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This study characterized wastes from scheelite and columbite-tantalite mining, as well as kaolin
processing, to produce microfiltration membranes for wastewater treatment using a fast-sintered process.
After characterization, the wastes were mixed with clays, pressed, and sintered at low temperatures of
1050 and 1100 °C. The resulting membranes exhibited pore size distributions ranging from 3 pm to 180
um and flexural strengths exceeding 14 MPa. In a crossflow filtration system, permeate fluxes ranged
from 177 L/h.m? to 228 L/h.m? at 2 bar, with permeabilities from 99 to 130 L/h.m? bar depending on
the waste content. Membranes with smaller pore sizes effectively removed 90% to 96% of turbidity
from a water/clay suspension containing micrometric clay particles. This approach demonstrates that
rapid sintering of ceramic membranes from mining waste can effectively reduce environmental impacts
and energy costs, providing a sustainable solution for wastewater treatment.
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1. Introduction

Water suitable for human consumption is important for
public health, whether for drinking, domestic use, or food
production. However, potable water scarcity is a growing
global problem that affects around 2.2 billion people,
according to the World Health Organization (WHO)'. This
reduction in the availability of drinking water has been
driven by climate change, population growth, and poor
water resource management’.

Technologies for wastewater reuse, particularly filtration
membranes that integrate cost-effectiveness, high efficiency,
and ease of operation®*, emerge as promising solutions to
address this challenge. These membranes enable the treatment
of wastewater, removing pollutants and allowing the water
to be used for various purposes. In this context, the use
of ceramic membranes produced from mining waste has
gained recognition as an environmentally sustainable and
cost-effective alternative.

Ceramic membranes act as selective barriers, retaining
impurities, including bacteria, viruses, heavy metals,
and organic compounds®’. These membranes represent
highly effective options for water treatment due to their
high mechanical strength and chemical resistance. Such
properties render them suitable for use in adverse conditions
such as extreme pH, high temperatures, and the presence of
aggressive oxidants®’.
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Because they have unique properties and a lot of potential
uses, minerals like scheelite and columbite-tantalite have been
studied a lot when it comes to making ceramics. Scheelite
can contain tungsten trioxide concentrations between
0.08-1.5%'*!", a metal of great economic importance, with
numerous technological applications in sectors such as the
metallurgical, electrical, mechanical, aerospace, military,
and petroleum industries'*'*. As a result, scheelite mining
activity is intense and profitable, generating a large amount
of waste. In this situation, many studies have looked at how
to use these mining wastes in ceramic mixtures'>!8, with the
goals of recycling waste and making the created ceramic
materials better. Columbite-tantalite is the main source of
niobium and tantalum, which are metals that are valued for
their ability to conduct electricity, resist corrosion, and be
used in high-performance electronic parts'’. In addition,
columbite-tantalite helps make ceramics and glass better
by improving their properties like resistance to heat and
durability®. These minerals and their residues stand out
as valuable raw materials for the development of high-
performance ceramic materials in various industries.

Several studies have explored the replacement of
conventional raw materials commonly used in ceramic
membranes with industrial waste for cost reduction and have
shown the efficiency of these membranes in removing up
to 99% of contaminants’?!*»*, Kamarudin et al.*! prepared
ceramic hollow fiber membranes composed of metakaolin
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and corncob ash waste for water filtration and oil-water
separation. They showed that the fiber with a ratio of 75:25
(metakaolin:waste) exhibited a permeability of 1359.93 L/
m?*h and an oil/water removal efficiency of 74.73%. While
Rakcho et al.? demonstrated the efficiency in the treatment
of tannery wastewater and seawater using porous ceramic
membranes composed of 20% tea waste and red clay. The
membranes exhibited permeability of 1249 L/m?.h.bar and
achieved turbidity removal efficiencies of 99.76% for seawater
and 99.16% for tannery wastewater. Recently, Wang et al.*
used solid wastes such as coal fly ash, river sediments, and
sewage sludge as raw materials to provide an Al-Si-O matrix
in single-layer ceramic membranes. These membranes were
applied to oily water treatment, achieving oil rejection of over
98% and an oil/water emulsion permeate flux of approximately
1200 L/m?.h. In another study, Shiwa et al.?® incorporated
up to 30% of phosphorus slag (PS) and blast furnace slag
(BES) in the composition of mullite-zeolite membranes,
obtaining a flux of up to 349 L/m>.h and a chemical oxygen
demand (COD) removal efficiency of approximately 99%
in all evaluated membranes.

