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ABSTRACT

This work was focused on synthesizing mechanically reinforced ultraporous ceramic membranes derived from
Al-Fe pillared bentonite and silicon carbide for sustainable dye filtration along with investigating the relationship
among composition, microstructure, porosity, mechanical strength, permeate flux and methylene blue rejection.
Preparation of Al-Fe pillared bentonite involves thermal activation, templated intercalation using the Al-Fe poly-
cation, filtration, drying and calcination. Composite membranes were prepared by mixing Al-Fe pillared bentonite
with SiC in mass ratios of 100:0, 80:20, 60:40, 40:60, 20:80 and 0:100 and subsequently pressing at a pressure of
50 kg/cm? for one minute, drying for 48 h and sintering at a temperature of up to 800 °C for a period of 10 h. Mem-
brane morphology and pore structure measurements were determined from SEM image analysisand the filtration
characteristics were evaluatedatl.6 bar through the use of methylene blue as amodel dye pollutant. The porosity
ranged between 46.83-52.44% and the mean pore sizes varied from 0.12—-0.28 pm. The highest flexural strength
of these membranes was 28.6 MPa obtained for a 40:60 Al-Fe pillared bentonite/SiC membrane which meant that
each prepared porous ceramic shaped body showed better structure integrity respect to unpilled membranes. All
the determined membranes demonstrated high dye rejection (> 83%) values, while in comparison to pure pillared
bentonite membrane, the SiC-contained membranes provided a more stable flux behavior and better rejection per-
formance. However, the porosity was derived primarily using SEM image analysis, so validating it with traditional
void and surface characterization techniques will be necessary. The proposed membranes provide a promising
low-cost, energy-efficient textile wastewater treatment in practice. Originality of this work consists in combining
adsorption-active Al-Fe pillared bentonite with SiC material which could add to the structural strength ensuring a
compromise between pore size distribution, dye rejection and mechanical stability.

Keywords: ultraporous ceramic membrane, pillared bentonite, silicon carbide, dye filtration, mechanical strength.

INTRODUCTION

The increasing need for clean water has led to
the occurrence of more advanced technologies in
order to filter out persistent organic pollution from
effluent streams, especially synthetic dyes from
textile wastewater. This is particularly true for the
coagulation as traditional methods of treatment
which cannot completely remove persistent dyes

such as methylene blue (MB), due to their high sol-
ubility (Akash et al., 2024; do Carmo et al., 2024;
Marques et al., 2025), complex aromatic struc-
tures (Ramteke et al., 2025), poor biodegradabil-
ity (Malebadi et al., 2025). These methods how-
ever have considerable limitations and membranes
based separation technologies have appeared as
a promising type of method due to its high effi-
ciency (Jarrar et al., 2024), processing simplicity
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(Akoumeh et al., 2025), and eco-friendliness (El-
shazly and Fahmy, 2025; Rakcho et al., 2025).
Nevertheless, the high cost of fabrication and ser-
vice lifetime for commercial membranes are still
main obstacles for their large-scale application.

In order to overcome disadvantages, Low
Cost Ceramic Membrane (LCCMs) based on
natural minerals and industrial waste materials
have been paid great attentions. Aluminosilicate
clay such as bentonite is an attractive natural raw
material for economic production of ceramics
material due its high plasticity (Chihi et al., 2024;
Rakcho et al., 2025; Satyannarayana et al., 2022),
chemical resistance (Foorginezhad et al., 2023),
and ion exchange properties (Saja et al., 2020).
However, natural bentonite’s inherent mesopo-
rosity and mechanical fragility preclude its use in
high flux filtration systems (Boutaleb et al., 2024).
Intercalation with metal polycations, particularly
Al** and Fe**, has shown to be effective method
for interlayer and mesoporous framework forma-
tion with improve surface area, thermal stability,
and catalytic performance (Biswas and Majum-
der, 2026; Parodia et al., 2021). The investiga-
tions proved that Al Fe-pillared bentonite having
better thermal stability and structural strength can
be used as candidate of composite ceramic matrix
(Desai et al., 2023; Kanth et al., 2025).

Si-C doped clay-based membranes have also
shown to provide excellent mechanical strength (do
Carmo et al., 2024)(Boutaleb et al., 2024), chemical
resistance (Marques et al., 2025) and hydrophilicity
along with high porosity and permeability (Bah-
rouni et al., 2025). Although SiC ceramics possess
excellent resistance to harsh conditions, their sinter-
ing temperature (above 1300 °C) is relatively high
for direct uses. Thus, the integration of SiC with
pillared bentonite would have a synergistic effect to
obtain dual-functionality, superior mechanical du-
rability given by SiC and high adsorption-filtration
function endowed by Al-Fe pillared bentonite (Ab-
del-Azim et al., 2025; Rezala et al., 2020). Hybrid
composite of negative index ceramic components
have shown enhanced functional ability in terms
of dye removal efficiency, mechanical strengths
when SiC is incorporated with clay-based matri-
ces (Boutaleb et al., 2025)(Bahrouni et al., 2025).
However, systematic studies that focus on optimi-
zation of Al-Fe pillars cascade into ultraporous SiC
framework to induce dual filtration-adsorption at-
tributes are still very rare.

The treatment of dye-contaminated waste-
water via ceramic membranes impacts both
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academic and industrial fields, despite the avail-
ability of low-cost options. However, some scien-
tific gaps have not yet been solved. Recent stud-
ies investigated clay-based ceramic membranes
as promising low-cost filtration materials, while
SiC-containing ceramic advanced membranes
boast higher mechanical strength and chemical
resistance, pore stability, antifouling performance
(Boutaleb et al., 2024; Akash et al., 2024; Jarrar
et al., 2024; do Carmo et al., 2024; Marques et al.,
2025). Nevertheless, most of the previous stud-
ies addressed them individually as permeability
booster, adsorption augment or mechanical forti-
fier in a synergistic way. The challenge of com-
bining adsorption-active Al-Fe pillared bentonite
and structurally reinforcing SiC in a single ultra-
porous ceramic membrane system has not been
addressed systematically to date. In particular,
how the Al-Fe pillared bentonite/SiC composi-
tion affects pore evolution, pore size distribution
as well as mechanical strength, permeate flux
and methylene blue rejection has not been fully
investigated. Understanding this knowledge gap
is important because the performance of ceramic
membranes is not only dictated by total porosity,
but also by the interplay between pore connec-
tivity, surface adsorption sites, phase distribution
and mechanical integrity.

