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Abstract

:

In this study, the thermophysical properties such as the thermal expansion, thermal diffusivity and conductivity, and specific heat capacity of ceramic samples made from kaolin and natural zeolite are investigated up to 1100 °C. The samples were prepared from Sedlec kaolin (Czech Republic) and natural zeolite (Nižný Hrabovec, Slovakia). Kaolin was partially replaced with a natural zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. The measurements were performed on cylindrical samples using thermogravimetric analysis, a horizontal pushrod dilatometer, and laser flash apparatus. The results show that zeolite in the samples decreases the values of all studied properties (except thermal expansion), which is positive for bulk density, porosity, thermal diffusivity, and conductivity. It has a negative effect for thermal expansion because shrinkage increases with the zeolite content. Therefore, the optimal amount of zeolite in the sample (according to the studied properties) is 30 mass%.
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1. Introduction


Ceramic production is known as one of the oldest sectors of human activity. Commonly used materials in the production of traditional ceramics are kaolin, illitic clays, feldspars, quartz, and Al2O3. Traditional ceramics are usually used in the building industry, such as bricks and tiles. The partial substitution of raw materials with waste or new materials can improve the properties of ceramic products and also reduce the cost of their production [1]. Nowadays, many published studies deal with partial substitution of traditional input raw materials for production of ceramics by waste materials such as fly or bottom ash [2,3,4,5,6,7,8,9,10,11,12], waste glass [13,14,15,16], waste calcite [17], etc. Húlan et al. [7] determined that a higher Young’s modulus was reached after sintering with a lower amount of fly ash. The Young’s modulus and the flexural strength decreased linearly with the amount of fly ash. Hasan et al. [14] observed an increase in the compressive strength and a decrease in water absorption of the samples with the addition of waste glass. They also found that the partial replacement of natural clay in a brick with waste soda-lime glass made the brick production sustainable and eco-friendly. Kováč et al. [17] showed that a high content of waste calcite may double the energy consumption during the creation of anorthite at a temperature of 950 °C and also that the waste calcite had a slight positive effect on the final contraction of samples.



In this study, kaolin and natural zeolite were used for the preparation of blends. Kaolin is the most commonly used material in the ceramic and paper industries, cosmetics, medicine, etc. It mainly consists of mineral kaolinite (Si2Al2O5(OH)4) with about 80 mass%, depending on its origin and type [18]. Kaolinite belongs to the group of phyllosilicates and it crystalizes in the triclinic crystal system. Kaolinite has a 1:1 sheet structure composed of tetrahedral [Si2O5]2− sheets and octahedral [Al2(OH)4]2+ sheets. It has a pseudo-hexagonal symmetry with the lattice parameters a = 0.515 nm, b = 0.895 nm, c = 0.740 nm, α = 91.68°, β = 104.87°, and γ = 89.9° [19,20,21]. The distance between layers is 0.72 nm [22]. During heating up to 1100 °C, three important thermal reactions take place in kaolinite. The first is the dehydration, which occurs in the temperature interval from 35 to 250 °C, where physically bound water is removed from the surface of crystals and pores [23]. The second reaction is the dehydroxylation of kaolinite [19,21,24,25,26], where the chemically bound water escapes from its structure and kaolinite is transformed into a new phase, metakaolinite. It may be described by the following equation:


Al2O3 ⋅ 2SiO2 ⋅ 2H2O → Al2O3 ⋅ 2SiO2 + 2H2O(g).



(1)







This reaction takes place in the temperature interval from 450 to 700 °C. Metakaolinite (Al2Si2O7) has a similar structure to kaolinite, but the lattice parameter c is changed to 0.685 nm (it is smaller by about 0.055 nm). The structure of metakaolinite does not contain OH− ions, and the distance between the layers is shorter than in kaolinite. In addition, metakaolinite is more defective and less stable than kaolinite [24,25,27]. The third and last process begins above 925 °C and is connected with the transformation of metakaolinite to an Al-Si spinel, γ–Al2O3, and amorphous SiO2, according to the following equation [28,29]:


2(Al2O3 ⋅ 2SiO2) → 2Al2O3 ⋅ 3SiO2 + SiO2(amorphous).



