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Abstract—A procedure has been proposed for producing ceramic substrates for filtration membranes based
on a narrow fraction of fine fly ash microspheres using cold uniaxial pressing followed by high-temperature
firing. It has been shown that increasing the sintering temperature from 1000 to 1150°C leads to a decrease in
open porosity from 40 to 24%, a decrease in the average pore size from 1.60 to 0.34 um, and an increase in
the compressive strength from 9.5 to 159 MPa. The resulting substrates are characterized by water permeabil-
ity values of 1210, 310, 240, 170 L m~2 h™! bar™! at sintering temperatures of 1000, 1050, 1100 and 1150°C,
respectively. Experiments on filtration of aqueous suspensions of fine microspheres (d,, = 2.5 um) and
microsilica (d,, = 1.9 um) through a substrate produced at a sintering temperature of 1150°C have shown the
rejection close to 100%. The proposed methodology for using ash waste in the production of membrane
materials promotes the development of technologies for the integrated processing of thermal energy waste.
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1. INTRODUCTION

Currently, the most common technologies for sep-
arating, purifying, and concentrating solutions are
pressure-driven membrane processes, such as micro-
filtration, ultrafiltration, nanofiltration, and reverse
osmosis [1]. They are characterized by high selectivity,
low energy consumption, no use of chemicals, and the
ease of scaling or combining with other processes [2].
Polymeric membranes with high productivity and rel-
atively low cost are widely used in pressure-driven
membrane processes [3]. Ceramic membranes, com-
pared to polymeric ones, have a greater mechanical
strength, chemical and temperature stability, the abil-
ity for regeneration, and a longer service life [4, 5]. The
disadvantages of ceramic membranes include both low
specific productivity due to lower packing density in
modules and high production costs due to the high
sintering temperature (>1300°C) of traditional precur-
sors (alumina, silica, zirconia) [6]. In this regard, a
demanding task is to reduce the cost of producing
ceramic membranes through the use of more afford-
able materials. These include natural minerals (clay,
quartz sand, perlite) and waste from the chemical and
fuel-and-energy industries (in particular, fly ash con-

71

taining significant amounts of aluminum oxide and
silicon dioxide) [7, 8]. These materials have a complex
composition and contain a number of oxides (of
sodium, potassium, iron, etc.) that promote sintering
at lower temperatures (<1300°C).

Ceramic membranes generally have an asymmetric
structure. The coarse-porous base (substrate) pro-
vides mechanical strength and high permeability. A
series of micro- and mesoporous layers are formed on
the substrate surface, the thickness of which and the
pore size decrease from layer to layer. The upper
(selective) layer determines the separation properties
ofthe membrane [9, 10]. One of the important tasks in
the fabrication of membranes is the development of
substrates from ceramic materials that provide an opti-
mal combination of mechanical strength and liquid
permeability. Increasing the sintering temperature of
the starting materials usually leads to an increase in the
mechanical strength of the substrate, but reduces its
porosity, and, accordingly, liquid permeability [6].

Microfiltration membranes based on tubular alu-
mina substrates with a selective layer of zirconium
dioxide were obtained in [11]. The dependence of
polymer additives used in applying a selective layer on
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the pore size distribution and gas permeability was
studied. Flat and tubular ceramic substrates and
microfiltration membranes based on them were pro-
posed in [12, 13]. Natural crystalline silica powder was
used as a starting material with an aluminosilicate
binder. It has been shown that the resulting mem-
branes can be effectively used to remove ferric ions
[14]. A surface modification technique has been pro-
posed to impart antibacterial properties to membranes
[15]. Ceramic membrane substrates based on Moroc-
can perlite powder with organic additives and water,
which have high heat resistance up to 1000°C and
porosity up to 40%, were obtained in [16] and [17] for
flat and tubular geometry, respectively. It has been
shown that these membranes can be used for treating
wastewater from the leather and textile industries [18].
High-strength ceramic substrates based on perlite and
foamed silicates for filtration membranes were pro-
posed in [19]. The possibility of using bentonite clay as
a starting material for producing ceramic substrates
with pores in the range of 0.8—2.3 um was demon-
strated in [20]. Microfiltration membranes based on
natural white clay (kaolin) have shown good perfor-
mance and biocompatibility in the hemofiltration
process for the separation of urea, creatinine, and
phosphates from the blood [21].

