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A B S T R A C T

The combustion of solid fuels in combustion devices produces pollutants that have a negative impact on human
health and the environment. One way to reduce the concentration of sub-micron particulate matter (PM) in the
flue gas is to filter the flue gas using ceramic filters. Their main advantage, compared to other flue gas cleaning
methods, is the possibility of using them at high flue gas temperatures (>400◦C). This review article presents an
overview of research articles published mainly between 2020 and 2023 on flue gas filtration using ceramic filters
(candles, membranes, foams, and discs) and on their regeneration. Ceramic filters are used in many flue gas
cleaning applications where the cleanliness of hot flue gas is required. Their inclusion in the flue gas path is
associated with increased energy consumption for forced exhaust and pressure pulse filter regeneration. The
review also includes an introduction to the materials and methods used to manufacture the filters and to test their
effectiveness. This review provides a comprehensive overview of the current state of knowledge on ceramic
filters. Specifically, the focus is on the filtration efficiency, pressure drop, and regeneration of the ceramic filters
under consideration.

1. Introduction

With increasing economic development and new knowledge about
the negative impact of emissions, great emphasis is being placed on
reducing the production of particulate matter (PM) in the flue gases
produced by the combustion of solid fuels. Particulate matter from
combustion sources has a direct negative impact on human health, and
the environment (ecosystem), and indirectly contributes to climate
change (global warming). Exposure to polluted air shortens life expec-
tancy and has a negative impact on health, especially for newborns and
the elderly (Znečǐstěné Ovzduší Zkrátí Život Až o Tři Roky, December
2023). Submicron particles (PM1) penetrate the human body to the lung
chambers and are therefore very dangerous (Polétavý Prach - PM
Available online, February 2024).

An important measure for improving air quality (reducing particu-
late matter) is the filtration of fine particles from the flue gas stream.
Improved air quality will result in a better quality of life and reduced
healthcare costs in the long term. The basic equipment for flue gas
cleaning includes cyclones, fabric filters (also known as bag filters or
baghouses), electrostatic precipitators, and wet scrubbers (Li et al.,
2021). The disadvantages of these filtration devices are limited filtration

efficiency, low temperature, and chemical resistance (greater distance
from the combustion source is required) or high financial costs.

Currently, increased attention is being paid to ceramic filters of
various types (e.g., candles, membranes, foams, and discs), which,
compared to other filtration methods, exhibit high filtration efficiency of
fine particles, low pressure drop; and their main advantage is their
chemical stability and the possibility of using them at high flue gas
temperatures.

Ceramic filter candles are currently used in many applications for
high-temperature flue gas cleaning. The disadvantage is their energy
consumption for regeneration (or cleaning) with pressure pulsed air,
which is currently the most used technology. Ceramic filters are made of
different materials and by different methods to produce different types
of filters (which vary in shape and properties) that are currently being
investigated for their potential use in high-temperature filtration of fine
particles in flue gases.

This review on ceramic filters for high-temperature flue gas filtration
contains a theoretical overview of this issue, an overview of current
studies (2020–2023), and commercially available ceramic filters in the
Czech Republic. The overview of current studies is with emphasis on
properties, filtration efficiency, pressure drop, and regeneration of
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filters. The current state of the art is important to determine the po-
tential of ceramic filters and for their further development leading to
wider use in flue gas filtration.

2. Flue gas filtration

Filtration of particulate matter (PM) emitted by the combustion of
solid fuels in combustion devices is an important measure to improve air
quality, the environment, and human health. In addition, in some ap-
plications (e.g. power industry), clean flue gases (purity of the flue
gases) are required, e.g. to ensure the safe operation of a combustion
turbine (Mai et al., 2003). The basic equipment for flue gas cleaning
includes cyclones, bag filters, electrostatic precipitators, and wet
scrubbers. In recent decades, porous ceramic and metal filters, woven
glass/ceramic filters, and moving granular bed filters have been used (Li
et al., 2021).