On the other hand, other studies have concentrated on
thermal treatment to reduce energy consumption during
sintering and lower the overall cost of ceramic membranes®*.
Conventional sintering processes often require more than two
days due to slow heating rates (0.5 °C-2 °C/min), prolonged
hold times (1-5 h), and controlled cooling (more than 24 h) to
ensure adequate densification and minimize thermal stresses,
making this a common procedure in processes that demand
strict microstructure control®. In contrast, rapid sintering
techniques such as spark plasma sintering, microwave heating,
and rapid thermal processes based on infrared®*?, allow the
process to be completed in just a few hours, offering a more
efficient alternative in terms of time and energy, as well
as showing great potential for the efficient manufacturing
of ceramic membranes. Studies’** have shown that a fast
sintering process of just three hours is effective in producing
silica membranes. Studies** demonstrated the efficiency of
fast sintering in producing porous diatomite bodies for water
purification and wastewater treatment. Other studies***’ on
ceramic membranes observed that rapid sintering favors a
uniform/homogenous porous structure and higher bending
compared to conventionally processed materials. However,
no studies have evaluated the influence of fast sintering on
clay-based or waste-based ceramic membranes, despite its
technological potential.

Thus, the use of industrial waste in the formulation of
ceramic membranes has been investigated as a promising
alternative raw material due to its low cost and the need for
sustainable use of natural resources. Moreover, rapid firing
cycles have the potential to reduce the energy sintering cost
of the ceramic membranes, but this approach is still largely
underexplored in this technology. Therefore, this study
aims to explore the use of three mining waste materials for
the manufacture of ceramic membranes by rapid sintering
processes, utilizing the wastes as generated with only
granulometric separation and without any additional high-energy
processing steps, such as milling. The research examines the
influence of different concentrations of the scheelite and the
columbite-tantalite mining wastes and the kaolin processing
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waste on the microstructure and mechanical properties of
porous ceramics produced by fast sintering. In this way, it
seeks to contribute to a more comprehensive understanding
of sustainable water treatment techniques, promoting the
valorization of waste and providing insights into the role of
ceramic membranes in mitigating the environmental impacts
resulting from mining activities.

2. Materials and Methods

2.1. Raw materials

The ceramic membranes were produced from natural clays
and waste from the mining industry. Ball clay (BC) and red
clay (RC) (a plastic red clay) from deposits in the Northeast
of Brazil, states of Pernambuco and Paraiba, respectively,
were used. Scheelite (SW) and Columbite-tantalite (CTW)
exploitation wastes and Kaolin processing (KW) waste were
generated as byproducts of mining activities in the state of
Rio Grande do Norte, Brazil. As the granulometry of the
waste is coarse, before the production of the membranes, the
raw materials underwent a sieving process. The materials
were sieved through 75 pm sieves for clays and 300 um
sieves for wastes.

2.2. Characterizations of raw materials

X-ray diffraction (Shimadzu, XRD-6000, Japan) was
performed using CuKa radiation (A = 1.54 A), operated at
40 kV and 30 mA, in the 20 angular range of 5-60° and step
size of 0.02°. The chemical composition was determined
using X-ray fluorescence spectrometry (Shimadzu, EDX-720,
Japan). The granulometry of the clays was assessed using
laser diffraction (Cilas 1064), whereas the granulometry
of the residues was determined through a sieving process.

2.3. Membrane preparation

The membranes were prepared by adjusting the amounts
of the raw materials according to the chemical composition
and XRD patterns of the raw materials. The formulas and
their respective nomenclatures are described in Table 1.