(2)







Moreover, above the temperature of 700 °C, solid-state sintering occurs, which is a high-temperature technological process that transforms individual ceramic particles into a compact polycrystalline body. For traditional, kaolin-based ceramics (earthenware, stoneware or pottery), solid-state sintering occurs when the powder compact is densified entirely in the solid state [24,25,30,31].



Zeolites are microporous, hydrated crystalline aluminosilicates which are porous and widely used due to their structure and absorption properties. Many studies deal with natural or synthetic zeolites [32,33,34,35,36,37,38,39,40,41]. Usually, zeolites contain alkaline metals or metals of alkaline earth and frequently (e.g., in the case of clinoptilolite) crystallize in a monoclinic crystal system [32]. The three-dimensional structure of zeolites consists of tetrahedral silicate and aluminum, which are interconnected by oxygen atoms. The charge of their structure is negative and this charge can balance between monovalent and divalent cations [33,34]. Zeolites are porous and they are widely used due to their absorption properties (for example, in agriculture, ecology, the rubber industry, the building industry, households, and medicine [35,36,37,38]). Several important processes occur in zeolites during heating. Above the temperature of 100 °C, physically bound water escapes from the crystal surface and pores (capillaries) [39]. During heating up to 900 °C, the infrared spectral features attributed to the Si (Al)-O stretching and bending vibration modes do not show significant differences from the features for unheated (raw) zeolite. These spectral results are consistent with the fact that the three-dimensionally rigid crystal structure of zeolite is more stable than the layer structure of phyllosilicates [40]. Above the temperature of 1000 °C, the structure of zeolite is definitely destroyed and an amorphous phase is formed [21,33,41].



Our previous study [42] concerned the thermal expansion and Young’s modulus of samples made from kaolin and zeolite. The samples were not studied in-situ; instead, they were preheated at different temperatures from room temperature up to 1100 °C, and selected properties were measured after cooling at room temperature. The next study [43] focused on comparing the thermal expansion of the kaolin–zeolite and illite–zeolite samples. Our previous paper [39] aimed at conducting a thermogravimetric analysis and differential scanning calorimetry of a kaolin–zeolite sample. The aim of this paper was to estimate the influence of natural zeolite in the kaolin–zeolite samples on their thermophysical properties, such as the thermal expansion, thermal diffusivity and conductivity, and specific heat capacity, during heating up to 1100 °C and to determine the possible usage of natural zeolite in ceramic materials.




2. Materials and Methods


Samples were prepared from Sedlec kaolin (Czech Republic) and natural zeolite (Nižný Hrabovec, Slovakia). The major mineral in Sedlec kaolin is kaolinite (77.8%). In addition, there are impurities such as mica clay (17.4%) and quartz (1.5%) [44]. Natural zeolite mainly contains mineral clinoptilolite (58.2%) from the group of heulandite and has impurities such as cristobalite (12.2%), illite with mica and feldspar (albite) (9.6%), quartz (0.7%), and also amorphous phase (19.3%) [45]. The chemical compositions of the Sedlec kaolin and natural zeolite are given in Table 1.



The samples were prepared as follows. Kaolin was partially replaced with natural zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. Pure kaolin and zeolite samples were also prepared. The studied samples were labeled as KZ10, KZ20, KZ30, KZ40, and KZ50, according to the natural zeolite content, whereas the pure kaolin and zeolite samples were labeled as SLA and ZEO (see Table 2). The kaolin pellets were crushed and milled to pass a 100-μm sieve. Zeolite was used as a powder, passing a 50-μm sieve. After these procedures, the powders were mixed with deionized water to obtain a plastic mass. Cylindrical samples with a diameter of 14 mm were extruded from this mass. Then, the samples were dried in open air until an equilibrium of moisture was reached (from 1.4 to 2.9 mass% of the physically bound water). The dry samples were cut to the lengths needed for the analyses.



Differential thermal analysis (DTA) and thermogravimetry (TG) of the compact samples (∅14 × 16 mm) with a mass of 3.5 g were performed by means of a Derivatograph 1000 analyzer (MOM Budapest, Budapest, Hungary) [46], in which a pressed alumina reference sample with similar dimensions to the studied sample was used. Thermodilatometry (TDA) was carried out using a horizontal pushrod alumina dilatometer [47] on samples with dimensions of ∅14 × 35 mm. All measurements were performed in the temperature interval from 30 to 1100 °C in static air atmosphere at a heating rate of 5 °C·min−1.



Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 404 F3 Pegasus apparatus (NETZSCH Holding, Selb, Germany) in dynamic argon atmosphere with a flow rate of 40 ml/min. Al2O3 crucibles with a lid and powder samples with mass of ~30 mg were used. The temperature increased linearly with the heating rate of 5 °C/min and in the temperature interval from 30 up to 1100 °C. In order to determine the enthalpy of reactions, a baseline of the tangential type was selected.



The bulk density was calculated from thermogravimetric and thermodilatometric results to obtain its actual values during firing, according to the following equation:


  ρ =  ρ 0    Δ m /  m 0       (  1 + Δ l /  l 0   )   3      ,  



(3)




where ρ0 is the bulk density of green samples at room temperature.



The open porosity was calculated with the help of the experimentally determined bulk density and matrix density. The bulk density was obtained from the volume and mass of the cylindrical samples. The matrix density was measured by means of helium pycnometry (Pycnomatic ATC, Thermo Fisher Scientific, Waltham, MA USA).



Measurements of the thermal diffusivity (a), thermal conductivity (λ), and specific heat capacity (cp) of samples were performed by means of the flash method using a Netzsch LFA 427 LaserFlash apparatus (NETZSCH Holding, Selb, Germany) in the temperature interval from 30 to 1000 °C at a heating rate of 5 °C/min and in nitrogen atmosphere with a flow rate of 100 mL/min. The dimensions of samples were ∅12.5 × 2.5 mm. The samples were covered by graphite on both sides before measurements. Measuring the heat capacity of a sample required an additional measurement of a reference material with a known heat capacity and density. The basis of this method is in the application of a laser pulse with the same parameters as the measured and reference samples. In this way, the same amount of heat is provided to both samples. Next, the limit of adiabatic temperature is calculated for both measurements. The specific heat capacity of measured sample is calculated according to the formula:


   c p  =    m R     c  p R      Δ   T  ∞ R     m   Δ  T ∞    ,  



(4)




where mR is the mass of the reference sample (in software, the mass of a sample is calculated from its bulk density and dimensions), cpR is the heat capacity of the reference sample, ΔT∞R is the adiabatic temperature of the reference sample after the amount of thermal energy is received, m is the mass of the studied sample, and ΔT∞ is the adiabatic temperature of the studied sample after the same amount of thermal energy as for reference sample is received.



Microstructure observations were carried out by means of a scanning electron microscope (FEI QuantaTM FX200, Thermo Fisher Scientific, Waltham, MA, USA) in low vacuum mode (100 Pa) with an accelerating voltage of 10 kV on the compact polished raw samples, and the samples were heated at 1100 °C.




3. Results and Discussion


3.1. Differential Thermal Analysis


The DTA results of the studied samples are shown in Figure 1. Three significant peaks are visible. The first peak (up to 300 °C) corresponds to the process of dehydration, where the liberation of physically bound water from pores and surface of crystals occurs [23]. This peak is endothermic and its magnitude increases with the amount of zeolite. The second peak (from 450 to 700 °C) is also endothermic and belongs to the dehydroxylation of kaolinite [19,48]. During this reaction, the chemically bound water is evaporated, and this causes the structure of kaolinite to transform into metakaolinite. The last peak (from 940 to 1030 °C) is exothermic and has been interpreted as the result of the formation of an Al-Si spinel or of spinel and/or mullite by [28] and by many papers extensively discussed in [31]. The magnitudes of last two peaks decrease with the amount of zeolite in the samples. In natural zeolite, only one reaction is observed and it is endothermic (up to 450 °C). This peak corresponds to dehydration, where the physically bound water evaporates from pores and surface of crystals [21].