Cyclones are simple and low-cost devices (requiring moderate en-
ergy (Peck et al., 2023)). They remove particles larger than 5 μm in
diameter from the flue gas with 90 % efficiency (Rahimpour et al., 2022)
and are therefore used as pre-treatment devices. The disadvantage of
cyclones is the formation of erosion (Li et al., 2021). The operating
temperature of the cyclone corresponds to the construction materials
used (Rahimpour et al., 2022). Electrostatic precipitators have high
collection efficiency (>99 %) (Lind et al., 2003), but are energy inten-
sive and are used at low flue gas temperatures up to 350 ◦C (Li et al.,
2021). Wet scrubber flue gas cleaning has a relatively high efficiency
(90 %) for particulates larger than 5 μm (Rahimpour et al., 2022), but a
high pressure drop and moderate energy consumption (Li et al., 2021;
Rahimpour et al., 2022). Other disadvantages of wet scrubber are the
possibility of fouling and corrosion, and the low operating temperature
of up to 250 ◦C (Li et al., 2021). The moving bed filter has a relatively
high-pressure drop but allows filtration up to 1000 ◦C (Li et al., 2021).

Filter elements for flue gas filtration can be either fabric filters
(baghouses), pleated filter cartridges, or ceramic filters (Li et al., 2024).
Fabric filters have a temperature limitation of up to 250 ◦C (Li et al.,
2021). For high-temperature filtration, ceramic filters are preferred for
the above reasons (Sparks and Chase, 2013).

Metal porous filters made of sintered metallic powder or fibers are
more robust and more expensive compared to ceramic filters, and their
disadvantage is that they can be prone to corrosion and erosion during
filtration. Ceramic filters are more stable to chemical/extreme condi-
tions, and have higher porosity, but are prone to damage due to pressure
pulse cleaning (Li et al., 2021; Peck et al., 2023). However, with
continuous development, these disadvantages are reduced and metal
filters e.g. made of Ti-40Al-10 Nb-10Cr porous alloy are suitable for
high-temperature filtration (Gui et al., 2022).

There are two methods of particulate (solid particles) filtration that
can be achieved using ceramic porous filters. These are depth and cake
(surface) filtration (Peck et al., 2023; Li et al., 2024; Riedel and Chen,

2013). During depth filtration, particles with a smaller diameter than
the pore diameter are captured on the inner wall of a pore (inside the
pores). The gradual clogging of the particles forms dendritic structures
that expand until they join and form bridges across the pore. In this case,
the filter is completely clogged with particles, where the particles cannot
pass through the pores and the filter transits to surface filtration (cake
filtration), where the captured particles form a filter cake on the surface
(particle deposits are formed) (Peck et al., 2023; Li et al., 2024) (see
Fig. 1).

Surface filtration is the main mechanism for capturing particles (Li
et al., 2024). The cake layer on the filter surface increases the filter ef-
ficiency and increases the filter life (creates additional filter media).
However, the accumulated cake layer increases the pressure drop of the
filter, so the deposit must be removed. The filtration properties are
significantly affected by the pore size of the porous media. With a
smaller pore size than the particle size, faster cake formation occurs,
hence more efficient filtration of particles and at the same time
increasing the pressure drop. Conversely, with a pore size larger than the
particle size there is slower cake growth, less efficient particle filtration,
and less pressure drop. If depth filtration predominates, the pores clog
rapidly, and the pressure drop increases exponentially. This is followed
by cake (surface) filtration, which in turn leads to a linear increase in
pressure drop (Peck et al., 2023). It is supposed that the highest filtration
efficiency is reached just before cleaning when the filter cake is the
thickest (Li et al., 2024; Jeong et al., 2017). Dust particles larger than the
pores are captured by sieving (sieving is applied to fabric filter (Cho
et al., 2020)) (Karabulut et al., 2021).

2.1. Mechanisms of particle capture

The particle capture filtration process on porous ceramic filters is
primarily realized by the following particle settling mechanisms: grav-
itational settling (for very heavy particles (Hinds, 1999)), inertial
impaction, interception, Brownian diffusion, and electrostatic attraction
(related to the electric charge carried by particles) (Li et al., 2024; Hinds,
1999) (see Fig. 2).