The raw materials were mixed with oleic acid (0.5% wt),
and then 10% distilled water was added to the formulations.
After 24 h, to ensure a homogeneous distribution of
moisture, cylindrical (2 =30 mm and thickness = 2.6 mm)
and rectangular (b x h =47.9 x 14.5 mm and thickness = 5
mm) bodies of test were produced by uniaxial pressing at
46 MPa. The bodies were dried and then fast sintered with
a heating rate of 30 °C/min and a dwell time of 20 min: RC
formulations at 1050 °C and BC formulations at 1100 °C.
The firing cycle parameters, such as heating rate, maximum
temperature, and soaking time, were determined after some
preliminary tests and a review of the literature on the sintering
of ceramic bodies with similar compositions.

2.4 Membrane characterization

The sintered membranes were characterized by X-ray
diffraction (Shimadzu, XRD-6000, CuKa, Japan) and
scanning electron microscopy (SEM, TESCAN). The linear
firing shrinkage (%S, ) was determined by the diameters of
the membranes before and after the sintering process. To
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Table 1. Compositions (wt%) and nomenclatures of the formulations used in the preparation of the membranes.

Raw materials

Compositions (wt %)

RCI1 RC2 RC3 RC4 BCl1 BC2 BC3 BC4
Ball clay - - - - 25 15 15 10
Red clay 50 40 30 20 - - - -
Scheelite waste - - - - 50 50 70 80
Columbite-tantalite waste 50 60 70 80 - - - -
Kaolin waste - - - - 25 35 15 10

determine the porosities and pore diameters with greater
precision, a mercury intrusion porosimetry test was conducted
(AutoPore IV 9500 V1.09, Micromeritics Corp).

The flexural strength of the membranes was determined
by a three-point flexural test (Shimadzu, Autograph AGX,
Japan) with a 5 kN load cell, a distance between the supports
of 40 mm, and a loading speed of 0.5 mm/min.

Membrane chemical corrosion resistance was evaluated
based on the loss of mass of the membranes at room temperature
in acidic HCI solution (pH = 1) and basic NaOH solution
(pH = 13) for 7 days.

The water flux and filtration capacity were evaluated
using a crossflow filtration system. The filtration test was
performed in triplicate; the membranes were tested under
pressures of 1, 1.5, and 2 bar, remaining 30 min at each
pressure. The permeate was collected at every 5 min and
weighed on a balance. The water permeate flux was calculated
using Equation 1.

4
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where J (L/m?.h) is the permeate flux, V (L) is the permeate
volume of the collected water, A (m?) is the membrane surface
area, and t (h) is the collection time.

To investigate the separation efficiency of the membranes,
a suspension was prepared using water and sodium bentonite
(smectite clay) (50 L: 200 g). The clay had an average
particle size of 1.72 um. The permeate flow was collected
and weighed every 10 min for 60 min under a pressure
of 2 bar. The contaminated water and the permeate were
subjected to turbidity analysis using a digital turbidimeter
(Hanna, Hi 9870302).

One-way analysis of variance (ANOVA) and the Tukey
multiple comparison test were used to determine any statistical
difference between the data obtained. Statistical analysis was
performed at a significance level of 5% (p < 0.05).

3. Results and Discussion

3.1. Characterization of raw materials

The XRD patterns of raw materials are shown in
Figures la-e. Quartz (JCPDS 46-1045), kaolinite (ICSD
78-2110), mica (JCPDS 83-1808), feldspar (JCPDS 84-
0710), montmorillonite (JCPDS 13-0135), calcite (JCPDS
72-1937), and black turmaline (JCPDS 46-1460) were the
crystalline phases present in the raw materials.

The chemical compositions of the clays and residues
are listed in Table 2. Ball clay and red clay are mainly

composed of Si0, and AL,O, (SiO, + Al,0, > 79 wt%), due
to the presence of clay minerals, quartz, and feldspar®®. Other
oxides such as Fe, O, (3.2-8.4 wt%), MgO (0.6-3.1 wt%),
and K, 0 (0.3-4.6 wt%) were detected in both clays and can
act as fluxing oxides. In addition, minor amounts of CaO (2.5
wt%) were identified in the red clay due to the presence of
a calcium montmorillonite. Columbite-tantalite and kaolin
wastes consisted mainly of SiO, (29.9-58.3 wt%) and AL,O,
(11.4-38.8 wt%) but also contained significant amounts of
Fe 0, (1.0-8.5 wt%), MgO (1.1-2.6 wt%), and K,0 (2.5-5.3
wt%). Scheelite waste is primarily composed of CaO (42.7
wt%), Si0, (29.9 wt%), and ALO, (11.4 wt%), and it also
contains a significant amount of Fe O, (8.9 wt%). The high
CaO content is associated with the presence of calcite, as
evidenced by XRD (Figure 1c). The presence of residual
WO, is commonly observed in scheelite waste, which aligns
with findings reported in the literature'”%.

