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This study reports the development of low-cost porous ceramics derived from local clay 

materials, utilizing a synergistic combination of cornstarch and electrochemically 

exfoliated reduced graphene oxide (rGO) as dual pore-forming agents. Through an 

optimized processing route involving colloidal suspension preparation, slip casting, and 

controlled sintering at 1100 ℃, macroscopically we developed intact ceramic 

membranes with tailored porosity. Comprehensive characterizations (X-ray diffraction 

(XRD), scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-

EDS), Brunauer-Emmett-Teller (BET), thermogravimetric analysis (TGA), and Fourier 

transform infrared spectroscopy (FTIR)) revealed a predominant quartz-cristobalite 

matrix (approx. 85%), while carbon residues were below the detection limits of the EDS 

system following oxidative sintering. The textural properties varied significantly across 

the five samples: while the starch-dominated matrices exhibited partial vitrification and 

low specific surface areas (≈ 3.53–3.62 m2/g), the rGO-stabilized samples (S3 and S4) 

retained a robust mesoporous framework with surface areas reaching up to 59.51 m2/g. 

Nitrogen adsorption isotherms for the macroporous samples showed a rapid increase in 

volume near saturation (P/P0 > 0.90), indicating high pore volumes (up to 1.69 cm3/g). 

Conversely, the rGO-enriched samples maintained calibrated pore diameters in the 4.3–

5.6 nm range. This dual porogen approach achieves a total porosity of 45–65% while 

preserving structural integrity, offering a sustainable and cost-effective route for 

advanced applications in catalytic supports and water filtration. 
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1. INTRODUCTION

Porous ceramics offer excellent properties due to their high 

porosity, facilitating interactions with atoms, ions, and 

molecules through complex, tailorable pore structures for 

applications in filtration, adsorption, and biomedicine [1, 2].  

Recent studies highlight natural minerals (kaolin, bentonite, 

feldspar) for porous ceramics due to their abundance, high 

melting point, mechanical strength, thermal stability, and 

chemical resistance [3-7]. These enhance performance in 

filtration membranes, thermal insulation, construction 

materials, and catalyst supports [3, 6, 8-10]. 

The pore-forming agent (PFA) method is the most 

commonly used fabrication technique, mainly because it's 

simple and cost-effective in creating porosity via combustible 

additives (starch, graphite, lycopodium, sucrose, polymethyl 

methacrylate, polypropylene, and carbon black) [11] that burn 

out during sintering [7, 12-18]. Microstructure-related 

parameters such as porosity, pore size, shape, distribution, and 

connectivity contribute to the performance of porous ceramics, 

depending on the requirements of the corresponding 

application [8, 13]. Cornstarch provides clean burnout and 

affordability but variable pore size due to swelling [17, 19-22]. 

Graphite produces uniform small pores at 600-850 ℃ without 

liquid phase shrinkage [7, 23-25], while reduced graphene 

oxide (rGO) offers a promising alternative [26-28]. 

While cornstarch creates massive macropore networks 

(ideal for high-flux fluid transport) and rGO generates fine 

micro/mesoporosity and thermal scaffolding, the synergistic 

combination of these two agents in local clay matrices remains 

unexplored. There is a critical lack of studies addressing how 

a bimodal (micro-macro) pore network can be tailored using 

cost-effective local resources while maintaining structural 

integrity at high temperatures [29, 30]. 

This study addresses this gap by reporting a novel porous 

ceramic material that integrates both rGO and Cornstarch into 
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a local clay-based ceramic. By combining slip-casting with 

this dual-PFA approach, we aim to design a bimodal pore 

structure where rGO acts as a nanoscale scaffold preventing 

clay vitrification, while cornstarch provides high volumetric 

macroporosity. The objective of this paper is to evaluate the 

influence of varying rGO and CS contents on pore morphology, 

size distribution, mineralogical transformations, and thermal 

behavior, thereby optimizing local clay composites for 

advanced water filtration applications. 

 

 

2. MATERIALS AND METHODS 

 

We prepared porous ceramic membranes using slip casting 

technique. A homogeneous mixture was obtained by 

combining the prepared slip with pore-forming agents, which 

was then poured into plaster molds. After draining the excess 

slip, the samples were dried at room temperature to ensure 

uniform evaporation and prevent cracking. This was followed 

by a thermal treatment process at 1100 ℃ to remove residual 

water and harden the structure.  