The filtering mechanism for the ceramic filters is that the polluted
flue gas passes through the tortuous pore channels, and by inertial
impaction, the particulates are captured on the element of the filter (i.e.
fiber in the case of fibrous filter). The particles deposited on the surface
of the element of the filter capture other particles and form a chain-like
aggregate. Subsequently, the dispersed agglomerates form bridges in the
tunnel to form a dust cake layer, and the particles are captured on the
cake layer by interception (Gong et al., 2022; Wang and Otani, 2013).

Interception occurs when a particle follows a stream of flue gas that
closely surrounds an element of porous ceramic at a distance of one
radius of the particle. Interception is more effective when the particles
are larger. Particle interception has minimal efficiency and is particu-
larly important for fibrous filters. Interception is one of the particle

Fig. 1. Scheme of surface filtration and depth filtration and formation of filter cake (adapted from (Gong et al., 2022)).
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capture mechanisms that does not depend on the face velocity vs. In
addition, interception is the only mechanism where the particle does not
deviate from the flue gas streamline (Hinds, 1999).

The inertial impaction occurs in the case of a particle trajectory
directed at the filter element and a long stopping distance when the
particle due to its inertia (momentum) does not have time to avoid the
element and settles by impact on the element filter. The controlling
parameter of the inertial impaction is the dimensionless Stokes number,
which is an indicator of the particle’s ability to follow the streamline.
The larger the Stokes number, the less well the particle follows the
streamline, and the efficiency of impaction capture increases. Inertial
impaction is an important mechanism, especially for large particles
(Hinds, 1999).

Stk =
τU0

do
=

ρpd
2
pCcU0

18ηdo
(1)

where do is the characteristic dimension of the obstacle (i.e. fiber), m; τ
is the relaxation time of the particle, s; U0 is the flow velocity of the
medium, m/s; ρp is the density of the particle, kg/m3; dp is the diameter
of the particle, m; Cc is the Cunningham correction factor; and η is the
dynamic viscosity of the medium, Pa•s (kg/m•s).

Particle diffusion is related to Brownian motion (causing random
motion of particles) and is important for small particles. The control
parameter is the dimensionless Peclet number. Brownian forces acting
on small particles increase the probability of a particle colliding with a
filter element, even if the original streamline bypasses the element.
Diffusion is the only mechanism for which efficiency increases with
decreasing particle diameter. The smaller the particle and the Peclet
number, the more efficient the mechanism. Diffusion is often combined
with interception (Hinds, 1999).

Pe =
doUo

D
(2)

where D is the particle diffusion coefficient, m2/s.

3. Ceramic porous filters

For high-temperature flue gas filtration, porous matrices are used,
most often in the form of ceramic candles, membranes, foams, and disks.
In the energy industry (thermal processes), ceramic filters are used in
applications such as coal gasification and combustion, waste incinera-
tion and biomass gasification and pyrolysis, etc. (Li et al., 2024).
Ceramic filters can withstand temperatures up to 1000 ◦C (Sparks and
Chase, 2013; Shah, 2017). The selection of the appropriate ceramic filter
type depends on the operating temperature and composition of the gas
to be cleaned (Shah, 2017).

Ceramic filters can also be coated with catalysts (serve as catalyst

supports/carriers) (Xu et al., 2023). The catalysts supporting the
chemical reaction are mostly used to remove or reduce gaseous emis-
sions of NOx, and dioxins, and to oxidize VOCs (Peck et al., 2023; Sparks
and Chase, 2013).

In addition to the high-temperature filtration of flue gases from the
combustion of solid fuels or waste, ceramic filters are used, e.g., for the
exhaust gas filtration for diesel engines (for cars) (Chen et al., 2022;
Hwang et al., 2022; Jia et al., 2020; Omerašević et al., 2022; Viswana-
than et al., 2021), filtration of polluted water (Alymov et al., 2020; Chen
et al., 2022; Du et al., 2022; Farrow et al., 2018; Rivera-Sánchez et al.,
2020; Yang et al., 2020; Yüzbasi et al., 2022) and filtration in the
foundry industry (filtration of cast iron, non-ferrous metals, steel
filtration (Kalisz and Kuglin, 2019) (Keramické Filtry VUKOPOR®,
December 2023).

