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Abstract: Ceramic membranes prepared with flat sheet configuration using local materials, iron ore
and bentonite, are reported in this investigation. The feedstocks used were fully characterized using
X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy coupled
with energy dispersive spectroscopy (SEM-EDS) and laser diffraction/light scattering. In order to
optimize the preparation conditions, the effect of sintering temperature on the microstructure of ferric
and clayey membranes was assessed. Results obtained with SEM, confirmed by optical microscopy,
indicate that the optimized sintering temperature was in the vicinity of 900 ◦C. The properties of
the fabricated membranes were characterized in terms of mass and thickness loss throughout a
determined period of time. The experimental results present a negligible variation in the rate of
mass change, which suggested the stability of the synthesized membranes. Both the ferric and clayey
membranes exhibit a prevalence of mesopores in their pore distribution. These results suggest that
these specific membranes could be employed as cost-effective and environmentally friendly materials.
Furthermore, they hold promise for potential applications in gas treatment processes.

Keywords: ceramic membranes; natural iron ore; bentonite; physico-chemical characterization;
mesoporous membranes

1. Introduction

Over the last decades, membrane technologies have rapidly evolved and are consid-
ered reliable and technologically advanced processes for water treatment [1], the wastew-
ater industry [2] and gas separation [3], protein separation [4] and other environmental
applications. Ceramic membranes have received much more attention nowadays compared
to polymeric membranes, which have specific properties due to their wide diversity of
microstructures, porosities and accessible geometries [5–7].

Conventionally, alumina (α-Al2O3 % ≥ 99%) is considered the main body material
for commercialized porous ceramic membranes. However, its use in full-scale applications
is still limited to high capital costs, such as feedstocks (225.00 $/kg) and the expensive
cost of energy consumption in sintering (firing temperature up to 1500 ◦C). Furthermore,
it is quite difficult to obtain a porous membrane with large pore size and good thermal
shock resistance from alumina because of its high melting point (2050 ◦C) and high thermal
expansion coefficient (theoretical value: 8.80 × 10−6 ◦C−1 at 200–1000 ◦C).

To address large-scale application challenges, researchers have focused their interest
in the fabrication and application of low-cost ceramic membranes based on naturally
occurring raw materials and waste products (Table 1).

ChemEngineering 2023, 7, 109. https://doi.org/10.3390/chemengineering7060109 https://www.mdpi.com/journal/chemengineering

https://doi.org/10.3390/chemengineering7060109
https://doi.org/10.3390/chemengineering7060109
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com
https://orcid.org/0000-0003-0321-5915
https://orcid.org/0000-0002-9415-9383
https://doi.org/10.3390/chemengineering7060109
https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com/article/10.3390/chemengineering7060109?type=check_update&version=1


ChemEngineering 2023, 7, 109 2 of 17

Table 1. Summary of different ceramic membranes.

References
and Dates

Feedstocks and
Configuration Additives Water Permeability Porosity Pore Size Application

A. Dhivya et al.,
2022 [8]

Ball clay and
China clay

Uniaxial pressing
method

Quartz, calcium
carbonate and

polyvinyl alcohol
- 44–41% 1.18–0.31 µm

Suggested for
microfiltration
applications.

Price:
924–1319/m2

($11.96–$17.07)

J. H. Eom et al.,
2015 [9]

Diatomite, kaolin and
bentonite circular

ceramic membranes

Talc, sodium
borate and

barium carbonate
- 34.6–36.3% [0.29–0.67 µm] Treatment of kerosene

as an oily wastewater.

L. Hamoudi
et al., 2023 [10]

Algerian clays,
bentonite, aomar

and kaolin
Tubular support

Polyvinyl alcohol

Bentonite: 71.69 and
151.2 L m−2 h−1 bar−1

Kaolin
547.37 L/m2 h.bar

- -

Clarification and
retention of multiple

pollutant loads of
local cheese effluent.