As an alternative to natural minerals, materials
obtained from industrial waste can be used to synthe-
size ceramic membranes. The combustion of coal at
thermal power plants leads to a large yield of ash waste,
which pollutes the environment and requires further
processing [22—24]. Depending on the coal type and
combustion conditions, the ash contains up to 40%
finely divided particles less than 10 wm in size, consist-
ing mainly of aluminosilicates [25]. These particles
belong to anthropogenic atmospheric pollutants: sus-
pended particulate matter PM,, including the particu-
larly dangerous particles, such as PM, s aerosols [26].
A significant reduction in the volume of waste ashes
and environmentally hazardous particles can be
achieved by involving fine microspheres of <10 um in
size in processing, since they have broad potential for
the synthesis of ceramic materials with improved
properties [27, 28], including membranes for filtration
processes [29, 30]. The use of microspheres as a start-
ing material can increase the permeability and reduce
fouling of microfiltration membranes in such pro-
cesses as the separation of oil—water emulsions or
aqueous suspensions of solid particles [31, 32]. Micro-
spheres can also be used as an additive to increase effi-
ciency and reduce sintering temperature [33].

The purpose of this work is to develop new ceramic
substrates based on narrow fractions of fine fly ash
microspheres and determine their physicochemical
characteristics, including strength properties and lig-
uid permeability.
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2. MATERIALS AND METHODS

As a raw material for the fabrication of ceramic fil-
tration membranes, we used a nonmagnetic fraction of
fine microspheres with a narrow size distribution of
globules, isolated from alumina—silica fly ash of pul-
verized coal combustion. The technological separa-
tion scheme included one-stage acrodynamic classifi-
cation and magnetic separation of fly ash. Aerody-
namic separation was performed using a Hosokawa
Alpine 50 ATP centrifugal laboratory classifier (Ger-
many). The design of the classifier and the principle of
its operation are detailed in [34, 35]. The magnetic
component was extracted from the fraction in distilled
water with a neodymium magnet (NdFeB, F = 24 Ib).
For the isolated nonmagnetic narrow fraction, bulk
density, particle size distribution parameters, and
chemical and phase compositions were determined.
These physicochemical characteristics are the main
criteria for the applicability of microspheres in the
development of materials with desired properties.

Bulk density was measured using a Quantachrome
Instruments Autotap automated analyzer (USA). Parti-
cle size distribution was determined using a Fritsch
Microlec 22 laser analyzer (Germany). The average
globule diameter d,,, d,,, and dy, were calculated from
three independent measurements. The absolute mea-
surement error did not exceed +0.3 um.

The chemical composition of the initial narrow
fraction of fine microspheres, including the concen-
tration of silicon, aluminum, iron, calcium, magne-
sium, potassium, sodium, titanium, and sulfur oxides,
as well as the loss on ignition, were determined by
chemical analysis methods in accordance with GOST
5382—91 [36], which defines both methods for deter-
mining components and analysis accuracy standards.

The morphology of fine microspheres and ceramic
substrates was studied using a Hitachi TM4000 Plus
scanning electron microscope in the backscattered-
electron imaging mode at accelerating voltages of 15
and 20 kV.

X-ray diffraction data were obtained on a PANalyt-
ical X’PertProM PD powder diffractometer (the Neth-
erlands) with a PIXcel solid-state detector. The
amount of the main crystalline phases was determined
using full-profile analysis according to the Rietveld
method with minimizing the difference derivative
according to the procedure described in [37].

Synchronous thermal analysis (DSC—TG) was
carried out in a dynamic gas mixture of 20% O, + 80%

Ar at a total flow rate of 50 cm?/min with simultaneous
recording the mass change, heat flux, and composi-
tion of gaseous products using a Jupiter STA 449C
simultaneous thermal analyzer with Netzsch Aeolos
QMS 403C mass spectrometer (MS). The measure-
ments were carried out in Pt—Rh crucibles with perfo-
rated lids in the mode of linear temperature rise at a
rate of 10°C/min in the range of 40—1100°C using a
Vol. 6
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sample weight of 20.0 = 0.2 mg. The heat flux sensitiv-
ity of the sensor was calibrated by measuring the heat
capacity of a sapphire disk according to DIN 51007-
2019 [38]. Primary thermoanalytical data were pro-
cessed using the NETZSCH Proteus licensed software
package (version 4.8.4).