Table 3 summarizes the particle size distribution of the
raw materials used. Clays contain particles with dimensions
smaller than 20 pm and average diameters of 5.13 pum for red
clay and 2.54 um for ball clay. The D, value for red clay is
less than 12 um, while for ball clay, it is less than 6 um (see
Table 3). On the other hand, the mining wastes are coarser,
with particles larger than 100 microns. SW presented a D,
value below 90 pm, while CTW and KW presented a D
greater than 150 um (D, 200 um and 164 pm, respectively).

50
3.2. Membranes characterizations

Figures 2a-b show the XRD patterns of the membranes
after the fast sintering process. The membranes of compositions
RC1 to RC4 (Figure 2a) showed characteristic peaks of quartz
(JCPDS 46-1045), feldspar (JCPDS 84-0710), and mullite
(JCPDS 73-1253). On the other hand, for the membranes
of compositions BC1 to BC2 (Figure 2b), peaks of quartz
(JCPDS 46-1045), mullite (JCPDS 73-1253), diopside
(JCPDS 86-0001), and anorthite (Ca-feldspar, JCPDS 20-
0020) were observed. The high contents of CaO and the
presence of MgO in scheelite waste (SW) (see Table 2)
favored the development of anorthite and diopside phases
in the membranes during the sintering process at 1100 °C.

SEM images of the surfaces of membranes of compositions
RC1 and BCI after sintering at 1050 °C and 1100 °C,
respectively, are shown in Figures 3a-b. Membranes RC2,
RC3, and RC4 exhibited a similar morphology to membrane
RC1, while membranes BC2, BC3, and BC4 exhibited a
similar morphology to membrane BC1. The surface of the
membranes is overall homogeneous, featuring uniformly
distributed pores and no presence of cracks.
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Figure 1. XRD patterns of the raw materials (a) ball clay, (b) red clay and the residues of (c) scheelite, (d) columbite-tantalite and (e) kaolin.

Table 2. Chemical composition (wt%) of the raw materials used in this work.

Samples Sio, AlLO, Fe,O, CaO MgO K,0 WO, Other oxides
Ball clay 50.3 44.2 3.2 - 0.6 0.3 - 1.4
Red clay 53.0 26.5 8.4 2.5 3.1 4.6 - 1.9
Scheelite waste 29.9 11.4 8.9 42.7 3.6 - 0.4 3.1
Columbite-tantalite waste 65.0 22.4 5.2 - 1.2 3.4 - 2.8
Kaolin waste 53.7 38.8 1.0 - 1.1 53 - 0.1
Table 3. Particle size of the clays and residues used to produce the membranes.
Particle size (um)
Ball clay Red clay Scheelite waste Columbite-tantalite waste Kaolin waste
D, 0.46 0.82 50 115 77
D,, 2.01 3.88 87 200 164

D,, 5.47 11.80 179 273 262
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Figure 2. XRD patterns of membranes containing (a) RC and CTW after sintering at 1050 °C and (b) BC, SW and KW after sintering

at 1100 °C.

Figure 3. SEM images of the surface of the membranes of compositions (a) RC1 obtained at 1050 °C and (b) BC1 obtained at 1100 °C.

The pore size distribution, porosity, and mean pore
diameter of the sintered membranes were determined using
mercury intrusion porosimetry, and the results are presented
in Figures 4a-b and Table 4. The membranes in groups RC1
to RC4 (Figure 4a) exhibited a broader pore size distribution,
ranging from 3 um to over 100 um. The membranes had a
bimodal distribution of pore sizes, with one concentration
of pore size between 3 and 10 um and a volume of pores
smaller than 10 pm of around 45%. The curves became
wider as the CTW content increased from 50 wt% to 80
wt%, with an increase in the mean pore size and porosity
with the amount of CTW. The obtained mean pore diameters
were 9 um, 10 pm, 12 pm, and 15 um for membranes RC1,
RC2, RC3, and RC4, respectively.