3.2. Differential Scanning Calorimetry


The DSC results of the kaolin–zeolite samples are shown in Figure 2. Three peaks can be observed, as it was in the DTA results (see Figure 1). The first endothermic peak (from 30 to 200 °C) represents the liberation of physically bound water [23]. The second endothermic peak (from 400 to 600 °C) corresponds to the dehydroxylation of kaolinite [19,48]. The third peak (from 950 to 1000 °C), which is exothermic, is related to the crystallization of high-temperature phases, as indicated before [28,31]. In zeolite and natural clinoptilolite, only two peaks are observed in the curve. The first is the endothermic peak corresponding with dehydration. This means that physically bound water evaporates from the pores and surface of crystals. The second peak is also endothermic, and this reaction begins above 850 °C, when the structure of clinoptilolite is definitely destroyed and an amorphous phase is formed [33,41].



The influence of zeolite in the samples is visible on the enthalpy of reactions (dehydroxylation of kaolinite and Al-Si spinel formation) occurring in the kaolin–zeolite samples during thermal treatment (see Figure 3). The enthalpies were determined from the DSC results (peaks) (see Figure 2). A tangential baseline, which most realistically represents the progress of reactions, was used. The first studied reaction was the dehydroxylation of kaolinite, which is associated with the evaporation of chemically bound water [19,48]. The enthalpy of this reaction decreases linearly with the amount of zeolite in the samples from 248.9 (sample SLA) to 128.1 J/g (sample KZ50). The second reaction was the transformation of metakaolinite into an Al-Si spinel [28]. The values of enthalpy also decrease linearly with the zeolite content, from 58.8 (sample SLA) to 34.4 J/g (sample KZ50).



As can be seen from the enthalpy results for both reactions, the enthalpies decrease along with the amount of kaolinite. Therefore, it can be concluded that zeolite has no significant influence on both reactions in the studied samples.




3.3. Thermogravimetric Analysis


The relative mass changes of the kaolin–zeolite samples are shown in Figure 4. Two significant mass losses occur. The first loss is in the temperature interval from 30 to 250 °C and corresponds to the process of dehydration, during which physically bound water evaporates [23]. The process of dehydration is the least significant for sample SLA (1.56%) and increases with the amount of zeolite (3.98% for sample KZ50). The second mass loss, in the temperature interval from 450 to 700 °C, corresponds to the dehydroxylation of kaolinite [19,48]. The mass loss for sample SLA is 11.35% and it decreases with the amount of zeolite (6.12% for sample KZ50). The mass loss of the zeolite sample decreases continuously up to 800 °C and reaches 11.27%. Then, the mass loss remains almost constant. During the dehydroxylation, the mass loss is only 0.98%. This is because the dehydroxylation does not occur in zeolite. The reason is that zeolite does not have OH− ions in the matrix structure. The DTA, DSC, and TG results of kaolin and natural zeolite are very similar to the results presented in [21,26,49]. In these studies, the mass losses of the kaolinite subgroup and clinoptilolite are in good agreement with our results. For kaolinite, it is in the interval from 11.8% to 13.31% (we obtained 11.35%, but the kaolinite content in kaolin was only 77.8%), and for clinoptilolite, it is 9.54% at 1000 °C (we achieved 11.27%). The obtained difference can be explained by a different content of water in the prepared sample from kaolin or natural zeolite. Moreover, the studied zeolite was not pure clinoptilolite as it also contained the amount of cristobalite, illite with mica, and feldspar.



The results of the relative mass change of the kaolin–zeolite samples at temperatures of 800, 900, and 1000 °C are plotted in Figure 5. It is visible that the mass loss of the samples increases with temperature and decreases with the amount of zeolite. At a temperature of 1000 °C, it ranges from 14.3% to 12.6%. The trend of decrease is identical for all three selected temperatures and it is almost linear up to 40 mass% of zeolite. Then, the mass loss for samples KZ40 and KZ50 is comparable (the difference is only 0.04%).




