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ABSTRACT

While ceramic membranes offer superior chemical and mechanical characteristics compared to
their polymeric counterparts, their commercial availability comes with a significantly higher price
tag. The exploration of cost-effective ceramic membrane alternatives, using affordable raw materi-
als and production techniques that required lower manufacturing temperatures than conventional
industrial ceramic membranes, holds the potential to deliver viable solutions for various applica-
tions. Iron ore is proposed in this work as raw material for the manufacture of low-cost ceramic
membranes, because it is inherent structural and chemical properties and their low cost. Iron ore,
as the starting material, was characterized using several techniques, including X-ray diffraction,
X-ray fluorescence, Fourier-transform infrared spectroscopy, differential thermal analysis, and gas
adsorption. Flat sheet membranes were successfully synthesized and characterized by mercury
intrusion porosimetry, permporometry method, air and water permeation and scanning electron
microscopy. The results confirm that a suitable pore size for the use of these ceramic membranes
in microfiltration applications has been achieved. This development represents an energy economy
in the manufacture of ceramic membranes and lower production cost by using cheap raw material,
compared with the current technology.

Keywords: Ceramic membranes; Low-cost material; Iron ore; Bubble point method; Air and water
permeation; Microfiltration

1. Introduction

Since their discovery in Tunisia in 1869 iron ore has
attracted considerable attention. Tunisian iron produc-
tion is around 9 million tons, as evaluated by the National
Office of Mines (ONM). Owing to the high content of use-
ful silica (Si0,), alumina (AlO,), magnetite (Fe,0,), hema-
tite (Fe,0,) and clay in the natural starting material, makes
perfect economic outlook to recover those minerals for new
industrial applications, not only for iron production.

* Corresponding author.

In recent decades, ceramic membranes have experienced
significant transformation, expanding beyond their initial
niche applications, including the nuclear industry, to find
diverse uses in fields such as chemistry, food industries, as
well as industrial, agricultural, and domestic wastewater
treatment [1].

Ceramic membranes offer enhanced chemical and
mechanical properties in comparison to polymeric mem-
branes. However, their utilization is constrained by their
notably higher cost, typically exceeding that of poly-
meric membranes by an order of magnitude. This cost
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disparity arises from the utilization of expensive materials
like high-purity alumina, titania, or zirconia, as well as their
processing through sintering at extremely high tempera-
tures. To address this issue, there has been a shift towards the
development of cost-effective ceramic membranes, involving
the use of more economical raw materials (e.g., clay) and
organic pore-forming compounds (e.g., starch) (Table 1).

Samples were sintered from 850°C to 1,150°C for 2 h.
The optimal membrane sintered at 1,050°C has a porosity of
34.5%, an average pore diameter of 3.9 um, water permeabil-
ity of 43.50 L/h/m*bar and mechanical strength of 26.7 MPa.

Our innovative concept revolves around the creation
of a microfiltration ceramic membrane with high thermal
stability, chemical inertness, good antimicrobial ability and
high separation efficiency, by using iron ore as raw inexpen-
sive and abundant material. The iron-ore mines not only
can be comprehensively utilized, but also create maximum
benefit by using natural starting material as membrane.
Moreover, it has been chosen for its higher porosity, mechan-
ical stability, low sintering temperature compared with pure
oxides of titanium, zirconia, alumina and silica, and good
chemical resistance.

The purpose of this present investigation is to develop
low-cost ceramic membranes from iron ore materials. In
particular, this work will examine the effect of varying
the particle size of the starting material and the final heat
treatment on the characteristics of pores size distribution,
textural properties and morphology of the flat membrane
made from such material.

We conducted a comprehensive analysis of the iron ore
material through a range of techniques, including X-ray
diffraction, X-ray fluorescence, Fourier-transform infrared
spectroscopy, differential thermal analysis, and nitrogen
adsorption at 77 K. Subsequently, the membranes we pro-
duced were subjected to characterization using mercury
intrusion porosimetry, the gas-liquid displacement method,
measurement of air and water permeation rates, and scan-
ning electron microscopy to examine the inner surface.

