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This study reports on the possibility of applying one-part pressed geopolymers as a support for microfiltration
membranes. The mineralogical, physical, mechanical, microstructural and hydraulic properties of the investi-
gated materials are presented. Metakaolin-based geopolymeric membrane flat supports were synthesized by
uniaxial pressing a dry-mixed powder (Si/Al = 1.45, Na/Al = 0.9, Na/Si = 0.62, HoO = 12%), with pressure

between 2 and 20 MPa and a curing temperature of 70 °C. Mixing and pressing optimization resulted in samples
with a total open porosity up to 39%, a modal pore diameter up to 23.5 pm and a flexural strength up to 20.4
MPa. Permeation measurement with demineralized water and ethanol-water solutions were carried out using a
dead-end geometry membrane apparatus. A hydraulic permeability up to 31.3-10° L h™! m~2 bar ! has been
obtained. Furthermore, permeation tests using water-ethanol solutions have demonstrated that the material is
hydrophilic. These results highlighted the potential of geopolymers as microfiltration support.

1. Introduction

Microfiltration is a membrane separation technique used for many
years in many fields such as food, dairy, biotechnology and pharma-
ceutical industry [1-4]. It comprises different applications: fruit juices
clarification, cold sterilization, cell harvesting in continuous fermenta-
tion, water treatment in general (post-treatment in activated sludge
systems and membrane bioreactors are some examples), pre-treatment
of nanofiltration and reverse osmosis steps, water potabilization.
Nowadays, asymmetrical membranes, consisting of a support that pro-
vides mechanical strength to the membrane without blocking the flow
and a selective layer that separates the phases, are largely widespread
[5]. Typically, membranes are produced with ceramic or polymeric
materials. Most used materials for ceramic membranes are aluminum,
zirconium, titanium oxides and silicon carbide [6]. Although the per-
formance of ceramic membranes is very efficient with regards to both
durability and selectivity properties, production costs associated with
the purchase of pure raw materials and the need of heat treatments
frequently lead to their replacement by polymeric membranes [7]. With
an average price of 20-200 $ m~2, polymeric membranes are consid-
erably cheaper than ceramic membranes (average costs of 500-3000 $
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m’z) [8-10]. On the contrary, with alkali activated materials and geo-
polymers, membranes could be synthesized with physical and durability
properties similar to ceramics, but with lower production costs. Indeed,
unlike ceramic materials, geopolymers do not require high-temperature
sintering, but they can be cured at temperatures below 100 °C [11].

Geopolymers are made of amorphous aluminosilicate source (such as
metakaolin) and activator (such as sodium hydroxide and/or sodium
silicate). The activator can be liquid or solid and in the latter case, the
system is defined “one-part geopolymers” and the activation reaction
starts with the addition of water [12,13]. The application of one-part
geopolymers reduces the issue of handling large quantities of hazard-
ous and corrosive alkaline solutions (sodium and potassium silicates and
hydroxides) and the environmental impact mainly related to the use of
sodium silicate solution generally produced by Solvay process.
Furthermore, it has been observed that compressive strength of one-part
geopolymers can reach high values, up to 80 MPa. However, despite all
these advantages, studies about one-part geopolymers applications are
rather limited and mainly addressed to durability, efflorescence phe-
nomena and shrinkage properties [12].

Geopolymers are very versatile as they can be formed by casting,
pressing or extrusion methods and used for different applications
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[14-22]. Independently of the applied casting method, geopolymers
have an inherent porosity generated by air bubbles in the slurry (mac-
ropores, > 10 pm), unreacted particles (meso- and micropores, 100 nm -
10 pm), interstices in the gel (2-100 nm) [23]. If porosity and pore size
distribution need to be specifically tailored, methods such as direct
foaming, replica, sacrificial filler and 3D printing can be also used. The
direct foaming technique is currently the simplest and fastest way, also
applicable to one-part geopolymers, to obtain highly porous geo-
polymers [23,24].