In order to stabilize the chemical composition of a
narrow fraction of fine microspheres, particles of
unburned carbon (carbon loss in fly ash) were fired
and acid treatment was carried out to remove leach-
able cations. Removal of unburned carbon particles
was carried out at 815°C in an oxidizing atmosphere
for 1 h according to a method for determining ash con-
tent [39]. Acid treatment of the narrow fraction was
carried out in a mixture of concentrated nitric (HNO;)
and hydrochloric (HCI) acids, taken in a ratio of 1 : 3
by volume, for 2 h with constant stirring. The ratio of
fine microspheres to a mixture of acids was 1 : 3; the
etched sample was washed with water to a neutral pH
value and dried at 115°C to constant weight.

The chemical composition of the samples obtained
after removal of unburned carbon particles and acid
etching of the narrow fraction of microspheres was
determined by SEM-EDX using a Hitachi TM-4000
scanning electron microscope (SEM) equipped with a
Quantax 70 microanalysis system with an Bruker
XFlash 430H energy-dispersive X-ray spectrometer
(EDX) according to the procedure reported in [40].

Samples of flat ceramic membranes were formed
by compacting powder materials using cold static uni-
axial pressing followed by high-temperature sintering
[41]. Flat substrates with a diameter of 23—26 mm and
a thickness of 2.5—3.5 mm were obtained at a pressure
of 40 MPa in a closed rigid mold with the addition of
10% distilled water to fine microspheres. Before sin-
tering in a muffle, the compressed samples were dried
at a temperature of 115°C for 1 h to remove moisture.
Firing in a muffle furnace was carried out at tempera-
tures of 1000, 1050, 1100, and 1150°C with holding for
2 h. After sintering, the samples were polished to
ensure parallelism of the upper and lower planes of the
substrates. This is necessary for uniform compression
of samples in holders when measuring liquid permea-
bility, as well as during filtration experiments.

The following characteristics were determined for
ceramic membrane samples: sintering ratio, apparent
density, open porosity, compressive strength. These
parameters conventionally characterize ceramic mate-
rials for various purposes and have been measured
according to relevant GOST standards [42—44]:

(1) Sintering ratio kg, = V,/V;: a dimensionless
quantity defined as the ratio of the sample volume
after sintering V, to the volume of the compressed
sample V.

(2) Apparent density (g/cm?): the ratio of the sam-

ple mass (g) to its total volume (cm?®) according to
GOST 7025-091.
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(3) Open porosity (%): the ratio of the volume of
accessible pores in a sample to its total volume, the
volume of accessible pores is determined by water sat-
uration of the material according to GOST 2409—
2014.

(4) Ultimate compressive strength (MPa): G,,,, =
F/S, the stress corresponding to the compressive load,
at which a failure of a cylindrical test sample with a
diameter of 16 mm and a height of 15 mm occurs; it is
calculated as the ratio of the failure load F (N) to the
transverse cross sectional area S of the sample (mm?).
The value of Fwas measured with an Instron 3369 uni-
versal testing machine press (USA) in accordance with
GOST R 57606—2017.

The porous structure of the samples was studied
using a Porolux1000 capillary flow porometer
(POROMETER, Belgium). The operating principle
of the porometer is based on the displacement of a
wetting liquid by a gas flow with a step-by-step
increase in pressure and its stabilization. Porosity
analysis consists of measurements of two curves: the
wet curve is measured after the sample has been
soaked with a wetting liquid (Porefil, surface tension
15.9 dynes/cm), and the dry curve is measured on the
same unwetted sample. The intersection point (pres-
sure value) of the wet curve and the dry curve (taken
with a coefficient of 0.5) corresponds to the average
pore diameter in the sample.

The permeability of the membranes was measured
using a device that pumps distilled water through the
membrane under pressure. The pressure was gener-
ated by a compressor, controlled with a SMC AW20-
FO01C-A B pressure regulator (Japan), and monitored
using a SMC ISE40A precision pressure switch
(Japan). The volume of water passing through the
membrane was determined using an AND GX-800
analytical balance (Japan) by automatically recording
the mass after a specified period of time. The volumet-
ric flow rate (velocity) of water J (m®> m~2 h™!) was cal-
culated using the formula J = 60V/S, where V is the
volume of water passing through the membrane per
minute (m3/min) and S is the membrane area (m?).
Permeability K was determined according to the
equation

K =J/AP, (D

where AP is the pressure upstream of the membrane
(bar). For each pressure difference, measurements
were made until a stable (constant) flux value was
achieved.