Thus the current investigation seeks to for-
mulate mechanically enhanced ultraporous ce-
ramic membranes possessing higher strength re-
lated features by incorporating pillared bentonite
(Al-Fe) and SiC for green dye filtration. Most
importantly, the original scientific justification
of this study is to improve knowledge regarding
composition-microstructure-performance behav-
ior of Al-Fe pillared bentonite/SiC ceramic mem-
branes and understand the role of SiC fraction to-
wards porosity, pore size distribution, mechanical
strength, permeate stability and methylene blue
rejection. The working hypothesis is that an ap-
propriate Al-Fe pillared bentonite /SiC ratio will
yield a porous structure with good characteristics
for water permeability, great mechanical perfor-
mance and high dye rejection at the same time.

MATERIALS AND METHODS

Materials

The major precursor for the ceramic mem-
branes was natural bentonite clay (purchased from
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a local chemical supplier in Palembang, Indone-
sia). A commercial silicon carbide (SiC) powder
with purity >99% and average particle size of 1-5
um (Sigma-Aldrich, USA) was used as reinforc-
ing and pore-forming component. The pillaring
solution was prepared by using aluminium nitrate
nonahydrate [AI(NO,),"9H,0, analytical grade,
Merck, Germany], iron (III) nitrate nonahydrate
[Fe(NO,),"9H,0, analytical grade, Merck, Ger-
many] and sodium hydroxide (NaOH, >98%,
Merck Germany). All experimental procedures
were performed with the use of de-ionized water.
Methylene blue (MB, analytical grade; Merck,
Germany) was chosen to be a model dye pollut-
ant for the membrane filtration tests. The textile
wastewater was directly collected from a tradi-
tional jumputan textiles industry Tiga Putri Ba-
har, Jumputan Fabric Center, Tuan Kentang Vil-
lage, Jakabaring District, Palembang, Indonesia.,
to present practical textile wastewater conditions.

Preparation of Al-Fe pillaring solution

The Al-Fe pillaring solution was synthesized
using a slightly modified hydrolysis-intercalation
method. First, 60 g of AI(NO,),"9H,O was dis-
solved in 320 mL deionized water to prepare a
solution of AP**, and then, 32.32 g Fe(NO,),-9H,0
was dissolved in 160 mL deionized water to ob-
tain the same concentration of Fe3* (0.5 M). The
Al/Fe molar ratio was kept constant at 2:1. Then
19.2 g NaOH was dissolved in 960 mL deionized
water for a preparation of 0.5 M NaOH solution.
The mixed Al-Fe nitrate solution was stirred at
500 rpm, and NaOH solution was added dropwise
for controlled hydrolysis. Hydrolysis was per-
formed at pH 4.0—4.5 to prevent metal hydroxides
from prematurely precipitating. The suspension
was aged for 24 h at room temperature (25-30°C)
to encourage the formation of stable Al-Fe poly-
hydroxyl cations. The bentonite-to-pillaring solu-
tion ratio is kept at 1:5 (w/v).

Preparation of Al-Fe pillared bentonite

In order to eliminate moisture and enhance in-
terlayer accessibility, raw bentonite was thermally
activated at 400 °C for 2 h using a programmable
muffle furnace (heating rate 5 °C/min). Then, the
activated bentonite was slowly added into the Al—-
Fe pillaring solution while continuously stirring
at a speed of 500 rpm for 24 h. The suspension
was then filtered through Whatman No. 42 filter

paper and dried overnight at room temperature
(20 °C) for 24 h, after which the resulting solid
was calcined at 400 °C for 2 h in order to convert
the intercalated polycations into stable oxide pil-
lars of varying length. Whereafter, the calcined
substance was grinded in an agate mortar, and
then sieved with 100-mesh sieve to prepare Al-Fe
pillared bentonite powder uniformly.

Fabrication of ultraporous ceramic
membranes

Al-Fe pillared bentonite (AFPB) and SiC
powder were mixed at various weight ratios, such
as A (100:0), B (80:20), C (60:40), D (40:60), E
(20:80) and F(0:100) to fabricate the ceramic
membranes. The formulation of 20 g of mixed
powder was blended with 15 mL deionized water
to form a doughy plastic paste. The shaped paste
was pressed into flat-disc membranes in a stain-
less-steel mold with a 50 mm diameter and target
thickness of 4 + 0.2 mm. A hydraulic press was
used for uniaxial pressing at 50 kg/cm? for a period
of 30 min. Membrane specimens had an average
green body weight of 18 + 0.5 g and all formula-
tions were produced in triplicate for repeatability.

The green membranes were dried for 48 h
at room temperature and then put into an oven
at 105 °C overnight (12 h) and sintered in a pro-
grammable furnace under atmospheric conditions
at 800 °C for 10 h by heating with speed of 3 °C/
min to the target temperature followed by cool-
ing to room temperature with a rate of 2 °C/min.
The ultraporous structure can be maintained com-
pared to the high temperature process, but also
the energy consumption is lower, which drove
the selection of low-temperature sintering strat-
egy. This new membrane formation mechanism
was that Al-Fe oxide pillars were intercalated
into bentonite interlayers for improved adsorp-
tive functionality while SiC particles served as
microporous rigid reinforcing domains and pore-
stabilizing agents, leading to the development of
complex interconnected bicontinuous pore net-
works during thermal treatment.

