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This study focuses on finding the optimal calcination temperature for synthesizing porous clay 26 

heterostructures (PCH). PCH was prepared using montmorillonite at different temperatures 27 

(200 to 800°C) in a closed N2 environment. Samples were characterized via N2-physisorption, 28 

scanning electron microscope (SEM), Fourier-transform infrared spectroscopy (FTIR), X-ray 29 

diffraction (XRD), and thermogravimetric analysis (TGA) to investigate the influence of 30 

calcination temperature. Characterizations show that the PCH composite exhibits an increasing 31 

surface profile observed by increasing specific surface area, changes in crystalline phases, 32 

porous surface, and varied particle size distribution. The position (degree and wavelength) and 33 

intensities of minerals and functional groups in PCH shift with temperature, as observed in both 34 

FTIR and XRD. This shows that variables such as heating rate, calcination temperature, and 35 

environment affect the structural changes in the clay material. In terms of active phase 36 

development, structural behavior, and material strength, the correct calcination temperature 37 

proved to be crucial. 38 

Keywords: Porous clay heterostructures, Montmorillonite, Calcination, N2-physisorption 39 

 40 

            Catalysts and their materials are the most important and challenging issues in 41 

the industry today. In recent decades, clay minerals have been widely studied and used as 42 

catalyst supports in industry and academia for advanced applications, such as isomerization, 43 

adsorption (carbon dioxide (CO2) capture, heavy metals, phenol), photocatalytic reactions, 44 

ethanol, hydrogen sulfide (H2S), and carbon monoxide (CO) oxidation [1,2]. Moreover, 45 

owing to their unique properties, such as plasticity, swelling capacity, sorption characteristics, 46 

acidic character, ion exchange quality, high-temperature stability and structural properties 47 

make clays attractive for various applications, e.g. adsorption and catalysis, and are widely 48 

used material in various industries, such as oil and gas, chemical, pharmaceutical, refractory, 49 

and ceramics [3,4]. Clay and clay-based catalysts have attracted increasing attention owing to 50 

their abundance and low cost. Clays are considered environmentally friendly catalysts as they 51 
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are abundant in nature and can be used after minor processing. On the other hand, clay-based 52 

catalysts are non-corrosive solids that can be formed into the required shape and size for use 53 

in the reactor tube, can be easily separated from the product stream and can be easily disposed 54 

of after use without harming the environment. 55 

                         Porous clay heterostructures (PCH) are newly modified clays with 56 

mesoporous and microporous structures. The primary host material for the PCH synthesis is 57 

montmorillonite (Mt) lamellar aluminosilicate clay, which has a high cation-exchange nature. 58 

The organosilicon source and the cationic surfactant are introduced between clay layers 59 

through ion exchange. Finally, by removing the templating agent at the correct calcination 60 

temperature, ordered porous materials with micro- and meso-porous structures are produced. 61 

The SiO2 pore walls are solid and stable and have the advantages of hydrophobicity and high 62 

thermal stability. They have high research value and high potential for various applications, 63 

e.g., nitrogen oxide (NOx) reduction [1,2], CO2 capture [3], dyes and heavy metal removal [4–64 

6], water defluoridation [7], pesticides, antibiotics, and phenol adsorption [8,9]. 65 

                      According to previous studies, the ideal calcination temperature for clay-based 66 

catalysts generally ranges from 100 to 800°C [10,11]. This temperature range is crucial as it 67 

directly affects the physical and chemical characteristics of the materials, such as phase 68 

compositions, crystallinity, BET-surface area, and porosity, which are vital for applications in 69 

adsorption and catalysis. For example, Wibowo et al. [12] examined the effects of different 70 

calcination temperatures on the biodiesel-making ability of lithium-intercalated 71 

montmorillonite (Li-K10). The results indicated that 450°C was the optimal calcination 72 

temperature for the maximal conversion of methyl laurate. Calcination temperatures below 73 