3.4. Thermodilatometric Analysis


The relative thermal expansion of the kaolin–zeolite samples is shown in Figure 6. In the temperature interval from 30 to 250 °C, the process of dehydration occurs, where physically bound water escapes from the pores and surface of crystals. The length of all samples, except the zeolite sample, increases linearly and reaches about 0.07%. The length of the zeolite sample decreases and its shrinkage is about 0.14%. The expansion of samples decreases with the amount of zeolite. The next process occurring in the studied samples starts at about 500 °C, when the chemically bound water escapes and the structure of kaolinite is transformed into metakaolinite [19,48]. The structure of metakaolinite is similar to the structure of kaolinite. The lattice parameters a and b remain the same, but the parameter c is changed to 0.685 nm. The distance between layers is shorter (about 0.055 nm) than in kaolinite. In addition, it is more defective and less stable than kaolinite [19]. Therefore, the shrinkage of samples in the temperature interval from 500 to 700 °C is observed. Nevertheless, after the dehydroxylation is finished, the contraction continues up to 950 °C due to the sintering process [30]. As a result of the reactions above ~950 °C, there is a rapid contraction of the produced bodies. In the temperature interval from 700 to 1100 °C, the sintering process occurs as well. Therefore, this shrinkage is caused by both processes. The total shrinkage of the kaolin–zeolite products increases with the amount of zeolite from 2.59% for sample SLA to 3.91% for sample KZ50. Similar behavior of thermal expansion of kaolin samples was also obtained in [50,51]. The shrinkage of kaolin samples reached 2.5% and 3.2% at 1100 °C, respectively, which is in good agreement with our results.



Different results were obtained for the zeolite sample because the structure of zeolite does not contain free OH− ions (zeolite is just a hydrate). The liberation of the physically bound water from the zeolite sample proceeds until up to 850 °C (the shrinkage reaches 1.82%). Above the temperature of 850 °C, very intensive sintering and the formation of a glassy phase occur. The total shrinkage of the zeolite sample at 1100 °C reaches 14.59%. Dell’Agli et al. [52] also studied the thermal expansion and mass loss of different types of clinoptilolite, but only up to 700 °C. They found out that the final shrinkage was in the interval from 0.6% to 3%. The shrinkage of our zeolite sample reached 1.2% at 700 °C. Nevertheless, the trend of the measured curves is similar.



The linear shrinkage of the kaolin–zeolite samples at different temperatures is shown in Figure 7. The results show that the linear shrinkage at temperatures of 800 and 900 °C with the increasing amount of zeolite is almost constant (the differences are very small, about 0.15%). The curves at the temperatures of 1000 and 1100 °C exhibit a different trend. The shrinkage increases with the amount of zeolite, but the samples with 10, 20, and 30 mass% of zeolite reach almost the same values of shrinkage. Above 30 mass% of zeolite, the linear shrinkage increases. Those results show that the most intensive changes occur when the Al-Si spinel crystallization is finished and the sintering process starts.




3.5. Bulk Density


The results of the bulk density of the kaolin–zeolite samples are shown in Figure 8. The bulk density decreases with the amount of zeolite and also with the temperature increase to 650 °C. The bulk density for the green SLA sample is 1464 kg·m−3, and for the green KZ50 sample, it amounts to 1340 kg·m−3. The first significant decrease is up to 250 °C, which is caused by the liberation of physically bound water [23]. Then, the bulk density decreases almost linearly until the dehydroxylation of kaolinite starts (at about 500 °C) [19,48]. The structural changes (transformation of kaolinite into metakaolinite) cause the decrease in the bulk density. This decrease occurs due to an intensive mass loss (11.35% for sample SLA) (see Figure 4) and contraction (0.68% for sample SLA) (see Figure 6). During dehydroxylation, the bulk density decreases from 135 kg·m−3 for sample SLA to 50 kg·m−3 for sample KZ50. After dehydroxylation, the bulk density slightly increases for all studied samples up to 950 °C. Then, a sharp increase occurs due to the transformation of metakaolinite into the spinel phase [28]. Above 1000 °C, the bulk density increases only slightly. At 1100 °C, the values of the bulk density are lower than for the green samples. The differences are from 11 kg·m−3 for sample KZ50 up to 106 kg·m−3 for sample SLA, which means that the difference decreases with the zeolite content.



The bulk density of the zeolite sample decreases up to 550 °C, then a slight increase occurs, and above 900 °C, a sharp increase is visible. Finally, the bulk density reaches 1760 kg·m−3 at 1100 °C, which is about 42% higher than for the green sample.