Membrane characterization

The ceramic membranes were investigated
by using scanning electron microscopy (SEM) to
determine the surface morphology and pore struc-
ture, energy-dispersive X-ray spectroscopy (EDS)
to verify elemental distribution, X-ray diffraction
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(XRD) to identify crystalline phase and mechani-
cal testing to determine membrane strength. The
sintered membrane samples were sectioned into
pieces representative of the thickness, mounted
on SEM stubs before analysis. SEM images were
taken at various magnifications in order to inspect
surface morphology, particle arrangement, pore
distribution, pore connectivity and potential de-
fects within the structure of membranes.

SEM micrographs based on ImagelJ and Origin
estimation of pore size and apparent surface po-
rosity. These SEM images were converted to gray-
scale images and underwent threshold segmenta-
tion on the grayscale image to separate pore areas
from that of the solid ceramic matrix. Apparent
Surface Porosity which was calculated as follows:

Apparent surface porosity (%) (1)
=(A,/A) > 100

where: A, is the total pore area and A is the total
analyzed image area. The pore size dis-
tribution derived from the pore diameters
measured and processed with Origin
software to calculate frequency distribu-
tion curves.

Since SEM image analysis is an analysis of
two-dimensional surface features, the resulting
porosity values were taken to be those of image
based apparent porosity rather than (exc) absolute
total porosities. Open porosity shall be validated
according to Archimedes water immersion meth-
od in order to improve reliability.

Open porosity (%) = [(W, — W )/

(W~ W_)] x 100 @

where: W is the dry membrane weight, W is the
air-dry saturated membrane weight and
W, is the saturated membrane weight
when fully immersed in water. This forms
the basis of validation, since it is well
known that open porosity and pore connec-
tivity are key determining factors regarding

flux, fouling behavior and dye rejection.

Filtration performance evaluation

A laboratory-scale membrane filtration unit
comprising a feed tank, pump, pressure-control
valve, pressure gauge and membrane housing was
used to assess microfiltration (MF) performance.
Under constant pressure of 1.6 bar, the feed solu-
tion was pumped through the membrane installed

254

inside the housing. The filtration test time was 60
min. Prior to filtration, the membrane was pre-
wetted with distilled water to degas the pores and
equilibrate water transport.

For flux studies, the permeate volume was
collected at defined time intervals during filtra-
tion. Methylene blue solution was chosen as the
model dye pollutant, whereas real jumputan tex-
tile wastewater was used to simulate actual textile
wastewater conditions. The permeate flux was
calculated as:

J=V/(Axt) (3)

where: J is permeate flux (L/m?.h), V' is permeate
volume (L), A is effective membrane area
(m?) and t filtration time (h).

Dye rejection analysis

Dye rejection was evaluated by determining
the absorbance of feed and permeate samples with
a UV-Vis spectrophotometer. The blank for the
measurement was made using distilled water. The
absorbance was measured at Amax of methylene
blue, where 4 mL sample was placed in a clean
cuvette. Typically the maximal absorbance wave
length for methylene blue solution is at about 664
nm but this must be experimentally confirmed by
scanning the dye solution before analysis.

The percentage dye rejection was calculated
using the following formula:

R (%) =[(C,— C)/C ] x 100 @)

where: R is the rejection efficiency of the dye,
C, is the initial concentration in feed and
C, is the concentration of dye present in
permeate at filtration time t. Since absor-
bance is proportional to the dye concen-
tration according to Beer-Lambert rela-
tionship, rejection can also be calculated
using absorbance values as follows:

R (%) = [(A,—A)/A,] x 100 (5)

where: 4, and A are the initial absorbance of
feed solution and absorbance of perme-
ate, respectively. Absorbance readings
should be taken in triplicate, and results

expressed as mean + standard deviation.

All steps of membrane preparation were pro-
posed in order to save energy as much as pos-
sible by using moderate sintering temperature
and naturally occurred raw materials. The pil-
lared bentonite-SiC composite was designed for
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the fabrication of a dual-function membrane as
it combined mechanical reinforcement and ad-
sorption—filtration properties for sustainable
wastewater treatment. The research flowchart is
presented in Figure 1.

RESULTS AND DISCUSSION

Morphological characterization of Al-Fe
pillared bentonite-SiC membranes

The surface morphology of the Al-Fe pillared
bentonite—SiC ceramic membranes with vari-
ous compositions (A—F) was analysed by scan-
ning electron microscopy (SEM) at 10.000X
magnification, as displayed in Figure 2 (a-f).
SEM specimens were sampled from sintered flat-
disc membranes that were manufactured mixing
Al-Fe pillared bentonite (AFPB) and SiC into a
past, which was applied at 50 kg/cm? for 30 min,
green bodies were air-dried for 48 h and then sin-
tered at 800 °C for the duration of 10 h. Small
fragments representative of the membranes in
content, namely through central regions from
where they were cut, cleared from free particles
after extraction out (Kilic et al., 2021b), fixed
onto stubs for SEM, structures observed visually
assessed so as to contemplate pore distribution,
main particle packing order or structural defec-
tiveness. The SEM images clearly display that the
microstructure of the membrane is significantly
influenced by the relative content of pillared ben-
tonite and silicon carbide (SiC), which leads to
well-defined textural transformation from clay-
dominated channels structure to SiC-enriched
compact arrangement.

SEM specimens i.e. the samples for scanning
electron microscopy were taken from the surface of
sintered flat-disc ceramic membranes, which were
prepared in the inverse proportions from Al-Fe
pillared bentonite and SiC (samples A—F). Repre-
sentative fragments from each sintered membrane
were carefully cleaned to remove any loose parti-
cles, affixed onto aluminium stubs with conductive
carbon tape and observed at 10.000X magnifica-
tion (SEM). Membranes A—E were all as-sintered
membranes visible as a rigid porous ceramic discs,
while membrane F comprised solely of silica car-
bide. It was brittle and fragile when handled since
no clay-based binder phase had formed.