In the scientific literature, few studies already report the synthesis of
geopolymeric membranes, both symmetrical (self-sustained) and
asymmetrical (support and selective layer) for water filtration, gas
separation [25,26] and pervaporation [27,28]. Although symmetrical
membranes are not widely industrially produced, good results have been
obtained in the filtration of aqueous solutions containing alcohol [28],
methylene blue [29], heavy metals [30,31], Na* ions [32], oil-water
emulsions [33] and nano-particles [34]. With regard to asymmetric
membranes, a hybrid membrane has been developed with a
metakaolin-based geopolymeric support formed by casting and a selec-
tive polymeric layer of chitosan [35]. A cast geopolymeric support based
on metakaolin has also been developed by Bai and Colombo by direct
foaming method [36]. Porosity was achieved by adding a combination
of hydrogen peroxide (H0O5) and surfactant to the slurry, achieving a
total open porosity of about 65%, a pore size distribution between 100
and 600 pm and a compressive strength of about 4.5 MPa. A similar
approach has been used by Xu et al. [37], who developed an asymmetric
metakaolin-based membrane by casting for the purification of
pulp-papermaking green liquor. The support has a pure water perme-
ability of 133-10% kg m~2 h™! bar !, an open porosity of 69.5% and a
compressive strength of 4.3 MPa.

The aim of this study has been to understand the applicability of one-
part geopolymer materials as supports for water microfiltration. So far,
the scientific literature on this topic is scarce and a press-formed geo-
polymeric membrane supports have never been studied. The support has
been developed to be used as flat membranes and the methodology has
been optimized in order to obtain a material with high mechanical
strength. Based on a previous study [15] where the influence of different
Na/Al ratio and water content on microstructural and physical proper-
ties of one-part geopolymers was investigated, a mix design was selected
and disk-shaped membrane supports were prepared varying the pres-
sures (from 2 up to 20 MPa) during forming. Structural (XRD and FT-IR
analyses), physical (bulk density, total open porosity and pore size dis-
tribution), mechanical (flexural strength by three-point bending test)
and microstructural properties have been determined as function of the
applied pressure. Moreover, permeation measurements with deminer-
alized water and ethanol-water solutions have been also carried out on
the developed geopolymer membrane supports in order to evaluate their
performances and the peculiar characteristic of the “threshold pressure”
has been highlighted.

2. Material and methods
2.1. Materials

Flash calcined metakaolin was supplied by Argeco Développement
(France). The chemical and mineralogical compositions of metakaolin
are reported in a previous study [15]. Anhydrous sodium metasilicate,
supplied by Alfa Aesar, was used as activator for the geopolymer syn-
thesis. Permeation tests were performed using demineralized water (21
pS/cm at 24 °C) and water-ethanol solutions at concentrations of 100
and 200 g L! of ethanol. Ethanol with a purity >99.8% has been sup-
plied by Alfa Aesar.

2.2. Samples preparation

Metakaolin and anhydrous sodium metasilicate were dry mixed to
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obtain a powder mix with the following molar ratios: Si/Al = 1.45, Na/
Al =0.90, and Na/Si = 0.62. Then, the dry mix was sprayed with 12 wt%
of demineralized water and formed by uniaxial pressing. Disk-shaped
samples (d = 45 mm, h = 2 mm) and prisms (70 mm x 10 mm x 7
mm) were obtained by forming pressures of 2, 5, 10, and 20 MPa
(Fig. S1). Samples curing was carried out at 70 °C for 24 h and at room
temperature for the following 6 days, keeping the samples sealed in
plastic bag to prevent fast water evaporation and consequently crack
formation. In order to ensure the planarity of surfaces, all the samples
were cured under a 200 g load.

Samples were named as S followed by the applied forming pressure
(2, 5, 10, and 20). Any other sample specification, such as the fluid used
during permeation tests (PW for pure water and ET for ethanol-water
solutions) was added when needed.

2.3. Characterization

2.3.1. Structural, physical, microstructural and mechanical
characterization

Structural and mineralogical characterizations were performed using
an X-ray diffractometer (XRD, Panalytical Empyrean) equipped with a
CuKa tube (A = 1.5406 ;\) operating at 40 kV and 30 mA. Analyses were
performed on dried powder (milled samples) using a 20 range from 4 to
80° and a step size of 0.026°. FT-IR spectra were recorded on powder
samples by a Fourier Transform Infrared spectroscopy (FT-IR, Perki-
nElmer Spectrum One spectrometer) in wavenumber range of 400-4000
cm ™! with a resolution of 4 cm™L.