2. Experimental set-up
2.1. Starting material
2.1.1. Raw material

The raw natural material used to prepare ceramic mem-
branes was collected from iron-ore quarry situated at Tamra
region in the north-west of Tunisia. The starting mate-
rial was dried after collection and crushed into small frag-
ments, grounded into powder and sieved in the range of
(60250 pm). Two different sizes of particles have been used,
labeled Iron g for particles in the range of (60-250 um) and
Iron for particles smaller than 60 pm.

The sample X-ray diffraction was obtained with a
commercial instrument (ARL 9900 of Thermo Fisher,
United States) with monochromatic radiation K of cobalt
(A = 1.78 A). The major chemical composition of iron ore
was determined by X-ray fluorescence analysis (ARL 9900,
Thermo Fisher Scientific, United States) with monochro-
matic radiation K of cobalt (A = 1.78 A). The result of the
investigation has been given in weight as follows: Fe,O,
(64.12 wt.%), Si0O, (13.66 wt.%), CaO (6.29 wt.%). It contains

also ALO, (3.90 wt.%), Na,O (3.90 wt.%), MnO (1.44 wt.%)
and low quantities of MgO (0.69 wt.%), TiO, (0.23 wt.%) and
P,O, (0.15 wt.%) with an ignition loss equal to 9.01%.

2.1.2. Mineralogical composition

Mineralogical analysis of starting powder materials at
298 K was carried out using PANalytical X'Pert HighScore
plus diffractometer with CuKa radiation (A = 1.5406 A).
The peaks in X-ray diffraction (Fig. 1), reveal the presence
of the following phases: goethite FeOOH (20 = 21.2°, 34.96°,
36.8°, 41.4°, 50.5°, 53.2° and 59.3°) and hematite Fe,O,
(26 = 33.22°, 40.5° and 68.3° [16-18]. Furthermore, a small
quantity of kaolinite is distinctly noticeable alongside quartz,
which appears as a minor phase.

2.1.3. Fourier-transform infrared spectroscopy analysis

Infrared spectra of iron-ore material was collected
on a PerkinElmer 783 over 400-4,000 cm™ spectral range
(Fig. 2). The samples were prepared as KBr pellets. Generally,
goethite can be differentiated from other compounds by
an intense broad band due to the bulk hydroxyl stretch at
3,170 cm™ [19] and two far less intense bands at 3,660 and
3,484 cm™ that can be attributed to the surface hydroxyl
groups [20]. Goethite can also be identified by its two
standards OH bending bands at ca. 910 em™ (y-OH) and
816 cm™ (5-OH) [20,21].

The most characteristic infrared adsorption bands of
hematite are present in the low frequency region (<600 cm™).
Infrared vibrations of hematite formed from the Si-free
hydrite are illustrated with two intense bands at 478, 574
and 620 cm™ [22,23].

Kaolin is similarly present and identified by the pres-
ence of peaks at 1,032 cm™ (5i-O-Si), 1,011 ecm™ (Si-O-Al)
and 940 cm™ (AI-O-H). The presence of C=0O species is
revealed by the existence of band at 1,451 cm™, which corre-
sponds to asymmetric stretching vibration.

2.1.4. Brunauer—Emmett-Teller specific surface area and pore
size distribution

Adsorption of gases and vapors is one of the most
widely used techniques for the characterization of porous
material. The Brunauer-Emmett-Teller (BET) gas adsorption
theory is the foundation for the measurement of surface area
in high specific surface materials. The textural parameters
of iron ore material were obtained from the adsorption and
desorption isotherms of N, at 77 K using a Quantachrome
Model Nova 1200e Surface (Germany) and porosity analy-
ser. The BET adsorption—desorption isotherms exhibited by
our sample (Fig. 3) are classified as type IV, in accordance
with International Union of Pure and Applied Chemistry
guidelines [24], indicating the mesoporous nature of this
sample. The main textural properties obtained from this
technique are summarized in Table 2. The pore size distri-
bution curve, as derived from the nitrogen sorption data
(Fig. 4), illustrates a narrow pore size distribution with
a diameter of 19 A (as indicated in Table 2). Hence, this
sample is highly suitable as a natural porous material for
membrane preparation.
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Fig. 1. X-ray diffraction pattern of iron ore.
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Fig. 3. Nitrogen adsorption-desorption isotherms at 77 K for
iron-ore.

