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ABSTRACT 

Large volumes of wastewater are released into the environment without proper treatment. Water pollution is linked to over 80% 

of diseases and deaths each year. Contamination by heavy metal ions arises from both natural sources and human activities. 
Among these, hexavalent chromium (Cr(VI)) is one of the most toxic metals, causing severe toxicity and bioaccumulation. The 
development of effective water treatment technologies is therefore critical to mitigate these harmful effects. Membrane filtration 
has emerged as a promising approach due to its simplicity, cost-effectiveness, and high efficiency. In this study, green tubular 
ceramic membranes (GTCMs) were fabricated from Libyan kaolin clay (LKC), natural sand, and barley husk (BH) for the removal 
of Cr(VI). The optimized membrane (C77 S20 BH3 -T950 ) was characterized by Fourier transform infrared spectroscopy, atomic 
force microscopy (AFM), and scanning electron microscopy (SEM). Membrane performance was investigated by determining 
membrane permeability and chromium retention rate. This membrane exhibited an average pore size of 56.4 nm, a porosity of 
34.28%, and a high water permeability of approximately ∼ 476 L.h− 1 .m− 2 .bar− 1 . The membrane’s performance for Cr(VI) removal 
was evaluated, achieving a maximum removal efficiency of 87.24% at an initial concentration of 2.5 ppm and pH 2, highlighting 
its strong potential for heavy metal ion removal from aqueous solutions. 
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 Introduction 

embrane separation has emerged as a prominent technique
or water purification due to its straightforward design, compact
ize, absence of chemical additives, low energy requirements, and
igh efficiency [ 1–4 ]. Among the different types of membranes,
eramic membranes have shown exceptional performance in
emoving heavy metals such as Pb(II), Cu(II), and Ni(II) [ 5, 6 ].
his is an open access article under the terms of the Creative Commons Attribution-NonC
rovided the original work is properly cited, the use is non-commercial and no modificat
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hemistrySelect , 2026; 11:e07007 
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Consequently, the application of membrane technologies for the
removal of heavy metals has expanded significantly in recent
years [ 1, 2, 5–9 ]. 

Water pollution caused by heavy metal ions, originating from
both natural sources and human activities, is highly hazardous
and accounts for over 80% of waterborne diseases and related
deaths [ 9–12 ]. Among these metals, hexavalent chromium ions
ommercial-NoDerivs License, which permits use and distribution in any medium, 
ions or adaptations are made. 
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Cr(VI)) are particularly toxic, posing serious threats to human
ealth, including carcinogenic effects and damage to the eyes,
kin, kidneys, and liver, due to their high toxicity and potential
or bioaccumulation [ 2, 7 ]. Cr(VI) ions can be released through
arious industrial processes, including mining, metal and alloy
roduction, electroplating, dye manufacturing, plastics, paints,
aper production, battery industries, as well as hospital and
unicipal effluents [ 8, 12 ]. 

ccording to the World Health Organization (WHO), the max-
mum allowable concentration of total chromium in drinking
ater is 0.05 mg/L [ 9, 13 ]. For hexavalent chromium specifically,
ome global guidelines recommend a stricter limit of 0.05 mg.L− 1

ue to its significant environmental issues and carcinogenic
otential [ 12, 14 ]. In Tunisia, national standards for wastewater
ischarge (NT 106.002) permit a maximum chromium concen-
ration of 0.5 mg.L− 1 before discharge into the environment [ 15 ].
lthough chromium naturally occurs as the less toxic Cr(III)
ons, industrial processes can oxidize it to the far more hazardous
r(VI) form. Cr(VI) is approximately 100 times more toxic than
r(III) due to its high solubility, mobility, and reactivity [ 9, 10 ].
ndustrial effluents frequently contain chromium concentrations
anging from 0.5 to 270 mg.L− 1 , significantly exceeding the WHO
uideline for potable water [ 11, 12 ]. 

his considerable discrepancy has driven extensive research
nto the development of selective membranes for chromium
on removal. In particular, ceramic membranes derived from
etal oxides and natural inorganic materials, such as clay, have
hown great promise. These membranes enable ultrafiltration
UF) systems to selectively remove heavy metals due to their
nique properties, including tunable pore size and structure,
igh porosity and adsorption capacity, ease of functionalization
nd integration into base materials, controllable hydrophilicity,
hemical and thermal stability, and reusability [ 2, 8, 9 ]. 

eramic membranes have gained increasing attention in separa-
ion processes owing to their outstanding features such as thermal
tability, chemical resistance, high mechanical strength, ease of
leaning, and long operational lifespan [ 3, 16 ]. Nevertheless, their
arge-scale application remains constrained by high production
osts, mainly arising from the use of expensive raw materials
uch as alumina (Al2 O3 ), zirconia (ZrO2 ), and titania (TiO2 ) and
he energy-demanding sintering process, typically conducted at
300◦C–1500◦C [ 17, 18 ]. Consequently, current research efforts
re directed toward developing cost-effective ceramic membranes
rom alternative raw materials, sintered at lower temperatures
 < 1000◦C) [ 9, 19 ]. 

aturally abundant clays, including kaolin, bentonite, and mont-
orillonite, have been widely explored as cost-effective raw
aterials [ 4, 19 ]. Among them, kaolin clay is particularly valued
or its excellent hydrophilicity and mechanical strength. How-
ver, a major challenge in clay-based membranes is the significant
hrinkage that occurs during sintering, which can reduce the
ermeate flux [ 20 ]. To address this issue and improve porosity,
arious affordable pore-forming agents have been incorporated
nto the membrane matrix. Agricultural residues such as rice
usks, coconut husks, and cow bones have been shown to be
ighly effective for this application [ 8, 16–24 ]. In particular, grain
usks have been found to produce distinctive microstructures,
of 17
resulting in high permeability and superior separation perfor-
mance [ 24 ]. While ceramic membranes have been successfully
manufactured using clays from Tunisia [ 1, 9, 17, 25–27 ], Algeria
[ 7, 28 ], and Morocco [ 4, 29–31 ] to the best of our knowledge, the
potential of Libyan kaolin clay (LKC) for this purpose has yet to
be thoroughly investigated as no prior reports exist on its use for
ceramic membrane fabrication in water treatment applications. 

Nanofiltration (NF) is widely used for the removal of salts and
heavy metals; however, it is often considered energy-intensive,
and NF membranes typically exhibit low water permeability [ 32–
35 ]. As a result, extensive research has focused on modifying
UF membranes through coating, grafting, blending, and other
approaches to develop functionalized UF membranes capable of
removing dissolved pollutants [ 9, 35, 36 ]. For example, adsorptive
membranes, which combine high permeability with a strong
capacity for heavy-metal ion removal, are gaining increasing
attention [ 37, 38 ]. These membranes can operate at low pressure,
offering a promising alternative that avoids the need for heavy
infrastructure associated with high-pressure processes such as
reverse osmosis and NF. 