The geometric density (p) was calculated by dividing the dry mass of
disk-shaped sample by its volume. The total open porosity (¢), pore size
distribution and modal pore diameter (D) were determined using a
mercury intrusion porosimeter (Pascal 140 and Pascal 240, Thermo
Scientific) capable of measuring the volume of pores with diameters in
the range between 0.0074 and 116 pm. Testing samples have about 1
cm?® volume and setting parameters were as follows: contact angle of
141.3° and a Hg surface tension of 480 dyne/cm.

The three-point bending test has been carried out using a universal
testing machine (10/M, MTS/US) applying a roller span of 60 mm and a
crosshead speed of 5 mm min~'. Flexural strength (of) was calculated
using Eq. (1):

3FL
% = 2hw?

®

where F is the maximum load, L is the length of the support span, w and
h are the width and the thickness of the sample, respectively. Flexural
strengths reported are the average of five measurements.

Microstructural observations have been performed using a field
emission gun scanning electron microscope (FEG-SEM, Tescan Mira3).
Samples were coated by graphite using a Quorum sputter coater (Q150R
ES) to make them conductive.

2.3.2. Permeation testing apparatus and procedure

Permeation measurements with pure water and water-ethanol solu-
tions were conducted on disk-shaped geopolymer samples using a dead-
end geometry apparatus (Sartorius SM165 26 with a maximum capacity
of 200 mL) applying a transmembrane pressure (AP) between 0.2 and
0.5 bar (Fig. 1, Fig. S2). The permeate is maintained at atmospheric
pressure (Pay) while the AP (= Pppg - Pay) is regulated and kept con-
stant via the V-1 valve. The solution charge is 200 mL and the permeate
is taken continuously, measuring the volume of permeate over time.
Before starting the permeation measurements, all samples were fluxed at
0.5 bar with a volume of water of approximately 7 L. This conditioning
was needed to remove unreacted sodium metasilicate, being responsible
of a pH increase of permeate up to 12. Fluxing ended when the pH values
of feed and permeate were equal, this typically occurring at pH = 6.
Finally, samples were dried at 100 °C for 24 h. Transmembrane flux
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Fig. 1. Dead-end geometry apparatus scheme (PI = Pressure indicator, V
= Valve).

measurement was performed applying decreasing pressures, using
demineralized water (PW) and ethanol-water solutions (ET100 and
ET200), both at room temperature (24 °C). At each pressure value, 9
flow measurements were carried out, with the tank being refilled every 3
measurements to avoid deviations related to the water level. Flux
measurements were repeated at least three times and the corresponding
standard deviations are reported.
The total volume flux (Jy) was calculated according to Eq. (2):

— Ve
T At A,

Iy 2)

in which Vp represents the permeate volume collected in the time in-
terval At and A, is the area of the disk-shaped geopolymer sample.
Experimental data of Jy are reported along the pressure difference AP.
3. Results and discussion

3.1. Structural, physical, microstructural and mechanical properties

All the pressed one-part geopolymer samples were tested after 7 days
of curing. FT-IR spectra of metakaolin and geopolymer supports were
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Fig. 2. FT-IR spectra of metakaolin (MK) and geopolymer supports (S2, S5, S10
and S20).
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obtained over a scan range of 400-4000 cm ! (Fig. 2). The main band at
1052 cm™! representing the Si-O-Si and Si—-O-Al stretching vibration
[38-40] is visible in MK spectrum. A shift of this band to 987 cm !
occurs as a consequence of the chemical reorganization and poly-
condensation due to the geopolymerization reaction for S2, S5, S10 and
S20 [41,42]. This shift agrees with what is found for geopolymers pre-
pared by alkaline solutions by Rovnanik et al. [40] and Li et al. [43],
which report this band at 1000 cm™! and between 950 and 960 cm ™,
respectively. Moreover, whereas in all the spectra, bands between 400
and 800 cm ™, related to the presence of quartz [44], are evident, the
band at 1458 cm ™, corresponding to the stretching vibrations of 0-C-O
bonds [45], occurs only in geopolymer samples. Such vibrations can be
associated to the presence of sodium carbonates as a result of carbon-
ation of unreacted sodium silicate. Comparing the four geopolymers
spectra, it can be observed that sample S20 is the one with the least
intense carbonate band and the most intense peak at 987 cm™!, thus
indicating the highest degree of geopolymerization.