Filtration experiments were carried out on a labo-
ratory setup consisting of a UFC-25-400 filtration cell
(Biotest, Kirishi, Russia), a compressor, a SMC
AW20-F01C-A B pressure regulator, and an AND
GX-4002a balance. Filtration of aqueous suspensions
of SiO, particles (d,, = 1.9 um, 200 mg/L) and micro-
spheres (d,, = 2.5 um, 200 mg/L) was carried out at a
pressure of 3 bar. The concentration of particles in the

No.2 2024



74 FOMENKO et al.
Table 1. Physicochemical characteristics of the nonmagnetic narrow fraction of fine microspheres
Particle size distribution, um
Bulk density, g/cm?
day dyp ds dyg dgg
1.2 13.6 7.5 12.8 22.1 32.1
Chemical composition, wt %
LOI* SiO, Al,O5 Fe, 04 CaO MgO Na,O K,O SO,
7.30 58.90 22.83 4.53 2.80 1.42 0.65 1.66 0.07
Phase composition, wt %
Glass phase Mullite Quartz Hematite Calcite

91.4 4.1 3.6 0.6 0.3

* Lloss on ignition.

feed solution and permeate was determined photo-
metrically with a Thermo Scientific Genesys 10S UV—
Visible spectrophotometer. Absorbance was measured
at a wavelength of 540 nm in cells with an optical path
length of 50 mm. The rejection, which characterizes
the filtration efficiency, was calculated using the for-
mula:

R=1-C,/C,, (2)

where C,, is the concentration of particles in the per-

meate and C;is the concentration of the feed solution
(mg/L).

3. RESULTS AND DISCUSSION

The nonmagnetic narrow fraction of fine micro-
spheres used as a raw material for the synthesis of
ceramic substrates for filtration membranes was char-

dQ/dx, %/pm

acterized in detail. The bulk density value, particle size
distribution parameters, and chemical and phase
compositions of the fraction are given in Table 1. This
fraction is characterized by a low bulk density, so that
lightweight ceramic materials can expectedly be fabri-
cated. The distribution parameters of fine particles in
a narrow range of sizes indicate the homogeneity of
the fraction (Fig. 1). About 1/4 of the fraction are par-
ticles with a diameter of less than 10 um related to
environmentally hazardous particular matter PM,,.

From the SEM image it is clear that the vast major-
ity of particles have a spherical shape with a smooth
surface, with the exception of unburned carbon parti-
cles of angular shape (Fig. 2). The small particle size of
the morphologically homogeneous ash fraction makes
it possible to eliminate the energy-intensive grinding
stage, traditionally used in ceramic production, and
thereby prevent the destruction of microspheres. In

Particle size x, um

Fig. 1. Particle size distribution in differential form for a nonmagnetic narrow fraction of fine microspheres.
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b Unburned
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Fig. 2. SEM images of a nonmagnetic narrow fraction of fine microspheres.
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Fig. 3. DSC—TG—DTG—MS curves of thermal transformation processes for a nonmagnetic narrow fraction of fine micro-

spheres.

turn, the preserved integrity of spherical particles
ensures uniformity and appropriate packing density
when compacting powder samples.

The main components of the chemical composi-
tion of the narrow fraction, as determined by chemical
analysis with minimal errors, are SiO, and Al,O;, the
total concentration of which reaches 82 wt %. The
phase composition includes 91 wt % X-ray amorphous

MEMBRANES AND MEMBRANE TECHNOLOGIES

aluminosilicate glass phase, the crystalline phases
were identified as mullite and quartz, and hematite
and calcite were found at the impurity level (Table 1).