350°C and above 650°C led to decreased catalytic activity of the Li-K10 catalyst, mostly due 74 

to alterations in basicity and structural modifications. A similar behavior was observed in the 75 

alumina-based catalyst [13], the Sn-Nb2O5/α-Al2O3 catalyst employed for ethylene oxide 76 

hydration demonstrated an ideal calcination temperature range of 350-400°C. Higher 77 
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temperatures result in decreased catalytic efficiency. In general, achieving good catalytic 78 

activity or a relation between structure and catalytic performance in clay-based catalysts 79 

requires a calcination temperature within the range of 400-800°C. However, the specific ideal 80 

temperature may vary depending on the kind of clay and the intended application. 81 

                     Considering the potential application (NOx reduction, CO2 capture, organic 82 

reactions and dye removal) of PCH material, it is important to investigate the effects of 83 

calcination temperature on the basic properties, such as Brunauer–Emmett–Teller (BET) 84 

surface area, pore diameter, crystal size and structural behavior. In this work, a series of PCH 85 

samples were obtained at different calcination temperatures (200, 400, 600, and 800°C) under 86 

a closed nitrogen (N2) atmosphere to analyze the effects of the calcination temperature on 87 

physicochemical properties. An interesting aspect of our research is the deliberate and 88 

systematic variation of temperatures. In contrast to other studies on the PCH which use a 89 

fixed calcination temperature (mostly 550°C [14–19] or a limited temperature range), a wider 90 

range of temperatures was investigated in our research. Our research supports in determining 91 

the ideal calcination temperature for PCH to achieve specific material characteristics. This 92 

allows us to better understand how heat treatment affects the structural and functional 93 

properties of newly modified PCH. On the other hand, our technique provides a structured 94 

approach to improve the production of PCH for specific applications and serves as a useful 95 

reference point for future research in this field. 96 

                    Montmorillonite K10 (Al2H2O12Si4, CAS number: 1318-93-0) and sodium 97 

chloride (NaCl, 99%, CAS number: 7647-14-5) were purchased from the Sigma Aldrich. The 98 

surfactant hexadecyltrimethylammonium chloride (C19H42CIN, 99%, CAS number: 112-02-7) 99 

was bought from Thermo Scientific. Dodecylamine (C12H27N, 99%, CAS number: 124-22-1) 100 

and tetraethyl orthosilicate (C8H20O4Si, 98.5%, CAS number: 78-10-4) were acquired from 101 

Daejung, Korea.  102 
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Montmorillonite was used as a host clay mineral in this work for the synthesis of PCH. The 103 

synthesis of PCH support involves several steps, which were already reported in the previous 104 

study [2,20,21] and Scheme 1 shows a graphical protocol for the PCH synthesis.  105 

                   For the preparation of PCH material, 2 g of montmorillonite clay was treated with 106 

5.8 g of NaCl in 100 mL of deionized water. After the solution was stirred for 24 h at room 107 

temperature, the modified clay was separated from the aqueous solution via centrifugation, 108 

followed by 12 h of drying at 110°C. The modified clay was treated with surfactant 109 

hexadecyltrimethylammonium chloride in 100 mL of deionized water. After 24 h of stirring at 110 

60°C, the modified clay was separated from its solution by centrifugation, washed with 111 

deionized water a pH value of 7 was reached, and then dried at 30°C for another 24 h. The 112 

resulting clay was then added into a solution of dodecylamine and tetraethyl orthosilicate 113 

(TEOS) with a ratio of 1:20:150. Finally, after 24 h of stirring at room temperature, the 114 

modified clay was separated from the mixture via another round of centrifugation and dried 115 

for 12h at 110°C. The obtained clay was calcined at varying temperatures of 200, 400, 600, 116 

and 800°C for 6 h. To avoid a rapid heating rate, the corresponding calcination temperatures 117 

were reached gradually with a gradual heating time of 5°C/min, respectively.  After each step 118 

or batch, the obtained sample was thoroughly mixed to homogenize the material before 119 

further treatment. The calcination process was carried out under controlled conditions 120 