Fig. 3 shows the XRD pattern of the metakaolin and the geopolymer
supports S2 and S20. The MK pattern indicates that metakaolin contains
mainly quartz (SiO3) and kaolinite (Al»SioOs(OH)4) as crystalline pha-
ses. The halo peak visible between 20 and 30° represents the amorphous
phase typical of aluminosilicate glasses. Pouhet et al. estimated the
percentage of amorphous silica for MK supplied by Argeco (the same
used in this study), equal to 29%, the rest of SiO2 being present in the
crystalline form of quartz [46]. The broad halo peak shifts to higher 26
degree values (25-35°) in S2 and S20 spectra, thus exhibiting the same
behavior of geopolymers obtained by alkaline solutions. XRD patterns of
S2 and S20 also show, in addition to all the phases determined in MK,
newly formed peaks attributable to sodium carbonate. This compound is
formed by carbonation of unreacted sodium silicate present in the
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Fig. 3. In a) XRD patterns of metakaolin (MK) and geopolymer supports S2 and
$20. Q = quartz, C = sodium carbonate, K = kaolinite. In b) the magnification
of the XRD pattern between 15 and 35° showing the position of the broad
halo peak.
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geopolymer support as already observed by FT-IR spectra. Sodium car-
bonate peaks are less pronounced in sample S20, highlighting a higher
degree of geopolymerization compared to S2.

Finally, apart from sodium carbonate, no other newly formed crys-
talline phases such as zeolites have been determined in geopolymers
spectra, thus indicating that the process parameters set up for the syn-
thesis are suitable as confirmed by both XRD and FT-IR analysis.

In Fig. 4, the results of geometric density and flexural strength are
reported. By increasing the forming pressure, both geometric density
and flexural strength increased with an exponential trend from 1.54 to
1.88 g cm™ and from 7.3 to 20.4 MPa, respectively.

Flexural strength of the investigated samples can be compared with
literature data. Both Obada et al. and Bouzid Rekik et al. report of
ceramic supports, based on kaolin clay as raw materials, with a slightly
higher flexural strength of about 28 MPa [47,48], while Lorente-Ayza
et al. achieved a flexural strength of 39.7 MPa [49]. Jedidi et al.,
using fly ash as raw material, obtained a support with a slightly lower
flexural strength (22.9 MPa) than the one exhibited by S4 [50].
Conversely, considering supports based on pure oxide ceramics (e.g.:
a-Al,O3 and TiOy), flexural strength values in the range of 28-87 MPa
have been reported in several studies [51-54].

Fig. 5 reports the cumulative open porosity and modal pore diameter
determined by mercury intrusion porosimetry. It is observed that by
increasing the forming pressure from 2 to 20 MPa the total open porosity
decreases from values of 39 to 14%. The modal diameter follows the
same trend, showing a decrease from 23.5 to 5.8 pm. Compared to
ceramic membrane supports, geopolymer supports generally show a
lower cumulative open porosity and a larger pore diameter. Typical
values of cumulative open porosity for ceramic supports range between
31 and 51%, while in terms of pore size distribution, typical values are
between 0.9 and 16 pm [49-55]. Such variations can be ascribed to raw
materials, different consolidation process (ceramics are sintered), and
high forming pressure (for ceramic up to 240 MPa [56]).

The differential pore size distribution (Fig. 5) shows that pore
dimension of the samples has monomodal curves with narrow distri-
butions. Indeed, increasing forming pressures, denser, more compact
and mechanically resistance microstructures are obtained for the
investigated mix design. Among the tested disks, S2, S5 and S10 samples
pressed at 2, 5 and 10 MPa, respectively, are the more promising in
terms of open porosity values and pore size characteristics to serve as a
membrane support [6,57].