Simultaneous thermal analysis of the narrow frac-
tion of fine microspheres showed (Fig. 3) that the fol-
lowing thermochemical transformations occur in the
sample in the temperature range of 40—1100°C. An
exothermic peak at 672°C in the DSC curve is accom-

Vol. 6
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Fig. 4. SEM images of a modified nonmagnetic narrow fraction of fine microspheres after (a, b) combustion of unburned carbon

and (c, d) acid treatment.

panied by a drop in mass and the release of CO,, which
is due to the combustion of unburned coal. The
observed mass loss in the temperature range of 602—
797°C is comparable with the LOI value determined
by chemical analysis of the narrow fraction (Table 1).
The second effect in the temperature range of 910—
986°C with the main maximum at 962°C corresponds
to the process of mullite crystallization from the alu-
minosilicate glass phase. At temperatures above
1030°C, the endothermic process of decomposition of
impurity anhydrite CaSO, — CaO + SO, + 0.50,
begins, which is accompanied by the release of the
SO™* fragment with m/z = 48.

Experiments on the fabrication of ceramic mem-
branes based on the narrow fraction of fine micro-
spheres without preliminary modification showed that
burnout is accompanied by the release of sulfur diox-
ide (an increase in the intensity of the molecular ion

SO, with m/z = 64) and unburned coal particles
during the firing of molded samples leads to the for-
mation of inner cavities and reduction of membrane
strength. The presence of alkali metal and iron cations
in the microspheres, which are traditional fluxes, con-
tributes to the formation of low-melting compounds
during firing, resulting in a decrease in the porosity of

MEMBRANES AND MEMBRANE TECHNOLOGIES

ceramic materials due to the formation of monolithic
samples by melting. These cations can also be leached
during the operation of the substrates.

To prevent these disadvantages and stabilize the
chemical composition of the ash raw material, the nar-
row fraction of fine microspheres was subjected to
modification including combustion of unburned car-
bon and acid treatment before the molding of ceramic
membranes. The SEM images of the modified sam-
ples (Fig. 4) show that there are no angular unburned
carbon particles characteristic of the parent fraction
(Fig. 2). The simultaneous thermal analysis has shown
(Fig. 5) that the carbon combustion peak disappears
and there is a characteristic effect of crystallization of
the mullite phase in the temperature range of 879—
987°C with the main maximum at 958°C and the
onset of crystallization of the cristobalite phase at a
temperature of 1050°C. According to quantitative
XRD data, after the heat treatment of the narrow frac-
tion of fine microspheres at 1100°C, the proportions of
mullite, quartz, and hematite increased to 18.7, 5.6,
and 1.3 wt %, respectively; the calcite phase disap-
peared; and the cristobalite and anorthite phases
formed in amounts of 2.3 and 5.3 wt %, respectively,
with the amount of the glass phase decreasing to
66.8 wt %.

Vol. 6
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spheres after combustion of unburned carbon and acid treatment.

Using the SEM—EDX technique, it was estab-
lished that the acid treatment of the narrow fraction of
fine microspheres resulted in a decrease in the con-
centrations of iron, magnesium, and calcium oxides
by factors of ~2.5, ~2, and ~4, respectively. Thus, not
only the sintering temperature of the molded samples
could be elevated to 1100 and 1150°C without notice-
able melting and significant loss of porosity, but also
the leaching of the corresponding cations during fur-
ther use of the substrates was prevented.

The main characteristics of the resulting ceramic
substrates are shown in Table 2. SEM images of sec-
tions of ceramic membrane samples are shown in
Fig. 6. It was found that with increasing sintering tem-
perature, the volume of the samples noticeably
decreases, as confirmed quantitatively by the sintering
ratios, with the apparent density of the samples
increasing. As the density increases, a decrease in
porosity from 40 to 24% and a significant increase in
strength from 9.5 to 159 MPa are observed. The SEM

Table 2. Main characteristics of ceramic substrates based on the modified narrow fraction of fine microspheres

Sintering temperature, °C
Parameter

1000 1050 1100 1150
Sintering ratio 0.84 0.76 0.68 0.64
Apparent density, g/cm?> 1.35 1.60 1.63 1.89
Open porosity, % 40 33 31 24
Ultimate compressive strength, MPa 9.5 41 98 159
Minimum pore size, Lm 0.56 0.40 0.32 0.18
Average pore size, um 1.60 1.33 0.92 0.34
Maximum pore size, tm 3.80 3.17 2.71 1.12
Liquid permeability, Lm 2 h™! bar™! 1210 310 240 170

MEMBRANES AND MEMBRANE TECHNOLOGIES Vol.6 No.2 2024
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Fig. 6. SEM images of a section of ceramic substrate samples obtained on the basis of a modified narrow fraction of fine micro-
spheres at different sintering temperatures of (a) 1000, (b) 1050, (c¢) 1100, and (d) 1150°C.