This study introduces a novel strategy for developing green
tubular ceramic membranes (GTCMs) utilizing low-cost LKC
and barley husk (BH) as a bio-based pore-forming additive,
applied here for the first time. The originality of this work lies
in optimizing the physicochemical properties of these locally
sourced clay-derived membranes to achieve effective removal
of Cr(VI). The proposed approach aims to combine economic
feasibility, environmental sustainability, and enhanced selectiv-
ity. A thorough assessment is conducted covering membrane
fabrication, structural characterization, and the performance of
the GTCMs in treating aqueous solutions contaminated with
Cr(VI). 

2 Experimental Procedure 

2.1 Raw Materials 

LKC (LKC, particle size ≈ 100 µm) and BHs (particle size ≈ 350 µm)
were collected from Zliten, northern Libya. The LKC was used
unprocessed, without leaching or purification. While the clay
contains minor amounts of other metal oxides (Fe2 O3 , CaO, and
MgO), these impurities were intentionally retained: they serve
as fluxing agents to lower the sintering temperature and provide
additional surface functional groups that may assist heavy metal
adsorption. This approach aligns directly with the study’s goal of
producing a low-cost, green, and sustainable ceramic membrane.
Natural silica sand powder (particle size ≈ 100 µm) was sourced
from Gharyan, Libya. Potassium dichromate (K2 Cr2 O7 ), sodium
hydroxide (NaOH), and sulfuric acid (H2 SO4 ) were obtained from
Merck Chemical (Germany), all of analytical grade. Distilled
water (pH 7.4, electrical conductivity 0.8 µS/cm) was used for the
preparation of all solutions. 

2.2 Fabrication of Green Ceramic Membranes 

The GTCMs based on LKC were fabricated through sequen-
tial steps including batching, mixing, extrusion, drying, and
ChemistrySelect, 2026
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FIGURE 1 Preparation steps of the GTCMs by the extrusion method. 

TABLE 1 The abbreviations and compositions of the GTCMs. 

Membrane code 

Content (wt%) 
Libyan kaolin Clay (C) Natural Sand (S) Barley Husk (BH) 

C80 S20 BH0 -TN 80 20 00 
C77 S20 BH3 -TN 77 20 03 

Note: The subscripted letter “N” represents the sintering temperatures of 150 ◦C, 800 ◦C, 850 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C, and 1050◦C. 
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intering, as illustrated in Figure 1 . In the first stage, a clay-
ased paste was prepared by blending LKC, natural sand, and
H using a mechanical mixer at room temperature, with the
radual addition of 20 mL of distilled water. Natural sand was
ncorporated to enhance the mechanical strength and thermal
tability of the ceramic membranes [ 39, 40 ], while BH served
s a bio-based pore-forming agent. The selection of the specific
ompositions presented in Table 1 was guided by preliminary
ptimization experiments and established principles in low-cost
eramic membrane fabrication. The base ratio of 80 wt% LKC
o 20 wt% natural sand was chosen because the clay content
nsures sufficient plasticity for extrusion and provides the alumi-
osilicate phase necessary for mechanical strength and surface
unctionality, while the 20 wt% sand acts as an inert filler to
educe shrinkage during sintering and improve thermal stability
 17, 39, 40 ]. The 3 wt% BH content was determined through
n independent optimization study (data not shown) in which
H was varied from 0 to 10 wt%. It was found that 3 wt% BH
ffered the optimal balance: increasing porosity and permeability
ithout excessively compromising mechanical integrity. Higher
H contents ( ≥ 5 wt%) led to excessive porosity ( > 45%) and a
ignificant drop in mechanical strength (below 15 MPa), mak-
ng the membranes unsuitable for practical crossflow filtration
pplications. This trend is consistent with literature reports on
gricultural waste-derived pore-forming agents [ 21, 29, 41 ]. After
0 min of continuous mixing, a thick and homogeneous paste was
btained, which was then transferred to a plastic plate and aged
or 24 h [ 10, 17 ]. 

n the second stage, the aged paste was molded into rectangular-
lat and tubular membrane modules using a manual hydraulic
hemistrySelect, 2026

e

press [ 42 ]. The rectangular membranes (4.5 cm × 2 cm × 0.5 cm)
were prepared for mechanical and contact angle characterization,
while tubular membranes (16 cm in length, with inner and outer
diameters of 0.5 cm and 1 cm, respectively) were fabricated for
further testing. 

Finally, the dried membranes were sintered at different temper-
atures: 800 ◦C, 850 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C, and 1050◦C. The
produced ceramic tubular membranes were marked as CX SY BHZ -
N , where X represents the content of added LKC (C), Y represents
the availability composition of natural sand (S), and Z refers to
the wt% of BH in the membrane. The letter N represents the
thermal treatment temperature ( T ) of the dried membrane (in
◦C). The abbreviations and contents of the starting materials in
the fabricated GTCMs are summarized in Table 1 . 

2.3 Characterizations 

The composition of the LKC and natural sand powders was
investigated. Elemental analysis of the clay was performed using
an ARL PERFORM’X X-Ray Fluorescence (XRF) spectrometer
(Thermo Fisher Scientific) at the laboratory of Elmergib Cement
Factory, Al-Khoms, Libya. 

The crystallinity of both the kaolin powder and the C77 S20 BH3 -T950 
membrane was examined using a powder x-ray diffractometer
(PANalytical, The Netherlands, Model: PW3040/60 X’pert PRO)
equipped with a 3 kW Cu x-ray tube. Measurements were
conducted using Cu K α radiation ( λ = 1.5406 Å) over a 2 θ range
of 5◦ to 90◦, with a scanning rate of 1◦ per min. 
3 of 17
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FIGURE 2 Schematic diagram of the used membrane unit. 
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canning electron microscope (SEM) technique was employed to
tudy the morphology of the optimized membrane. SEM images
f the derived membranes were obtained using a model, jsm 5610
V Acce .volt, from 5 to 30 kV. 

he surface wettability of the produced GTCMs was assessed
sing static contact angle measurements with a Ramé–Hart
nstrument Co. model 200-F4 goniometer. A 3 µL droplet of
ure water was deposited onto the membrane surface using a
yringe equipped with a fine needle. The contact angle of the
essile droplet on the membrane was recorded under ambient
onditions. To ensure reliable results, measurements were taken
t multiple locations across the membrane surface. The reported
ontact angle represents the average of these measurements. 

he topography, height, and roughness of the C77 S20 BH3 -T950
embrane were examined using atomic force microscopy (AFM).
he AFM imaging was performed with an NCLR rectangular-
haped silicon cantilever with a resonant frequency of 130 kHz.
t room temperature. 

he apparent bulk density ( ρb ) of C80 S20 BH0 and C77 S20 BH3
eramic membranes was obtained from the membrane mass and
ts volume as described in Equation ( 1 ) [ 43 ]. 

𝜌𝑏 =
𝑚 

𝑉 

(1)

here m is the membrane mass (g), and V is the membrane
olume (cm). 

he porosity of the GTCMs was determined using the gravimetric
ethod. Each membrane sample was first weighed in its dry state.
he samples were then immersed in distilled water for 24 h and
ubsequently weighed in the wet state after gently wiping the
urface with dry tissue paper. Membrane porosity was calculated
ccording to Equation ( 2b ) [ 3, 44 ]. 