The fabricated Al-Fe pillared bentonite—SiC
ceramic membranes with different AFPB/SiC

Raw materials preparations

¥

Bentonite activation (400°C, 2 h)

v

Preparation of Al-Fe pillaring solution

v

Pillaring of bentonite

v

Mixing of pillared bentonite and S1C

*
Membrane molding

v

Drying and sintering (800°C, 10 h)

v

Membrane characterization (SEM-EDS,
XRD, Mechanical test. Porosity)

+

Filtration test (MB/textile wastewater)

v

UV-Vis, flux and dye rejection analysis

v

Data analysis and conclusion

Figure 1. Flowchart of Al-Fe pillared bentonite-SiC
ceramic membrane preparation and application

compositions are shown in Figure 3. All mem-
brane at first were moulded followed by sinter-
ing to form flat disc-shaped specimens. The clear
visual change associated with the SiC incorpo-
ration can be explained. The reddish brown co-
lour of membrane A, which consisted solely of
AFPB, appeared dwelled due to the clay-based
and Al-Fe oxide-containing matrix. As can be
seen from membranes B to E, where the SiC con-
tent increased stepwise, the color of a membrane
turned from brown into greyish-brown which
suggests that SiC particles were blended into the
AFPB matrix. Membrane F, consisting of pure
SiC (for lack of a better term), demonstrated the
darkest grey to black colouration, verifying that
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Figure 2. Surface morphology evolution of Al-Fe pillared bentonite-SiC ceramic membranes
at different composition at 10.000X magnification. Membrane A = 100% AFPB; B = 80% AFPB/20% SiC;
C =60% AFPB/40% SiC; D = 40% AFPB/60% SiC; E = 20% AFPB/80% SiC; F = 100% SiC

A=100% AEPB : 0%

‘ B =20% AFPB : 80% SiC ‘

’ C = 40% AFPB : 60% SiC

D =60% AEPB : 40% SiC I

l E = 80% AFPB : 20% S$iC ‘

‘ F=0%AEPB : 100% SiC

Figure 3. Membrane A = 100% AFPB; B = 80% AFPB/20% SiC; C = 60% AFPB/40% SiC,;
D =40% AFPB/60% SiC; E = 20% AFPB/80% SiC; F = 100% SiC

indeed SiC is the dominant phase. Surface texture
results also varied, with differences in color be-
tween modes. As a result, AFPB-rich membranes
seemed clay-like and less dense, while those rich
in SiC turned appeared dark through the more
granular layer. These morphologic differences im-
ply that the AFPB/SiC ratio had a significant effect
on some of the general physical properties of the
membranes prior to more detailed microstructural
characterization. The ability to form disc-shaped
membranes with a high success rate for all compo-
sitions indicates that AFPB could act as a ceramic
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matrix and binder, while SiC acts to modify the
structure and reinforce it. The observed features
in this preliminary visual inspection are consistent
with further SEM analyses, which is expected to
confirm alterations of pore structure, particle dis-
tribution and membrane compaction as a function
of the AFPB and SiC relative weight.

The surface of membrane A (100% pillared
bentonite, Figure 2(a)) is obviously very rough
and heterogenous, comprising stacked or partial-
ly exfoliated clay platelets. There are many in-
terparticle voids and irregular pore entrances,
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which consist of a well-connected porous net-
work. It is a type of morphology having fine
average pore size, feature of Al-Fe pillared ben-
tonite systems where metal oxide pillars stabilize
the interlayer space and avoid structure collapse
on sintering and conserve functional porosity
(Ghohestani et al., 2022; Riyanti et al., 2024; Y.
Wang et al., 2022). But a rigid ceramic reinforce-
ment is lacking, hence the weak mechanical
bonding force of clay.

Adding 20% (wt) SiC (membrane B, Figure
2(b)), the surface covers more compactly but pre-
senting with open pore channels. SiC particles
are found to be intertwined with the clay matrix,
serving as skeleton support which connects the
clay platelets and inhibits severe enlargement of
pores. The synergistic effect increase the struc-
tural stability to be stronger, without degrading
much pore connection which is essential for high
permeate flux (Rakcho, Naboulsi, et al., 2024; J.
Wang et al., 2024).

The microstructures of the membranes C
(60% pillared bentonite—40% SiC) and D (40%
pillared bentonite—60% SiC) (Figure 2 (c to d))
are the ones with more balance in all compositions.
The SEM images indicate a bicontinuous porous
structure comprising the interpenetrating micro-
voids between the clay-rich phase and SiC-mod-
ified skeleton. The pore channels become more
homogeneous and continuous than those in A
and B, without over-densification. The morphol-
ogy indicated a good dispersion of SiC particles
into the pillared bentonite matrix, enhancing me-
chanical reinforcement by load transfer while
retaining adsorption-active surfaces of the clay.
Such hybrid microstructures are recognized to
provide a proper balance between permeability
and mechanical stability in ceramic membranes
(El-shazly and Fahmy, 2025; Marques et al.,
2025). As a result of well-developed transport
channels and stabilized pore walls, the mem-
branes C and D are anticipated to have better
flux—rejection performances. When SiC content
was increased to 80 wt% (membrane E, Figure
2(e)), a much denser surface morphology can be
observed. SiC aggregates were large and domi-
nated the microstructure, whereas no continuous
clay platelets can be observed. The pores are not
fully removed, but their connectivity is notably
diminished. Such densification is also related to
the sensitivity and permeability, which however
decreases in response to it (Liang et al., 2024;
Wei et al., 2025).

