysis of the selected energy of hard coal were very
close to the values typical for hard coal of this type.

It should be emphasized that both anthracites were characterized by low sulphur and
nitrogen content. Th elemental analysis showed a content of <1% for both elements.

The obtained results facilitated the calculation of the minimum fuel demand for the
calcination process at a temperature of 850 ◦C, which, in the case of anthracite 1, is 10.4% of
the mass fraction of the mixture, for hard coal type 31.2 (flaming), 11.5%, and, in the case of
anthracite 2, 9.5%.

3.2. Heat Flow Demand for Calcination

In order to determine the total heat flow demand for the calcination process at 850 ◦C,
the heat flow demand was calculated as follows:

• For the process of heating the total moisture of the clay material, evaporation, super-
heating of water vapour and to heat the clay material;

• To heat the air;
• For the calcination process.

This was carried out assuming that the endothermic effect of calcination was 485 [kJ/kg],
as illustrated in Figure 6. As a result of the calculations, it was determined that the total
heat flow demand was 4.56 [kW] in the process.

3.3. Results of Experimental Studies

In order to control the calcination and fluidization process during the experiments,
the temperature was measured in the main chamber of the reactor and the structure of
the layer was observed during the process through sight glasses placed in the wall of the
main chamber of the reactor. The recorded temperature courses in the reactor chamber
during the calcination processes are shown in the chart, namely, Figure 7. After each
experiment (both with electric power and with the use of fuel), the calcination loss and the
degree of calcination were determined. The results of these determinations are presented
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in Table 6. Additionally, the table shows the actual fluidization velocity measured during
the process and information about which power sources of the station were turned off
during the experiment.
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Table 6. Results of determining the loss on ignition and the degree of calcination of materials after
the calcination process while feeding the station with coal fuels and electricity.

No. Type of Fuel/Type of Coal Fluidization Velocity
[m/s]

Turning Off the
Air Heater

Loss on
Ignition [%]

Degree of
Calcination [%]

1 Electric power supply 0.26 - 0.22 97.92
2 0.26 - 0.01 99.91

3

Anthracite 1

0.28 NO not marked
4 0.28 NO 0.24 97.73
5 0.28 YES 0.45 95.74
6 0.28 NO 0.51 95.18
7 0.28 YES 0.66 93.76

8
Hard coal type 31.2

0.29 NO 0.38 96.41
9 0.28 YES 0.01 99.91
10 0.28 NO 0.06 99.43

11
Anthracite 2

0.29 NO 6.73 36.34
12 0.28 NO 0.66 93.76

As mentioned in Section 2.4, in the first stage of experimental research, the granulate
calcination process was carried out in a reactor powered by the electric heaters and air
from the heater heated to 850 ◦C, which was used to fluidize the bed. Clay granulate with
a moisture content of 4.32% was selected for the calcination tests. When measuring the
temperature in the main chamber of the reactor (experiment no. 1), a significant drop
was observed, reaching 106 ◦C. This decrease was observed from the beginning of the
material administration of approximately 10 min. After this time, the temperature stabilized
at 744 ◦C. The fluidization process was stable throughout the experiment. Despite the
observed drop in the process temperature, the material after calcination was characterized
by a high degree of calcination of 97.92%.
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In order to identify the reason for the temperature drop during the calcination of raw
clay granulate with the station being electrically powered, it was decided to calcinate the
material without moisture. When experiment 2 was performed, no further temperature
drop was observed. The process temperature oscillated around the assumed value. The
material after calcination was characterized by a higher degree of calcination than in the
previous study (no. 1), namely, 99.91%.

In the second stage of the experimental research, calcination tests were performed
on raw granules with a moisture content of 4.32%, with two anthracites and hard coal
with different particle sizes and different mass fractions. As mentioned in Section 2.4, the
fuel was introduced simultaneously with the clay material in the form of a homogeneous
mixture through a feeder located in the upper zone of the main reactor, as displayed in
Figure 5. When the mixture filled the main chamber of the reactor, the heaters in the main
chamber were turned off. In some cases, when turning off the heaters did not cause a
temperature drop, it was also decided to turn off the fluidizing air heater.

