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Abstract—Samples of two-layer ceramics based on polydisperse powder of the pearlite mineral and foam sil-

icates possessin§
ability of 272 m

high compressive strength up to 50 MPa, thermal stability up to 1150°C, and water perme-
/h m? bar have been obtained. According to the X-ray powder diffraction analysis, the sup-

porting substrate material is X-ray amorphous. The average pore size of the supporting substrate is 40 um,
while the average pore size of the modifying layer is 17 um according to the bubble method and electron
microscopy. The obtained materials are promising for use as substrates of microfiltration, ultrafiltration, and

nanofiltration membranes.
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INTRODUCTION

Porous ceramic materials are widely used in mem-
brane technologies for separating mixtures and
obtaining pure substances, as well as in catalytic puri-
fication processes [1]. One of the most important appli-
cations of ceramic membranes is water treatment and
wastewater treatment [2, 3]. Compared to polymeric
materials, ceramic materials have greater mechanical
strength, chemical and biological resistance, stability
over a wide temperature range, and a longer service life
[4]. In addition, they are often characterized by a nar-
rower pore size distribution and higher porosity.

In baromembrane processes (microfiltration,
ultrafiltration, and nanofiltration), multilayer ceramic
membranes are used, in which the pore size and layer
thickness decrease in passing from layer to layer [5, 6].
Coarse-porous ceramics are used as a base (substrate),
on the surface of which macroporous and mesoporous
coatings are formed in layers. For filtration applica-
tions, the main characteristics of the substrate are
porosity, mechanical strength, and liquid permeabil-
ity. The development of ceramic materials with an
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optimal combination of these properties is one of the
urgent tasks of membrane science [7].

Previously, ceramic substrate membranes based on
Moroccan perlite powder with organic additives and
water were proposed [8, 9], which have high thermal
stability up to 1000°C and porosity up to 40%. The
application of a microfiltration layer by slip casting
from a more dispersed perlite powder made it possible
to achieve high adhesion to the substrate. It is shown
that the obtained membranes ensured the retention of
colloidal dyes used in the leather and textile industries,
as well as particles in aqueous suspensions obtained
during the cutting of silicon panels. In [10—12], highly
porous permeable tubular ceramic materials with a
macroporous surface layer were obtained. Crystalline
silica powder was used as the starting material and an
aluminosilicate binder was used. It has been shown
that the resulting materials are characterized by high
permeability and mechanical strength, hydrolytic and
acid resistance, and can also be effectively used to
remove ferric ions [13]. Modification of the resulting
membranes by applying mesoporous selective layers
using the sol-gel method was carried out [14]. The
authors [15] developed a method for obtaining micro-
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Table 1. Mass distribution of perlite powder particles in
grams by size

Sizes of sieve cells, mm Content, wt %

+0.315 5.0
—0.315+0.2 17.5
—-0.2+0.16 19.9
—0.16 + 0.1 26.2
—0.1+0.071 10.7
—0.071 + 0.044 9.0
—0.044+0 11.7

filtration and ultrafiltration membranes using suspen-
sions based on aqueous and alcoholic-aqueous solu-
tions of carboxymethylcellulose deposited on an alu-
minosilicate substrate. The possibility of obtaining
nanofiltration membranes by depositing nanopowders
of titanium, aluminum, and magnesium oxides on
ceramic substrates with macropores was demonstrated
[16]. The technique for creating catalytic layers from
cerium and zirconium oxides on the surface of tubular
microfiltration membranes was developed [17]. The
work [18] should also be mentioned, where asymmet-
ric ceramic membranes with intermediate and active
layers based on titanium oxide and boehmite nanofi-
bers were obtained. The use of nanofibrous materials
leads to a significant increase in permeability com-
pared to traditional methods based on spherical
nanoparticles. Symmetric ceramic membranes based
on aluminum oxide nanofibers with a conductive car-
bon coating were proposed [19]. The possibility of
changing the ion selectivity of membranes by varying
the electric potential applied to the conducting surface
was demonstrated [20, 21]. However, the use of such
technologies in filtration processes requires the place-
ment of a conductive selective layer on a strong mac-
roporous substrate.