Table 2
Textural properties of iron-ore

SBET SBJH/mesop VBJH/mesop Vads Do
(m’/g) (m’/g)  (ecm’/g) (ecm’/g) (A)
Iron ore sample 45.9 442 0.09 0.10 19

2 . .
Sger (m?/g): BET surface area, Sy, . : mesopore surface area,
s : mesopore volume, V_ : volume of N, adsorbed at
H/mesop ads 2

P/P,=0.98, D: average pore diameter.
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Fig. 4. Pore size distribution curve from nitrogen sorption data
of iron-ore.
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Fig. 5. Thermogravimetric analysis of iron ore material.

2.1.5. Thermogravimetric analysis

In the present investigation, iron ore thermal stability
was studied in the temperature range of 298-1,173 K with
heating rates of 5°C'min™ using thermogravimetric anal-
yses (Thermobalance L81, Linseis, Germany).

The thermogravimetric analysis of iron ore show three
mass loss steps. The first one is between ambient to 423 K
(Fig. 5). This mass loss (0.8%) is attributed to the loss of
structural water after a dehydration reaction. The second
step (4.91%) occurs from 473.15 to 623 K and is due to the
mineralogical transformation of goethite into hematite
[25]. The third mass loss step (1.16%) is attributed to the
loss of molecular of oxygen corresponding to deshydrox-
ylation, that profoundly changes the structure and leads to
metastable states evolving towards a stable state [26,27].

2.2. Preparation of ceramic sheet membrane

The paste was synthesized from a mixture of natural
iron ore and organic additives in an optimal formulation
detailed in our previous work [15]. The binder, metho-
cel, used in this study was trademarks of Dow Chemical
Company, (France). Amijel (Cplus 12076) was employed
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as a plasticizer, purchased from the Cerestar Company
(France). Starch (RG 03408, Cerestar) was utilized as a poros-
ity agent. Those organic additives are required to prepare
a paste with suitable rheological properties. The mixture
was homogenized with the addition of water in a stepwise
manner. A block appeared at the end of this phase. For the
preparation of plastic paste, an aging of 3 d under high
humidity conditions is required to avoid premature dry-
ing and ensure the complete diffusion of water and organic
additives. Then, the paste was shaped into cylindrical gran-
ules and later flattened using abrasive SiC discs. Flat sheet
membranes were placed on stems at room temperature
for 2 d to ensure a homogenous drying and avoid twisting
and bending. Finally, membranes were sintered on electric
oven with the adequate temperature program.

Thermal cycling was achieved in two steps: (a) anneal-
ing at 523 K for 2 h with a speed of 2°C/min to allow ther-
mal decomposition of organic additives and (b) calcination
at the desired temperature for 3 h at 5°C/min to avoid the
formation of cracks in the samples.

2.3. Characterization of flat sheet membrane
2.3.1. Mercury intrusion porosimetry

Mercury intrusion porosimetry has been routinely
employed to evaluate the pore size distribution of pow-
dered and bulk materials with open and interconnected
pore structures. This technique was proposed by Liabastre
and Orr [28], then developed by Lowell and Shields
[29] and applied for the first time to characterize mem-
brane filters by Honold and Skau [30]. Mercury intrusion
measurements were obtained with an AutoPoreIV9500
(Micromeritics Inc., USA).

2.3.2. Bubble point method and extended bubble point method

Bubble point method allows to determination of mem-
brane air permeance and also provides information about
the pores that are controlling the permeance. Bubble point
method measures the minimum pressure necessary to blow
the firstly observed air bubble that correspond to the larg-
est pore size of the membrane, this value is known as bub-
ble point. This method is used to measure pores with size
above 50 nm and is standardized by ISO 2942 and ISO 4003
and is probably the most employed technique to measure
defects in microfiltration membranes.

Mathematical relationship between pressure and pore
size is given by Washburn equation:

_ 4ycos0
d

P

AP

where AP is the transmembrane pressure, y is the surface
tension in the gas-liquid interface, O is the contact angle
and d_ is the pore diameter. For wetting liquids, O is taken
as 0 [31,32].