3.1. Properties of porous ceramics

Porous ceramics consist of two phases, a solid ceramic phase and a
gas-filled porous phase (Recent Advances in Porous Ceramics; Uthaman
et al., 2021). Porous ceramics can have porosity in the range of 20–95 %
(Recent Advances in Porous Ceramics). Total porosity is defined as the
ratio of all pore volumes to the total volume of the porous body
(including pores) (Pórovitost Available online, December 2023;
Pórovitost – Wikipedie Available online, December 2023). Depending
on the structure, ceramic filters for flue gas filtration are divided into
granule-bonded filters and ceramic fibrous filters (Gong et al., 2022; Li
et al., 2023; Seville, 1993).

The main requirements for porous ceramics for filtration purposes
are mechanical strength, chemical resistance, heat resistance (Sparks
and Chase, 2013), thermal shock resistance, high temperature creep
resistance (Skrzypek et al., 2008), narrower pore size distribution
(minimum difference between smallest and largest pore size), high
porosity (more free spaces for gas passage), high permeability, large
specific surface area, low weight, low density and thermal conductivity
(Sparks and Chase, 2013; Recent Advances in Porous Ceramics; Wu
et al., 2021).

According to the definition from the International Union of Pure and
Applied Chemistry (IUPAC), porous ceramics are divided according to
pore size into microporous (<2 nm), mesoporous (2–50 nm) and mac-
roporous (>50 nm = 0.05 μm) (Uthaman et al., 2021). According to
scientific articles, porous ceramics for flue gas filtration have macro-
porous pores, several times larger than 0.05 μm. The porosity of ceramic
materials can be textured to random or hierarchical. The pore archi-
tecture can be, for example, in the form of foam, honeycomb, or fiber
networks (SYMPOSIUM 9, February 2024). Ceramic honeycomb filters
are used in the automotive industry for exhaust gas filtration (Bao et al.,
2018).

High temperature can cause volumetric (thermal) expansion of the
solid phases of the filters (samples). Depending on the structure and
material of the filters, the permeable pores may be narrowed or enlarged
(permeability coefficients changed) and the pressure drop increased or
decreased. The detection of temporary or irreversible thermally induced
changes in the filter structure is determined by the hot gas permeability
(HGP), specifically by changes in permeability coefficients at different
temperatures (Dey et al., 2022).

3.2. Filter performance

The performance of ceramic filters is evaluated according to the
particulate capture efficiency and pressure drop of the filter.

In publications, the authors evaluate the filtration efficiency R ac-
cording to Eq. (3) (Zhang et al., 2022). To evaluate the overall filtration
performance, the authors use the quality factor Qf, see Eq. (4) (Yang
et al., 2023; Wang et al., 2022). A high quality factor means high
filtration efficiency while maintaining low pressure drop ΔP (Yang et al.,
2020).

Fig. 2. Scheme of particle capture mechanisms (adapted from (Bulejko, 2018;
Chang et al., 2021)).
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R =

(

1 −
n1

n0

)

× 100 (%) (3)

where n0 is the particle concentration before filtration, mg/m3; and n1 is
the particle concentration after filtration, mg/m3.

Qf =
− ln(1 − R)

ΔP
(4)

The pressure drop affects the operational energy consumption of the
filtration together with the pressure pulse cleaning of the filter candles.
A low and stable pressure drop can be achieved by high values of the
filter permeability coefficients (Dey et al., 2022), which have a positive
effect on separation and permeation properties, power usage, and life
span (Xiong et al., 2020; Jiang et al., 2018).

The magnitude of the pressure drop is influenced by the properties of
the porous filter, i.e., pore size, porosity (high porosity reduces the
pressure drop), pore connectivity, filter thickness, face velocity (high
face velocities lead to high pressure drop) and filter loading. In the case
of fiber filters, the diameter of the fibers and the volume fraction of fi-
bers, i.e. the amount of fibers in the total volume (volume fraction of
fibers) (packing density or solidity), affect the pressure drop (Hinds,
1999).

Filtration efficiency increases with the gradual settling of particles
and therefore with increasing filter cake on the filter surface, however,
the pressure drop increases with increasing filter cake thickness (Shah,
2017).