The bulk density of kaolin–zeolite samples at different temperatures is shown in Figure 9. The results show that the bulk density at temperatures of 800 and 900 °C decreases with the amount of zeolite. The differences between the SLA and KZ50 samples are about 40 kg·m−3 at 800 °C and about 60 kg·m−3 at 900 °C. The values of the bulk density at the temperatures of 1000 and 1100 °C also decrease, almost linearly in this case, except for sample KZ10. Those results show that the bulk density decreases with the zeolite content by about 6%.




3.6. Thermal Diffusivity


The results of the thermal diffusivity of the kaolin–zeolite samples in the temperature interval from 30 to 1000 °C are plotted in Figure 10. The thermal diffusivity of the green samples decreases with the amount of zeolite from 0.57 mm2∙s−1 for sample SLA to 0.37 mm2∙s−1 for sample KZ50. The green zeolite sample has a thermal diffusivity of only 0.21 mm2∙s−1. The thermal diffusivity of all studied samples decreases with temperature, except for the zeolite sample. The thermal diffusivity of the zeolite sample is almost the same in the whole temperature range (0.21 mm2∙s−1). The decrease in thermal diffusivity is caused by the escape of physically and chemically bound water in the samples (dehydration and dehydroxylation) [19,23,48]. The differences in thermal diffusivity between samples also decrease with temperature. They are 0.20 mm2∙s−1 for the green samples at room temperature and 0.07 mm2∙s−1 for the samples measured at 1000 °C. A similar decreasing trend of the thermal diffusivity of clays was obtained in [17,49]. The values were from 0.17 to 0.27 mm2∙s−1. A more interesting study was published by Antal et al. [49], where the thermal diffusivity of textured kaolin samples was assessed. It is visible that the thermal diffusivity of kaolin samples depends significantly on the direction of crystal orientation. The results showed that thermal diffusivity is in the interval from 0.2 to 0.75 mm2∙s−1 measured at room temperature and from 0.15 to 0.4 mm2∙s−1 at the temperature of 1100 °C.



The thermal diffusivity of the kaolin–zeolite samples at different temperatures is shown in Figure 11. The thermal diffusivity decreases with the amount of zeolite up to 40 mass%. Sample KZ50 has almost the same value of thermal diffusivity as sample KZ40. All three curves (the results at 800, 900, and 1000 °C) exhibit the same trend. At a temperature of 1000 °C, samples KZ40 and KZ50 have values of thermal diffusivity similar to the zeolite sample. The difference is only 0.01 mm2∙s−1.




3.7. Specific Heat Capacity


The results of the specific heat capacity of the kaolin–zeolite samples during thermal treatment up to 1000 °C are shown in Figure 12. The heat capacity of the green samples is in the interval from 1.02 to 1.42 kJ∙kg−1∙K−1. The values of the heat capacity for all samples decrease when the liberation of physically bound water is finished. The heat capacity of water is 4.2 kJ∙kg−1∙K−1 (much higher than for solid materials); therefore, its decrease was expected in the temperature interval up to 300 °C. Then, the specific heat capacity of samples slightly increases up to 800 °C. The values are in the interval from 0.88 to 1.45 kJ∙kg−1∙K−1. The dehydroxylation of kaolinite also influences the heat capacity of samples. The OH− groups are removed from the structure of kaolinite, and therefore, the heat capacity does not increase, as it is excepted from the Debye model. Above 800 °C, a sharp increase in the heat capacity occurs due to crystallization of spinel [28] and a normal characterization of the heat capacity at higher temperatures. At a temperature of 1000 °C, the specific heat capacity of the samples ranges from 1.25 up to 2.24 kJ∙kg−1∙K−1, which is about 50% higher than it was for the green samples. Michot et al. [53] studied the heat capacity and thermal conductivity of kaolinite/metakaolinite in the temperature interval from room temperature up to 1000 °C. Their results showed that the heat capacity of metakaolinite above the temperature of 700 °C is about 1.2 kJ∙kg−1∙K−1, which is lower than our values. This can be explained by a different content of kaolinite in our kaolin sample and the application of a method which is not accurate for measurement of heat capacity.