On the other hand, for the membranes in groups BC1
to BC4 (Figure 4b), all curves showed a narrow pore size
distribution, with pores predominantly between 3 um and 10
um. The volume of pores smaller than 10 pum is approximately
80%, highlighting the better packaging behavior of this mass
and better interaction of scheelite (SW) and kaolin (KW)
residues during sintering. In general, a small broadening in
the pore size distributions was observed with the increase of
SW from 50 wt% to 80 wt%; however, no change in mean
pore size was observed. The porosity increased along with

the increase in the amount of SW up to 70% (70% SW and
15% KW), however, it decreased with the increase in the
SW residue to 80% (80% SW and 10% KW). These results
showed that an adjustment in the SW/KW ratios was effective
in increasing or decreasing porosity, promoting the control
of the microstructure of the membranes. SW, predominantly
composed of oxides such as CaO and SiO,, contributes to
the formation of a matrix that promotes partial melting and
pore filling during sintering. On the other hand, KW, rich in
alumina and silicate, helps stabilize the ceramic structure,
reducing the formation of large pores. As the amount of SW
increases (50 to 80% by weight), a slight widening in the
distribution of pore sizes occurs, but the balance provided
by the presence of KW keeps the distribution predominantly
narrow, with pores between 3 and 10 um. All membranes
of the group BC1 to BC4 exhibited a mean pore size of
5 um, which indicates their suitability for microfiltration
applications.

Figures 5a-d show the data on firing shrinkage and
flexural strength of membranes RC1 to RC4 after sintering
at 1050 °C. The differences between the determined values
were evaluated using Tukey’s comparison test of one-way
ANOVA, observing that the increase in CTW content provided
a gradual increase in shrinkage (p-values <0.05). When the
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Figure 4. Pore size distribution of the membranes of compositions (a) RC1 to RC4 and of compositions (b) BC1 to BC4.
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Figure 5. a) Shrinkage and b) flexural strength of membranes in compositions RC1 to RC4.

Table 4. Values of average pore diameters and porosity of sintered membranes obtained by mercury intrusion porosimetry.

Sample
RC1 RC2 RC3 RC4 BCl1 BC2 BC3 BC4
Average pore diameter (um) 9 10 12 15 5 5 5 5
Porosity (%) 18 21 22 25 14 15 24 19

amount of residue increased from 50 wt% (RC1 sample) to
80 wt% (RC4 sample), there was an increase in shrinkage
from 0.2% to 1.7% between these samples, indicating that
CTW slowed down the densification process. On the other
hand, no statistically significant differences were observed
in the flexural strength of the membranes (p-values > 0.05),
despite the increase in CTW content. The flexural strength
values remained constant, indicating that the incorporation
of CTW did not affect the mechanical integrity of the
membranes under the conditions tested.

Figures 6a-b show the shrinkage and flexural strength
data for the BC1 to BC4 membranes sintered at 1100 °C.
Increasing the SW content from 50 wt% (BC1 sample) to
80 wt% (BC4 sample), along with a reduction in KW and
BC content, led to a decrease in shrinkage, from 0.4% to an
expansion of -0.3% (p-values < 0.05). This behavior can be
attributed to the presence of calcite in SW (see Figure 1c),
as calcite acts as a carbonate source and releases CO,
during sintering®. The release of CO, caused the expansion
phenomenon observed in the BC4 membrane*, which had
the highest SW content. However, BC1 and BC2 membranes

did not exhibit statistically significant differences in the
parameters evaluated (p-value = 0.210), suggesting that
SW content below a certain threshold does not significantly
affect the material’s shrinkage or expansion.