(5°C/min, N2: 0.4 L/min) in a completely closed tube furnace. The samples were heated to the 121 

desired calcination temperature at a uniform rate (5°C/min) to minimize the variations caused 122 

by different heating rates. The calcination time was strictly controlled and monitored to 123 

ensure uniformity of all samples. The calcination atmosphere (N2: 0.4 L/min) was maintained 124 

to prevent oxidation or reduction processes that could alter the properties of the PCH. Control 125 

synthesis was performed at regular intervals to check the consistency of the procedures and to 126 

confirm the reliability of the results.   127 
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                        The surface morphology of the catalyst was analyzed using a scanning electron 128 

microscope (SEM, FEI, Quanta-250) characterized with an image resolution range of low 129 

vacuum mode: ≤10.0 nm (3 kV) to high vacuum mode: ≤3.0 nm (30 kV) and acceleration 130 

voltage of 0.2∼30Kv. Micromeritics Tristar II was used to investigate the catalyst's specific 131 

surface area, pore volume, and pore size distribution by N2 adsorption-desorption. The 132 

specific surface area was determined via the BET equation, while the pore size distribution 133 

was determined by the Barrett-Joyner-Halenda (BJH) method. Using the t-plot approach, the 134 

total pore volume was derived from the adsorption data at the relative pressure of N2 P/P0 = 135 

0.99. Phase characterization and crystal structure were examined via the XRD test. An 18 KW 136 

X-ray diffract meter (Rigaku) with Cu Kα (λ = 0.15406 nm) was used to record the XRD 137 

patterns, and it ran at 40 kV and 30 mA. At a scan rate of 2°/min, the samples were scanned 138 

within the 5-30° range. By comparing the recorded patterns with the JCPDS standard card in 139 

the Jade 6 software, the phase composition was determined. A Fourier Transform Infrared 140 

(FTIR) spectrum was used to examine the surface functional groups of PCH using a Nicolet 141 

FTIR spectrometer model VERTEX 70. Thermogravimetry analysis (TGA) tests were carried 142 

out on a TGA-801 from LECO Corporation. The temperature was varied from 30 to 900°C by 143 

a heating rate of 5°C/min. TGA analysis was carried out on PCH samples in open alumina 144 

crucibles under the closed N2 atmosphere. In short, potential sources of error or bias in the 145 

characterization techniques were carefully considered and mitigated through rigorous 146 

calibration, standardized procedures, and quality control measures. These efforts were 147 

considered to ensure the accuracy and reliability of the data obtained from the 148 

characterizations, thereby improving the interpretation and validity of the results of our study. 149 

                      The influence of the calcination temperature on the surface morphology and 150 

chemical composition of the PCH powders was investigated using the SEM technique (see 151 

Fig. 1). Among the PCH samples, PCH-200 exhibits loss formation, the lowest pore diameter, 152 

and well-connected particles with small crystallite size (31 nm), resulting in better surface 153 
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morphology than other synthesized samples at high calcination temperatures. When calcined 154 

at the lower temperature of 200°C, the surface of the PCH sample exhibited small, 155 

aggregated, amorphous platelet-like particles with heterotrimeric structure [22]. In contrast, at 156 

higher calcination temperatures of 600 and 800°C, larger aggregates mixed with small 157 

particles and curling edges were observed, as shown in Fig. 1. This shows that the 158 

morphology and size of the PCH crystals strongly depend on the calcination temperature. The 159 

XRD and surface morphology show that less agglomeration decreases the crystallite size of 160 

the catalyst, as presented in Table 1. It was found that the PCH-600 and PCH-800 samples 161 

had a higher agglomeration rate, resulting in a decrease in crystallite size [22,23]. All PCH 162 

samples exhibited different particle sizes and unevenly distributed voids with corrugated 163 

surfaces. The changes in surface morphology correspondingly describe that coarseness and 164 

hardness occur as a result of temperature variations in the calcination process, leading to 165 

changes in the morphology of the particles and the surface profile of the PCH. 166 

                    Table 1 and Fig. 2ab show the physical properties, pore size distribution and the 167 

N2 adsorption-desorption isotherm of the PCH material. It was found that increasing the 168 

calcination temperature increased the BET surface area, pore volume, and crystallite size. As 169 

shown in Table 1, the PCH-400 sample had the highest BET surface area (667 m2/g) and 170 

average crystallite size (56 nm), while PCH-200 had the lowest BET surface area (227 m2/g), 171 

pore volume (0.38 cm3/g) and crystallite size (31 nm). It is well known that higher calcination 172 

temperatures lead to larger crystallites as imperfections, edges, and defects, are removed 173 

during heat treatment, resulting in a well-defined pore diameter and crystalline phase [24]. 174 