The specific heat capacity of the kaolin–zeolite samples at temperatures of 800, 900, and 1000 °C is presented in Figure 13. The heat capacities of samples KZ30, KZ40, and KZ50 at 800 °C are almost the same. At temperatures of 900 and 1000 °C, the trend of the heat capacity is similar. Zeolite in the samples causes a decrease iin the specific heat capacity. The difference between samples SLA and KZ50 at 1000 °C is 0.99 kJ∙kg−1∙K−1, which is about 80%.




3.8. Thermal Conductivity


The results of the specific heat capacity of the zeolite–kaolin samples during thermal treatment up to 1000 °C are shown in Figure 14. The thermal conductivity of the green samples (at 30 °C) is the highest for sample SLA (1.03 W∙m−1∙K−1) and the lowest for the zeolite sample (0.37 W∙m−1∙K−1). It decreases with the amount of zeolite. Then, in the temperature interval from 30 to 300 °C, the thermal conductivity of all studied samples decreases due to the liberation of physically bound water from the pores and crystal surfaces (water has a higher thermal conductivity than ceramic materials) [23]. Significant changes are observed in the temperature interval from 400 to 700 °C. This decrease is caused by dehydroxylation of kaolinite [19,48] and it is smaller with higher zeolite content in the samples. At 700 °C, all samples reach the lowest values of thermal conductivity, which range from 0.52 (sample SLA) to 0.25 W∙m−1∙K−1 (the zeolite sample). Above the temperature of 800 °C, a sharp increase in the thermal conductivity occurs due to the sintering process and crystallization of spinel [28]. The final values at 1000 °C are from 0.86 W∙m−1∙K−1 for sample SLA to 0.35 W∙m−1∙K−1 for sample KZ50. The results obtained by Michot et al. [53] showed a thermal conductivity of the green kaolin body of up to 0.5 W∙m−1∙K−1, which is in good agreement with the value of 0.52 W∙m−1∙K−1 obtained in this study. On the other hand, our values of thermal conductivity were not measured but calculated from density, heat capacity, and thermal diffusivity. The surface of samples was coated by graphite before the analysis, and above 800 °C, graphite could burn out, although the analysis was performed in nitrogen atmosphere. Therefore, greater uncertainties are expected.



The thermal conductivity of the kaolin–zeolite samples at temperatures of 800, 900, and 1000 °C is shown in Figure 15. At a temperature of 800 °C, thermal conductivity has a decreasing trend up to 40 mass% of zeolite. Nevertheless, samples KZ40 and KZ50 have similar values of thermal conductivity (the difference is only 0.003 W∙m−1∙K−1). At temperatures of 900 and 1000 °C, thermal conductivity decreases with the amount of zeolite and this decrease is almost linear. The difference between samples SLA and KZ50 at 1000 °C amounts to 0.45 W∙m−1∙K−1, which is about 53%. Typically, values of the thermal conductivity of ceramic materials are in the interval from 0.28 to 1.2 W∙m−1∙K−1 [53]. Therefore, the obtained results of the thermal conductivity are in good agreement with the literature.




3.9. The Open Porosity and Scanning Electron Microscopy


The results of bulk density were also confirmed with the results of the porosity of kaolin–zeolite samples at temperatures of 800, 900, 1000, and 1100 °C (see Figure 16). The porosity of the studied samples decreases and the bulk density increases with temperature. The porosity at 800 and 900 °C decreases when the sample contains 10 mass% of zeolite. Then, the porosity increases and reaches about 50% for samples KZ30, KZ40, and KZ50. The porosity of sample KZ10 at temperatures of 800, 900, and 1000 °C is almost the same. At a temperature of 1100 °C, porosity decreases from 48.5% (sample SLA) down to 43.0% (sample KZ50). The decrease in the porosity with temperature is caused by the sintering process in the samples [30]. This process causes a decrease in the sample volumes and vanishing of pores. The results show that the porosity decreases with the amount of zeolite in the samples.



An SEM picture of the green kaolin sample is presented in Figure 17A. Grains of kaolinite with a different size and also agglomerates are visible. Kaolinite crystals have a plate-like shape and they are ordered randomly. The samples contain also many small pores. This is confirmed with high values of the porosity (black or dark points). A picture of the kaolin sample heated at 1100 °C is shown in Figure 17B. The porosity decreased and the kaolin sample stayed more compact. The structure remains in the same condition up to 1100 °C. Moreover, the pseudoamorphous shape of a grain of initial agglomerates is still the same.