M. Abbasi et al.,
2010 [11]

Mullite and
mullite–alumina - -

Mullite: 41%
mullite–
alumina:
[44–56%]

Mullite:
0.3 µm

mullite–
alumina:
0.57 µm

Oil rejection
was 93.8%.

R. Chihi et al.,
2019 [12]

Bentonite ceramic
tubular membranes

Amijel, methocel
and starch 525 L h−1 m−2 bar−1 1.7 µm -

Q. Jiang et al.,
2020 [13]

A SiC ceramic
membrane using

NaA(r) (and activated
carbon powder)

Polypropylene
and polyvinyl
alcohol as an

organic binder

3700 L m−2 h−1 bar−1 46% 0.4 µm

Oil–water separation
applications.
Oil rejection
was 93.8%.

The excellent properties of iron ore and bentonite (sodic smectite clay) have promoted
us to develop innovative ceramic membranes. Both of them receive more attention by
reasons of their high thermal and chemical stability, rugged structural and mechanical sta-
bility [14,15], environmental-friendliness, and abundance of availability as local materials,
especially in Tunisia.

Considering those specific properties, iron ore and bentonite could be good candidates
as feedstocks or as inorganic additives to create porous ceramic membranes and ensure
good mechanical and chemical resistance.

Therefore, the current research focuses on an in-depth investigation of the development
of novel ferric and clayey porous membranes for specific applications.

The properties of both raw materials used were fully characterized using X-ray diffrac-
tion (XRD), thermogravimetric analysis (TGA), scanning electron microscopy coupled with
energy dispersive spectroscopy (SEM-EDS) and laser diffraction/light scattering. The
determination of the optimal firing temperature was discussed by swiping the sintering
temperature in order to optimize the preparation conditions. The properties of the fab-
ricated membranes were characterized in terms of mass and thickness loss throughout
a determined period of time. The surface texture of the membranes was observed and
confirmed by using optical microscopy. Surface area measurements were employed to
determine the pores distributions.

2. Materials and Methods
2.1. Raw Materials

The natural materials used to prepare ceramic membranes, iron and clay, were col-
lected from an iron ore quarry situated in the Tamra region (northwest of Tunisia) and from
Gabes (southeast of Tunisia), respectively.

The starting materials were dried after collection and crushed into small fragments,
grounded into powder and sieved with 63 mesh.
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The presence of additives within the ceramic paste is substantial. The low or high dose
can influence plasticity and strength. The families of additives are chosen mainly according
to their compatibility with an aqueous or non-aqueous medium.

Methocel was purchased from Dow Chemical Company. Amijel was purchased
from Roquette Italia S. p. A. Starch and polyvinyl alcohol were purchased from
RG 03408 Cerestar and Fluka 81384, respectively.

The solvent used for the preparation of a ceramic paste is water, which is the most
commonly used for cost and safety reasons. The major disadvantage is during the drying
process, where the evaporation rate compared to organic solvents seems to be lower.

2.2. Characterization of Materials

Different techniques were used to characterize raw materials and synthesized mem-
branes. The phases presented in the powder composition were analyzed by an X-ray
diffractometer using PanalyticalX’PertHighscore plus diffractometer with Cu Kα radiation
(λ = 1.5406 Å).

Particle size distribution measurements were conducted by employing Microtrac SYNC
diffraction (measuring range: 0.01 µm–4 mm) correlated with the computer. Thermogravi-
metric analysis (TGA) was accomplished using a Mettler Toledo TGA/SDTA 851 apparatus
with approximately 15 mg of samples heated from ambient to 900 ◦C at a constant rate of
5 ◦C/min under nitrogen.

Scanning electron microscopy (SEM) with a Hitachi S4800 was employed to examine
the surface sample structure before and after the materials underwent sintering. The
elemental composition was determined using EDX energy-dispersive X-ray microanalysis.
Optical microscopy, in conjunction with a CCD camera, was utilized to observe the surface
of both fabricated membranes (Dino-Lite AM4013MT5 model).