𝜀 % =
( 

𝑚w −𝑚d 

𝜌𝐴ℎ 

) 

× 100 (2a)

𝜀 % =

( 

4 ( 𝑚w −𝑚d ) 

𝜋 ∗ 𝜌
(
𝐷2 
𝑜 − 𝐷2 

𝑖 

)
𝐿 

) 

× 100 (2b)

here ε is the porosity of the membrane (%), mw is the wet mass
f the membrane and md is the dry mass of the membrane (kg), ρ
s the water density (998 kg.m− 3 ), A is the membrane surface area
m2 ), h is the membrane thickness (m), Do and Di are the outer
nd inside diameters of the tubular membrane, respectively, and
 is the membrane length (m). To avoid experimental error, five
alues were taken, averaged, and reported. 

ore size is a critical factor influencing the separation efficiency of
embranes. Accordingly, the mean pore diameter of the prepared
eramic membranes was estimated using Equation ( 3 ) [ 3, 4 ]. 

𝑑𝑝 = 2

( 

8 𝜇ℎ𝐿𝑝 

𝜀 

) 0 . 5 

(3)
of 17

e

where dp is the mean pore diameter (m), ε is the membrane
porosity, μ is the water viscosity (8.9 × 10− 4 Pa.s), h is the
membrane thickness (m), and Lp is the permeability (m3 .s− 1 .
m− 2 .Pa− 1 ). 

The shrinkage of GTCMs was determined according to the change
in the membrane diameter before and after the sintering process.
The shrinkage % was determined as given in Equation ( 4 ) [ 45 ]. 

𝑆 ℎ𝑟𝑖 𝑛𝑘𝑎𝑔𝑒 % =
( 

𝐷𝑜 − 𝐷 

𝐷𝑜 

) 

× 100 (4)

where Do and D are the initial membrane diameter and its
diameters after thermal treatment (mm), respectively. 

The effect of sintering temperatures on the mechanical strength of
the C77 S20 BH3 -T950 was also evaluated. The mechanical strength
of the ceramic membrane was measured using the three-point
bending strength method using a laboratory-scale apparatus
(Lloyd Instrument, Bognor Regis, UK). A sample with dimen-
sions of 45 mm × 20 mm × 5 mm was set on two supports with
a gap of 30 mm between them. After a force F was applied to the
three-point bending on the sample, the highest breaking force was
recorded in Newton. The experiments were evaluated at various
thermal temperatures to study the effect of sintering temperature
on the strength of the membrane [ 45 ]. The chemical stability of
the GTCMs in acidic and basic media was evaluated. Membrane
samples were immersed in aqueous HCl (pH 1.5) or NaOH (pH
13) solutions for 7 days, and their chemical stability was assessed
based on the resulting weight loss [ 42, 46 ]. The percentage of
weight loss was calculated according to Equation ( 5 ). 

𝑊𝑒𝑖𝑔 ℎ 𝑡 𝑙𝑜𝑠𝑠 % =
( 

Wo − W 

Wo 

) 

× 100 (5)

Where Wo and W are the sample initial weight and the sample
weight after a time interval of soaking in the aqueous solution
(mg), respectively. 

2.4 Measurement of the Membrane Permeability

The water flux and permeability of C80 S20 BH0 and C77 S20 BH3 
were measured using a continuous flow membrane system (see
Figure 2 ) with an effective surface area of 52 cm2 . Membranes
were pre-soaked in distilled water for 24 h to achieve stable
permeate flux, following Bousbih et al. [ 17 ]. Experiments were
conducted at 25◦C under pressures ranging from 0.5 to 3.0 bar.
ChemistrySelect, 2026
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ermeate volume ( Vw ) was collected over a known time inter-
al ( Δt ), and the pure water flux ( Jw ) was calculated using
quation ( 6 ). Water permeability was determined by measuring
he permeate flux at different pressures at room temperature.
he permeability of each membrane was calculated from the
lope of the permeate flux versus pressure plot, as described in
quation ( 7 ) [ 25, 26, 42, 44 ]. 

𝐽𝑤 =
( 

𝑉𝑤 
𝐴 × Δ𝑡 

) 

(6)

𝐽𝑤 = 𝐿𝑝 × Δ𝑃 (7)

here Jw is the permeate flux (L.h− 1 .m− 2 ), A is the membrane
ffective surface area, which was measured using the inner
iameter (m2 ), Vw is the water permeate volume (L), and Δt
s the interval of the permeate time (h). Lp is the membrane
ermeability (L.h− 1 .m− 2 .bar− 1 ), and ΔP is the pressure drop
etween the two sides of the membrane (bar). 

.5 Evaluation of the Ceramic Membranes for 
r(VI) Rejection 

he prepared C77 S20 BH3 -T950 membrane was employed for the
reatment of Cr(VI) contaminated water under various operating
onditions. A stock solution of 1000 ppm K2 Cr2 O7 was first
repared using distilled water and subsequently diluted to 2.5,
, and 10 ppm for the Cr(VI) removal experiments using the
abricated ceramic membranes. Prior to testing, the membrane
as pre-wetted with distilled water to ensure proper evaluation
f Cr(VI) rejection from the aqueous feed solution [ 26 ]. 

n each experiment, 4 L of the K2 Cr2 O7 aqueous solution was
assed through the membrane system at a controlled flow rate
or 4 h. The operating pressure was regulated using an adjustable
alve positioned between the pump and the membrane. During
he process, permeate samples were collected at regular time
ntervals. Cr(VI) concentrations in both the feed and permeate
ere determined using atomic absorption spectroscopy (AAS) [ 1 ].
he Cr(VI) rejection efficiency ( R %) was calculated according to
quation ( 8 ) [ 17, 25, 47 ]. 

𝑅 % =
( 

1 −
𝐶𝑝 

𝐶𝑓 

) 

× 100 (8)

here R % is the rejection efficiency of the Cr(VI), Cf , and Cp are
he feed and permeate concentrations of the Cr(VI) in mg.L− 1 ,
espectively. 

ll experiments were performed in triplicate to ensure the
eproducibility and reliability of the results. The obtained data are
resented as mean values ± standard deviation. 

he membrane regeneration was determined by water rinsing
n the first stage, followed by a chemical treatment with an
lternative circulation of 2% solutions of NaOH at 80◦C and
NO3 at 60◦C for 30 min. Finally, the membrane was rinsed with
istilled water until a neutral pH was checked. The effectiveness
f the cleaning protocol was confirmed by measuring the water
hemistrySelect, 2026
permeability after the cleaning cycle, which must be almost equal
to that of the new membrane. 

The fouling characteristic of the membranes was evaluated by
calculating the flux recovery ratio (FRR) using Equation ( 9 ). 

𝐹𝑅𝑅 =
𝐽𝑊𝐴 

𝐽𝑊 

× 100 (9)

where JW 

is the water flux of the new membrane, and JWA is the
water permeate flux of the membrane measured after rinsing the
used membrane with distilled water. 