 

2.1 Preparation of the liquid suspension 

 

The liquid suspension was fabricated with five raw 

materials, namely Hycast VC clay, a mixture of kaolins 

(Tamazert, Remblend and LPC), feldspar, quartz, and a 

mixture of sodium silicate and sodium carbonate as binders; 

these materials were purchased from the sanitary ceramic 

factory of El-milia-Jijel, Algeria. The preparation steps of the 

liquid suspension are shown in Figure 1. 

 

 
 

Figure 1. Preparation process of the liquid suspension 

 

2.2 Preparation of reduced graphene oxide by 

electrochemical exfoliation  

 

rGO is produced electrochemically by exfoliating graphite 

in an electrolytic KOH solution (1 M concentration) by 

applying an 8–10 voltage between graphite electrodes spaced 

2 cm apart for one hour. Following the electrochemical 

exfoliation, the resulting dispersions were subjected to an 

ultrasonic treatment for one hour. In a filtration system, 

successive washes were carried out with distilled water and a 

HCl 1M solution, and the residuals were then washed 

thoroughly with deionized water using vacuum filtration. The 

particles were vacuum-dried for two hours at 100 ℃. 

Based on the polarization of graphitic layers by OH ions, 

the electrochemical exfoliation process suggests the following 

reactions to occur on the electrodes:  

• At the cathode: 4H2O + 4e− → 2H2(g) + 4OH− 

• At the anode: 4OH− → O2(g) + 2H2O + 4e−  

As shown in Figure 2(a), instead of the expansion 

introduced by gas formation, exfoliation is caused by the 

electrostatic interaction of the graphitic layers with the OH-

ions moving under the influence of the applied electric field 
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and its oxidation to O2 gas [31]. 

 

2.3 Preparation of porous ceramic membranes 

 

Commercially available cornstarch was purchased from a 

local shop used with rGO powders as pore forming agents in 

the ceramic samples. 

Pore-forming agents (Cornstarch and Cornstarch/ rGO 

mixture) with different weight contents were added to the 

liquid suspension. Details of membrane samples compositions 

are provided in Table 1. 

The slip was poured into the plaster mold after aging for 24 

hours, water was absorbed into the mold by capillary action, 

generating a layer of clay to build up inside the plaster mold.  

After draining the excess slip, the cast was partially air-

dried in the mold (Figure 2(b)). The resulting green bodies 

were then oven-dried at 60 ℃ for 24 hours to ensure complete 

moisture removal. 

The samples were subsequently sintered in a muffle furnace, 

strictly following the ceramic fabrication protocol and the 

specific temperature profile illustrated in Figure 2(c).  

 

Table 1. Pore-forming agent content (wt. %) and deposit time of the prepared samples 

 
Specimen No. Slip Cornstarch (wt. %) rGO (wt. %) Contact Time(min) 

S1 Reference 0 0 2 

S2 1layer 4 0 2 

S3 1 layer 4 1 2 

S4 3 layers 4:0:4 0:2:0 1/layer 

 

 
 

Figure 2. Process flow and experimental protocols: (a) graphite electrochemical exfoliation; (b) fabrication process of ceramic 

samples via slip casting; (c) sintering cycle 

 

2.4 Characterization 

 

The surface morphology of the sintered samples was 

analyzed by scanning electron microscopy (SEM; Thermo 

Scientific Quattro S) coupled with energy-dispersive X-ray 

spectroscopy (EDS) at an accelerating voltage of 5 kV and 

working distances ranging from 2.5 to 10 µm, enabling 

simultaneous examination of surface morphology and local 

chemical composition. The properties of the prepared porous 

ceramics were investigated using different techniques. 

Elemental analysis of the prepared samples was determined by 

total reflection X-ray fluorescence spectroscopy (TXRF; KLA 

Tencor D500 and Rigaku ZSX Primus IV). Phase 

identification of the sintered specimens was performed by X-

ray diffraction (XRD) (Bruker D8 ADVANCE, Bragg-

Brentano configuration) using Cu-Kα radiation (λ = 1.5406 Å) 

over a 2θ range of 5-90° at room temperature. Chemical 

characteristics of graphene powders were performed by 

Fourier transform infrared spectroscopy (FTIR-ATR; 

IRAffinity-1S, Shimadzu) in the range of 400 - 4000 cm-1. 