A thermal analysis was conducted to assess the microstructure of the produced mem-
branes with the incorporation of organic additives and to estimate their impact on the
properties of grain-to-grain connections. Two key parameters were monitored: mass
loss and thickness. Over the course of three separate instances during an experimen-
tal period, measurements of weight and thickness were recorded at room temperature.
These tests were carried out over a span of seven days. The textural characteristics of
the samples were investigated by examining the adsorption and desorption isotherms
of nitrogen at 77 K, utilizing a Quantachrome Nova 1200e surface and porosity analyzer.
The mesopore volume distribution in relation to pore size was determined using the
BJH (Barrett–Joyner–Halenda) method.

3. Materials Preparation
3.1. Shaping of the Ceramic Paste

In order to obtain a porous and resistant membrane, the addition of organic additives
to the clay and/or iron ore-based raw material is necessary. Several tests have been carried
out for the preparation of pastes with different types of additives with varying proportions
of solvents. The powders are first mixed in order to obtain the best possible homogenization
of both chemical compounds and mineral and organic additives. The organic parts are kept
in the same order of introduction: the raw material first (clay or iron ore), followed by the
binder, then the gelling agent, and lastly, the organic plasticizer. Thus, several series were
prepared (Table 2). For the use of PVA, we resort to diluting this polymer in the solvent
before adding it to the powder mixture.

Table 2. Chemical composition of clay and iron ore pastes for different tests used.

Samples
wt, %

Raw Material Iron/Clay Methocel Amigel Starch PVA

Ferric membrane (1) 80 6 4 4 4 2

Clayey membrane (2) 86 - 6 4 4 -
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Wet mixing was subsequently performed by introducing additional liquid solvent all
at once, except when it was absolutely necessary to make adjustments due to the fact that
both parameters (volume and mixing time) were independent of each other.

Once the paste is ready, two blocks will be presented: one will be adjusted and pressed
in the form of pellets (diameter 1.3 cm ± 0.01 and thickness 0.2 cm ± 0.01). The second
block will be left to rest in a humid atmosphere for two days.

The humidity is controlled during the drying time of the elaborated samples. The
clayey and ferric pellets synthesized are presented in Figure 1.
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Figure 1. Images of synthesized membrane: ferric (A) and clayey (B).

3.2. Thermal Treatment

The composition of the powder and its granulometry are two parameters that intervene
in the mode of firing. The use of gravimetric analysis allows us to understand the departure
of the solvent, the degradation of the organic products and the chemical and structural
transformations of the mineral materials [16].

The established program consists of steps of temperatures corresponding to these
modifications in order to avoid the deterioration of the macroscopic structure of the ceramic
by elimination or too fast transformation. Moreover, the temperature increases must
allow the evacuation of combustion products of organic materials, volatile binders and
water without staining the final product. The addition of mineral products, as is the case,
influences the sintering quality and reduces the final firing temperature.

Before sintering the ceramic parts, the organic additives must be removed by a heat
treatment at the lowest temperature. This step is very delicate as it can lead to many defects
that affect the final structure of the part by forming cracks, blistering of the surface, and
even bursting. For this purpose, a preliminary study by gravimetric analysis allows us
to obtain indications of the degradation and the total elimination of the organic additives
present during the firing.

The main specific parameters of this step are essentially the final firing temperature
(Tf) and sintering time [17]. The setting thermal program is shown in Figure 2.