3 Results and Discussion 

3.1 Mineralogical Compositions of Used Libyan 

Natural Clay 

The chemical composition of the used LKC was investigated, and
the results are illustrated in Table 2 . The major chemical compo-
nents in the natural LKC are silica (SiO2 : 62.93%) and alumina
(Al2 O3 : 14.44%). In addition, it consists of a lower proportion ( ∼
6.36 wt%) of iron(III) oxide. Therefore, the light brown color of
the sintered membrane was ascribed to the existence of iron (III)
oxide. The change in color of sintered ceramic membranes to
brown color was previously observed [ 26, 48 ]. Furthermore, other
oxides such as calcium, magnesium, potassium, and sulfur oxides
were also present in very low amounts. For the sand, the major
chemical component is silica (SiO2 : 98.25%). These findings are
consistent with the early reported elemental analysis of other clay
types [ 42, 48 ]. 

3.2 Characterizations of the Green Ceramic 
Membranes as Function of BH Incorporation and 

Sintering Temperature 

3.2.1 Shrinkage and Porosity 

The shrinkage in the GTCMs after the sintering process was
evaluated. In Figure 3 , the dashed lines demonstrate the effects
of sintering temperatures on the membranes’ shrinkage during
thermally treating of the membranes at100 ◦C, 500 ◦C, 800 ◦C, 900
◦C, 950 ◦C, 1000 ◦C, and 1050◦C. The results demonstrated that
both the GTCMs have similar shrinkage behaviors. Therefore,
the shrinkage values of the membranes were gradually increased
with an increase in the sintering temperature. The shrinkage
in the C80 S20 BH0 -T950 and C77 S20 BH3 -T950 ceramic membranes
that sintered at a temperature of 950◦C were found to be
6% and 15%, respectively. The decrease in the shrinkage rate
after sintering temperatures higher than ∼ 950◦C was observed,
which is ascribed to the process of densification at temperatures
greater than 950◦C [ 45 ]. In addition, the shrinkage value in the
membrane that contains the BH (C77 S20 BH3 ) was higher than
the BH-free membrane (C80 S20 BH0 ) due to the effect of mem-
brane porosity. These observations are in good agreement with
previously reported studies for ceramic membrane shrinkage [ 19 ].

In addition, the effect of the presence of BH in the GTCMs
membranes’ porosity has been investigated (see Figure 3 ). The
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TABLE 2 The chemical composition of the Libyan kaolin clay and the natural sand. 

Material 

Chemical composition (wt%) 
CaO SiO2 Fe2 O3 K2 O MgO MnO Na2 O P2 O5 SO3 TiO2 Al2 O3 

Libyan kaolin clay 6.41 62.93 6.36 0.72 1.87 0.032 0.036 0.177 1.640 0.810 14.44 
Natural sand — 98.25 0.15 — 0.04 — — — — 0.13 1.16 

FIGURE 3 Effect of sintering temperatures on the GTCMs: (i) The 
porosity (solid line) and (ii) the shrinkage in the membrane volume 
(dashed line). 
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orosity of the GTCMs has been increased after modifying the
lay/natural sand membrane with BH, which is ascribed to the
reation of new pores after pyrolysis of available BH. Based on
he literature, Njuhou et al. [ 41 ] reported that rice husk leads
o an increase in porosity, permeability, and hydraulic diameter
f kaolin-based ceramic membranes due to decomposition of
rganics during membranes’ thermal treatment. Furthermore,
he influence of the sintering temperature of the membrane
orosity has been also studied. The results indicated that the
orosity has an inverse relationship with thermal treatment.
or example, the porosity of C77 S20 BH3 -T950 was decreased from
4.85% to 34.28% with an increase in the sintering temperature
rom 500◦C to 950◦C. Additionally, a linear reduction in the
orosities of the C80 S20 BH0 was observed; however, the drop
n the porosities C77 S20 BH3 has a nonlinear relationship with
intering temperature. The significant reduction in the porosity
f GTCMs after sintering at 950◦C is attributed to the shrinkage
n the membrane volume, which may relate to self-compression
see dashed lines in Figure 3 ). Similar findings were observed
or Rosmarinus officinalis L -modified kaolin ceramic membrane
 29 ]. 

.2.2 Chemical Stability 

igure 4 displays the effect of sintering temperature on the
eight loss of the soaked sintered C80 S20 BH0 and C77 S20 BH3
reen ceramic membranes in HCl and NaOH solutions. The
indings demonstrated that the GTCMs had appropriate weight
oss ( < 1.2%) and high chemical stability in both acidic and
of 17
basic media. Previously, it was reported that clay-based ceramic
membranes showed poor stability in acid solution, which is
ascribed to the presence of dickite and nacrite that are relatively
sensitive to acidic environments [ 42 ]. In the case of C77 S20 BH3 ,
the samples with different sintering temperatures indicate <
0.3% weight loss in basic medium. Therefore, BH reduced the
chemical degradation of the C80 S20 BH0 ceramic membrane.
Consequently, the C77 S20 BH3 membrane demonstrated greater
structural stability than the C80 S20 BH0 membrane, a perfor-
mance that was further improved by lowering the sintering
temperature. Overall, the results confirmed that the GTCMs have
excellent corrosion resistance in both acidic and basic media
[ 20 ]. 

Therefore, according to the shrinkage, porosity, as well as
the chemical resistances of GTCMs membranes, 950◦C can be
considered as the optimal sintering temperature. 

3.3 Characterization of the Green Ceramic 
Membranes as Function of BH Incorporation 

3.3.1 Permeate Flux and Water Permeability of the 
GTCMs Membranes 

Flux and permeability of distilled water are considered important
properties for the development of new membranes [ 17, 49 ].
Figure 5 shows the distilled water flux of resulting ceramic
membranes derived from Libyan clay with and without BH
after being thermally treated at 950◦C (C80 S20 BH0 -T950 and
C77 S20 BH3 -T950 ) at ambient temperature for 100 min. At 3 bar, the
C80 S20 BH0 -T950 and C77 S20 BH3 -T950 ceramic membranes showed
water permeability of ∼ 580.2 and ∼ 1318.7 L.h− 1 .m− 2 , respectively.
In addition, the ceramic membranes demonstrated stable fluxes
after 20 min of filtration, and then a slight decrease was observed
(see Figure 5a ). After 60 min of processing time, the permeate flux
decreased slightly by ∼ 7.51% and ∼ 1.89% for C80 S20 BH0 -T950 and
C77 S20 BH3 -T950 ceramic membranes, respectively. This behavior
of permeate flux of pure water is consistent with previously
reported investigations [ 17, 19, 30, 45 ]. Furthermore, the results
indicated that C77 S20 BH3 -T950 has higher flux than the C80 S20 BH0 -
950 , which is ascribed to the increase in the membrane porosity
due to the addition of BH [ 21, 29, 41 ]. 

On the other hand, applied pressure is considered one of the
important parameters that effects on water fluxes of membrane
systems [ 3, 30 ]. Figure 5b illustrates the relationship between
the permeate flux of distilled water and the applied pres-
sure for C80 S20 BH0 -T950 and C77 S20 BH3 -T950 ceramic membranes.
Both membranes exhibit a similar behavior, with permeate
flux increasing proportionally with applied pressure, a typical
characteristic of membrane fluxes [ 30, 50 ]. High permeate flux
ChemistrySelect, 2026
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FIGURE 4 Variation of weight loss of GTCMs membrane with sintering temperatures in different media: (a) in HCl (pH = 1.5) and (b) in NaOH 

(pH = 13). 