In the most extreme case of membrane F
(100% SiC, Figure 2(f)), it is noted that by SEM
analysis the surface appears mainly smooth and
dense with scarce visible pore channels. Pillared
bentonite not being present, the binding and in-
terlocking action given by the platelets of clay
does not exist in this case and a weak intergran-
ular strength among SiC particles was produced
at the restricted sintering temperature (800 °C).
Thus, membrane F was found to be very brittle
and cracks/fractures easily during handling and
testing. Such brittle behavior can be ascribed to
the lack of forming sintering necks between SiC
particles at an intermediate temperature (a com-
mon weak point of monolithic SiC ceramics
without sintering aids or secondary binders)
(Huang et al., 2023; Li et al., 2025). The lack
of a ductile or laminated phase also compounds
stress concentration, resulting in the weak me-
chanical strength of the membrane despite its
obvious compactness. This finding accounts for
the low membrane F worth in hydraulic-pres-
sure-related filtration systems (do Carmo et al.,
2024; Khmiri et al., 2023).

Over all, the SEM data confirm that the ad-
dition of Al-Fe pillared bentonite is essential for
not only the generation of ultraporous structures
but also improving their mechanical strength by
platelet interlocking and stabilization using pil-
lars (Achiou et al., 2025; El Abbadi et al., 2025).
On the other hand, excessive SiC addition, in
particular for membrane F gives dense but frag-
ile structures with low fracture resistance. The
dual presence of clay-originated porosity and
SiC-caused reinforcement in C and D creates a
reinforcing—porous composite structure, which
enables high flux, efficient dye rejection and
sufficient mechanical resistance (Hamad et al.,
2024; Roy, 2025).

Energy-dispersive X-ray spectroscopy (EDS)
elemental analysis

The EDS spectra of membranes A—F con-
firmed that the main elements forming Al-Fe pil-
lared bentonite—SiC ceramic membranes (C, O,
Al, Si, Fe) were present. On membrane A, O, Si
and Al were the three most abundant elements,
accounting for 47.9 wt. %, 23.1 wt. %, and 13.5
wt. wt %, and Fe concentration was 5.7 wt %.
% and C at 7.0 wt. %. This implies that the ma-
trix of membrane A was composed mainly from
an aluminosilicate and Al-Fe oxide. C took over
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as the dominant element in membrane B at 44.5
wt.%, followed by O 35.5 wt.%, Si 8.8 wt.%, Al
5.8 wt.%, and Fe 3.4 wt.%, indicating the pres-
ence of SiC-rich or carbon-bearing regions are
contributing more.

Membrane C was more well-balanced in el-
emental composition, with O 42.0 wt.%, Si 18.8
wt.%, C 14.4 wt.%, Al 13.4 wt.%, and Fe 7.5
wt.%. This provides evidence for the simultane-
ous presence of aluminum silicate, Al-Fe oxide
and silicon carbide phases. For membrane D,
the highest was O on 48.1 wt. %, followed by Si
17.6 wt.%, C 15.4 wt.%, Al 11.9 wt.%, and Fe
4.9 wt.%. The presence of Al and Fe in all mem-
branes demonstrates that Al-Fe pillared bentonite
was incorporated into the membranes, while C
and Si independently confirm that SiC was incor-
porated into the ceramic matrix.

For SiC-rich membranes, mainly E and F, the
EDS spectra present stronger Si peaks in good
agreement with their superior contribution from
the forming of a SiC phase. Au peaks in mem-
branes E and F were considered derived from a
gold coating, used in SEM-EDS sample prepara-
tion, and as such not part of the membrane com-
position. Trace elements (Mg, K, Ca, Ti, S and
Na) were also detected at the sub-ppmw level
but are most likely related to mineral impurities
in natural bentonite. All things considered, the
EDS results are consistent with the formation
of Al-Fe pillared bentonite—SiC composite ce-
ramic membranes.

X-ray diffraction (XRD) analysis

Figure 5 shows the characteristics of the Al-
Fe pillared bentonite—SiC ceramic membranes
composition were highly dependent on XRD pat-
terns as indicated by your following Figures: 9a
to 9f respectively for membranes A-F. The broad
background (15-35° 20) for all samples suggest-
ed the presence of amorphous or poorly crystal-
line aluminosilicate phases on pillared bentonite.
The phenomenon is inherent for ceramic materi-
als made from clay upon heat treatment.

Weak and broad diffraction peaks were ob-
tained for membranes A-D, which could indi-
cate that the ceramic matrix was mainly formed
by pillared bentonite with low crystallinity. The
diffractive characteristic peaks in the range of
~26-28° 2 0 were likely corresponding to silica/
aluminosilicate-containing phases and a pos-
sible SiC contribution. Peaks became more pro-
nounced and sharper with the addition of SiC,
particularly in membranes E and F where it was
clear that a higher crystalline contribution from
the SiC phase occurred. Membrane E exhibited
distinct peaks, especially at approximately 28°,
50°, 60—70° and higher than 75° at a value of 20
along with this indicating an enhanced phase de-
velopment and crystallinity compared to the ben-
tonite-rich membranes.

The diffraction peaks attributed to the SiC
framework were sharp for Membrane F as well,
which contained the maximum SiC fraction
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Figure 4. EDS spectra of ceramic membrane (A) 100% AFPB; (B) 80% AFPB : 20% SiC;
(C) 60% AFPB : 40% SiC; (D) 40% AFPB : 60% SiC; (E) 20% AFPB : 80% SiC
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Figure 5. X-Ray diffraction patterns of AFPB-SiC ceramic membranes with different composisitions

during syndiotactic crystallization, confirming
that crystalline SiC was indeed dominant in this
case also. Nevertheless, the XRD background
still remained noticeably broad, suggesting
even after sintering at 800 °C some amorphous
ceramic phases were retained and in general
indicative of a mixed amorphous—crystalline
structure within the membranes. Bentonite-rich
membranes are mostly composed of amorphous
aluminosilicate phases similar to fused silica,
while increasing SiC content increases phase
intensity for crystalline types. This strength-
ens the contribution of SiC to the structural
ceramic and, likewise, verifies the successful
manufacturing of Al-Fe pillared bentonite—SiC
composite membranes.