According to the thermal program, organic matter is destroyed with the elimination
of hygroscopic water in a temperature range from 298 K to 523 K. A step of one hour
is maintained to ensure the total disappearance of these elements. In order to avoid the
appearance of microcracking during degassing, the heating rate is fixed at 2 ◦C min−1. For
the second stage of two hours (between 250 ◦C and Tf), the heating rate is increased slightly
(5 ◦C min−1). This sintering lasts two hours; it is the sintering period.
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4. Results and Discussion
4.1. Raw Materials Characterization
4.1.1. Mineralogical Analyses

Mineralogical analyses of starting powder materials at 25 ◦C were carried out by X-ray
diffractometer (XRD) using a PANalyticalX’PertHighscorePlus diffractometer with CuKα

radiation (λ = 1.5406Å).
Identification of the iron ore sample reveals the presence of the following phases:

goethite FeOOH (2θ = 21.2◦, 34.96◦, 36.8◦, 41.4◦, 50.5◦, 53.2◦ and 59.3◦) [18,19] and hematite
Fe2O3 (2θ = 33.22◦, 40.5◦ and 68.3◦ [20]. In addition, a low amount of kaolinite can be
clearly observed, with quartz as a minor phase (Figure 3).
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Figure 3. XRD pattern of iron ore as the starting material.

X-ray diffraction of clay suggests that it is a sodic smectite sample (2θ = 12.69 Å)
associated with quartz (2θ = 20.89◦ and 26.65◦), calcite phases (2θ = 23.10◦, 26.65◦, 36.02◦

and 39.45◦) and kaolinite fraction (2θ = 12.38◦, 24.96◦) (Figure 4) [21].
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4.1.2. Thermogravimetric Analysis (TGA)

TGA of iron shows three mass loss steps. From 296 K to 423 K (Figure 5), a mass loss
of 0.8% was attributed to a dehydration reaction. The second step (4.91%) occurs from the
473 K to 623 K temperature range assigned to the mineralogical transformation of goethite
into hematite [21]. The third mass loss step (1.16%) is attributed to the loss of molecular
oxygen corresponding to deshydroxylation that profoundly changes its structure and leads
to metastable states evolving towards a stable state [22,23].
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The thermal analysis curves of the clay, as shown in Figure 6, reveal three distinct
reductions in mass. The initial mass reduction (10%), spanning from 323 K to 473 K, was
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linked to the removal of moisture and water from interlayers (as depicted in Figure 6). The
subsequent mass decline (3.08%) occurred within the temperature range of 473 K to 873 K
and was associated with the loss of structural water. The final loss mass (8%) was attributed
to the decarbonization of clay.
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4.1.3. SEM Analyses

The SEM micrographs provide a broad overview of the surface morphology of the iron
ore. The observations with a scanning electron microscope coupled to an EDX instrument
(quantitative analysis), carried out on the iron ore, show the presence of aggregates of
acicular and flat shape [24] and rhombohedral of heterogeneous dimension [25] (Figure 7).
EDX shows that these platelets are composed of Fe, Si, Al, Mg, Na, Ca, Mn, Ti and O
(Figure 8). These findings validate the outcomes obtained through X-ray diffraction (DRX)
analysis, which also identifies the existence of these elements in oxide form: Al2O3, SiO2,
Fe2O3, MgO, Na2O, CaO and MnOet TiO2.
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Bentonite SEM micrographs show the presence of spherical-shaped aggregates with
heterogeneous dimensions (Figure 9). For a higher magnification (2 µm), large cavities of
irregular shape are present. The EDX shows that these platelets are constituted of Al, Si,
Mg, Fe, Na, Ca, K, Ti and O (Figure 10). These results confirm those found by the DRX
and XRF analyses, which also reveal the presence of these elements in the form of oxides:
Al2O3, SiO3, Fe2O3, MgO, Na2O and K2Oet TiO2.
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4.1.4. Particle Size Distribution Analyses

Particle size distribution measurement by laser diffraction/light scattering revealed
that the shape of the particle size distribution is asymmetrical for both raw materials
(Figures 11 and 12). It is worth noting that the majority of particle sizes are between 12 to
14 µm and 24 to 30 µm for iron and between 30 to 38 µm for clay. From these results, it can
be inferred that iron, as well as clay, have a good finesse, which could have an effect on the
compact density and porosity of the elaborated membranes.
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4.2. Characterization of the Membranes Elaborated
4.2.1. Study of Systematic Losses

The results (Figures 13 and 14) show that the variation of mass losses of ferric and
clayey membranes does not exceed 0.02% ± 0.001 during a journey, with or without aging.
The same variation in thickness losses was evaluated to be 0.02% ± 0.001.
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Figure 13. Summary of systematic losses of weight and thickness attributed to the ferric membrane
(1) and clayey membrane (2) during a journey.
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(1) and clayey membrane (2) after 7 days.