FIGURE 5 Determination of the membrane water permeability performance with both membranes: (a) Permeate flux at a pressure of 3 bar and 
room temperature. (b) Effect of pressure on water permeate flux after 30 min. (c) Determination of the variation of Permeate flux versus transmembrane 
pressure. 
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s essential for achieving efficient water production in various
pplications, including seawater desalination and wastewater
reatment [ 18, 51–53 ]. 

he permeability values of the GTCMs ceramic membranes
ere also evaluated. Figure 5c shows that the permeate flux
as a linear-proportional relationship with the applied pres-
hemistrySelect, 2026
sure for the studied ceramic membranes that were sintered at
950◦C (C80 S20 BH0 -T950 and C77 S20 BH3 -T950 ) [ 20, 24 ]. The results
indicated that the average permeability values of C80 S20 BH0 -
950 and C77 S20 BH3 - T950 membranes were found to be 160.75 and
476.01 L.h− 1 .m− 2 .bar− 1 , respectively. Therefore, the permeability
values of both membranes were in order of Lp, C77 S20 BH3- T950 ≥
Lp, C80 S20 BH0- T950 . 
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TABLE 3 Determination of densities, porosities, and water permeability for the GTCMs after sintering at 950◦C. 

Membrane code 
Density 
(kg.m− 3 ) Porosity (%) Pore size ( µm) 

Permeability 
(L.h− 1 .m− 2 .bar− 1 ) 

C80 S20 BH0 -T950 1804 18.25 4.39 × 10− 2 160.75 
C77 S20 BH3 -T950 1719 34.28 5.64 × 10− 2 476.01 

TABLE 4 Comparative study with properties of other various low-cost natural organic materials-derived clay-based ceramic membranes reported 
in the literature. 

Raw material 
Sintering 
Temp. ( ◦C) 

Pore size 
( µm) 

Porosity 
(%) 

Mechanical 
strength (MPa) 

Permeability 
(L.h− 1 .m− 2 .bar− 1 ) Ref. 

Libyan kaolin clay/sand/BHa 950 0.056 34.28 33.86 ∼ 476 This study 
Tunisian kaolin/sand 900 0.017 44.72 15.14 491 [ 1 ] 
Tunisian kaolin 1000 0.035 26.00 13.00 21.2 [ 17 ] 
Tunisian sand 1100 10.36 40.00 N/Ab N/A [ 27 ] 
Moroccan Kaolin/ ROc 1100 01.05 30.15 57.16 N/A [ 29 ] 
Moroccan red clay/banana 1100 05.50 40.00 19.20 550 [ 31 ] 
Cameroon kaolin/rice husk 1050 02.60 30.0 08.00 675 [ 41 ] 
Silica/rice husk 1200 0.55–2.3 43.1 71.20 N/A [ 54 ] 
Metakaolin-Corn cob ash 1200 03.26 62.03 41.61 N/A [ 56 ] 

a BH: Barley husk. 
b N/A: Not applicable. 
c RO : Rosmarinus officinals . 
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n summary, the water flow through the membrane remained
onstant for 2 h of operation, which encourages the use of the
77 S20 BH3 -T950 ceramic membrane for water separation streams
 42, 50 ]. 

.3.2 Density and Pore Size 

able 3 illustrates the density of the obtained ceramic membranes
t 950◦C. The results indicated that the density of C77 S20 BH3 -T950
embrane was lower than BH-free membrane (C80 S20 BH0 -T950 ).
he densities C80 S20 BH0 -T950 and C77 S20 BH3 -T950 were found to be
804 and 1719 kg.m− 3 , respectively. The reduction in the density of
77 S20 BH3 -T950 is attributed to the increase in porosity due to the
vailability of natural sand and BH. Previously, it was found that
gricultural waste-based materials play a role in improving the
roperties of clay-derived ceramic membranes [ 20, 21, 29, 41, 54,
5 ]. 

he estimated pore sizes of the GTCMs membranes were found
o be 4.39 × 10− 2 and 5.64 × 10− 2 µm for C80 S20 BH0 -T950 and
77 S20 BH3 -T950 , respectively. It is clear that the addition of the
H in the membrane composition increases the pore size. From
able 3 , it was found that the incorporation of the BH improved
he membrane properties so the C77 S20 BH3 -T950 membrane was
elected as the optimized membrane for this study. 

s shown in Table 4 , the C77 S20 BH3 -T950 membrane exhibits per-
ormance comparable to other clay-based membranes reported
n the literature. For instance, a kaolin/rice-husk membrane
of 17

e

with approximately 30% porosity achieved a permeability of 675
L.h− 1 .m− 2 .bar− 1 [ 41 ]. In comparison, the C77 S20 BH3 -T950 mem-
brane, featuring 34.28% porosity, an average pore size of 5.64 ×
10− 2 µm, and a permeability of ∼ 476 L.h− 1 .m− 2 .bar− 1 demonstrates
competitive transport performance. Additionally, it benefits from
significantly higher mechanical strength relative to many other
high-permeability clay-based membranes, highlighting its robust-
ness and application potential. 

3.4 Characterizations of the Optimized 

Membrane (C77 S20 BH3 -T950 ) 

3.4.1 Morphological and Microstructure Analysis 

Figure 6 presents SEM images of the C77 S20 BH3 ceramic mem-
brane before and after the sintering process. Figure 6a shows a
cross-sectional image of the membrane without thermal treat-
ment, revealing a non-porous surface with BH embedded within
the membrane matrix. After sintering, the porosity of the ceramic
membrane is significantly enhanced. Figures 7b and 6c illustrate
the morphology of the C77 S20 BH3 -T950 membrane sintered at
950◦C. SEM analysis indicates that the clay particles on the
membrane surface agglomerated during sintering, resulting in a
rough surface (Figure 6b ). This rough morphology contributes
to the development of a porous structure, improving membrane
permeability [ 57 ]. As shown in Figure 6b , pores are clearly visible
on the membrane surface, and the membrane is free of defects.
Moreover, the distribution of pores across the membrane surface
is heterogeneous, indicating a varied morphology. 
ChemistrySelect, 2026
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FIGURE 6 SEM micrographs of the C77 S20 BH3 ceramic membrane: (a) surface section of C77 S20 BH3 before sintering; (b) surface and (c) cross 
section of C77 S20 BH3 -T950 . 

FIGURE 7 Atomic force micrographs (AFM) of C77 S20 BH3 -T950 ceramic membrane. 
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s shown in Figure 6c , the cross-sectional micrographs reveal
hat the membrane exhibits a porous structure. The effect of
ncorporating BH on the ceramic membrane’s architecture is
learly evident. The SEM image demonstrates the formation of
ores in the C77 S20 BH3 -T950 membrane, which are attributed to
he presence of BH. During pyrolysis, BH transforms from its
rganic state into carbon [ 9, 29, 44, 57 ]. In the sintered C77 S20 BH3
embrane, the black particles observed are likely carbonized
emnants of BH following sintering at 950◦C. Consequently,
he pore size increases due to the thermal decomposition of
he soft segments of BH within the membrane matrix [ 21,
9, 41, 57 ]. As highlighted in Figure 6c , the pores of the
77 S20 BH3 -T950 membrane exhibit variable diameters, predom-
nantly smaller than 50 µm. Moreover, the residual carbon
rom BH pyrolysis may be advantageous, as it can provide
ctive sites for pollutant adsorption during wastewater treatment
 21, 58 ]. Similar observations have been reported when using
hemistrySelect, 2026

e C
r

plant-derived materials as pore-forming agents to enhance the
porosity and permeability of clay-based ceramic membranes
[ 21, 48, 57 ]. 