Typically, a large BET surface area can provide numerous active sites for catalytic activity, 175 

leading to improved catalytic reactions [25]. This phenomenon occurs because the reactants 176 

are more readily available to the active sites on the surface of the material. An increased pore 177 

volume can also enhance the diffusion, mass transport, and spread of reactants and products, 178 

leading to improved catalytic efficiency [26]. The size of the crystallites of the active phases, 179 
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such as alumina and silica, can affect catalytic activity. Reduced crystallite sizes typically 180 

result in elevated surface energy and a greater number of active sites, which in turn enhances 181 

the catalytic activity of PCH material. 182 

                 The BET analysis (Fig. 2b) shows that all samples prepared displayed Type IV 183 

adsorption isotherms, with a characteristic H3 hysteresis loop caused by capillary 184 

condensation on the surface of the mesoporous PCH material [27]. By increasing the 185 

calcination temperature, the PCH-400 sample showed an increased meso-porosity, and the 186 

highest micropore volume (0.261 cm3/g) compared to PCH-200. This was confirmed by the 187 

broadening of the adsorption part of the corresponding isotherms. The pore size distribution 188 

showed that the pores of PCH material (Fig. 2a) were small, and bimodal character, ranging 189 

from 2 to 12 nm. In conclusion, the impact of heat as an effective technique in the synthesis of 190 

mesoporous PCH in combination with heat treatment at up to 400°C, resulted in a prolonged 191 

adsorption-desorption isotherm, moderate porosity and micropore volume [23,24]. 192 

Fig. 2c shows the mineralogical and crystallographic information of PCH samples identified 193 

by the changes in the intensities and scattering angles of the X-rays. Two-dimensional crystal 194 

plane diffractions (hk) and various mineral impurities were confirmed in the XRD patterns 195 

using Jade 6 software. In terms of peak intensity and structural changes found in all PCH 196 

samples, the clay exhibits the structural characteristics of a host clay mineral [20,27]. The 197 

PCH samples showed the main peaks at 2θ = 8.9 (001, 003), 17.9 (002), 19.9 (100), 20.9, 198 

20.7(100), 26.7 (101) 27.8 (103), which matched well with the conventional patterns for the 199 

clay minerals and their lattice planes (Quartz and Muscovite JCPDS No # 46-1045 and 07-200 

0042) [28]. The composite structure was no longer observed as it was delaminated by 201 

oxidation and local overheating of the templates at high temperatures. Overall, most of the 202 

changes in mineralogical formation and D spacing (± 0.2Å) showed a correlation with the 203 

calcination temperature. In addition, the formation of a ‘House-of-cards’ structure might have 204 

decreased the intensity of d001 reflectance and increased the intensity of d101 reflectance at 205 
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800°C calcination temperature. As can be observed in the inset figure in XRD, d101 and d001 206 

reflections were shifted lower to a higher degree at 200 to 400°C and then shifted back again 207 

to a lower degree with high intensity at 800°C. This can be attributed to recrystallization and 208 

clogging of the porous structures due to the high calcination temperature [23,24]. 209 

              The FTIR spectra of the PCH samples at different temperatures showed similar 210 

trends to the XRD pattern. As the calcination temperature increased, the intensity of the peaks 211 

decreased, as shown in Fig. 2d. The OH stretching region and the OH inner group were 212 

observed between 3300 and 4000 cm-1. As observed, the OH stretching range of PCH was 213 

also affected by the calcination temperature [29]. The decrease in this region could be due to 214 

partial dehydration of the PCH material. Fig. 2d shows the asymmetry and symmetry of CH2 215 

stretching at 2980 and 2979 cm-1 whose intensity decreases slightly with increasing 216 

temperature, but whose wavelength range does not change. Two bands at 1737 and 1590 cm-1 217 

corresponded to the CH stretching and H-O-H bending vibration. The spectral peaks in the IR 218 

range between 1000 and 500 cm-1 were related to the vibrations of the tetrahedral and 219 

octahedral units of the phyllosilicates. The peaks at the wavelengths 1046 and 565 cm-1 were 220 

generated by Si-O stretching and Si-OH stretching, confirming the formation of a three-221 

dimensional silica network of the material [30]. The functional group band at 699 cm-1 was 222 

recognized as the bending vibration of Al-Al-OH deformation. The band detected at 950 cm-1 223 

was attributed to the bending vibration of the Al-OH-Al functional group (see inset figure). 224 