The FEG-SEM micrographs are reported in Fig. 6 showing the un-
polished cross-sections of the synthesized geopolymer supports after 7
days of curing. The porosity characterizing the different samples pre-
viously discussed are clearly visible in the reported micrographs and an
increasingly dense matrix is observed moving from sample S2 to sample
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10 15
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Fig. 4. Flexural strength (of) and geometric density (p) of the investigated
geopolymeric supports.
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Fig. 5. Cumulative open porosity (¢) and differential pore size distribution
(dv/dlog(D)) of the investigated samples.

S20. Furthermore, it can be also noted that the observed samples do not
show any macro- or micro-cracks, that may affect geopolymers [58-60],
and that the pores are randomly shaped. Fig. 7 shows two micrographs
reporting the raw metakaolin and sample S10. Whereas MK is formed by
particles mainly constituted by clusters of flakes, geopolymer micro-
structure is smooth, dense and continuous.

3.2. Membrane permeability

In order to obtain a reliable assessment of permeation features of the
investigated samples, filtration tests with pure water and ethanol-water
solution were performed on geopolymer supports. Figs. 8-10 show the
total volume fluxes (J,) as a function of the pressure difference across the
geopolymer disk (AP) obtained for S2, S5, S10 and S20 samples.

Firstly, it can be observed that all the tested supports show a linear
trend between the volumetric flux and the transmembrane pressure,
with a negative intercept at AP = 0; the values of slope and intercept are
reported in Figs. 8-10.

In agreement with previous observations, data have been elaborated
according to the porous flow law proposed by Huang et al. [61], as re-
ported in Eq. (3). Such equation describes the flow of a liquid in small
pore size porous media, as it was observed in the case of rock cores oil
reservoir, and reconfirmed by Yin at al. in a-Al,O3 membrane supports
[53]:

kp
N6

Jv="2-(Ap—Apr)=Per (Ap—Apr) ®)

In Eq. (3) kp is the Darcy’s permeability coefficient which typically
collects the geometrical parameters of the membrane, such as void
fraction or interconnected porosity, pore size distribution and tortuosity
factor, n represents the dynamic viscosity of the fluid inside the pores
and &y, is the membrane support thickness; the membrane permeability
with the testing fluid, Per, is defined straightforwardly. Generally
speaking, in the case of laminar flow across cylindrical pores of the same
pore radius, the Darcy coefficient can be expressed as kp = ¢ I‘S/ST, in
which r}, represents the pore radius and 7 the tortuosity factor, respec-
tively. Since membranes typically shows a pore size distribution and the
shape is not cylindrical nor slit-like, that expression can give only an
indication of the role of the porosity and pore diameter on the
permeability.

With regards to Eq. (3), the flow of a liquid deviates from Darcy’s
linear law: the so-called threshold pressure difference, Apr, should be
overcome to allow the liquid flow across the pores. As the pore radius
decreases, liquid-solid interactions (intermolecular forces at the liquid-
solid interface) increase the liquid viscosity of the fluid close to the
pore wall with respect to the viscosity of the bulk fluid. As a conse-
quence, the liquid viscosity is not constant along the pore radius and a
non-Newtonian behavior is observed, rather similar to a Bingham fluid
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Fig. 7. FEG-SEM micrographs of raw metakaolin (left) and sample S10 (right).
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Fig. 8. Transmembrane volume fluxes with pure water at 24 °C of S2, S5, S10, S20 samples as function of AP.
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Fig. 9. Transmembrane volume fluxes with pure water and ethanol-water solutions (ethanol concentration of 100 and 200 g L) of S10 sample as function of AP.
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Fig. 10. Transmembrane volume fluxes with pure water and ethanol-water
solutions (ethanol concentration of 100 and 200 g LY of S20 sample as
function of AP.

Table 1

[61]: a minimum activation pressure, the threshold pressure difference
(Ap7), is then necessary to have a liquid flow across the pore. As the pore
radius increases, on the contrary, Apr decreases, and Eq. (3) degenerates
into the typical Darcy’s law.

The values of membrane permeabilities of the investigated samples
and the corresponding threshold pressures are reported in Table 1
together with the same data determined by Yin et al. [53] for a-Al,O3
ceramic support. Data from reference 53 have been selected for com-
parison’s sake.