The first tested mixture was a mixture of granules and anthracite 1 with a particle
size of <3 mm (experiment no. 3). It was decided to try calcination using fuel without its
prior grinding, with a particle size obtained from the supplier, i.e., <3 mm. Based on the
calculations [39], it was determined that 16 min was sufficient for the complete combustion
of anthracite particles of this diameter. The anthracite content resulting from the balance
calculations was 10.5% of the mass share of the batch mixture. During this experiment, a
continuous decrease in temperature was observed in the reactor chamber, which, at the end
of the experiment, was only 578 ◦C. A high share of unburnt anthracite in the material after
calcination was observed, as indicated in Figure 8. It was considered that the reason for the
anthracite residue was the fuel feeding system used in the station, where the fuel mixed
with the raw material was introduced directly into the bubble layer of the bed. Due to the
small size of the site, this resulted in local cooling of the layer in this area. Through the
sight glass in the reactor wall, an uneven ignition of fuel particles delivered to the station
was observed. Due to the extension of the ignition time, it was difficult to completely burn
the largest particles of anthracite 1. In this work [39], it was proven that the effect of the
inert material of the bed at a temperature of 850 ◦C affects the delay in the combustion time
of the volatile parts of coals and, among others, anthracite. Due to the temperature in the
chamber at <650 ◦C and the very large amount of unburnt carbon, for obvious reasons, the
determination of the loss on ignition of the material after calcination was not carried out.
Due to problems with the complete combustion of coal during test no. 3, it was decided
to reduce the size of fuel particles in subsequent tests (no. 4 and no. 5). At the same time,
it is important to remember that due to the fluidization process, the particle distribution
of the fuel should be adapted to the particle distribution of the clay granulate. Owing to
this fact, the anthracite particle size range was reduced from 1 to 0.75–1.6 mm. Similarly to
experiment no. 3, the content of anthracite 1 was 10.5% of the batch mixture. During test
no. 4, a significantly smaller temperature drop was observed compared to test no. 3, and
after 16 min, the temperature in the chamber settled at 810 ◦C. It should be noted that this
temperature was higher than in the case of the calcination of raw granules while feeding
the main chamber of the reactor with electric heaters (experiment no. 1). The calcination
degree result was determined to be 97.73%. In the case of test no. 5, after the positive
result of calcination in test no. 4, it was decided to additionally turn off the air heater. As
a consequence, a slightly greater drop in temperature was observed in the main chamber
than in the case of experiment no. 4. Nevertheless, after 16 min, the temperature in the
chamber was 780 ◦C, i.e., the temperature was maintained higher than during the electric
power supply (experiment 1). In the case of test no. 5, the degree of calcination was 95.74%.
In order to optimize the process and increase the degree of calcination, in tests no. 6 and no.
7, it was decided to change the particle distribution again to the range of 0–0.75 mm. The
anthracite content in the mixture remained unchanged. This time, a slightly larger one was
observed than in studies no. 4 and no. 5 in terms of the temperature drop in the calcination
chamber. After 16 min, the temperature was 730 ◦C. Since no unburnt fuel residues were
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noticed in the material after calcination, as indicated in Figure 8, it was concluded that
excessive fuel fragmentation was responsible for the drop in temperature in the chamber.
As a result, the smallest particle fractions along with post-reaction gases were blown out of
the reactor chamber, which had not been burnt in the bed and caused a loss of incomplete
combustion. Despite the observed drop in temperature in test no. 6, the calcination degree
determined was 95.18%. During test no. 7, as in the case of test no. 5, both the heaters and
the air heater were turned off. This resulted in an even greater reduction in the process
temperature. After 16 min, the temperature in the main chamber was only 676 ◦C. Once
again, no unburnt anthracite was observed in the material after calcination, as shown in
Figure 8. However, a satisfactory degree of calcination was obtained, amounting to 93.76%.
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The next three tests (no. 8, 9 and 10) were carried out using hard coal type 31.2. In
the case of experiment no. 8, due to the lower ignition temperature of the particles of
this type of coal [39], a different particle size range was established than in the case of
anthracite. The particle size was 0.75–2 mm and the fuel content was 13% of the mixture.
During the experiment, the temperature in the main chamber initially decreased, as in
previous tests. The lowest temperature recorded was 772 ◦C. A small amount of unburnt
carbon was observed in the material after calcination, which is indicated in Figure 8, and
the degree of the calcination of the material was 96.41%. Searching for the reasons for
the temperature drop in the first minutes of the experiment, it was decided to reduce the
particle size, thus shortening the ignition induction time. The particle size of hard coal in
subsequent experiments was in the range of 0.75–1.6 mm (as in the case of anthracite 1).
Additionally, due to the fact that the calculations of the minimum fuel demand did not take
into account the heat losses in the process through radiation, it was decided to increase
the share of coal from 13 to 15% in test no. 9 and then from 15 to 17% in test no. 10. As a
result, the lowest recorded process temperatures were 778 ◦C and 813 ◦C, respectively. The
presence of unburnt fuel in the material after calcination was not observed, as illustrated in
Figure 8. For both cases, a very good result of the material calcination degree was obtained
at the level of >99%.