Porosity

The relevant statistical parameters includ-
ing average pore size, range of pores, number of
pores as well as porosity were encapsulated in
Table 1. The PSD relates it highly to membrane
composition, and SiC is a factor in the double role
of structurant and porogen agent for bentonite.

Values of porosity presented in Table 1 were
first measured based on a apparent surface po-
rosity calculated from several SEM micrographs
and verified by the Archimedes water immersion
method to provide higher confidence for the inter-
pretation of porosity.

It used Origin software to find porosity in
ceramic membrane pics of SEM. The porosity
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of the silica-based ceramic membrane was then
determined using the ratio between pore volume
and total volumes of the ceramic membranes. Po-
rosity quality was tested to determine the volume
of material which can be absorbed into the silica-
based ceramic membrane. By way of example,
SEM image analysis can then help characterize
the porosity of a sample ceramic membrane by
using origin software. Then, the origin software
will input SEM image and gives values that can
be used to calculate porosity properties for each
ceramic membrane. Origin Software was used to
analyse the SEM images that produced the con-
tour plot demonstrated in Figure 6.

The pore surface area of ceramic membranes
is defined as the areas between the air cavities
separated from solid unit (Figure 6). Origin soft-
ware will know the volume of the matrix integral
of the SEM image and additional data for poros-
ity calculation can also be calculated using Excel
Software. Table 1 show results of SEM image po-
rosity analysis with origin software.
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The 100 wt.% SiC (membrane F) was im-
possible to calculate quantitatively since SEM
showed microcracks and broken particles and no
clear open pores instead of a connected pore struc-
ture. This low mechanical strength hampers mea-
surable PSD and porosity, highlighting pillared
montmorillonite importance as a structural bind-
er (Desai et al., 2023). The pure SiC without the
clay matrix was incoherent and had isolated pores,
as reported previously a ceramic binder phase is
necessary for a stable porous membrane (Fu et al.,
2025; Xue et al., 2023).

In this study, the Archimedes method of mea-
suring open porosity using these three physical
parameters was used to validate the porosity re-
sults obtained from SEM processing and ImagelJ-
OriginPro analysis. The calculation as:

Open porosity (%) = [(W,— W )/
(W, = W_))]>100
The calculated Archimedes values were near-
ly equivalent to the SEM-image porosity values

(6)

Color Scale Title
6,560E+4

5.803E+4
5045644
4,288E+4
3530844
2773844
2015644
1250844

5000

Color Scale Title
6,560E+4

5,800E+4
50408 +4
4,280E+4
3,520E44
2,7606+4
2,000E+4

1240E44

4800

Color Scale Title
6.360E+4

5623644
4885644
4148644
3410544

2673604

8 8 8 8 8

1935644

- 1,108E44

Vi 4600
800 1000

Figure 6. The SEM images of the ceramic membranes (A-E) after Origin Software analysis
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Table 1. Porosity of ceramic membranes with varying Al-Fe pillared bentonite/SiC composition

Composition Number of Mean pore Range pore
Membranes | pillared bentonite- ores (n) size (pm) sizg ( pm) Porosity (%) Remarks
SiC (Wt%) P H H

A 100 : 0 182 0.14 0.05-0.30 52.44 Compact bentonite base
structure

B 80:20 156 0.28 0.10-0.60 46.83 Highly open pore structure

C 60 : 40 164 0.22 0.08-0.45 48.49 Intermediate pore structure

D 40: 60 176 0.12 0.06-0.25 50.79 Most compact structure

E 20: 80 148 0.26 0.12-0.55 5106 | OPen pore network dominated

by SiC

F 0:100 } ) ) ) Not measurable due to fragile

structure

suggesting that image-based analysis of open
pore structure is an adequate estimation.

Mechanical strength and microstructure
model

The constituent features of the manufactured
ceramic membranes were determined by porosity
and flexural strength shown in Figure 7. No di-
rect inverse linear correlation between the poros-
ity and mechanical strength was seen in general.
While increased pore volume commonly corre-
lates with decreased strength in porous ceramics,
the present data show that the structural arrange-
ment of pores had a stronger influence than total
porosity percentage alone.

Figure 7 shows at 50.79% porosity, mem-
brane D has the highest flexural strength (28.6
MPa), indicating that its denser microstructure
with a smaller average pore size would improve
stress transfer and crack propagation resistance.
Unlike the decreased porosity at membrane A cor-
responded with a increase in measurable strength
(37.4 MPa), the actual strength however of mem-
brane B was lowest amongst all three membranes

(17.1 MPa) and also demonstrated no beneficial
relationship between porosity (46.83%) nor pore
size (86 um) as open network structures with
larger pores are far more damaging than mea-
sured stampable porosity alone (Rakcho et al.,
2024; Yang et al., 2022). Membranes A and C ex-
hibited intermediate performance between these,
while membrane E showed low strength because
of the high connectivity of open pores dominated
by SiC. These results support increased efforts
on controlling pore uniformity, pore connectivity
and interparticle consolidation during sintering,
in addition to just optimizing the overall poros-
ity for ceramic membrane mechanics (Fu et al.,
2024; Liang et al., 2024; Zhang et al., 2025).

The proposed microstructure evolution trend
of Al-Fe pillared bentonite/SiC ceramic mem-
branes based on composition ratio is shown in
Figure 8. The schematic model to relate the po-
rosity, pore size distribution and mechanical
strength data yielding structural understanding of
how the bentonite matrix and SiC filler collabora-
tively dictated membrane structure.