Increasing the forming pressure from 2 to 20 MPa results in a
reduction of the hydraulic permeability (PW data) from values of about
31.3-10° to values of about 0.90-10° Lh™' m~2 bar™! (Fig. 8). S2 and S5
samples with permeability values of 31.3-10% and 17.7-10° L h™! m~2
bar™?, respectively, show very promising permeability properties for
being used as membrane supports. Although S10 has a lower perme-
ability (5.4-10° Lh™! m~2 bar!) compared to S2 and S5 samples, it can
still be a valuable support considering its high flexural strength.

Physical characteristics (D: modal pore diameter, ¢: total open porosity, dn,: thickness) and transport parameters with pure water (PW) and ethanol-water solutions

(ET) (Per: permeability, APy: threshold pressure) of the investigated samples.

Sample D (pm) @ (%) 8 (mm) Fluid Per (L/(h.m2bar)) - 10° APt (mbar) Per,/Perg; Reference
S2 23.5 39 2 PW 31.3+0.8 9+18 - This work
S5 12.7 30 2 PW 17.7 + 0.6 66 + 12 -
S10 9.8 22 2 PW 5.4+0.3 99 + 14 -

ET-100 3.7 £ 0.2 119 + 24 1.46

ET-200 2.6 £0.2 105 + 22 2.08
S20 5.8 14 2 PW 0.90 +£ 0.1 104 + 20 -

ET-100 0.59 + 0.03 105 + 16 1.53

ET-200 0.36 + 0.02 92 + 22 2.50
®-Al,03 4.6 31 3.5 PW 17.9 93 - 53]
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As with typical ceramic or polymeric microfiltration supports, hy-
draulic permeability of the investigated samples decreases with
decreasing pore diameter and total open porosity, in complete agree-
ment with the Darcy law. Indeed, the most porous support (S2) with a
total porosity of 39% and a modal pore size of 23.5 pm has a hydraulic
permeability of 31.3-10° L h™! m~2 bar~!; in contrast, the least porous
support (520), with a total open porosity of 14% and a modal pore size of
5.8 um has a permeability of 0.9-10° L h™! m~2 bar™!. Similar hydraulic
permeability values (18~1O3 and7.6-10°Lh 1 m—2 bar’l) were obtained
from supports made of a-AlyO3 by Yin et al. and Qin et al. [53,55] with
porosity and pore size of 31 and 46%, 3.5 and 4.7 pm, respectively. A
permeability of 13-10% L h™! m~2 bar~! was also achieved using tradi-
tional ceramic membranes (kaolin and calcium carbonate as raw ma-
terials), creating a support with a porosity of 47% and an average pore
size of 8 pm [62]. Aouadja et al. [51] have achieved an excellent
permeability of 15.7-10° L h™! m™2 bar~! with a porosity of 46% and a
pore size of 7.7 pm from a diatomite/alumina mixture as raw material.
Another extremely high permeability value (45-10° L h™* m™2 bar 1)
was obtained with a support with 41% of open porosity and 6.8 pm pore
size.

With regards to the threshold pressures (Table 1) it can be seen that
increasing the forming pressure (samples S2 to S20) leads to an increase
in Apr from 9 mbar to 104 mbar, when using pure water. This means that
the Apr increases as the porosity and modal pore size decrease. Such
behavior indicates the presence of a strong fluid-solid interaction inside
the pores with a corresponding increase of the viscosity close to the
fluid/solid interface. This is indicative of a considerable affinity of the
support for water, confirming the hydrophilic character of the geo-
polymer. Finally, it can be observed that the Apr values calculated for
the samples S10 (99 mbar) and S20 (104 mbar) are in a very good
agreement with the value (93 mbar) obtained by Yin et al. [53] for
a-Al;03 membranes.

With regard to permeability with ethanol-water solutions, a decrease
in permeability with increasing ethanol concentration is observed for
both samples S10 (Fig. 9) and S20 (Fig. 10), (see also Table 1). S10
shows a reduction of permeability from about 5.4-10% to 2.6-10% L h™!
m~2 bar~! when the ethanol concentration increases from 0 to 200 g
L. 520 exhibit the same trend with permeability values that ranges
from 0.9-10° to 0.36-10% L h™'m™2 bar . Only the results of samples
S$10 and S20 are reported, since the corresponding data show lower
standard deviations both on fluxes and on the Apy than the cases of
samples S2 and S5 (Table 1), allowing more precise evaluations.