In the final stage of the experimental research, the station was fed with anthracite
2. In the case of test no. 11, the station was fed with anthracite 2 with a particle size of
1–1.6 mm. Due to the positive effect of increasing the fuel share on the calcination process,
the carbon content was set at 17% in experiments no. 9 and no. 10. Despite the previous
positive effects obtained by increasing the fuel share compared to the value calculated
during experiments with hard coal (experiments 9 and 10), contrary to expectations, this
time, the temperature in the main chamber decreased. Shortly after starting the experiment,
there were problems with maintaining a stable fluidization process and problems with
the feeder operation. After a while, the defluidization of the deposit was observed. A
significant amount of unburnt coal particles, agglomerates and sinters were observed in
the material after calcination, as shown in Figures 8 and 9. Based on the analysis, it was
found that the agglomerates were produced as a result of the release of tar substances
on the anthracite surface at a temperature below the fuel ignition temperature [50]. The
determination of the loss on ignition in the case of test no. 11 confirmed that the calcination
process took place to a small extent only in the initial phase of the experiment. The degree
of calcination was only 36.34%. In the case of test no. 12, due to the failure of experiment 11,
the size of coal particles was reduced and the share of coal in the mixture was reduced to
limit the formation of a large amount of agglomerates, which led to the defluidization of the
bed. The input material was a mixture of clay material and anthracite with a particle size of
<1 mm, where the carbon content was 15% of the mixture. In this case, the temperature in
the main chamber remained at a level close to the set process temperature. A small amount
of unburnt carbon particles was observed in the material after calcination, as indicated in
Figure 8. The degree of calcination was 93.76%.
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The final stage of research verifying the calcination process was the comparison of
the particle distribution of the raw material before and after the calcination process. An
example of the quantitative and volumetric distribution of granules before and after the
calcination process is shown in Figure 10.
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Figure 10. Quantitative and volumetric distribution before and after the calcination process—experiment 4.

The quantitative distribution shows a loss of the finest fraction of particles after the
calcination process (in the diameter range <103 µm by approximately 14%). The reason
for this situation is the transport of the smallest particles of bulk material together with
reaction gases from the reactor. The volumetric distribution shows a shift of the cumulative
curve after calcination towards smaller particles. This indicates an increase in the share
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of particles in the range of 478–729 µm. This means that the granulate particles were
fragmented during the fluidized bed calcination process. In the case of the remaining
experiments (studies 3, 5–10 and 12), the results of the particle distributions are similar. The
formation of fine particles is observed each time. The exception is experiment no. 11 with
anthracite 2 with a particle size of 1–1.6 mm (Figure 11) where the formation of sinters in
the deposit is observed. The sinters produced are clearly visible in the volume distribution
in the particle range of 7857–7982 µm.
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Figure 11. Quantitative and volumetric distribution before and after the calcination process—experiment 11.

Due to the observation of small fractions of calcined material being blown out of the
main reactor chamber during the calcination tests, it was decided to collect and analyse
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the blown-out particles. A solid particle separator was installed on the chimney duct used
to remove waste gases from both reactor chambers, as indicated in Figure 5. This allowed
for the collection of exhausted particles after the calcination experiments of clay materials
retained in the separator. The collected particles were analysed for particle distribution,
and the results are presented in Figure 12. AWK analysis showed that the particles were in
the range of <1354 µm, with nearly 51% of the particles being the <103 µm fraction.
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Figure 12. Quantitative and volumetric distribution—subfine particles from the separator.