Figure 8 shows the distinct membrane per-
formance being governed by a coupled approach

Table 2. Validation using Archimedes of open porosity of the samples, compared with porosity results generated

by SEM-ImageJ-OriginPro

Membrane AF(\F,’V'E;ZS;C Wd(g) | Ws(g) | Wsub(g) Origii’:’g'&fﬁ;ﬂ& ) Arcp“;?;‘;ﬁjs(;‘)’e” Difference (%)
A 100:0 8120 | 12250 | 4.350 52.44 52.28 0.16
B 80:20 8350 | 12020 | 4.150 46.83 46.63 0.20
c 60:40 8480 | 12200 | 4430 48.49 48.47 0.02
D 40:60 8620 | 12590 | 4.780 50.79 50.83 0.04
E 20:80 8750 | 12730 | 4.920 51.06 50.96 0.10
Not
e | || - | e
structure
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Figure 7. Relationship between porosity and mechanical strength of Al-Fe pillared bentonite/SiC
ceramic membrane

to matrix continuity and rigid particle reinforce-
ment. An insufficient reinforcement was pro-
duced at low SiC content whereas high SiC inclu-
sion disrupted the cohesion of the matrix. Mem-
brane D (40:60) showed the best composition
through effective synergistic interaction of Al-Fe
pillared bentonite and SiC, improving the micro-
structure leading to dense microstructures with
fine pores providing higher mechanical stability
(Fu et al., 2024; Hotza et al., 2020; Onyenanu

and Nwabanne, 2025). This structural model fol-
lows previous workload similarities to the model
porosity and strength results, who confirmed that
pore morphology and particle packing played a
greater role in the performance of such ceramic
membranes than total porosity alone.

These results are especially important for
membrane material development in filtration
and wastewater treatment applications, where
high permeability must be counterbalanced with
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Figure 8. Schematic microstructure model of Al-Fe pillared bentonite/SiC ceramic membranes (A-F)
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appropriate mechanical robustness. Hence, con-
trolling both phase composition and microstruc-
tural packing is a pivotal route for the production
of durable low-cost ceramic membranes from
clay-based raw materials.

Permeat flux performance

The evolution of permeate flux for the ceram-
ic membranes A—E constructed by a variety of
proportions of Al-Fe pillared bentonite (AFPB)
and SiC was compared as illustrated in Figure 8.

Figure 9 shows in all cases, membranes pre-
sented the typical sharp drop in flux during the
first minutes of filtration (10-20 min), and then
a slower decrease and stabilization after 30 min-
utes related to initial pore blocking by flocs and
the boundary region period as new retention
mechanisms seemed to have effective. Porous
ceramic membranes frequently experience this
form of fouling which is due to fast deposition of
suspsended particles and solutes on the surface
and inter-pore walls in the early stages of filtra-
tion (Cai et al., 2023; Xie et al., 2025).

At the start of filtration (10 min), membrane
A containing 100 wt% AFPB displayed an initial
flux of 1256 L/m2h which indicates a relatively
open pore structure at a macroscopic scale. This
membrane, however, still received the most se-
vere flux reduction going down to 420 L/m*.h at
20 min and even lower to only 16 L/m*.h after an
hour. The significant reduction of flux is indicative
of severe pore blocking and cake layer formation
that are presumably due to relatively smaller pore

size distribution and higher fouling susceptibility
compared to SiC based membranes (Jang et al.,
2024; Sheng et al., 2025; Yan et al., 2025).

By comparison, the SiC-containing mem-
branes (B—E) had lower initial fluxes than mem-
brane A, but they showed better long-term sta-
bility. After 10 minutes, the starting flux was in
the range of 796-866 L/m2.h being a bit lower
for membranes B-E, which suggested that the
incorporation of SiC reduced slightly but not
considerably the initial permeability caused by
modification in pore structure and tortuosity (Ke
et al., 2025). However, these membranes exhib-
ited higher flux stability over time, in comparison
with membrane A, indicating that SiC also con-
ferred resistances to fouling resistance and physi-
cal strength (better anti-fouling property and
structural stability) (Chen et al., 2022; Shi et al.,
2023; Yan et al., 2025).

The sample D (40:60 AFPB/SiC) of the SiC-
modified membranes demonstrated a relatively
higher flux at 20 min (168 L/m?.h) than that of
membrane B, C, and E. This could be ascribed to
its uniform but smaller pore size, which will help
in achieving an optimal system between perme-
ability and fouling resistance (Das et al., 2021).
But after 30 min its flux stabilized to the other
ones so that long term operation would be sim-
ply limited by surface fouling and not intrinsic
membrane permeability (Liu et al., 2024; Ony-
enanu and Nwabanne, 2025). The equivalence in
steady-state flux between the membranes (2329
L/m?2.h after 60 min) B, D and E verifies that SiC
addition may bring some similar resistance from
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Figure 9. Variation of permeate flux with filtration time for ceramic membrane A—E
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fouling while a stable cake layer formed (Wang
et al., 2024; Zhu et al., 2022).

Although membrane A’s porosity is higher, it
fouled heavily because of its smaller pores and
less stable structure. In contrast, membranes with
SiC loadings of 20-80 wt% featured increased
flux stability, which has been attributed to a tight
SiC network that prevents collapsing of the pore
and restricted movement of foulants causing ir-
reversible fouling. This result is in line with pre-
vious reports indicating that ceramic additives
like SiC can improve mechanical strength and re-
duce pore-crushing deformation during the filter
operation (Fu et al., 2025).

In general the long-term performance of pure
AFPB is lower than that of SiC-modified mem-
branes, despite having higher initial flux. Mem-
branes B (80:20) and E (20:80) demonstrate the
most favorable tradeoff between initial flux and flux
sustainability in the studied compositions and can
be seen as suitable hopefuls for applicable opera-
tions requiring consistent separation performance.

Time-dependent rejection behavior

Figure 10 reveals the time-dependent rejec-
tion performance of ceramic membranes A—E via
UV-Vis spectrophotometric analysis at an initial
feed absorbance (Ao) of 1.656. All membranes
showed high rejection factors during the entire
filtration process (>83% Rejection), demonstrat-
ing good performance in separation. Nonetheless,
rejection was found to decrease with time and
upon modification of the membrane composition,
indicating variations in pore size, fouling kinetic
or surface—solute character.