Textural properties, including porosity and pore size 

distribution of specimens sintered at 1100 ℃, were quantified 
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through Brunauer-Emmett-Teller (BET) analysis of nitrogen 

adsorption–desorption isotherms (QUANTQCHROME 

AUTOSORB IQ3 analyzer). 

Differential scanning calorimetry (DSC) of graphene 

powders was performed using a Mettler Toledo thermal 

analyzer (Switzerland) from 35 to 600 ℃ under air flow. 

Additionally, the thermal degradation behavior of the green 

specimens was characterized by thermogravimetric analysis 

(TGA) using the same equipment. TGA measurements were 

conducted under a nitrogen atmosphere at a heating rate of 

10 ℃/min, covering a temperature range from 25 to 1200 ℃. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Chemical composition of the membranes 

 

X-ray fluorescence spectrometry analysis of the dried slip 

powder (Table 2) indicates a predominantly silico-aluminous 

composition, with SiO₂ (65.65%) and Al₂O₃ (19.98%) 

constituting the major phases. Trace components (K₂O, Na₂O, 

Fe₂O₃, TiO₂, CaO, MgO) and carbon content collectively 

account for less than 7% of the total composition, with 

individual concentrations ranging from 0.16% to 2.25%. 

Table 2. Chemical composition of the prepared ceramic suspension (wt. %) 

 

Oxides SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O C PF 

Weight% 65,65 19,98 0.31 0.57 0.25 0.16 2.25 1.30 0.55 5.53 

 

3.2 Morphological and elemental analysis (Scanning 

electron microscopy with energy-dispersive X-ray 

spectroscopy) 

 

Microstructural analysis via SEM of the developed ceramic 

membranes—S1 (Reference), S2 (Single layer with CS), and 

S4 (Three layers)—is presented in Figure 3(a-c). The 

interfacial regions and the distinct multi-layered morphology 

of the specimens are highlighted in Figure 3(d). Furthermore, 

Figure 3(e) reveals continuous surfaces with no apparent 

cracking and a well-defined porous architecture, which was 

further quantified using BET surface area and porosity 

analysis. 

Additionally, Energy Dispersive Spectroscopy (EDS) was 

employed to characterize the elemental distribution within the 

ceramic matrix. The inlets in Figure 3(a-c) illustrate the cross-

sectional mapping of the selected areas, confirming the 

presence of key constituent elements: Al, Si, Ca, Ti, O, and Zr. 

Notably, carbon was not detected in the sintered samples, 

suggesting the near-complete decomposition of rGO templates 

during air-sintering. While rGO directs the structure in the 

initial stages, any residual carbon after treatment at 1100 °C 

likely fell below the standard EDS detection limit (0.1–0.5 

wt%) [32, 33]. 

This observation is consistent with the high-temperature 

oxidation of carbon nanomaterials in oxygen-rich 

environments, resulting in a refined, carbon-free ceramic 

framework. Consequently, the EDS and SEM results confirm 

the successful fabrication of these novel porous membranes, 

demonstrating significant potential for diverse applications, 

including catalysis, composite preforms, porous electrodes, 

and advanced filtration technologies [25, 34].
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Figure 3. SEM micrographs and EDS analysis of the ceramic samples: (a) surface morphology of the reference sample S1; (b) 

surface morphology of the 1-layer rGO sample S2; (c) surface morphology of the 2-layer rGO sample S4; (d) surface structure 

of the 2-layer rGO sample S4; (e) EDS elemental mapping of the 2-layer rGO sample S4 
 

 

 
 

Figure 4. Structural and phase characterization: (a) X-ray diffraction (XRD) patterns of the fabricated ceramic membranes; (b) 

Fourier transform infrared spectroscopy (FTIR) spectrum of reduced graphene oxide (rGO) powder 

 

3.3 Crystalline and physicochemical properties of the 

ceramic membranes 

 

The crystal structure of the ceramics membranes was 

confirmed by XRD. All peaks are consistent with the ceramic 

crystalline phase as shown in Figure 4 (a). The sample treated 

at 1100 ℃ consists predominantly of quartz (60%), as 

confirmed by its characteristic XRD peaks at 26.6° (d = 3.34 

Å), 20.8°, and 50.1°. Cristobalite (25%), a high-temperature 

polymorph of silica formed by the thermal transformation of 

quartz), is identified by its distinct peak at 21.9° (d = 4.05 Å). 