An SEM picture of the green zeolite sample is presented in Figure 17C. Grains as well as agglomerates (clusters of grains) with different sizes and shapes can be seen. A picture of the zeolite sample heated at 1100 °C is shown in Figure 17D, where large pores (black or dark points) are mainly visible. The initial shape of grains is not preserved. The samples are more compact (higher density (see Figure 8) and smaller porosity), and the melting of grains is visible.





4. Conclusions


The thermophysical properties (thermal expansion, thermal diffusivity and conductivity, and specific heat capacity) of kaolin–zeolite samples were investigated during a heating stage of the firing. The samples were prepared from Sedlec kaolin (Czech Republic) and natural zeolite (Nižný Hrabovec, Slovakia). Kaolin was partially replaced with a natural zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. Pure kaolin and zeolite samples were also prepared. From the obtained values for the thermophysical properties (thermal expansion, thermal diffusivity and conductivity, and specific heat capacity) of Sedlec kaolin and blends of that kaolin with natural zeolite, we can conclude that increasing zeolite content of the blends decreases the values of all studied properties (except thermal expansion), which is positive for bulk density, porosity, thermal diffusivity, and conductivity. Zeolite has a negative effect on thermal expansion due to an increased shrinkage. Therefore, the optimal amount of zeolite in the blends (for the studied properties) is 30 mass%.
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Figure 1. Differential thermal analysis (DTA) of the studied samples. 
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Figure 2. Differential scanning calorimetry (DSC) of the studied samples. 
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Figure 3. The enthalpy of the studied samples during the dehydroxylation of kaolinite (grey) and crystallization of spinel (black). 
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Figure 4. Relative mass change of the studied samples. 
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Figure 5. Relative mass change of the studied samples at 800, 900, and 1000 °C. 
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Figure 6. Relative thermal expansion of the studied samples. 
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Figure 7. Relative thermal expansion of the studied samples at 800, 900, 1000, and 1100 °C. 
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Figure 8. Bulk density of the studied samples. 
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Figure 9. Bulk density of the studied samples at 800, 900, 1000, and 1100 °C. 
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Figure 10. Thermal diffusivity of the studied samples. 
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Figure 11. Thermal diffusivity of the studied samples at 800, 900, and 1000 °C. 
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Figure 12. Specific heat capacity of the studied samples. 
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Figure 13. Specific heat capacity of the studied samples at 800, 900, and 1000 °C. 
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Figure 14. Thermal conductivity of the studied samples. 
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Figure 15. Thermal conductivity of the studied samples at 800, 900, and 1000 °C. 
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Figure 16. Porosity of the studied samples at 800, 900, 1000, and 1100 °C. 






Figure 16. Porosity of the studied samples at 800, 900, 1000, and 1100 °C.



[image: Crystals 11 00165 g016]







[image: Crystals 11 00165 g017 550] 





Figure 17. SEM pictures. (A) green Sedlec kaolin; (B) Sedlec kaolin fired at 1100 °C; (C) green zeolite; (D) zeolite fired at 1100 °C. 
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Table 1. The chemical compositions of the Sedlec kaolin and natural zeolite (in mass%).
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	Oxides
	Kaolin
	Zeolite





	SiO2
	46.9–47.9
	65.0–71.3



	Al2O3
	36.6–37.6
	11.5–13.1



	Fe2O3
	1.2
	0.7–1.9



	CaO
	0.7
	2.7–5.2



	MgO
	0.5
	0.6–1.2



	Na2O
	0.1
	0.2–1.3



	K2O
	0.8–1.1
	2.2–3.4



	TiO2
	0.5
	0.1–0.3
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Table 2. The compositions of the samples made from Sedlec kaolin and natural zeolite (in mass%).
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	Sample
	SLA
	KZ10
	KZ20
	KZ30
	KZ40
	KZ50
	ZEO





	Kaolin
	100
	90
	80
	70
	60
	50
	–



	Zeolite
	–
	10
	20
	30
	40
	50
	100
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