Whatever the nature of the membranes present and the preparation conditions, with
or without aging, the experimental results show a negligible variation in the rate of mass
change (weight and/or thickness), suggesting the stability of the synthesized membranes
(Table 3, Figures 13 and 14).
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Table 3. Statistical description of losses with the variation of weight and thickness of clay and iron
membranes during a journey.

Clay’s Membrane Iron’s Membrane

Range 16.00 19.00

Standard Deviation 4.00 4.35

Weight losses Thickness losses Weight losses Thickness losses

Before
Aging

After
Aging

Before
Aging

After
Aging

Before
Aging

After
Aging

Before
Aging

After
Aging

Mean Absolute Deviation 4.35 4.24 4.95 4.68 4.95 4.68 5.01 4.72

Variance 24.89 24.12 32.62 29.22 32.62 29.22 33.48 29.82

4.2.2. SEM Analyses

The firing process starts to appear only after 1023 K, and the temperature at which
the junction between grains begins and the solidification of the material is at a minimum.
However, the internal reorganization of each grain is completed, and the dislocations
align [25]. From 1073 K onwards, the contacts between grains continue to grow, allowing
the pores to become spherical.

The results (Figures 15 and 16) show a consolidation between grains from 1073 K
(clayey membrane); nevertheless, the corresponding mechanical resistance is weak. At
1173 K, the grains become sufficiently close, and the internal reorganization of each of them
is well established, forming a strong roughness. At this stage, the presence of intergranular
contacts can be detected, which is sufficient to ensure the cohesion of the ceramic. The
beginning of the sintering process marks the end of the grain coarsening and the formation
of the joints.
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Beyond this, between 1273 and 1373 K, a phenomenon of densification appeared
following the welding and the coarsening of the grains (Figures 15 and 16). The heat
treatment at this stage leads to a more or less irregular growth of the particles. In fact, the
small grains disappear to the benefit of larger ones. A tendency towards high temperatures
is associated with the progressive elimination of porosity, which essentially leads to a totally
monolithic membrane (solid block).

Therefore, the sintering temperature is fixed at 1173 K. The SEM pictures show the
absence of agglomeration and the presence of a regular and homogeneous surface. Thus,
the set temperature meets the requirements of the material we want to obtain.

4.2.3. Optical Microscopy Analysis

The influence of organic additives on elaborated membrane textures has been studied
(Figure 17) via optical microscopy analysis. The results show a homogeneous surface.
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4.2.4. Measurement of Porosity by Nitrogen Adsorption–Desorption Analyses

Nitrogen adsorption–desorption isotherms at 77 K of the ferric membrane, before and
after sintering, show isotherms type IV. According to the IUPAC classification [26], these mem-
branes are mesoporous. These isotherms exhibit a type H3 hysteresis (Figures 18 and 19 and
Table 4). After sintering, the hysteresis becomes type H4 for clay membranes (Figure 20),
suggesting a slit-shaped pore [27].
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Figure 18. Nitrogen adsorption–desorption isotherm of the two ferric membranes before and after
heat treatment.
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Figure 19. Nitrogen adsorption–desorption isotherm of clay before thermal treatment.

Table 4. Summary of the membranes selected before and after sintering as well as their main textural
characteristics: specific surface areas, pore volumes and pore size distributions.