The feldspar albite (10%) remains thermally stable under these 
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conditions, showing diagnostic reflections at 22.0° and 27.9°. 

A minor component of residual muscovite (~5%) persists, 

indicated by a weak 8.8° (10.0 Å) basal reflection, suggesting 

incomplete dihydroxylation [35, 36]. 

Amorphous phases such as K-Al-Si glass and 

nanocrystalline γ-Al₂O₃ might be present, but their detection 

by XRD is challenging due to the technique’s limitations in 

identifying non-crystalline structures and nanoscale materials. 

FTIR analysis was carried out to confirm the 

physicochemical structure of rGO powders. In FTIR spectrum 

in Figure 4(b), the rGO exhibited the absorption band at 3670 

cm−1 corresponding to free O–H stretching [37]. Two large 

peaks were detected at 2978 cm-1 and 2897 cm-1 attributed to 

C-H asymmetric and symmetric stretching [38]. Further, the 

band at 1396 cm-1 is assigned to the O–H deformation, the C–

OH stretching at 1238 cm-1 and C–O vibration at 1062 cm-1, 

revealing the presence of epoxy and alkoxy groups 

respectively, which were the result of interaction between rGO 

and remnant water [37, 39, 40]. 

The peak observed at 879 cm-1is expected to be for the 

bending vibrations of the C–H bond [41]. 

 

3.4 Surface characterization and pore structure of the 

ceramic slips 

 

The analysis of the nitrogen adsorption-desorption 

isotherms reveals two distinct textural behaviors governed by 

the concentration of pore-forming agents and the resulting 

pore architecture: 

As illustrated in Figure 5, increasing cornstarch 

concentrations significantly enhances the total pore volume 

within the ceramic structure [42]. Conversely, higher rGO 

content results in a shift in the textural profile. Although rGO 

undergoes thermal oxidation between 575–775 ℃ [23], it acts 

as a fugitive structural directing agent (SDA). By intercalating 

within the clay matrix during the green state, the rGO 

nanosheets create a network of fine mesopores that persist as 

a "footprint" after sintering. This mechanism is responsible for 

the dramatic increase in specific surface area, rising from 3.53 

m2/g in the reference (S1) to over 50 m2/g in the rGO-modified 

samples (S3, S4). 

In Table 3, S3 and S4 exhibit Type IV isotherms with H2b-

type hysteresis loops according to the International Union of 

Pure and Applied Chemistry (IUPAC) classification. This 

profile is characteristic of mesoporous materials [43, 44] 

featuring complex, interconnected networks often associated 

with "ink-bottle" pore geometries [36, 45-50]. This bimodal 

connectivity—where macropores from cornstarch are linked 

by rGO-derived mesopores—is ideal for high-flux fluid 

transport combined with high internal surface area. 

In contrast, S1 and S2 show negligible nitrogen uptake at 

low relative pressures, followed by a sharp increase in 

adsorbed volume near saturation (P/P0 > 0.9). This behavior 

is typical of macroporous materials where the internal surface 

area is low due to partial vitrification of the local clay at 1100 

℃. In these reference samples, fine pores collapse or fuse into 

large macropores with smooth internal walls. However, the 

presence of rGO in S3 and S4 appears to inhibit this total 

vitrification by acting as a temporary physical barrier at grain 

boundaries, thereby preserving the mesoporous framework. 

The results highlight the critical influence of the 1100 ℃ 

thermal treatment on the pore structure: 

1.  For the samples (S1, S2), the low specific surface area 

values (≈3.5 to 3.6 m2/g) are attributed to the partial 

vitrification of the local clay matrix. At high temperatures, fine 

pores (micro and mesopores) collapse or fuse into large 

macropores. While the surface area decreases, the pore volume 

remains high (>1.2 cm3/g), indicating a highly open structure 

with smooth internal walls [51]. 

2.  In contrast, the samples (S3, S4) maintained a stable 

mesoporous network, with surface areas exceeding 50 m2/g. 