The aim of this work is to develop new types of
high-strength ceramic materials based on perlite and
foam silicates for use as substrates in the creation of
microfiltration, ultrafiltration, and nanofiltration
membranes. The choice of starting materials is due to
their high thermal stability, mechanical strength, and
chemical inertness to weak acids and weak alkalis. An
important aspect is the commercial availability and
prevalence of perlite, as well as the environmental
friendliness of foam silicate, which is a material
obtained as a result of processing technogenic raw
materials [22, 23]. The obtained ceramic samples are
characterized, and their mechanical strength and
water permeability are studied.

EXPERIMENTAL

Perlite of the following chemical composition was
used, wt %: SiO,, 76.0; Al,O;, 11.7; Na,O, 2.41; Cl,
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0.64; K,0, 6.38; CaO, 1.13; TiO,, 0.19; Fe,0,, 1.33.
Samples with a mass of 2 g, a diameter of 26 mm, and
a height of 3 mm were formed from a polydisperse per-
lite powder with fractions of 0.315—0.044 mm, which
passed through the sieves indicated in Table 1 at a
pressing force of 10 kN on an IR-5047-50-03 installation
(Tochpribor, Ivanovo, Russia). Water was used as a
binder in an amount of 5 wt %. The granulometric distri-
bution of powder particles was determined by the method
of sieve analysis State Standard GOST 9758-86 [24].

The substrate samples were annealed in an electric
furnace of the VTP 06 M1 00 type (ZAO IETs VNIIETO,
Istra) at a temperature of 1100°C with a holding time
of 20 min at a given temperature in the furnace atmo-
sphere. The modifying foam silicate layer was applied
by rolling the powder onto the substrate, followed by heat
treatment at 900°C. The foam silicate powder consisted
of regular spherical particles 10—20 um in size.

X-ray powder difffraction analysis of the initial perlite
powder and samples of porous ceramics obtained after
heat treatment was carried out on a DRON-3 setup
(Burevestnik Research Center, St. Petersburg) using
CuK, radiation in the 20 range 10°—70°. Thermoana-
lytical measurements were carried out on STA-449C
equipment from NETZSCH (Germany) using differ-
ential scanning calorimetry (DSC) with simultaneous
measurement of sample mass change and heat flux, as
well as registration of mass spectra of evolved gases
(CO,, H,0).

The surface structure, morphology, and linear
dimensions of microrelief elements of cleavages of
porous ceramic samples were evaluated using a Hita-
chi TM4000 Plus scanning electron microscope
(Japan) in the backscattered electron mode at an accel-
erating voltage of 20 kV. The mechanical compressive
strength was determined using an IR-5047-50-03 instal-
lation on cylindrical specimens 10 mm in diameter and
20 mm high by the pressure, at which they are
destroyed. The chemical composition of perlite was
determined by X-ray fluorescence analysis on a
Bruker S2 RANGER spectrometer (Germany).

The open porosity of the material was measured by
the increase in the mass of the sample upon impregna-
tion with water. The pore size was determined by the
bubble in water method (State Standard GOST R
50516-93) [25]. The maximum and average pore sizes
were calculated using the formula:

D =4ycos6/p,

where D is the pore size (m), v is the surface tension of
the liquid (for water, 72 mN/m), 0 is the contact angle
of wetting of the material (as a rule, for water it is
assumed to be zero, since water wets silicate ceramics
almost perfectly), p is the pressure (Pa). The measure-
ment was carried out as follows: the sample was fixed
in the holder, impregnated with water, and placed in a
container with water to a depth of 7—10 cm. Then, air
was supplied into the internal cavity of the sample and
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its pressure was gradually increased. The pressure at
which at least three pores open on the sample surface
was fixed (the corresponding number of chains of gas
bubbles is formed in the liquid layer). This pressure
corresponds to the opening of pores of maximum size.
A further increase of gas pressure in the sample vol-
ume leads to an intensive release of gas bubbles over
the entire surface of the sample, which corresponds to
the opening of medium-sized pores.