Thus, as the calcination temperature increased, the intensities and peak areas of the OH, Si-O, 225 

and Al-O functional groups changed. Moreover, as the calcination temperature increased, the 226 

FTIR spectra showed several changes, most notably, a decline in the intensities of the bands 227 

at 3666, 804, and 565 cm-1, which indicates the dehydroxylation of PCH. In a previous study, 228 

Fernandez et al. [31] reported that the coordination of Al and Si in the crystal lattice of the 229 

calcined clay significantly shifts when the calcination temperature increased from 600°C 230 

(nearly 90% dehydroxylation) to 800°C (98% dehydroxylation). A comparable phenomenon 231 
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was observed in our study (see Fig. 2d). In general, heat slowly eliminates the hydroxyl 232 

groups in clay material, disordering its structure and causing it to transform into a more 233 

stable, high-temperature phase through recrystallization. 234 

                The thermal stability of the PCH samples was investigated using thermogravimetric 235 

analysis (TGA), as shown in Fig. 3. TGA is commonly used to investigate the temperature 236 

thresholds at which clay minerals retain their stability. The process by which clay releases 237 

water from interlayers by heating is called dehydroxylation and can be detected by TGA. Two 238 

primary weight losses were observed in the TGA profile of PCH: (1) the first weight loss (8 to 239 

9%), which was attributed to the elimination of physisorbed water (50-150°C), (2) the second 240 

weight loss of hydroxyl groups from PCH columns and the dehydroxylation of the -OH group 241 

in the clay layers [32]. In the second stage of thermal decomposition, the PCH mass continued 242 

to decrease in the temperature range from 150 to 710°C. This normally occurs when 243 

aluminosilicate minerals are heated during the dehydroxylation process. The TGA curves also 244 

show that the thermal stability of the PCH samples increased with increasing calcination 245 

temperature. In addition, PCH-200 and PCH-800 were found to lose 17% and 10% weight, 246 

respectively, and it was also found that the percentage weight loss was reduced by increasing 247 

the calcination temperature. In a previous study, Zhou et al. [33] investigated the effects of 248 

calcination temperature on excavated London waste clay. They calcined clay samples for two 249 

hours at temperatures between 300 and 1000°C and identified kaolinite, illite, and 250 

montmorillonite. Dehydroxylation of kaolinite occurred in the temperature range of 350 to 251 

600°C, while dehydroxylation of montmorillonite and illite occurred in the temperature range 252 

of 600 to 950°C.  253 

                      According to this study, the calcination temperature significantly influenced the 254 

structural and chemical properties of the PCH samples. By increasing the temperature during 255 

the calcination process, the hydroxyl groups were slowly removed, which led to a 256 

disintegration of the layered clay structure. The result was a progressive shift from a highly 257 
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ordered crystalline structure to a disordered amorphous state, as shown by the initially 258 

decreasing and then shifting while increasing intensity of the individual X-ray diffraction 259 

peaks (see Fig. 2c). In addition, calcination led to significant changes in the BET surface area 260 

and porosity of the PCH (see Table 1). More specifically, heating the samples to a moderate 261 

temperature (400°C) significantly increased their BET-specific surface area and pore volume. 262 