As the threshold pressure values with ethanol solutions, the calcu-
lated Apr do not assume any remarkable trend, with values always like
those obtained with pure water, although a slight decrease can be evi-
denced as the ethanol concentration increases. That behavior might
suggest that the fluid-solid interactions at the pore wall slightly
decrease, due to the hydrophilic character of the membrane material.

Finally, it should be observed that the decrease in permeability with
ethanol-water solutions is mostly related to the greater value of the bulk
viscosity of ethanol-water solutions with respect to the pure water value:
at 20 °C viscosity of 100 g L ™! and of 200 g L™! ethanol-water solutions
is 1.51 mPa s and 2.18 mPa s, respectively, with respect to the pure
water viscosity of 1.0 mPa s. Considering Eq. (3), assuming the same
values of kp and &, the ratio of the permeabilities of pure water and
ethanol-water solutions, Per,/Perg;, should correspond to the bulk vis-
cosity ratio. Indeed, this ratio is evaluated as 1.46 and 1.53 for ET-100
and 2.08 and 2.50 for ET-200, for samples S10 and S20 respectively
(Table 1). Apparently, Eq. (3) is a very good representation of the
behavior of geopolymer support.

As a final comment, it is interesting to observe that permeation
measurements were repeated at least three times obtaining very repro-
ducible results, exhibiting small standard deviation values. The applied
mix design and forming method allowed the synthesis of samples with
reproducible characteristics.
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4. Conclusions

In this study, membrane supports for water microfiltration were
successfully synthesized by pressing one-part geopolymers. Based on the
obtained results, conclusive observations can be made as follows:

- preparing one-part geopolymers by pressing makes possible to obtain
high permeability supports (up to 31.3-10° Lh™! m 2 bar 1) that are
hydrophilic and with a total open porosity and a modal pore size up
to 39% and 23.5 pm, respectively. In addition, the permeabilities
obtained with geopolymer supports are similar to those obtained
with ceramic supports;

geopolymer supports possess a characteristic threshold pressure that
increases with the lowering of their porosity and pore size;

the synthesized geopolymeric supports show high mechanical
strength which is correlated to the forming pressure. A maximum
flexural strength of 20.4 MPa has been achieved when the applied
forming pressure is equal to 20 MPa. S10 sample, which shows good
permeability results (5.4-10° L h™! m™2 bar ™), has a flexural
strength of 18.5 MPa;

among the prepared geopolymeric supports, S2, S5 and S10 samples
show physical and permeability properties compatible with micro-
filtration applications. On the other hand, S20 sample exhibit
permeability values that are too low to be used as a microfiltration
support;

thanks to geopolymerization, membrane supports for microfiltration
can be developed with curing temperatures of 70 °C, allowing for the
synthesis of a durable and high-performance material. Compared to
ceramic materials used for support preparation, geopolymers there-
fore do not require heat treatment at high temperatures up to
1200-1800 °C, allowing a considerable reduction in production and
environmental costs.

Considering geopolymers promising for the synthesis of sustainable
membranes, further research is already ongoing focusing on the depo-
sition of geopolymer selective layers suitable for microfiltration appli-
cations. Geopolymer durability is another issue that shall be
investigated; however, some literature data are currently available for
metakaolin based geopolymer. In terms of chemical resistance, geo-
polymers are known to suffer the presence of strong acids such as hy-
drochloric acid and sulphuric acid for prolonged periods of time. In
particular, depolymerization of the gel and the formation of zeolites
occurs, which can sometimes lead to a strong reduction in mechanical
strength [63,64]. Jin et al. [65] showed that immersion in an alkaline
solution (NaOH up to pH 13) for 30 days does not lead to a decrease in
geopolymer mechanical strength. During membrane cleaning, less
aggressive solutions are generally applied for short exposure time, thus
highlighting that metakaolin based membrane supports can be attractive
as alternative to ceramic materials.
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