3.4.2 Analysis of AFM 

The surface topography of the fabricated ceramic membranes
was analyzed using AFM. Based on the AFM data, both the
thickness of the selective layer and the surface roughness of
the produced membranes were determined. Figure 7 presents
the three-dimensional AFM micrographs of the C77 S20 BH3 -T950 
ceramic membranes. Although AFM can only scan a limited area,
the results reveal that the obtained GTCMs possess a relatively
rough surface, which is beneficial for enhancing adhesion.
Consequently, the increased surface roughness of the membranes
enhances their potential for particle capture [ 59 ]. Generally, a
9 of 17
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FIGURE 8 XRD diffractograms of: (a) Libyan kaolin clay and (b) C77 S20 BH3 -T950 membrane. ( : Kaolinite, : Quartz, : Calcite, : Muscovite, 
: Lepidocrocite). 
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FIGURE 9 Mechanical strength of C77 S20 BH3 ceramic membranes 
at different sintering temperatures. 
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igher degree of surface roughness contributes to an enlarged
urface area and improved hydrophilicity of the membrane [ 44 ]. 

.4.3 Analysis of XRD 

he mineralogical analysis of the neat LKC and C77 S20 BH3 -T950
eramic membrane was also evaluated using XRD (see Figure 8 ).
he results indicated that the LKC, used as the starting material
or the ceramic membrane, contained various minerals. This LKC
rimarily consisted of common clay minerals, with kaolin being
he dominant component, as evidenced by multiple peaks in
he x-ray diffractogram at 2 θ = 12.27◦, 19.92◦, and 35.01◦. Minor
mpurities, including quartz (2 θ = 20.86◦, 26.63◦, 42.44◦) and
alcite (2 θ = 29.36◦, 39.49◦, 48.63◦), were also detected in smaller
mounts. Additionally, muscovite was present, showing charac-
eristic peaks at 2 θ = 8.83◦, 19.81◦, and 31.04◦. Lepidocrocite (2 θ =
2.43◦, 26.97◦, 43.25◦) was also observed [ 30 ]. The XRD analysis
f the C77 S20 BH3 -T950 ceramic membrane reveals notable changes
ompared to the raw LKC. The characteristic peaks of kaolinite
2 θ= 12.27◦, 19.92◦, 35.01◦) are no longer detectable after sintering
t 950◦C, indicating the transformation of kaolinite to metakaolin
nd eventually to amorphous or crystalline phases such as
ullite. The quartz peaks (2 θ = 20.86◦, 26.63◦, 42.44◦) remain
rominent after sintering. However, it should be noted that
ithout quantitative phase analysis (e.g., Rietveld refinement or
nternal standard method), we cannot unequivocally conclude an
bsolute increase in quartz content; the relative peak intensities
ay also be influenced by the loss or transformation of other
hases. Regarding calcite (2 θ = 29.36◦, 39.49◦, 48.63◦), its charac-
eristic peaks are no longer clearly distinguishable in the sintered
embrane, suggesting that calcite has largely decomposed (as
xpected at temperatures above 800◦C) or that its remaining
rystalline domains are below the detection limit of XRD. Some
eak broadening in this region may also indicate partial overlap
ith other phases [ 4 ]. Comparable structural changes have been
bserved in other clay-based ceramic membranes [ 4, 30 ]. 

.4.4 Mechanical Properties of the Membranes 

he effect of sintering temperature on the mechanical strength
f the fabricated ceramic membrane (C77 S20 BH3 ) was further
0 of 17
investigated (Figure 9 ). The results indicated that the sinter-
ing temperature has a significant influence on the membrane
strength. For C77 S20 BH3 ceramic membrane, the mechanical
strength values were increased from 12.16 to 20.24 MPa with
an increase in the sintering temperature from 800◦C to 900◦C.
The increase in the membrane strength is attributed to the raise
of grain growth process that led to a membrane densification
[ 26, 42 ]. The highest mechanical strength value of 33.86 MPa
was achieved for the optimized C77 S20 BH3 membrane sintered at
950◦C. When the temperature was further increased to 1000◦C–
1050◦C, the mechanical strength slightly decreased to 31.52
and 28.90 MPa, respectively. This decline is attributed to over-
sintering effects, including excessive grain coarsening and the
formation of micro-cracks due to differential thermal expansion
between different mineral phases [ 60 ]. The rise in the sintering
temperature can result in more densely packed ceramic particle
grain achieved, which can lower the membrane porosity and
enhance the membrane strength. However, beyond 950◦C, the
negative effects of over-sintering outweigh the benefits of further
densification. A similar observation was reported for ceramic
membranes that sintered at 950◦C give the highest mechanical
strength [ 42, 45 ]. Although sintering at 1000◦C still yields rela-
ChemistrySelect, 2026
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FIGURE 10 Rejection efficiency values of Cr(VI) using theC77 S20 BH3 ceramic membranes: (a, b) Effect the processing time (pH 8 and initial 
concentration of 5 ppm). (c) Effect of the initial concentration (pH = 8). (d) Effect of the operating temperature (pH = 8 and initial concentration of 
2.5 ppm). 
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ively high mechanical strength (31.52 MPa), the corresponding
ecrease in porosity and increase in shrinkage lead to lower water
ermeability, confirming 950◦C as the optimal sintering temper-
ture. Furthermore, the results demonstrated that C77 S20 BH3 -T950
embrane has excellent mechanical strength. Consequently, this
ptimized membrane is recommended to be used in practical
pplications. 

.5 Chromium Rejection Study 

he C77 S20 BH3 -T950 ceramic membrane was evaluated for Cr(VI)
emoval from water. As shown in Figure 10a , the Cr(VI) removal
rom aqueous solutions. Cr(VI) was selected as a model heavy
etal contaminant due to its high toxicity, mobility, and preva-
ence in industrial effluents. The removal mechanism involves
 combination of electrostatic adsorption, size exclusion, and
urface complexation, given the membrane’s porous structure
mean pore size ∼ 56 nm) and the presence of surface functional
roups (Si–OH, Al–OH, Fe–OH) derived from clay minerals [ 35,
1 ]. As shown in Figure 10a , the Cr(VI) removal efficiency was
onitored over time at an initial concentration of 5 ppm, pH
, and room temperature. The membrane achieved a maximum
emoval efficiency of 52.64%, with only a slight decrease to 48.73%
fter 4 h, indicating good operational stability. 

 comparative analysis of the C77 S20 BH3 -T950 membrane with
ther low-cost clay-based ceramic membranes reported in the
iterature is presented in Table 5 . The results show that our
embrane exhibits a competitive Cr(VI) rejection of 87.2% while
aintaining a high water permeability of ∼ 476 L.h− 1 .m− 2 .bar− 1 .
or instance, a Tunisian kaolin membrane achieved a com-
arable rejection ( ∼ 85%) but with a much lower permeabil-
hemistrySelect, 2026
ity (21.2 L.h− 1 .m− 2 .bar− 1 ) [ 17 ]. A Moroccan clay/banana peel
membrane showed higher permeability (550 L.h− 1 .m− 2 .bar− 1 )
but lower Cr(VI) rejection ( ∼ 70%) [ 31 ]. Although a rice husk
ash/kaolin hollow fiber membrane exhibited higher permeability
(675 L.h− 1 .m− 2 .bar− 1 ), its rejection was slightly lower (82%), and
it required a higher sintering temperature (1100◦C) [ 21 ]. Thus,
the GTCM developed in this study offers an excellent trade-off
between flux, selectivity, and energy cost, making it a promising
candidate for sustainable wastewater treatment. 