Fig. 7. SEM images of (a) a cross section of the substrate and (b) a substrate section near the surface. Sintering temperature

1100°C.

images of a cross section of the substrate indicate that
it is homogeneous, without cracks and internal cavities
(Fig. 7a) and the surface roughness is about 5 um
(Fig. 7b).

Figure 8 shows the pore size distributions for the
samples characterized in Table 2. As can be seen, an
increase in the sintering temperature leads to a shift in
the maximum of the distribution function towards a

MEMBRANES AND MEMBRANE TECHNOLOGIES

smaller pore size, with the average pore size also
decreasing from 1.60 to 0.34 um (Table 2). These
changes are explained by the fact that with increasing
sintering temperature, fine microspheres soften to
form a more developed contact surface between them.

The dependence of water flux on the transmem-
brane pressure in the range from 1 to 3 bar is shown in
Figs. 9a and 9b, and the corresponding values of liquid
Vol. 6
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Table 3. Characteristics of materials used in filtration exper-
iments

Particle size distribution, um

Material
Aoy dyo dsg dgg dgg
Fly ash microspheres | 2.5 0.8 2.0 4.8 8.3
Microsilica 1.9 0.4 1.4 4.2 8.0

permeability are given in Table 2. With an increase in
the sintering temperature from 1000 to 1050°C, there
is a significant drop in permeability from 1210 to
310 Lm 2 h™! bar™!, with the decline in permeability
being much less pronounced with the further increase
in temperature. Apparently, the high permeability of
the sample obtained at a sintering temperature of
1000°C is due to the presence of microcracks in it.
This is indirectly evidenced by the fact that its
mechanical strength is 4.3 times less than the strength
of the sample obtained at 1050°C and more than an
order of magnitude less than the strength of the sample
corresponding to the sintering temperature of 1150°C.
The time dependence of water flux for the latter sam-
ple is shown in Fig. 9c. As can be seen, the flux stabi-
lizes over time after its sharp drop at the initial stage. A
similar dependence for ceramic membranes was
observed previously in a number of studies [15, 45, 46]
and is associated with changes in the properties of the
pore surface upon contact with water. In particular,
W. Zhou et al. [45] attribute this surface change to the
formation of hydrogen bonds between the polar sur-
face groups of the glass phase and water molecules in
the wall layer. As a result of this process, viscous fric-
tion increases, leading to the observed drop in the flux.

FOMENKO et al.

We also performed experiments on microfiltration
of aqueous suspensions through synthesized ceramic
substrates (membranes). Suspensions based on frac-
tions of fine microspheres and microsilica (200 mg/L)
were used, the characteristics of which are presented
in Table 3. Dependences of the flux and rejection on
time for a suspension of microspheres are shown in
Fig. 10. The rejection is about 99.6% and almost does
not change over time (average rejection values and
standard deviations based on the results of three exper-
imental runs are presented). There is a significant
decrease in the flux through the membrane over time
(about tenfold within 110 min), with a steady-state
flux value of about 229 L m~2 h™! at a pressure differ-
ence of 3 bar. In the case of filtering the aqueous sus-
pension of microsilica, the rejection was initially
97.1%, but it quickly increased to 99.3% (Fig. 11).
Apparently, this is due to the formation of a layer of
particles on the membrane surface. In that case, too, a
decrease in flux is observed over time, with its value in
the steady state being 128 L m™2 h™! at a pressure dif-
ference of 3 bar.

Note that the flux values for filtration of suspen-
sions are significantly lower compared to the pure
water flux (510 L m~2 h™!) at the same pressure differ-
ence, see Fig. 9a.