Statistical analysis indicated that there was no significant
difference in flexural strength between the BC1 and BC2
membranes (p-value = 0.940), as well as between BC3 and
BC4 (p-value = 0.650). However, an increase in flexural
strength from 9.5 MPa to 13.5 MPa was observed when the
SW content increased from 50 wt.% (BC1 sample) to 80
wt.% (BC4 sample) (p-value = 0.0003), indicating that the
higher SW content positively contributed to strengthening the
membranes. This behavior can be explained by the presence of
anorthite and diopside phases (see Figure 2b), which contribute
to an improvement in flexural strength*'#>, The presence of
anorthite enhances the strength of the bodies by forming
a microcomposite microstructure with the aluminosilicate
phases in the body***. Previous studies***¢ have also reported
that the flexural strength of the crystalline phases anorthite
and diopside is correlated with their respective crystalline
structures. The presence of these crystalline phases hinders
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Figure 6. a) shrinkage and b) flexural strength of membranes in compositions BC1 to BC4.

dislocation movement and crack propagation, resulting in
enhanced flexural strength. Therefore, the simultaneous
presence of anorthite and diopside, along with the nucleation
and growth of mullite, which is undoubtedly one of the
most important phases for achieving mechanical strength in
ceramic materials®’, resulted in an increase in the strength of
the BC1 to BC4 membranes compared to the RC1 to RC4
membranes (see Figure 5b).

The membranes produced in this study exhibited
flexural strength superior to those reported by Lima et al.*’,
Manni et al.*® and Mohamed et al.*’, while using the same
sintering temperature. This was achieved with a single,
rapid heating ramp, resulting in membranes free of defects
such as cracks or deformations. Manni et al.* manufactured
membranes from Moroccan natural magnesite using two
heating ramps: the first up to 500 °C at 2 °C/min for 2
hours, followed by a second ramp to 1100 °C at the same
rate for another 2 hours. The authors stated that this firing
schedule was designed to minimize defects such as cracks and
deformations, yielding a flexural strength of approximately 6
MPa. Similarly, Mohamed et al.*’ produced membranes from
Cameroonian clay, bovine bone ash, and cassava starch, also
using two heating ramps. The first ramp reached 700 °C at 2
°C/min, and the second reached 1100 °C at 5 °C/min for 2
hours, resulting in a maximum flexural strength of 5 MPa.
More recently, Lima et al.*’ fabricated kaolin and alumina
membranes with two heating ramps to eliminate organic
matter used as a pore-forming agent. The first ramp reached
500 °C at 5 °C/min for 1 hour, followed by the second ramp
to 1100 °C with the same rate and dwell time, achieving a
flexural strength of 11 MPa. Therefore, the single, rapid
heating cycle used in this study not only simplified the
process but also led to superior flexural strength without
compromising the structural integrity of the membranes.

Table 5 shows the results of the corrosion test of the
membranes after 7 days of immersion in acidic and basic
environments. Membranes RC1 to RC4 showed high stability
in both environments, with mass losses limited to 0.5% in
an acidic environment and 1.0% in a basic environment,
demonstrating good corrosion resistance. On the other hand,
membranes BC1 to BC4 showed negligible mass variations
in a basic environment, but in an acidic environment, they
recorded significant loss of mass, reaching up to 11%. This

susceptibility to corrosion in alkaline solutions is due to
the presence of the diopside and anorthite phases, which
are related to their calcium-rich composition and silicate
structure, which favor dissolution in acidic media®®. These
results indicate that all the produced membranes can maintain
their functional properties over time in a basic environment,
but only the RC group exhibits stability under acidic
conditions. Membranes with greater corrosion resistance
reduce the need for frequent replacements, particularly in
the treatment of industrial effluents or wastewater, thereby
making the process more economical and sustainable. Thus,
for industrial effluents, the RC group appears to be the most
stable membrane. However, in the treatment of potable water,
where pH conditions typically range from 6.5 to 7.5, the
requirements for the membranes are reduced.

3.3. Membrane performance evaluation

The permeability of the membranes was evaluated using
distilled water, and the results are shown in Figures 7a-b and
Table 6. The increase in pressure significantly enhanced the
permeate water flux through the membranes, which is in
agreement with the principles described by Darcy’s Law?!.
The permeate fluxes obtained at 2 bar were 185 L/h.m?,
200 L/h.m?, 206 L/h.m? and 228 L/h.m? for the membranes
of compositions RC1, RC2, RC3, and RC4, respectively.
For the membranes of compositions BC1, BC2, BC3, and
BC4, the permeate fluxes achieved at 2 bar were 177 L/h.
m?, 183 L/h.m?, 225 L/h.m? and 189 L/h.m?, respectively.
The results indicate that the flux in ceramic membranes is
directly related to their porosity. Membranes that presented
higher porosity, such as RC4 and BC3, also exhibited higher
permeate fluxes.