The filter pressure drop for the filter candle, for cylindrical co-
ordinates for radial inward flow (through the hollow filter candle) can
be estimated based on the Forchheimer’s equation, see Eq. (5) (Das and
Kayal, 2020; Innocentini et al., 2012).

ΔP =
μo

k1

(
Do

2

)

ln
(
Do

Di

)

vso +
ρo

k2

(
Do

2

)(
Do − Di

Di

)

v2
s (5)

where Di, Do is the inner and outer diameter of the candle, ρo is the
density of the gas, μo is the viscosity of the gas, vs is the face velocity of
the gas and k1,2 is the Darcian and non-Darcian permeability
coefficients.

The face velocity vs, see Eq. (6) (Das and Kayal, 2020), is the velocity
of the flue gas stream arriving at the filter surface and its magnitude
affects the filtration efficiency. For particle filtration, it is important to
try to keep the face velocity as low as possible to have a longer residence
time for the particles and therefore a higher probability of particle
contact with the filter. Reduction of the face velocity is achieved ac-
cording to the continuity equation by decreasing the flow rate or
increasing the filter area (Hinds, 1999). The typical face velocity of the
flue gas for ceramic filters is 1–5 cm/s (0.01–0.05 m/s) (Peck et al.,
2023).

vs =
Q

Sfilter
(6)

where Q is the volumetric flow rate, m3/s; and Sfilter is the filter area, m2.

3.3. Materials and manufacturing methods

Generally, ceramic filters are prepared from materials such as silica
(SiO2), silicon carbide (SiC), mullite, alumina (Al2O3), alternatively
cordierite and zirconia (Dong et al., 2022; Liu et al., 2023). Recent
studies show that other materials for the production of ceramic filters
are clay, graphite, boehmite sol, feldspar, kaolin, silicon nitride (Si3N4),
Isobam, polymethyl methacrylate (PMMA), diatomite, polyurethane,
calcium hexaaluminate (CA6), calcium carbonate (CaCO3), aluminum
borate, pectin, and titanium dioxide (TiO2).

Ceramic filters are produced by various methods, i.e. ramming pro-
cess (Das and Kayal, 2020), one-step construction process and rotary
spraying method (Wei et al., 2022), polyurethane foaming (Zhang et al.,

2022), gel casting with reaction bonding route (Li et al., 2022), direct
foaming and gel-tape casting (Wang et al., 2022), foaming sol-gel-tape
casting and in situ mullite reaction bonding (Dong et al., 2022), pre-
cursor solution dip coating and subsequent firing (Li et al., 2023),
isostatic pressing and plasma coating (Yuan et al., 2023), spraying
(Zhang et al., 2023), dry pressing process (Gong et al., 2022),
fluorine-catalyzed gas-phase process (Yang et al., 2023), freeze casting
(Dang et al., 2022), stabilize dual phase sol (Yang et al., 2022), direct
foaming (employing bubbles as templates) with additing a pore-forming
agent method (Zheng et al., 2021), gel-casting method (Yuan et al.,
2022), gel-casting freeze-drying method (Liu et al., 2023).

In the manufacture of porous ceramics, it is important to consider
many factors that affect pore size, porosity, and pore continuity. These
include pore size control, manufacturing technique, the size, shape, and
particle distribution of the starting ceramic powder (raw materials), the
type of binder used, the concentration and distribution of the binder,
and the sintering process (sintering conditions) (Recent Advances in
Porous Ceramics; Ohji and Fukushima, 2012; Gopi et al., 2018; Porous
Ceramics - an Overview, December 2023).

4. Tested filters and achieved filtration parameters

4.1. Ceramic candles

Ceramic filter candles have high filtration efficiency, high perme-
ability, low coefficient of thermal expansion (Das and Kayal, 2020),
temperature resistance above 1000 ◦C, erosion and corrosion resistance,
high chemical inertness, mechanical strength, and resistance to thermal
shock (Sparks and Chase, 2013).

The surface of ceramic candles, especially the fibrous structure, is
suitable for catalyst coating e.g. for selective catalytic reduction (SCR) to
reduce NOx or dioxin emissions (Sparks and Chase, 2013).