3.5.1 Effect of Initial Concentration 

Figure 10b presents the effect of initial Cr(VI) concentration
on rejection performance. Maximum rejection rates of 70.08%,
52.64%, and 44.40% were observed for initial concentrations of
2.5, 5, and 10 ppm, respectively. The inverse relationship between
initial concentration and rejection efficiency can be explained
by the limited availability of surface adsorption sites on the
membrane. At higher concentrations, the fixed number of active
sites becomes saturated more rapidly, and the increased concen-
tration gradient across the membrane drives a higher diffusive
flux of Cr(VI) species through the porous structure. Addi-
tionally, the electrostatic repulsion between adsorbed anionic
Cr(VI) species and incoming ions becomes more pronounced at
higher surface loadings, further reducing net rejection. These
trends are consistent with previous reports on clay-based mem-
branes for heavy metal removal [ 4, 8, 62 ]. Notably, after 4 h
of operation, rejection efficiency decreased only slightly (by
approximately 1.48%–2.98%) across all concentrations, demon-
strating that the membrane maintains stable performance over
time without significant fouling or saturation under these
conditions. 
11 of 17
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TABLE 5 Comparative study of low-cost clay-based ceramic membranes for Cr(VI) removal. 

Raw material 
Sintering 
Temp. (◦C) 

Pore size 
( µm) 

Porosity 
(%) 

Permeability 
(L.h− 1 .m− 2 .bar− 1 ) 

Cr(VI) 
Rejection 

(%) Ref. 

Libyan kaolin/sand/BHa 950 0.056 34.3 476 87.2 This study 
Tunisian kaolin 1000 0.035 26.0 21.2 ∼ 85 [ 17 ] 
Rice husk ash/kaolin (HF)b 1100 0.045 38.0 675 82 [ 21 ] 
Moroccan red clay/BPc 1100 5.500 40.0 550 ∼ 70 [ 31 ] 

a BH: Barely husk. 
b BP: banana peel. 
c HF: Hollow fiber. 
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.5.2 Effect of pH 

he influence of initial solution pH on Cr(VI) removal was
xamined over a range of pH 2.0 to 10.0 (Figure 10c ). Cr(VI)
ejection was strongly pH-dependent, increasing significantly
nder acidic conditions: from 58.62% at pH 8 to 84.14% at pH
, and reaching a maximum of 87.24% at pH 2. This behavior is
overned by two interrelated chemical factors: (i) the speciation
f Cr(VI) in aqueous solution, and (ii) the surface charge of the
eramic membrane. 

(i) Speciation of Cr(VI): In aqueous solutions, Cr(VI) exists
in different anionic forms depending on pH. At pH > 6,
the dominant species is chromate (CrO4 

2 − ). In the pH
range 2–6, the predominant species is hydrogen chromate
(HCrO4 

− ), while at pH < 2, dichromate (Cr2 O7 
2 − ) and

neutral chromic acid (H2 CrO4 ) may form. The degree of
protonation influences both the charge density and the
affinity for adsorption sites. 

(ii) Membrane surface charge: The surface of the C77 S20 BH3 -
T950 membrane contains abundant hydroxyl groups (–OH)
bonded to silicon (Si–OH), aluminum (Al–OH), and iron
(Fe–OH) atoms, derived from kaolin clay and sand. The
protonation state of these groups is pH-dependent: under
acidic conditions (low pH), the surface hydroxyl groups
become protonated, creating a positively charged membrane
surface, whereas under basic conditions (high pH), depro-
tonation occurs, resulting in a negatively charged surface
[ 9 ]. 

ince Cr(VI) exists as anionic species (HCrO4 
− , CrO4 

2 − , and
r2 O7 

2 − ) under most environmental conditions, the positively
harged surface at low pH strongly attracts these anions via
lectrostatic interactions, promoting adsorption and subsequent
ejection. Conversely, at high pH, electrostatic repulsion between
he negatively charged membrane surface and anionic Cr(VI)
pecies reduces rejection efficiency. The maximum rejection of
7.24% at pH 2 is attributed to the combination of: (i) maxi-
um positive surface charge density, (ii) favorable speciation
predominantly HCrO4 

− and Cr2 O7 
2 , which have higher charge-

o-size ratios), and (iii) potential surface complexation reactions
here Cr(VI) species bind directly to surface metal centers. These
esults are in excellent agreement with earlier studies on clay-
2 of 17

e

based ceramic membranes, where optimal Cr(VI) removal was
consistently observed at pH 2–3 [ 21, 58, 63 ]. 

3.5.3 Effect of Temperature 

The influence of operating temperature on Cr(VI) rejection was
investigated over a range of 25◦C to 60◦C under fixed conditions
(initial concentration 5 ppm, pH 2, pressure 3 bar). As shown
in Figure 10d , the rejection efficiency increased progressively
with temperature, rising from 54.94% at 25◦C to 85.23% at 60◦C.
This positive temperature dependence can be attributed to several
interrelated mechanisms. First, elevated temperatures reduce
water viscosity and increase the diffusion coefficient of Cr(VI)
species, thereby enhancing their transport toward the membrane
surface; more importantly, higher temperatures improve the
kinetics of surface interactions, which play a dominant role in the
rejection process. Second, thermal energy increases the mobility
and reactivity of surface hydroxyl groups ( ≡ Si–OH, ≡ Al–OH),
promoting more efficient protonation/deprotonation equilibria
and fostering chemisorption of Cr(VI) onto the membrane sur-
face. Third, higher temperatures reduce both the thickness and
hydraulic resistance of the concentration polarization layer adja-
cent to the membrane surface, allowing more effective contact
between Cr(VI) species and available adsorption sites. Addition-
ally, although the ceramic membrane is thermally stable (sintered
at 950◦C), minor and reversible changes in surface hydration
states at 60◦C may further enhance affinity toward Cr(VI)
species. While increased rejection at higher temperatures is
advantageous, the associated energy costs must be considered for
practical applications. Nevertheless, the observed performance
(85.23% at 60◦C) demonstrates that the membrane is highly effec-
tive for Cr(VI) removal under moderately elevated temperatures,
making it particularly suitable for treating industrial effluents
that are discharged hot [ 64, 65 ]. 