Rejection efficiency at each filtration time
was calculated directly from the measured UV—
Vis absorbance of the feed and permeate solu-
tions according to :

R(%) = [(A,—A)A,] x 100 (7)

A, being initial feed absorbance (1.656) and
A was permeate absorbance at a given filtration
time, multiple determinations were obtained for
all filtraion times to support the validity of rejec-
tion values.

The plotted rejection values were not hypo-
thetical trends but actual absorbance data from
the experiments. At the beginning of fouling (10
min), membrane A achieved a high level of re-
jection (93.96%), which can be attributed to its
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smaller average pore size (0.14 um) and much
denser microstructure thus enabling beneficial
size exclusion mechanisms. In this case, low
pore accessibility due to the clogging of the pores
brings solute impedimen, which results in a com-
mon high rejection at such membranes with fine-
pore clay-based structure (Malebadi et al., 2025).
The rejection however was reduced from 71.3 to
just 68.8% in the first half an hour indicating that
fundamental pore wetting and main fouling layer
formation has commenced but not completed up
to 30 min (Al-Alawy et al., 2019; Cai et al., 2023).
SiC-containing membranes (B—E) showed a
more stable rejection profile over time than mem-
brane A. In particular, the increase of the B mod-
ule was gradual and reached maximum 90.20% at
50 min, stabilising at 90.34% until 60 min. This
phenomenon may imply the formation of a stable
cake layer or secondary membrane on the surface,
which enhanced the solute removal efficiency in
long-time filtration, which is often mentioned in
ceramic membrane systems (Lagdali et al., 2026).
SiC might also contribute to mechanical stabiliza-
tion and the retention of pore structure under hydro-
dynamic stress (Shi et al., 2023; Yan et al., 2025).
Relatively stable rejection values (86—87%)
of membranes C and D at all time points implied
consistent pore connectivity and anti-fouling
ability. Their results imply that the rejection is
governed by pore topology rather than just by
size. Solute transport through membranes is con-
trolled by both pore geometry and tortuosity as
per the theory of porous media (Onyenanu and
Nwabanne, 2025). The lower but steady rejection
of C and D suggests a trade-off between perme-
ability and selectivity, which is reasonably useful
in the actual filtration process.
Membrane E had good rejection during first
40 min (87-88%) followed by significant drop to
83.15% at 60 min. This decrease might be due
not just to possible loss of structural integrity but
also to the partial pore-enlargement leading, for
instance, to less bulk separation. Comparable re-
ductions in rejection as function of time for high
porous ceramic membranes at long hydraulic
loading times have been observed elsewhere (Ab-
dulhameed et al., 2023; do Carmo et al., 2024).
Over all, the obtained results of the time-de-
pendent rejection have to be interpreted joining
these supporting raw UV—Vis spectra absorbance
calculation table and repeated measurements that
information on value of rejection was based on
experimental filtration test.
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Figure 10. Time-dependent rejection efficiency of ceramic membranes A—E calculated from
spectrophotometric absorbance data (A= 1.656)

CONCLUSIONS

Ultraporous Al-Fe pillared bentonite—SiC
ceramic membranes can be produced having
adjustable structural and mechanical attributes
with high filtration properties. It proves that the
stable mechanically dual adsorptive-filtration
membrane aimed to be developed was successful
under the low-temperature sintering condition
used. Synergistic effects were observed due to
the relationship between Al-Fe pillared benton-
ite and SiC, as the clay led to pore formation and
conferring adsorbent functionality, while SiC re-
inforced framework stability in addition to anti-
fouling resistance.

Microstructural analysis corroborated that
membrane morphology changed substantially as
a function of composition, from native clay-rich
structures which were originally highly porous
but lacked a strong mechanical response to tight-
ly packed and brittle SiC-rich systems. Porosity
and pore size of the membranes were previously
reported to have open porosity values of 46.83—
52.44% with mean pore sizes of 0.12—0.28 pm,
hence asserting that the pore system can be ad-
justed by altering the AFPB/SiC ratio. Midpoint
mixtures in the composition of laboratory syn-
thesis, especially when they contained balanced
contents of pillared bentonite and SiC, had bicon-
tinuous porous networks that gave greater pore
uniformity and better connected porosity. Such
a structural configuration led to an appropriate

compromise between permeability and mechani-
cal resistance, suggesting that pore structure and
phase distribution are more determining factors
than total porosity solely.

The results of performance assessment testi-
fied that pure pillared bentonite membranes show-
cased a high initial flux but quickly deteriorated
due to extreme fouling, whereas SiC-modified
membranes exhibited stable flux as well as resis-
tance against pore blockage. Of the various mem-
branes tested, the flexural strength of the 40:60
Al-Fe pillared bentonite/SiC membrane was
found to be highest (28.6 MPa), suggesting that
this composition provides significant reinforce-
ment. Among the studied compositions, moder-
ate amounts of SiC in the membranes yielded the
most stable membrane permeation behavior, as
determined by flux during long-term filtration. In
parallel, whilst all membranes achieved high dye
rejection, with values remaining above 83%, SiC-
containing composites showed increased stability
in their rejection profile which is attributable to an
improved structural integrity and controlled pore
topology during operation.

In general, the results validate the implemen-
tation of an adsorption-filtration dual-function-
ality in Al-Fe pillared bentonite matrices with
controllable SiC incorporation. The research
bridges the knowledge gap of how Al-Fe pil-
lared bentonite combined to SiC regulates pore
evolution, mechanical reinforcement, flux stabil-
ity and dye rejection in one composite ceramic
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membrane system. The resulted composite mem-
branes exhibit excellent permeability, selectivity
and mechanical durability, showing feasibility as
low-cost and environmental friendly materials for
dye-contaminated wastewater. Nonetheless, the
100% SiC membrane was too brittle for repro-
ducible assessment showing that SiC in isolation
is not adequate without a clay-based binding ma-
trix at 800 °C and further studies will be needed
to include long-term recyclability data, industri-
ally relevant textile wastewater tests, fouling re-
sistance characterisation and additional surface
analysis studies.
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