Ceramic rigid candle filters have a typical hollow cylindrical shape,
which is closed on one side (bottom) (e.g. T-shaped collar or conical
collar (Dey et al., 2022), on the other side is open (upper) (flat or
hemispherical cap (Dey et al., 2022). Commercial filter candles have a
length of 1000–3000 mm, an outer diameter between 60–150 mm, and
a wall thickness between 10–20 mm. The filter area of the candle ranges
from 0.19–1.42 m2 (Das and Kayal, 2020; Stringer and Leitch, 1992;
Judkins et al., 1996). (The candle filter with a length of 1500 mm, an
outer diameter of 60 mm, a thickness of 10 mm, and a filter area of
0.27 m2 weighs 4.5 kg (Riedel and Chen, 2013)).

Commercial ceramic filter candles are either high-density (30–40 %
porosity, sintered grains of silicon carbide, alumina, mullite, or cordi-
erite) or low-density (80–95 % porosity, made of aluminosilicate (Al2O3-
SiO2) and other inorganic (non-carbon) bonded fibers) (Dey et al., 2022;
Heidenreich, 2013; Purchas and Sutherland, 2002). Ceramic candles are
often self-supporting, so they do not need any supporting metal con-
structions (Sparks and Chase, 2013; Tenmat, February 2024).

SiC ceramic candles generally have an asymmetric structure con-
sisting of solid support and a thin separation layer (membrane) (Wei
et al., 2022; Zou et al., 2021). A ceramic candle consists of a filter flap
(used for fixing and supporting the candle), pipe body, and sealing end.
The filter flap must withstand high pressure and vibration during
backflush, therefore the strength of the filter flap affects the lifetime of
the filter (Wei et al., 2022). The direction of the flue gas flow is from the
sides of the ceramic candle towards the inside of the filter (radial in-
ward). The filter cake is formed on the surface of the candle (see Fig. 3).

Das et al. (Das and Kayal, 2020) prepared porous oxide-bonded
ceramic candles from silicon carbide (SiC = support (coating) mate-
rial) by ramming process using the main additives, i.e., SiC powder,
alumina (even without alumina), and a small amount of clay (as the
binder phase additives). The dimensions of the of the ceramic candle
were (OD × ID× H) (85 × 75 × 650) mm3. The porosity of the fabricated
ceramic filters ranged from 36–40 vol% and the strength of the filter
sample (ceramic candles were cut into so-called C-rings) ranged from
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15–23 MPa. The average pore size of the filter was 90 µm. By examining
the microstructure of the ceramic candles, the formation of inter-
connected pores was detected. The ceramic candle made with alumina
additive showed better mechanical properties than the candle without
alumina due to the presence of mullite in the oxide bonds. Using a
laboratory-made test setup, the authors investigated the air permeability
and filtration efficiency of the ceramic filter candles at room tempera-
ture. The permeability coefficients (Darcian k1 1.9–2.2 × 10–12 m2 and
non-Darcian k2 5.4–9.72 × 10− 8 m) were determined from experimental
data from airflow tests at room temperature (least squares method), with
a working inlet pressure of 3–7 bar. The face velocity of the air was
between 0.01 and 0.1 m/s. (The air flow was generated by an air
compressor). As the face velocity increased, the pressure drop of the
filter increased from 1500 to 3500 Pa. Ceramic candles filtered coal
airborne fly ash that was crushed and sieved from the thermal power
plant to achieve a uniform particle size distribution of 0.5–20 micro-
meters. The crushed dried powder was fed into the filter chamber at a
rate of 0.8 gm/min at room temperature. The fractional efficiency
before and after filtration was determined using an Aerodynamic Par-
ticle Size Analyzer (APSA). Particle sampling for identification was
performed before and after the filter twice, and the particles were passed
through the filter for five minutes before measurement. The process time
of filtration was 10 min, so no filter cake formation occurred. For a face
velocity of 0.1 m/s, a maximum filtration efficiency of ~99 % was
achieved and the pressure drop was 4439 Pa. The fabricated ceramic
candle filters have potential applications in hot gas filtration areas.