Average pore size (d,) is calculated with Washburn’s
equation from the pressure at the intersection point of the
line that corresponds 50% of air flow (mL/min) through
the dry membrane vs. the applied pressure when the

membrane is wet (Fig. 6). In a similar way, d,, d,, and d,, have
been calculated.

The experimental set up consists of gas pressure vessel,
pressure regulator and indicator, membrane holder and a
flow meter (Fig. 7). The model system, including housing
and seal was tested several times to avoid the existence of
any leaks. Water or isopropanol were employed as wetting
liquids. The low interfacial tension between isopropanol
and air allows us to perform measurements of very small
pores with no needs of high pressures, which can be an
important consideration regarding the mechanical integrity
of the membrane.

According to the process of manufacture two series of
membranes were investigated using different particle size
(60 and 250 pum), labeled Irong and Iron,,, respectively.
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Fig. 6. Theoretical flow-pressure curve from the measurement of
gas permeation.
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3. Results and discussions
3.1. Mercury intrusion measurements

Pore size distribution analysis was conducted for both
Iron, and Iron,,. Figs. 8 and 9, along with Table 4, present
the results of mercury porosimetry, highlighting the mean
pore diameter for membranes crafted from smaller parti-
cle sizes. As one might anticipate, elevating the sintering
temperature generally leads to an increase in the average
pore size and a reduction in total porosity, indicative of
agglomeration phenomena (as detailed in Table 4 and illus-
trated in Fig. 8).

Conversely, Fig. 9 demonstrates that the pore size distri-
bution remains relatively uniform, encompassing a diverse
range of pore sizes. This phenomenon is likely attributed
to the presence of larger particles (Iron,). The decline
in porosity suggests that particles tend to approach one
another at higher sintering temperatures.

3.2. Bubble point method and extended bubble point method

In order to test pore size and pore size’s distribution
of our synthesized membranes, we have been compared
the flow rate vs. pressure profile of a dry membrane with

that of a wetted membrane by gas-liquid displacement
porosimetry.

The Laplace equation suggests that the method is inde-
pendent of the liquid type used. However, if different liquids
are used, different radiuses will be obtained for the pore
radius, which is probably due to wetting effects of the lig-
uid to membrane material [33]. The wetting effect of a lig-
uid can be estimated by surface tension values. The value
of surface tension can affect the pressure needed to achieve
and measure the lowest pores sizes. Since the pressure value
needed for liquid displacement is proportional to the sur-
face tension, the selection of liquid will limit the minimum
pore size could be characterized. For such a system, the flu-
ids used to measure sample fired at 1,273 K using big size
particles present two different interfacial tension, isopropa-
nol (23.0 mN/m) and water (72.8 mN/m) [34]. With higher
water interfacial tension, the system needs high pressure
for gas permeation through small pores. The medium pore
size reached was 9.09 micron. Using isopropanol, as fluid
with lowest interfacial tension, can achieve smaller ones
and reach 5.43 micron as medium pore’s size.

According to the pore-forming mechanism and mem-
brane sintering, the particle size of the raw material affect to
the pore size distribution of the membrane. Table 5 shows
the results of pore size distribution of the membranes. For
both kind of membranes, an increase of temperature promote
the increase of the pore size. High temperature would melt
some crystals generating small pores that combining with
each other will form large pores. Except for Iron,, sintered
at 1,073 K that pore size increase, suggesting defects in the
sintering process that translate into high pore size.

Table 3
Different conditions for several tests

4000

50000

05
— Mem_Iron_SS_ 11735 > Sl
Mem_Iron_SS_ 1373k "4 et
===Mem_Iron_SS ,,7;x ¥4 / ]
g / 035 g
P S Vs 03 g
4
7 Va 025 @
=
/ - 2
7 2 o
7/ s B
Y 2
gt L S
7~
g 7 s
—;-_—m‘_ﬂfp/, S o

Diameter of pores,nm

Fig. 8. Pore size distribution at different calcination tempera-
ture (1,373; 1,273 and 1,173) with small particle size by mercury
porosimetry method.
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Fig. 9. Pore size distribution at different calcination tempera-
ture (1,273; 1,173 and 1,073 K) with big particle size by mercury
porosimetry method.