This textural stability is vital for fine filtration or catalytic 

applications, providing a larger interface for contact [30]. 

 

 
 

Figure 5. Porous structure characterization: (a) nitrogen adsorption-desorption isotherms; (b) pore size distribution of the 

ceramic samples  
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Table 3. Structural characteristics of the ceramic samples (Multi-point BET model) 

 
Sample Specific Surface Area (m2/g) Pore Volume (cm3/g) Dominant Profile 

S1 3.53 1.23 Macroporous 

S2 3.62 1.39 Macroporous 

S3 51.02 0.26 Mesoporous 

S5 59.51 0.79 Mesoporous 

To ensure scientific consistency and rigor, the Multi-Point 

BET (MBET) method was exclusively used to determine the 

specific surface area. Pore-filling models (such as Barrett-

Joyner-Halenda (BJH) or Density Functional Theory (DFT)) 

were discarded for surface area comparison to avoid 

mathematical artifacts related to capillary condensation or 

fitting errors caused by the irregular morphology of natural 

clay pores. 

 

3.4.1 Thermogravimetric and differential thermal analysis 

In Figure 6, the DSC analysis shows the thermograph of 

rGO. The first endothermal peak appearing at 85 ℃ is 

attributed to the elimination of adsorbed water molecules and 

the decomposition of the more labile oxygen functional groups 

[40, 52, 53]. At about 565 ℃ a second peak appeared, which 

corresponds to the beginning of the thermal degradation of 

graphene (the graphene sample burned up with some residue 

impurities) [53, 54]. 

Figure 6 presents the thermal behavior of untreated samples, 

revealing four distinct degradation stages: (1) Initial moisture 

evaporation (0.25% mass loss at 156 ℃) [21], evidenced by 

an endothermic peak at 100 ℃ [55]; (2) A minor mass gain 

(156-300 ℃) attributed to oxidation of Fe/Mg-containing clay 

minerals; (3) Significant dehydroxylation of kaolinite between 

400-600°C (4.5% mass loss) [21, 54, 55], (Al₂O₃·2SiO₂·2H₂O 

→ Al₂O₃·2SiO₂) accompanied by an exothermic peak at 550°C 

from hydroxyl group expulsion [3, 55]; and (4) Final 

decomposition of carbonaceous materials (>600 ℃, 1% mass 

loss) [56] with γ-alumina formation indicated by an 850 ℃ 

exothermic peak [55]. Panels (b) and (c) reproduce these 

transitions while revealing additional starch decomposition at 

300 ℃ [55, 56].  

 

 
 

Figure 6. Thermal analysis of the materials: (a) DSC thermogram of reduced graphene oxide (rGO) powder; (b–d) TGA/DTA 

curves of ceramic samples S1, S2, and S4, respectively 
Note: DSC: Differential Scanning Calorimetry; TGA: Thermogravimetric Analysis; DTA: Differential Thermal Analysis. 

 

3.5 Comparative study 

 

The strategies for generating porosity in ceramic materials 

vary significantly based on the choice of pore-forming agents 

and sintering parameters, as summarized in Table 4. 

Recent research has highlighted a variety of strategies for 

generating porosity, each offering distinct advantages. 

Alvarado et al. [57] demonstrated that cornstarch in diatomite-

based ceramics achieves high porosity (59.3%) but noted a 

significant trade-off with mechanical strength. Similarly, 

Salman et al. [58] and Nie and Lin [9] explored organic wastes, 

confirming that the agent's nature dictates permeability and 

connectivity. 

In alumina systems, the combination of graphite and starch 

has been shown to produce balanced microstructures [7, 59]. 

While graphite facilitates high porosity through complete 

oxidation at lower temperatures, starch ensures stable 

interconnectivity at elevated temperatures. More advanced 

hierarchical structures have been achieved using corn stalks 

[60]. 

Moving beyond single-agent pore generation, Biggemann et 

al. [61] and Nasir et al. [62] explored the use of organic 

microspheres, natural fibers, yeast, and expandable polymeric 

spheres (EPS). These studies demonstrated that the choice and 

size of pore-forming agents can be tailored to engineer 

multimodal pore size distributions, optimizing properties like 
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permeability, strength, and thermal conductivity for specific 

applications. 