Flow results obtained using distilled water alone do
not allow for an accurate comparison of the performance
of two or more membranes when tests are conducted under
different pressures. In this context, permeability becomes
a more appropriate metric for comparing membrane
performance regardless of the applied pressure. For example,
Lagdali et al.”? produced microfiltration membranes using clay
as raw materials, firing at different temperatures with slow
heating rates and longer sintering times. These membranes
exhibited a maximum flux of 8.52 L/h.m? with distilled
water and a permeability of 43.50 L/h.m?bar. Similarly,
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Table 5. Loss of mass after 7 days of corrosion testing in acidic and basic environments.

Loss of mass (wt%)

Conditi
ondrtion RCI RC2 RC3 RC4 BCI BC2 BC3 BC4
Acidic pH 0.4 0.3 0.3 0.5 8.8 10.2 6.9 11.0
Basic pH 1.0 0.8 1.0 1.0 -0.1 0.3 -0.3 -0.5
Table 6. Membranes permeability.
Permeability (L/h.m?.bar)
RC1 RC2 RC3 RC4 BC1 BC2 BC3 BC4
100 114 121 130 99 103 123 107
a) 25 T—xey b) 250 =57
—e— RC2 —e—BC2
2254-a—Rc3 2251 a—BC3
—v— RC4 —v— BC4
&~ 200 1 & 200 1
E E
5 1754 S 175
5 5
i 1501 i 1504
1254 1254
100 4— . . r r . 100 +— r r . r r
1.0 12 14 16 18 20 1.0 12 14 16 18 20

Pressure (bar)

Pressure (bar)

Figure 7. Evolution of permeate water flux as a function of pressure for membranes with compositions (a) RC1 to RC4 and for membranes

with compositions (b) BC1 to BC4. Feed: distilled water.

Alsubei et al.*® produced microfiltration membranes using
white clay, ground silica, gum arabic, and marble powder,
also employing extended sintering times. These membranes
demonstrated a maximum flux of 116 L/h.m? with distilled
water, with permeability ranging between 67 and 156 L/h.
m?.bar. The flux values obtained in this study surpass those
reported by Lagdali et al.>?> and Alsubei et al.’*, while the
permeability is higher than Lagdali et al.”> and comparable to
Alsubei et al.**, highlighting the efficiency of the membranes
developed in this work.

Membranes with compositions RC1 to RC4 and BC1
to BC4 were evaluated for filtration performance using a
feed solution prepared from tap water and sodium bentonite
at a transmembrane pressure of 2 bar. The performance of
the membranes was analyzed in terms of permeate flux
(Figures 8a-b) and turbidity reduction (Figures 9a-b). The
permeate flux gradually increased with the amount of CTW
for membranes RC1 to RC4 (Figure 8a). The permeate flux
followed the order: RC4 (9.1 L/h.m?) > RC3 (5 L/h.m?) >
RCI (3.0 L/h.m?) > RC2 (2.7 L/h.m?). This is likely due to
the higher porosity of RC4 (25%) compared to the lower
porosity of membranes RC1 to RC3. For membranes with
compositions BC1 to BC4 (Figure 8b), the permeate flux
followed the order: BC4 (5.2 L/h.m?) > BC2 (4.9 L/h.m?)
>BC3 (4.3 L/h.m?) > BC1 (3.9 L/h.m?). This also indicates
that the higher amount of SW in the BC4 membrane allowed
porosity and pore distribution that resulted in higher flux.
However, flux values may also be affected by tortuosity and
pore connectivity>, requiring further investigation.