Type of samples  Firing Wetting solution used
temperature (K)
1,373 Isopropanol”

Irong, 1,273 Isopropanol
1,173 Isopropanol

Irong, 1,273 Isopropanol and water”
1,173 Isopropanol
1,073 Isopropanol

“Surface tension of isopropanol is 21.7 dyn/cm at 293 K.
"Surface tension of water is 73 dyn/cm at 293 K.

Table 4

Diameter pores measured by mercury porosimetry of iron’s
membranes using two kind of manufacturing process

Firing temperature (K)

Diameter of pores (um)

Irongg 1,373 (3.4-3.9)
1,273 (1.6-1.8)
1,173 (2.0-2.3)
Irong, 1,273 (3.6-4.5)
1,173 (3.1-4.1)
1,073 (2.1-4.2)
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Also, we can observe that for membranes with large
particle size (Iron,,) the pore size was higher than for mem-
branes with small particles (Irong). With the decrease of
the particle size of the raw material, pore size formed by
accumulation becomes smaller so the pore size of the mem-
brane gradually decreases. The pore size ranges from 0.76 to
5.43 um for Iron, and Iron g sintered both at 1,373 K. Also,
the membranes with particle size show a narrow pore size
distribution compared with membranes with particle size.

The data obtained with Iron, correspond with mean
size pores acquired with mercury porosimetry. The slight
deviations are in the range of the experimental error.
Unfortunately, our experimental set up for some samples was
limited for high pressure and the flow-pressure curve does
not reached its dry flow behavior up to this pressure.

The membranes fired at 1,273 K with smaller particle
size were tested with air-water displacement porosimetry
and mercury porosimetry in order to compare both meth-
ods; these results are as well presented in Table 5. The pre-
vious experiments have shown that the mean pore size
ranges from 0.76 um to approximately 3.6 um, by air-wa-
ter displacement porometry and mercury porosimetry
analysis, respectively.

Based on data obtained, the results of porometry and
mercury porosimetry are not in good agreement with each
other. The difference has been interpreted and explained in
the study of Rahman et al. [35] by the way that the use of
bubble point method explain more the morphology of the
different pores present in the model studied point which
controlling the permeation. In addition, if we have large and
small pores in series, mercury porosimetry will detect both,
but air-water displacement technique will measure only
the small pore, which is the one controlling the permeation.

Comparing the results obtained with those from litera-
tures, a good agreement has been achieved with the results
from other authors using different starting materials such
as perlite [8] with mean pore size at around 6.64 pm, clay
[9] with a support to approximately 3.4 um and a using of
zirconia layer with pores at around 0.16 pum, with kaolin

Table 5
Characteristics of membranes made from iron ores with differ-
ent particle size

Irong Irong,
Diameter, cm 1.3 1.3
Thickness, cm 0.2 0.3
Temperature, K 1,373 1,273 1,173 1,273 1,173 1,073
S 15 1.1 0.6 248 7.2 26.3
L 1.4 0.9 0.4 21.7 6.7 25.5
d, 500, - 0.8 - 5.4 5.8 24.8
d, s, - - - 17 3.1 19.2
Mercury 6.1 3.6 25 5.8 4.8 3.6
porosimetry, um
Air permeance, 2 - - 2*10° 856 850
x10° L/h/m?-bar
Water permeance, 281 - - 222 149 -
L/h/m*bar

[11] a support was made with mean pore size at around
4 um and a zirconia layer of approximately 0.35 pm.

3.3. Permeance: air and water measurements

The tests have been realized for all the membranes
(Table 5). Results proved that the increase of applied pres-
sure causes a linear increase of air flux. Higher values of
air permeance were obtained with Iron,,. These data show
clearly the presence of big voids and pores that make
membranes more permeable. The further sintering process
causes an enlargement of diameter of pores and porosity.