Subsequently, the material was subjected to the determination of the loss on ignition
and the degree of calcination. It was determined that the loss on ignition was 0.09% and
the degree of calcination was 99.35%. The obtained result of the degree of calcination
indicated that despite a small fraction of material being blown out of the reactor chamber,
these particles were calcined to almost 100%. This allowed us to conclude that the use of
the appropriately selected separators may, in the future, reduce the losses of the smallest
fraction of particles during the fluidized bed calcination process. However, the separated
material may be used as a fine calcination product.

4. Discussion

The calcination of clay raw materials is, and will be in the future, an important process
used to produce a number of raw materials beneficial in, among others, the refractory,
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abrasive, construction and other industries. The use of calcined clay materials is becoming
common in construction, where they are used as a pozzolanic component in cement or as a
cementing material in concrete to improve its properties.

The method of calcining clay raw materials in a fluidized bed offers potential benefits
in terms of energy and fuel savings. This is due to more favourable conditions of heat and
mass transfer in fluidized bed conditions, mainly due to the high heat transfer coefficient
and intense contact of hot gases with particles of clay material. The use of fluidized
bed technology also guarantees an even bed temperature, which allows for the high
homogeneity of the obtained calcinate. Additionally, a huge advantage of fluidized bed
calcination is the several-fold reduction in process time compared to current methods.
Under optimal conditions (fluidized bed temperature 850 ◦C and material humidity up to
5% [36]), the fluidized bed calcination process can be limited to several minutes.

5. Conclusions

As a result of the experimental research carried out as part of this work, the following
conclusions were formulated:

(1) The granulation process of clay material facilitates in obtaining material with the
desired quantitative and qualitative parameters. Thanks to this, it is possible to obtain
a final product with various properties required by their recipients.

(2) Coal fuels can be successfully used in the fluidized bed calcination of clay materials.
(3) When using solid fuels for the fluidized bed calcination process, the particle distribu-

tion of the fuels is crucial. The use of coal particles <0.75 mm in the tested fluidized
bed calcination process resulted in their blowing out of the reactor chamber, increasing
the energy deficit of the process and increasing the loss of incomplete combustion.
The use of coal particles >1.6 mm in the fluidized calcination process resulted in insuf-
ficient time for their complete combustion. As a result, there was a carbon residue in
the final product, which may have disqualified the product.

(4) When anthracite is used as the basic fuel in the fluidized bed thermal calcination
process, the control of the bed temperature is a very important factor. At a temperature
below the fuel ignition temperature [39], tar may be released on the anthracite surface.
As a consequence, this leads to the fusion of clay material particles with fuel particles
and the formation of agglomerates or sintered particles, which, in the event of their
rapid accumulation, may lead to a deterioration of the fluidization process and even
to the defluidization of the bed.

(5) Research on the calcination process using hard coal type 31.2 showed that cheaper
and more easily available energetic hard coal can be used. When hard coal was used,
neither the release of tar nor the formation of agglomerates was observed.

(6) The particle analysis showed that the clay granulate is fragmented during the fluidized
bed calcination process. The first reason is the process of the abrasion of its external
surface as a result of the mutual interaction of the particles of clay material granules,
and the second is the mechanical impact and the rapid occurrence of dehydration
and dehydroxylation processes, which consequently leads to the disintegration of
granulate particles.

(7) The analysis showed that despite the smallest fraction of clay granules being blown
out of the calcination chamber (particles <1354 µm), these particles are also calcined.
The degree of their calcination is very high and amounts to >99%. In the future, the
use of the appropriately selected separators may not only reduce the losses of the
smallest fraction of particles during the fluidized bed calcination process but may also
be used to segregate material particles according to particle size.

(8) The balance calculations presented in the work indicate that almost 50% of the total
heat demand in the calcination process is used to heat the air necessary for the
fluidization of the bed—Figure 6. The use of lower fluidization velocities for a range
of particles smaller than that assumed in the study will result in a significant reduction
in energy expenditure on the calcination process.



Materials 2024, 17, 2185 19 of 20

(9) Due to the high temperature and volume of reaction gases leaving the calcination
reactor, it is advisable to use heat exchangers to reduce the moisture of the raw clay.

(10) The positive results of tests on the fluidized bed calcination process using fuels such
as anthracite and thermal hard coal indicate purposeful research into the possibility
of using other solid fuels in the fluidized bed calcination process, i.e., biomass fuels
and other alternative fuels.
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