This may be due to the elimination of water between the layers and the formation of very 263 

small pores. However, at calcination temperatures above 400°C, the BET-specific surface 264 

area and porosity could decrease due to sintering and compaction processes [34]. Calcination 265 

caused changes in the chemical makeup of the clays, resulting in the gradual removal of 266 

hydroxyl groups and the creation of oxide phases. In short, temperature can induce chemical 267 

changes like dihydroxylation, mineral impurities and the formation of oxide phases in clay 268 

materials [11],  as shown in Fig. 2c and d. On the other hand, these structural and chemical 269 

alterations of calcined clays have significant consequences for their prospective uses in 270 

catalysis, adsorption, and ceramic production [24,34–36].  271 

                      Upscaling the synthesis of PCH materials for industrial applications faces 272 

several challenges in terms of cost efficiency, scalability, and reproducibility, which can be 273 

addressed by optimizing synthesis parameters, and implementing scale-up strategies and 274 

stringent quality control measures. By overcoming these challenges, PCH materials can be 275 

used effectively in real-world applications and contribute to advances in catalysis, adsorption, 276 

and other areas. On the other hand, clay-based products are widely used in many industries, 277 

such as petroleum (drilling mud or fluid), construction (bricks and tiles), ceramics (pots and 278 

tableware), and paper (fillers and coatings). They are also used in paints, cosmetics, polymers, 279 

baths, coatings, and pharmaceutical formulations. 280 

                     Calcination of PCH at the correct temperature plays an important role as it 281 

influences the formation of important active phases, strength and durability of the clay 282 

material. Among all samples, PCH-400 had the largest BET surface area (667 m2/g), the 283 
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average pore volume (0.69 cm3/g), and crystallite size (56 nm). PCH-200 had the lowest BET 284 

surface area (227 m2/g), average pore volume (0.38 cm3/g), and the average crystallite size 285 

was 31 nm. FTIR and XRD studies revealed differences in the height and size of the peaks in 286 

the stretching of the silica network and the bending of alumina as the calcination temperature 287 

increased. A significant improvement of the PCH material properties is possible by adjusting 288 

various parameters during the synthesis process. The results showed that calcination at 289 

different temperatures had the greatest influence on the crystallinity, BET surface area and 290 

pore volume of the PCH, which could also affect the catalytic activity of this material. 291 

However, the combustion of the organic carbon chain could also release a large amount of 292 

heat and affect the interlayer structure of PCH. The incompletely burned template material 293 

could also carbonize at high temperatures, which can lead to clogging of the inner channel. 294 

Further investigations can be carried out by changing the ratio of surfactant and cross-linking 295 

agent and functionalizing with amines of different lengths. Knowledge of these synthesis 296 

effects is useful for tailoring specific PCH materials for particular applications, such as NOx 297 

reduction, CO2 capture, contaminant adsorption, and removal. 298 
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Table 1. Textural properties of the PCH samples.  303 

a S
BET

: BET specific surface area, V
Total

: total pore volume, D
pore

: average pore size, S
micro

: 304 

micropore surface area, D
micro

: micropore diameter, V
micro

: micropore volume; b Obtained via 305 

the t-plot method; c Obtained via the Horvath-Kawazoe (HK) method; d Average crystallite 306 
size was calculated using XRD data by the Scherrer equation [37]. 307 

 308 

 309 

Scheme. 1 Schematic representation of PCH synthesis. 310 

 311 

 312 

Sample SBET 
(m2/g)a 

Dpore 
(nm) 

Vtotal 
(cm3/g) 

Smicro 

(m2/g)b 
Dmicro 
(nm)c 

Vmicro 
(cm3/g)c 

Crystallite 
size (nm)d 

PCH-200 227 3.82 0.38 - 0.64 0.074 31 

PCH-400 667 4.16 0.69 102 0.57 0.261 56 

PCH-600     505  4.12 0.46 109 0.55 0.178 41 

PCH-800 468 4.32 0.50 81 0.58 0.182 44 
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 313 

Fig. 1 SEM results for the synthesized PCH samples.  314 
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 315 
Fig. 2 PCH-200 (■), PCH-400 (■), PCH-600 (■), PCH-800 (■) samples (a) pore size 316 

distribution (b) N2 adsorption-desorption isotherms (c) XRD patterns (d) FTIR analysis. 317 
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 318 

Fig. 3 Thermal analysis of PCH-200 (■), PCH-400 (■), PCH-600 (■), PCH-800 (■) samples.  319 
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