Ferric membrane after firing
SBET

(m2·g−1)
3.75

SBJH
meso

(m2·g−1)
3.17

VBJH
meso

(cm3·g−1)
0.018

Smicro
(m2·g−1)

0.51

Vmicro
(cm3·g−1)

0.0001

D
(nm)
23.02

Ferric membrane before calcination
SBET

(m2·g−1)
9.54

SBJH
meso

(m2·g−1)
6.98

VBJH
meso

(cm2/g)
0.03

Smicro
(m2·g−1)

0.43

Vmicro
(cm2/g)
0.00002

D
(nm)
17.23

Clay material before calcination
SBET

(m2·g−1)
57.69

SBJH
mso

(m2·g−1)
38.31

VBJH
meso

(cm2/g)
0.05

Smicro
(m2·g−1)

5.48

Vmicro
(cm2/g)

0.07

D
(Å)

19.10

Clayery membrane after calcination
SBET

(m2·g−1)
1.75

SBJH
meso

(m2·g−1)
1.54

VBJH
meso

(cm2/g)
0.004

Smicro
(m2·g−1)

0.16

Vmicro
(cm2/g)
0.000017

D
(nm)
11.79

Specific Surface (SBET), surface and volume of micropores (Smicro, Vmicro), surface and volume of mesopores
(SBJH

mso , VBJH
mso ), size of pores via BJH D (nm).
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Figure 20. Nitrogen adsorption–desorption isotherm of the clayey membrane after heat treatment.
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The enlargement of pores obtained after the firing process and observed in the results
summarized in Table 4 describe the Ostwald ripening phenomenon, where small nanoparticles
are dissolved and re-deposited onto larger particles. For the Ostwald ripening, the small particles
dissolve rapidly. Simultaneously, the larger particles with radius > rmax have growth rates
decreasing with r; thus, their distribution narrows over firing time, leading to the size-focusing.

The heat treatment performed allows the generation of bonds between particles by
diffusion of matter [27]. The transport of material is generally carried out by diffusion
from convex regions to concave regions, leading to the development and growth of bridges
between particles. Diffusion is driven by surface or volume diffusion (Figure 21). The
kinetics of all the mechanisms depend on the temperature and the composition (in particular,
the impurities). The densification process is present during the treatment carried out, which
explains the lowering of the specific surfaces as well as the porous volumes.
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Indeed, this process is described by the passage from the assembly of compacted
grains of reliable compactness to the creation of trapped pores, often located at the grain
boundaries, followed by a significant coarsening of the grain size in the studied sample.

The porosity distribution determined from the N2 adsorption–desorption isotherms of
samples using the BJH method (Figures 22–24) also confirms the material diffusion process. The
pore volumes of the two samples show a wide band varying from 5 nm to 40 nm for the ferric
membrane and a less important distribution for the clay one, which confirms the data present
in the previous adsorption–desorption isotherms and the predominance of mesopores.
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Figure 23. Pore size distribution of raw clay material.
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5. Conclusions

This study focused on the creation of innovative ceramic membranes made from iron
and clay. The fabrication process was straightforward, involving the molding of powders
into disk sheets. The ideal sintering temperature was determined to be approximately
900 ◦C, a finding supported by both SEM and optical microscopy, which showed a consis-
tently even surface.

Notably, there was only a minor fluctuation in the rate of mass change (in terms of
weight and thickness), measuring at approximately 0.02% with a precision of ±0.001%.
This observation indicates the stability of the membranes that were synthesized.

The pore distribution in both the ferric and clay-based membranes predominantly
exhibits a prevalence of mesopores. The BET isotherms exhibit a type H3 hysteresis. After
sintering, the hysteresis became type H4 for clay membranes, suggesting a slit-shaped pore.
The pore volume of the two samples shows a wide band varying from 5 nm to 40 nm for
the ferric membrane and a less important distribution for the clayey one. Compared to
other studies in which local natural material was used to make ceramic membranes, the
resulting porosity was among the highest ones reported, which could make application at
a larger scale possible.
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Ongoing efforts are being made to enhance porosity by incorporating an environ-
mentally friendly pore-forming material. The intention is to subsequently employ these
improved materials for gas treatment purposes.
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