Membrane permeability was measured using a
setup pumping distilled water through the membrane.
The pressure was generated by a compressor, regulated
using an AW20-F01C-A B pressure regulator (SMC,
Japan), and controlled using an ISE40A precision
pressure sensor (SMC, Japan). The volume of water
that passed through the membrane was determined
using a GX-800 balance (AND, Japan) (the mass was
automatically recorded once per minute). The volume
flow (velocity) of water (m?3/s m?) was calculated using
the formula

J=V/s,

where V'is the volume of water passing through the
membrane in one second (m?3/s), S is the area of the
membrane (m?). To approximate the experimental
dependence of the volume flow J on the applied pres-
sure difference AP (Pa), the Darcy law was used

AP _
===y 1
1 Tk (D

or its generalization to the case of nonlinear filtration
(Forchheimer law) [26]

AP _u, Bp
AL _Bjy, PPy 2
L ki @

Here, L is the membrane thickness, | is the dynamic
viscosity of water, k is the permeability coefficient,
and [ is the constant of the porous medium. Law (2)
describes deviations from the Darcy law associated with
the manifestation of inertial forces at high filtration rates.
These deviations occur when the Reynolds number

_JD
w/p
exceeds some critical value [26].

In the range of applicability of Darcy’s law, the per-
meability of membranes (m?/h m? bar) was calculated
using the formula

Re

k
K ML' 3)
Taking into account Eq. (3), Darcy’s law (1) can be
rewritten as J = KAP. The following values of the
parameters were used in the calculations below: L =
3 mm for perlite substrates and L = 3.2 mm for modi-
fied substrates, Pa s.
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The physical properties of the resulting membranes
(mechanical strength, porosity, pore size, and water
permeability) were studied on the basis of a series of
five substrate samples and five samples of two-layer
membranes fabricated under the same conditions.

RESULTS AND DISCUSSION

It is known that the porosity of ceramic materials is
significantly affected by the heat treatment tempera-
ture [1, 3]. Synchronous thermal analysis was carried
out to determine the optimal sintering temperature for
a macroporous perlite substrate. Several thermal
effects are observed on the DSC curve (Fig. 1). In the
range from 300 to 400°C, there is a weak exothermic
effect due to the combustion of carbon from the sur-
face of the sample with the release of carbon dioxide
(curve m/z44). The total mass loss in this temperature
range, equal to 3.1%, consists of losses of carbon diox-
ide and sorption water (curve m/z 18). The release of
carbon dioxide in a wide temperature range of 700—
1150°C is probably due to carbon burnout from the
inner surface of the sample, which, in turn, is associ-
ated with insufficient oxidizing capacity of the envi-
ronment. This behavior is accompanied by an exten-
sion and a flat shape of the exothermic effect on the
DSC curve. As follows from Fig. 1, the temperature
range of 750—850°C corresponds to the transition of
the sample to the pyroplastic state with a change in its
heat capacity. It follows from the thermal analysis data
that, in the temperature range of 1000—1150°C, no
change in the mass of the sample is observed, while exo-
thermic and endothermic effects are also absent. This
served as the basis for choosing the annealing tempera-
ture of the samples in the indicated range (1100°C). It is
known from the literature data [8, 9, 27—29] that,
during sintering of pearlite substrates at temperatures
above 1000°C, a sharp, almost complete, loss of sam-
ple porosity occurs. This may be, firstly, due to the use
of various binders and additives, and, secondly, due to
the finer fractional composition of the initial charge.
In this work, the use of a higher annealing temperature
is associated with the use of larger fractions of the ini-
tial pearlite powder in the range of 0.315—0.044 mm.

The choice of annealing temperature for the foam
silicate layer is determined by the softening tempera-
ture of the foam silicate in the range of 750—910°C
[30]. As a result of sintering at 900°C, the foam silicate
softens, which contributes to its good adhesion to the
substrate. At the same time, the spherical morphology
of the particles is preserved, which allows the forma-
tion of a porous permeable layer (Figs. 3b and 3d).

According to X-ray powder diffraction data, the
diffraction patterns of pearlite samples before and after
annealing at 812 and 1100°C (Fig. 2, curves 1, 2, and 3,
respectively) do not have clearly defined peaks. Thus,
these samples are X-ray amorphous.
Vol. 4
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Fig. 1. TG and DSC curves for petrlite samples combined with the mass spectrum of products released during heating (H,O, CO,).