For the membrane sintered at 1,273 K with Iron,, water
permeance was found to be 280.68 L/h/m*bar. Relatively higher
permeance values were obtained from Irony at 1,273 and
1,173 K, being 222.57 and 149.36 L/h/m*bar, respectively. As
the sintering temperature decreases, the permeance increases.

The tests to determine permeance of Irong sintered
at 1,073 K and Irong sintered at different temperature
(Table 5), cannot provide any information because their
fragile texture and/or the excessive agglomeration of parti-
cles at high temperature.

3.4. Scanning electron microscopy

Fig. 10 illustrates scanning electron microscopy images
for the membranes sintered at different temperatures. For all
membranes a surface with rough morphological structure
can be shown. The images show that a gradual increment
of temperature provokes a process of coarsening of pores,
which gives membrane more consolidated at 1,273 K with
both size particles. A narrow distribution can be seen at low
firing temperature (1,073 and 1,173 K) (Fig. 10). However,
over 1,373 K, the microstructure of the membrane shows an
increasement in grain size; the particles melt together giv-
ing small cavities. We reported that a higher temperature
produce a collapse in the porous structure creating more
dense ceramic body. As a result the decreased porosity of
the membrane by increasing the sintering temperature, we
obtained lower permeance.

Through characterization, it was found that the pore size
distribution of the membranes gradually increase with the
increase of the particle size distribution (Figs. 10A-C vs. D-F).

A design experiment have been established in order to
optimize the parameters of ceramic membranes synthe-
sized (Figs. 11 and 12 and Table 6).

4. Conclusion

Highly ordered flat sheet membranes were successfully
synthesized by mixing iron ore, methocel and amigel as
well as starch with water which is the most commonly used
solvent for cost and safety reasons. The characterization of
the synthesized membranes have been controlled by mer-
cury intrusion porosimetry, porometry method, permeance
of air and water and finally we have been used the scan-
ning electron microscopy to control the microstructure of
the inner surface of the membranes.

On the basis of the whole work, the resulting pore size
distribution for iron big and small size as obtained by mer-
cury porosimetry and porometry method has been con-
firmed by scanning electron microscopy. After optimizing,
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Fig. 10. Scanning electron microscopy photomicrograph of the different samples used. (A) Membrane fired at 1,373 K with Iron_
ore_SS. (B) Membrane fired at 1,273 K with Iron_ore_SS. (C) Membrane fired at 1,173 K with Iron_ore_SS. (D) Membrane fired
at 1,273 K with Iron_ore_BS. (E) Membrane fired at 1,273 K with Iron_ore_BS. (F) Membrane fired at 1,073 K with Iron_ore_BS.

ceramic membranes synthesized with Irong and Irong
labeled A and E, respectively were found to process the opti-
mal property in this study. The diameter of pores using mer-
cury porosimetry were achieved 6.1 and 4.8 um for sample
A and E, respectively.

These investigations present a correlation with the
results achieved with the permeance of air and water. Higher
values of air permeance were obtained with Iron,. The
highest water permeance was obtained at 1,273 K, which
was 210° L/h/m*bar. For water permeance the membrane
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Fig. 11. Photograph (a) and scanning electron microscopy photomicrograph (b) of iron ore membrane (A) fired at 1,373 K for

particles size smaller than 60 pm.
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Fig. 12. Photograph (a) and scanning electron microscopy photomicrograph (b) of iron ore membrane (E) fired at 1,173 K for

particles size in the range of (60-250 um).

Table 6
Optimal parameters of ceramic membrane synthesized A and E

Parameters Diameter Thickness Diameter of pores using Air permeance Water permeance
mercury porosimetry
Membrane types
Membrane(E) 1.3 cm 0.3 cm 4.8 pm 856 x 10° L/h/m*bar 149 L/h/m?bar
Membrane(A) 1.3 cm 0.3 cm 6.1 um 2 x 10° L/h/m*bar 281 L/h/m?*bar

sintered at 1,273 K, with Iron., was found to be the highest
flat sheet membrane elaborated with 280.68 L/h/m*bar.

The challenge in the development of ceramic membranes
based on iron ore provides great opportunities to produce
an optimal inorganic membrane performance that is suit-
able for industrial applications and to explore the possi-
bility of commercialization of our products.
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