Most recently, Zhao et al. [63] presented a direct foaming 

method for fabricating porous SiC ceramics. This technique 

utilizes hydrogen peroxide (H₂O₂) as a foaming agent, 

generating oxygen bubbles that form primary macropores 

(0.5–3 mm), while the packing of SiC particles creates 

secondary pores (~2 µm). 

Our study introduces a novel approach using local clay 

combined with cornstarch and rGO. Unlike traditional 

methods that often result in purely macroporous structures at 

1100 ℃, the synergistic effect of rGO sheets and ceramic 

particles allowed for the retention of a significant mesoporous 

network. 

While previous literature on starch-based ceramics often 

focuses on macro-scale voids, our membranes achieved 

specific surface areas reaching 59.51 m2/g with precisely 

controlled mesopores in the 4.3–5.6 nm range. This 

performance is particularly noteworthy given the high 

sintering temperature, which typically induces vitrification 

and surface area loss in clay-based materials. By avoiding 

common mathematical artifacts such as the Tensile Strength 

Effect (TSE), we confirmed that our rGO-stabilized ceramics 

offer superior surface-to-volume ratios compared to standard 

clay-starch formulations, making them highly suitable for 

advanced filtration and adsorption applications.

 

Table 4. Comparative table of porosity generation techniques in ceramic materials 

 

Base Material Pore-Forming Agent 
Sintering Temp 

(℃) 
Porosity (%) Pore Size 

Author(s) & 

Year 

Diatomite Cornstarch 1150 Up to 59.28 Interconnected [58] 

Alumina Graphite waste >600 37.3-61.1 Interconnected [61] 

Alumina Starch 1300 >50 Small micropores [62] 

Alumina Graphite 1100 66 Larger pores [62] 

Alumina Starch + Graphite 1300 Moderate Mixed (small + large) [62] 

Alumina Cornstarch Not specified 14.8-55.3 Network of pores [60] 

Secondary aluminum 

dross 
Corn stalks Not specified 

0.58 cm³/g 

174.83 m2/g 

Hierarchical 

(micro/nano) 
[63] 

Kaolin + feldspar Cornstarch 1200 26.3 Fine, uniform [59] 

Kaolin + feldspar Paper waste 1200 19.1 Intermediate [59] 

Kaolin + feldspar Sawdust 1200 Lower Larger [59] 

Anorthite Banana peel Not specified ~45 (open) Not specified [5] 

Alumina 
Organic microspheres, fibers, 

starch 
Not specified Not specified Multimodal [61] 

Alumina-zeolite-CaO Yeast 1400 Not specified Up to 402 μm [62] 

Alumina-zeolite-CaO Al powder/EPS Not specified Not specified Variable [62] 

SiC H₂O₂ + SDS Not specified Hierarchical 0.5-3 mm + ~2 μm [63] 

Local clay Cornstarch + rGO 1100 

Controlled 

3.5 – 59.5 

m2/g 

Mesoporous (4–6 nm) Our Study 

Note: EPS = Expanded Polystyrene; SDS = Sodium Dodecyl Sulfate; rGO = Reduced Graphene Oxide. 

 

 

4. CONCLUSIONS 

 

This study presents an eco-friendly route for fabricating 

porous ceramic membranes from local clay, using a dual-

porogen system of cornstarch and electrochemically exfoliated 

rGO. 

Microstructural analysis confirmed the formation of 

morphologies with no apparent cracking, while textural 

characterization revealed a predominantly mesoporous 

network. By employing MBET model, average pore diameters 

were precisely determined between 4.3 and 5.6 nm. The 

incorporation of rGO was critical in tailoring the pore 

architecture; synergistic interactions between 2D rGO 

nanosheets and the ceramic matrix effectively stabilized the 

mesoporous framework against high-temperature sintering at 

1100 ℃. 

The samples showed significant structural variations: while 

starch-modified samples (S1, S2) exhibited macroporous 

behavior (1.39 cm3/g) but low surface areas due to vitrification. 

rGO-loaded samples (S3, S4) retained high specific surface 

areas (59.51 m2/g). 

This dual-agent approach allows for superior control over 

pore hierarchy compared to traditional methods. The ability to 

tailor porosity—from transport macropores to high-surface-

area mesopores—renders these membranes highly versatile 

for advanced water purification, gas separation, and catalysis 

applications. 
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