Analysis of the SEM images of the membranes
(Figs. 3a and 3c) shows that the gaps between the
frame-forming particles of the substrate are located
relatively uniformly over the sample surface. This indi-
cates the uniform nature of the resulting porous struc-
ture. The maximum pore size is about 50 um. In addi-
tion, it can be seen from the presented image that
numerous contacts between the particles are observed
after heat treatment. The sintering of particles in the
liquid state due to surface tension forces without
changing the volume content of the solid phase
regions indicates compensation for shrinkage during
sintering by foaming the sample due to the release of
carbon dioxide. Sintering without changing the chem-
ical composition of the particles, as follows from the

Intensity, rel. units

0 20 30 40 50 60 70
20, deg

Fig. 2. X-ray powder diffraction patterns of pearlite sam-
ples before heat treatment (curve /) and after heat treat-
ment at 812°C (curve 2), 1100°C (curve 3).
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results of the work, contributes to an increase in the
strength of porous ceramics.

After applying a modifying layer of foam silicate
with a particle size of 10—20 wm to the carrier substrates,
a uniform coating with a thickness of about 200 um is
achieved (Figs. 3b, 3d), which smooths the relief of the
carrier substrate. During heat treatment, sintering of
silicate foam particles occurs with the formation of a
porous layer.

Data on the measurement of pore sizes by the bub-
ble method are presented in Table 2. The diameter of
large pores for silicate foam substrates is 50.1 = 3.1 um,
and the diameter of medium pores is 39.6 £ 3.3 um.
After the substrates are modified with silicate foam,
these values decrease noticeably and amount to 19.6 +
0.6 um for large pores and 16.8 + 0.7 um for medium
pores, which agrees with electron microscopy data.

The compressive strength of the membranes is 50 *
0.6 MPa for perlite substrates, while foam silicate
samples of the same size have a tensile strength of up
to 420 = 5 MPa, depending on the pressing force.
Since the strength of the product is usually limited by
the compressive strength of the most brittle layer, it is
assumed that the tensile strength of perlite substrates
modified with a foam silicate layer has a similar com-
pressive strength and is also 50 = 0.6 MPa. Open
porosity slightly decreases as a result of substrate mod-
ification and amounts to 30 £ 1 and 29 £ 1% before
and after modification, respectively.

Figure 4 shows the dependences of the volume flow
of water through the obtained ceramic membranes on
the pressure difference in the range of 0.01—2 bar. At
low pressures (up to 0.8 bar), the results for pearlite
substrates are well described by the Darcy law (1)

(curve 1, permeability coefficient k = 3.6 x 107> m2,

No.3 2022
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Fig. 3. SEM images of (a) cross section and (c) surface of the perlite substrate, and (b) cross section and (d) surface of the perlite

substrate modified with a foam silicate layer.

water permeability K = 485 m3/h m? bar). However,
with increasing pressure, deviation from the linear law
is observed. The dependence of the volumetric flow
on the pressure difference in the entire considered
pressure range is well described by the Forchheimer

law (2) with parameters k = 5.1x10”"> m? and B = 2
(curve 2). The value of the Reynolds number corre-
sponding to the volume flow of water J = 366 m3/h m?

at a pressure difference AP = 0.8 bar and the average
pore size of the substrate D = 39.6 um is Re = 4.03.
This value is in the range of critical values of the Reyn-
olds number Re = 3-10 that determine the upper limit
of applicability of the Darcy law [26].

For substrates modified with a foam silicate layer,
the dependence of the volume flow on the pressure
difference is well described by the Darcy law (curve 3,

Table 2. Physical and technical characteristics of ceramic substrates obtained here (1, 2) and in other studies (3—9)

. Permeability, | Compressive Open Fraction Heat
No. Substrate material | Dray KM | Dy, m m?/h m? bt:; strengfh, MPa porofity, % | size,um |resistance, °C

Perlite 50.1+3.1 |39.6 £33 485 50 £0.6 301 44315 1150

2 | Perlite + silicate 19.6+0.6 [16.8 £0.7 272 50+ 0.6 20+1 44-315, 1150
foam layer 10—20

3 | Quartz sand [31] 20.6 25.3 89 5.05 26—28 200—400 850
Quartz sand + 23.1 12.6 83 2.65 26—28 200—400, 850
intermediate layer [31] 40-70