Dey et al. (Dey et al., 2022) investigated air permeation behavior at
high temperatures on uncoated and coated SiC filters with different
porosity levels (with different porosity and pore size). The authors
fabricated oxide-bonded circular carbide supports from powder com-
pacts (SiC, clay, and alumina), and graphite was used as a pore former.
The supports were then coated with an aqueous suspension of fine SiC
powder and subsequently sintered to produce a filter layer 116–200 µm
thick, with an average pore size of 5–20 µm. The resulting filter had a
diameter of 40 mm and a thickness of 7–8 mm. The porosity of the filter

thus produced was 33–47 %. In this work, air permeability tests were
carried out on a laboratory apparatus. The airflow tests were performed
on uncoated filter (support without water suspension spray) and coated
filter (composite) (support with water suspension spray) respectively at
temperatures of 25–700 ◦C and superficial velocities of 0.02–0.9 m/s.
The permeability parameters of the filter were determined using For-
chheimer’s equation. For the permeability tests, the circular filters were
tightly fixed (to prevent leakage) in a stainless-steel sample holder using
heat-resistant "O-rings". The circular flow area of the filter was 1.77 cm2.
The air velocity was in the range of 0–0.58 m/s. It was found that the
presence of a coating layer on the substrate did not significantly increase
the pressure drop. (Minor changes in the k1 and k2 permeability co-
efficients of the uncoated and coated filters were observed with
increasing temperature). It was also found that as the room temperature
(26–30 ◦C) increased to higher temperatures (650–693 ◦C), the gas
became more viscous and had a lower density, due to which the pressure
drop increased. The actual effect of the permeability coefficients k1 and
k2 on the total pressure drop of the filter is due to the characteristics of
the test flow conditions (temperature, pressure, viscosity, density, and
face velocity). Using an empirical model, the pressure drop of hypo-
thetical filter candles whose material corresponds to the investigated SiC
circular filters (composites) is predicted. The pressure drop parameter
was estimated using the differential form of Forchheimer’s equation.
The pressure drop parameter (permeability curves) of the hypothetical
filter candles were compared with the real permeability curves of
commercial filter candles used in industrial combustion and gasification
processes (under typical conditions of BCSB, PFBC, and IGCC). The
permeability coefficients of the hypothetical filter candles were found to
be consistent with those given in the catalogs of commercial ceramic
filters. It was also found that in addition to viscosity, inertia also has a
large effect on pressure drop depending on gas conditions. In general,
the denser the gases are (the higher the gas pressure and the lower the
temperature), they have a larger inertia contribution. This effect in-
creases with a higher filtration velocity. For the simulated conditions,
inertial effects (specifically for the IGCC application) were found to
contribute significantly to the pressure drop, which means that knowl-
edge of the Darcian permeability coefficient k1 alone is insufficient to
reliably predict the relationship between pressure drop and face veloc-
ity. The results of this work support the potential of ceramic candle
filters in hot gas filtration.

Wei et al. (Wei et al., 2022) presented a robust SiC ceramic mem-
brane filter (filter candles) with an optimized flap for industrial
coal-fired flue gas filtration. The high bending strength of the flap is
important for the longer lifespan of candles and their stability. The
production of the SiC filter candle was divided into two parts: SiC sup-
port and SiC membrane (250 μm thick). The support was fabricated by
using a one-step construction process and the membrane was fabricated
by rotary spraying method. The dimensions of the ceramic candle were
(OD × ID × H) (60 × 40 × 1520) mm3 and the filtration area was
2830 cm2. The bending strength of the filter flap was increased from
18 MPa to 37 MPa (due to more neck connections). The porosity of the
SiC filter candle was 43.5 %, and the average pore size of SiC support
and membrane was 45 μm and 5.7 μm. Coal-fired flue gas at 300–450 ◦C
passed through the SiC membrane (SiC candle). Spherical fly ash par-
ticles were 0.6–115 µm in size, mean diameter 35 µm. At a surface ve-
locity of flue gas of 0.8 m/min (0.013 m/s) and a back flushing pressure
of nitrogen of 0.6 MPa (6 bar) with pulse duration of 100 ms, the pres-
sure drop was relatively stable 2420–2700 Pa. Maximum allowable
pressure drop was 4000 Pa. The filtration (retention) efficiency was
99.98 % and the concentration at the outlet was less than 5 mg/m3. Such
a robust filter is suitable for cleaning flue gas containing
submicron-sized solid particles.