Figures 9a-b illustrate the turbidity analysis results
following the filtration process. The initial suspension turbidity

was 18 NTU, with an average clay particle size of 1.72 um.
According to the World Health Organization (WHO), the
maximum permissible turbidity value for drinking water is
5 NTU%. All membranes, except for the RC4 membrane,
demonstrated satisfactory performance. The unsatisfactory
performance of the RC4 membrane may be attributed to its
high porosity and larger average pore diameter and pore size
distribution, which can reduce the retention capacity for clay
particles, resulting in higher permeate flux but lower filtration
efficiency. Membranes with compositions RC1, BC2, BC3,
and BC4 exhibited the lowest turbidity levels, with removal
rates 0f 90% (1.8 NTU), 96% (0.68 NTU), 91% (1.6 NTU),
and 90.5% (1.7 NTU), respectively. This behavior can be
attributed to smaller pore sizes and a more suitable pore size
distribution, which prevent particle passage, highlighting the
efficiency of the produced membranes in retaining particles
for microfiltration applications. Lagdali et al.>? evaluated the
efficiency of microfiltration on real pre-treated wastewater
from a laundry in Morocco, and Alsubei et al.>* used tap
water with bentonite clay. Both studies achieved similar
flux rates and removal values to this work.

Table 7 presents a comparison between the membranes
produced in this study and those reported in other studies
published in international journals. The membranes developed
in this study are predominantly composed of waste materials
that would otherwise be discarded into the environment.
Additionally, these membranes were sintered in a single
step, contributing to energy savings in the process.

The results demonstrated that the distilled water permeability
of the produced membranes was superior, while their efficiency
in contaminant removal was similar to or close to the values
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Figure 8. Permeate water flux as a function of time for membranes with compositions (a) RC1 to RC4 and for membranes with compositions
(b) BC1 to BC4. Feed solution: Tap water and bentonite clay.
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Figure 9. Turbidity reduction efficiency of membranes with compositions (a) RC1 to RC4 and compositions (b) BC1 to BC4. Feed
solution: Tap water and bentonite clay.

Table 7. Comparison between the membranes produced in this study and membranes reported in other studies.

. L Permeabilit Contaminant Contaminant/
Material Sintering Y

. . . Reference
distilled water removal particle size

1-250°C
2 °C/min
60 min

Phengite clay

Real wastewater/
4 2 0, 52
1050 °C 3.5 L/h.m?.bar 100% 100 esl

5 °C/min

120 min
White clay 1-100°C
Silica flour 2 °C/min

60 min
2-500°C
5 °C/min 67 L/h.m?.bar 99.2% Bentonite clay 1.1 pm 53
Arabic gum 60 min
31200 °C
5 °C/min
60 min
Red clay 1-1050°C
30 °C/min 100-130 L/h.m*.bar 1.82%-7.88% Clay/1.72 pm This work
20 min
Ball-clay 1-1100 °C

Scheelite waste 30°C/min 99-123 L/h.m*.bar 83%-96% Clay/1.72 pm This work
Kaolin waste 20 min

Columbite-tantalite waste
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reported in comparative studies. Furthermore, the size of the
retained contaminant particles was smaller or comparable
to those described in other studies, highlighting the efficacy
of the membranes in retaining micrometric particles (up to
approximately 1.7 pm).

Therefore, in addition to contributing to water recovery,
membranes produced through fast-burn cycles offer significant
potential for reducing sintering costs. This method also increases
environmental sustainability, making it a promising solution
for large-scale production, particularly in industries that aim
to reduce energy consumption and manufacturing costs.

4. Conclusion

Microfiltration ceramic membranes composed mainly
of mining industry waste were manufactured using rapid
sintering, highlighting the potential of mining-wastes as
raw materials for ceramic materials and the rapid firing
technique. The produced membranes presented average
pore diameters ranging from 5 um to 15 um, according to
the composition. An increase in waste content did not result
in statistically significant variations in the flexural strength
of the red clay-based membranes, while the ball clay-based
membranes led to a 40% increase in mechanical strength.
Produced membranes presented high chemical resistance in
both acidic environments and permeate flux, which ranged
from 177 L/h.m? to 228 L/h.m? under a pressure of 2 bar. The
membranes with smaller pores achieved up to 96% particle
turbidity removal. These results underscore the feasibility and
sustainability of utilizing industrial waste in ceramic membrane
production, contributing to environmental preservation by
reducing the need for unused natural resources, and highlight
the efficiency of the rapid firing cycle in the fabrication of
ceramic membranes, which has high potential for reducing
the sintering cost of the production of these membranes.
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