5 | Quartz sand + — 18 53.6 16.2 45 0.3—60 1400
30% dolomite [32]

6 | Perlite [27] — 13 0.01 28.9 24.53 <180 1025

7 | Perlite [8, 9] — 6.64 1.797 1.2 41.8 200 1000

8 | Perlite [28] — 1.70 1.433 21.68 52.11 <45 950

9 | Perlite + bentonite [29] - 13 x 1073 0.03 21 52 — -

MEMBRANES AND MEMBRANE TECHNOLOGIES Vol. 4 No. 3 2022
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Fig. 4. Dependence of the volumetric water flow on the pressure difference for a perlite substrate (curves / and 2) and a perlite

substrate modified with a foam silicate layer (curve 3).

permeability coefficient k = 2.1 % 107" m?, water per-
meability K = 272 m3/h m? bar). Thus, the modifica-
tion of perlite substrates with a foam silicate layer leads to
a decrease in liquid permeability (see Table 1). The
Reynolds number corresponding to the volume flow of
water at pressure difference AP = 2 bar and the average
pore size of the modified substrate D =16.8 umis Re =
2.6 and lies below the upper limit of applicability of
Darcy law.

For comparison, Table 2 shows the characteristics
of ceramic materials obtained in the works of other
authors. In [31], quartz sand substrates with a modify-
ing layer of SiO, particles were proposed. The frac-
tional composition of the materials used is close to that
used in this work. The resulting membranes have sim-
ilar porosity and pore size of the modifying layer, but
have lower values of strength, heat resistance, and lig-
uid permeability in comparison to those obtained in
this work. In the case of the formation of substrates
from quartz sand and dolomite [32], a raw material
with a more dispersed fractional composition was
used. The authors managed to achieve a high porosity
of 45% and heat resistance of 1400°C. However, the
strength and fluid permeability values were not high
relative to this work. In [27], substrate samples were
made from perlite, which has a similar fractional com-
position (<180 um) and a pore size of about 13 um, but
a significantly lower water permeability (0.01 m?/h m?
bar) compared to this work. The authors [7] obtained
perlite-based samples with a high porosity of 41.8%
and a pore size of 6.64 um. They are characterized by
relatively low strength and liquid permeability. Proba-
bly, these features are associated with the use of
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organic additives, which increase the porosity, but
greatly reduce the strength and permeability due to the
formation of rather narrow pores as a result of heat
treatment. In [28, 29], perlite substrates with a high
porosity of 52%, sufficiently good mechanical
strength, and low water permeability, which is due to
the average pore size of 1.7 um, were obtained. For the
synthesis of membranes, a fraction of perlite powder
with a particle size of less than 45 wm was used. Next,
an ultrafiltration layer with a pore size of about 13 nm
was applied from bentonite clay, followed by the use of
the resulting membranes to purify aqueous solutions
from dyes.

CONCLUSIONS

Methods for obtaining new types of high-strength
and heat-resistant ceramic materials based on perlite
and foam silicates have been proposed and developed.
It has been established that the maximum values of
strength and porosity correspond to substrates obtained
from perlite with a granulometric composition in the
range of 44—315 um with an aqueous binder content of
5wt % and molded at a pressing force of 10 kN. The
porosity after heat treatment is 30%, and the compres-
sive strength is 50 MPa. The modification of substrates
with a foam silicate layer with a particle size of 10—20 um
in order to reduce the pore size and smooth the sub-
strate relief does not lead to a decrease in the porosity
and strength of the samples. It is shown that the appli-
cation of a modifying layer causes a decrease in the
water permeability of the substrates from 485 to
272 m3/h m? bar, which is explained by a decrease in
the size of through pores by almost a factor of two. The
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dependence of the volume flow on the pressure differ-
ence in the range up to 2 bar for modified substrates is
well described by Darcy’s law, while for pearlite sub-
strates deviations from this law are observed at pres-
sures exceeding 0.8 bar.

Compared with similar materials presented in the
literature, the developed ceramics are characterized by
higher water permeability, compressive strength, and
thermal stability. The obtained materials can be used
as a basis for creating microfiltration, ultrafiltration,
and nanofiltration membranes.
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