3.5.4 Comparison With Literature and Mechanistic 
Summary 

In summary, the monolayer C77 S20 BH3 -T950 membrane achieves
a Cr(VI) removal performance ( R = 87.24% at pH 2) that is
comparable to more complex composite systems, such as the
Sm/Z6 UF membrane, which consists of six layers of smectite
nanoparticles deposited on a zeolite support and exhibits 89%
ChemistrySelect, 2026
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FIGURE 11 Proposed Cr(VI) rejection mechanism of the C77 S20 BH3 -T950 ceramic membrane. 

r  

t  

s  

c  

m  

∼  

t  

a  

a  

a  

5  

h  

0  

T  

f  

p  

a  

p  

s  

s  

s  

t

3

T  

p  

n  

f  

o  

t  

i  

T  

f  

l  

i  

w  

FIGURE 12 Recovery of C77 S20 BH3 -T950 membrane performance 
after acid–base cleaning procedure. 
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re
emoval at pH 2.9 [ 9 ]. However, the membrane developed in
his study offers a significant advantage as it is fabricated via a
ingle-step extrusion process, whereas Sm/Z6 requires multiple
oating layers; the absence of a separate active layer minimizes
ass transfer resistance, contributing to the high permeability of
 476 L ⋅h− 1 ⋅m− 2 ⋅bar− 1 . The overall Cr(VI) rejection mechanism is
herefore described as a synergistic process involving electrostatic
ttraction between positively charged surface sites ( ≡ M ─OH2 

+ )
nd anionic Cr(VI) species (HCrO4 

− , CrO4 
2 − , Cr2 O7 

2 − ) under
cidic conditions, combined with physical size exclusion by the
6 nm porous structure that partially restricts the passage of
ydrated Cr(VI) ions whose hydrated diameter is approximately
.5–0.8 nm, though larger clusters or aggregates may also form.
his mechanism is further complemented by surface adsorption
ollowed by possible surface complexation, particularly at low
H where metal–oxygen–chromium bonds can form, as well
s a minor contribution from residual carbon derived from BH
yrolysis, which may provide additional hydrophobic adsorption
ites for Cr(VI) species. This multi-mechanistic framework con-
istently explains the strong pH dependence, the inverse relation-
hip between rejection efficiency and initial concentration, and
he positive temperature effect observed throughout this study. 

.6 Membrane Regeneration 

he membranes gradually lose their ability to separate com-
onents from the feed solutions during filtration. There is a
oticeable deterioration of the membrane surface along with this
ouling [ 66 ]. After treatment of the chromium aqueous solution at
ptimized conditions (initial concentration of 2.5 ppm and pH 2),
he results confirmed intensive membrane fouling ( > 26%). In fact,
t is clear from Figure 12 that the permeate flux of the C77 S20 BH3 -
950 membrane before cleaning is less than the water permeate
lux due to pore blocking and the formation of a polarization
ayer on the membrane surface. For this reason, to recover the
nitial membrane performance, a chemical cleaning procedure
as required [ 67 ]. The water permeability was measured to
hemistrySelect, 2026
estimate the effectiveness of the membrane regeneration. The
results showed that the water permeability values were extremely
close, verifying the cleaning process’s efficacy (Figures 11 and 12 ).
After chemical cleaning, the FRR was found to be approximately
70%, indicating partial restoration of membrane permeability.
This suggests that while the cleaning protocol is effective, some
irreversible fouling occurs, likely due to strong adsorption of
Cr(VI) ions. 

3.7 Cost Estimation 

The economic viability of membrane production was analyzed
by evaluating expenditures on raw materials and energy con-
sumption. Conventional membranes composed of high-purity
metallic oxides (e.g., alumina, zirconia) are notably costly, with
prices reported by Abdullayev et al. [ 68 ] in the range of $500–
$1,000/m2 . This high cost is attributed to the use of valuable
precursor materials and the substantial energy input needed for
sintering at high temperatures. For comparison, the specific cost
components of a kaolin-based membrane encompassing material
13 of 17
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TABLE 6 Details of cost estimation for the fabrication of the C77 S20 BH3 membrane. 

Cost of raw materials 

Material Unit per Kg ($) 
Amount of raw 

material (g) Price ($) 

Libyan kaolin powder 0.16 308 0.0493 
Natural sand powder 0.029 80 0.0023 
Distilled water 0.28 200 0.056 
barley husks — 12 —
Total raw materials cost for the fabrication of 15 membranes 0.1076 
Energy cost (Based on the power consumption) 
Mixer 0.031 
Dry oven 0.027 
Extruder 0.138 
Furnace 0.086 
Total production cost for the fabrication of 15 membranes ($) 0.3896 
(Surface of membrane = 1.7 × 10− 3 m2 ) 
Total production cost of the C77 S20 BH3 membrane ($.m− 2 ) 15.27 
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rocurement and modification, shaping, and sintering energy are
escribed in Table 6 . 

he developed sustainable ceramic membrane demonstrates
emarkable cost-effectiveness, priced at $15.27/m2 , which gives
t a significant competitive edge for wastewater treatment. A
omparative cost analysis highlights substantial savings against
everal benchmarks: it is 13% less expensive than zeolite/smectite
embranes ($17.56/m2 ) [ 45 ], offers savings of 24%–27% compared
o kaolin/zeolite composites ($20.92/m2 ) [ 1 ] and surface-modified
eolite systems ($20.11/m2 ) [ 69 ], and represents a cost reduction
xceeding 86% over more expensive alternatives derived from
gricultural waste, such as walnut shell/kaolin membranes,
hich can cost over $112/m2 [ 70 ]. Furthermore, it shows a
light 4% improvement over a kaolin/almond shell/lime com-
osition ($15.97/m2 ) [ 23 ]. Crucially, these economic advantages
re achieved without compromising separation performance,
onfirming the membrane’s technical viability and superior cost-
ffectiveness compared to other ceramic membranes based on
atural materials. 

 Conclusions 

n eco-friendly tubular ceramic membrane was successfully fab-
icated from LKC modified with BH and sintered at 950◦C. This
embrane exhibited a highly porous structure (34.28% porosity,
verage pore size of 5.64 × 10− 2 µm), enabling relative high water
ermeability ( ∼ 476 L.h− 1 .m− 2 .bar− 1 ), along with strong mechani-
al properties and excellent chemical stability. The C77 S20 BH3 -T950
embrane demonstrated outstanding performance in removing
r(VI), with efficiency strongly influenced by solution con-
itions. A maximum rejection rate of 87.2% was achieved at
H 2 for an initial Cr(VI) concentration of 2.5 ppm, while
igher concentrations led to reduced removal efficiency. From
n economic standpoint, the novel membrane was estimated at
4 of 17
a cost of 15.27$.m− 2 , demonstrating significant cost-effectiveness
compared to conventional ceramic membranes. Furthermore,
chemical cleaning protocols proved fully effective in restoring
the membrane’s initial permeability, ensuring sustainable long-
term performance. Produced from low-cost natural materials,
this membrane offers a sustainable, robust, and promising
approach for wastewater treatment applications, particularly for
the removal of heavy metals such as chromium. 
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