Table 4 presents a comparison of the substrates
obtained in this work (entry 1) with materials obtained
in the works of other researchers in terms of the fol-
lowing characteristics: average pore size, open poros-
ity, liquid permeability, compressive/flexural
strength, and sintering temperature. The membranes
with the closest characteristics were prepared from fly
ash cenospheres (entry 2) and fly ash with the admix-
ture of kaolin (entry 3). The addition of mullite fibers

Table 4. Physical and technical characteristics of ceramic substrates obtained in this work (1) and other studies [2—12]

. Open Permeability, Flexural./ Sintering
No. Substrate material d,,, um . a1 _, | compressive | temperature,
porosity, % | Lm 2 h~ ! bar strength, MPa oC
1 | Fly ash fine microspheres (this work)| 0.34—1.60 24—40 170—1210 9.5—159* 1000—1150
2 | Fly ash cenospheres [47] 0.28—0.90 33—-41 886—2031 8.6 1200
3 | Fly ash, kaolin, dolomite [48] 0.62 46.3 468 49.4 1000
4 | Fly ash, mullite [49, 50] 1-2 26.3 8298 25.1 1100
5 | Fly ash, kaolin [51] 2.49 37.4 6019 16.9 900
6 | Fly ash, bauxite [52] 34 29 5360 69.6 1300
7 | Tunisian clay [53] 1.04 38 245 19 1000
8 | Bentonite clay [20] 1.7 — 525 24 1000
9 | Bentonite clay [54] 1.8 34 725 14.6 950
10 | Clay/CaCOj; [55] 34 52 1300 — 1250
11 | Perlite [18] 1.70 52.1 1433 21.7 950
12 | Perlite [16, 17] 6.64 41.8 1797 1.2 1000
* Compressive strength only.
MEMBRANES AND MEMBRANE TECHNOLOGIES Vol. 6 No. 2 2024
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Fig. 11. Time dependence of (a) flux and (b) rejection during filtration of an aqueous suspension of microsilica through a sub-

strate obtained at a sintering temperature of 1150°C.

or alumina particles with sizes in the range of 1—
60 um to the starting powder material made it possi-
ble to obtain membranes with increased permeability
(entry 4). The higher permeability of membranes
made of fly ash with the addition of kaolin or bauxite
compared to those in this work is due to a larger pore
size (entries 5, 6). It should be noted that within the
framework of the simplest model based on the Poi-
seuille formula, permeability is proportional to the
square of the average pore size [1]. Membrane sam-
ples made from different types of clay give compara-
ble permeability values when corrected for pore size
(entries 7—10). It is worth to note perlite-based mem-
branes (entry 11) with high porosity (52%) and a fairly
large permeability value (1433 Lm 2 h™! bar™!) for an
average pore size of 1.7 um. At the same time, perlite
membranes with a significantly larger pore size
(6.64 um) show a slight increase in permeability (12).

MEMBRANES AND MEMBRANE TECHNOLOGIES
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The analysis shows that the substrates obtained in
this work demonstrate comparable characteristics with
respect to the substrate/membrane samples described
in the literature.

CONCLUSIONS

A method for producing ceramic substrates based
on a narrow fraction of fine fly ash microspheres
(d,, = 8—22 um) has been proposed. To stabilize the
chemical composition of the microspheres, unburned
carbon particles were fired and acid treatment was car-
ried out to remove leachable cations (iron, magne-
sium, calcium). To compact the powder material, cold
static uniaxial pressing followed by high-temperature
firing was used. It was found that increasing the sinter-
ing temperature from 1000 to 1150°C leads to a
decrease in open porosity from 40 to 24%, a decrease
in the average pore size from 1.64 to 0.34 um, and an

No.2 2024
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increase in the compressive strength from 9.5 to
159 MPa. The resulting substrates are characterized
by liquid permeability values of 1210, 310, 240,
170 L m~2 h™! bar™! at sintering temperatures of 1000,
1050, 1100 and 1150°C, respectively. Experiments on
the filtration of aqueous suspensions of fine micro-
spheres (d,, = 2.5 um) and microsilica (d,, = 1.9 um)
through a substrate sintered at 1150°C showed rejec-
tion close to 100% and permeability in a steady state of
76.3and 42.7 L m 2 h~! bar™!, respectively.

The resulting substrates can be used as a basis for
creating micro-, ultra-, and nanofiltration mem-
branes, including those with electrically conductive
selective layers [56—58]. The use of technogenic ash
waste in the production of membrane materials will
help to reduce the emission of fine microparticles into
the environment and create the prerequisites for the
development of technologies for the integrated pro-
cessing of thermal energy waste.
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