4.2. Ceramic membranes

Porous ceramic membranes have excellent properties such as low

Fig. 3. Ceramic candle clogged with particles and its attachment (Tenmat,
February 2024).
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density, high thermal and chemical durability, and low thermal con-
ductivity, but the disadvantages are low porosity, high pressure drop,
and high self-weight (Pal, 2020). However, with development, the dis-
advantages of ceramic membranes are reduced. According to studies,
the use of composite membranes is an effective solution for increasing
gas permeance without compromising the mechanical strength of the
membrane (Dey et al., 2022). To improve the properties a composite
filter membrane is used, which consists of a support layer (support body)
with a larger pore size (to ensure the strength of the filter) and mem-
brane layers (separation membrane) with a small pore size (to ensure
surface filtration) (Yuan et al., 2023; Benfer et al., 2004). Ceramic
membranes can be used not only for air separation (Xiong et al., 2020;
Koukou et al., 1999) but also for hot flue-gas filtration (Xiong et al.,
2020).

The ceramic membrane filter has an asymmetric structure consisting
of a rigid support layer, a thin separation layer (membrane), and a dust
cake (Xiong et al., 2020; Zhang et al., 2023). Ceramic membranes
exhibit higher stability than polymer or metal membranes (Liu et al.,
2023).

Xiong et al. (Xiong et al., 2020) investigated the prediction of pres-
sure drop of ceramic membrane filter tube at high flue gas temperature
using a model (equations, formula, and experimental data). SiC support
had an average pore size of 80 μm and the porosity was 38 %, the mullite
with SiC support had an average pore size of 10 μm and the same
porosity. The dimensions of ceramic filters were (OD × ID × H) (60 × 40
× 1500) mm3. It was found that high temperature leads to high flue gas
viscosity and low filtration efficiency. Furthermore, high temperature
leads to the sintering of dust cake (as already mentioned), which leads to
fluctuations in pressure drop (increases at the beginning and then de-
creases) and to a decrease in the regeneration efficiency of the mem-
brane. It was found that up to 1050 ◦C, the pressure drop increased with
filtration time, but the growth rate of pressure drop decreased with
increasing temperature. For filtration tests, air and petroleum gas were
burned in the burner, and dust produced by the argon-oxygen decar-
burization (AOD) furnace was added to the flue gas. The particle size of
the dust particles (containing f.e. SiO2) was 0.04–8.93 μm. The test
temperatures ranged from 800 to 1050 ◦C. The superficial velocity of the
flow through the ceramic membrane was 0.65 m/min to 1.5 m/min. The
pressure drop across the ceramic membrane was 500–2500 Pa. Outlet
concentration of dust was below 10 mg/m3.

Wang et al. (Wang et al., 2022) prepared highly porous foam
mullite-bonded SiC ceramic membranes (MSCM) with 3D
interconnecting-pore network for high-temperature particulate matter
(PM) filtration. The ceramic membranes were fabricated using a com-
bination of direct foaming and gel-tape casting. The membranes have
large interconnecting pore sizes of 60–150 µm in diameter, which are
connected by smaller functional (for filtration) pores of less than 10 µm.
With the increase in the amount of foaming agent, the filtration
(removal) efficiency decreases as it narrows the pore walls and increases
the size and number of interconnecting pores. By increasing the amount
of foaming agent, the membrane porosity increased from 69.2 % to
84.1 %, the bending strength decreased from 10.3 MPa to 4 MPa, the
average pore size increased from 6.9 to 8.8 μm, and the N2 permeation
increased at 0.5 bar pressure from 17×106 to 36×106 L/m2h. The higher
the membrane porosity and the larger the pore size, the lower the
pressure drop and filtration efficiency. The experimental filtration test
was carried out in a quartz tube in which filter samples of size ∅20 mm
× 0.95 mm were inserted. The polluted air produced by incense burning
was passed through the samples through the quartz tube, which was
maintained at 750 ◦C by combustion. The flow rate of the flowing air
was 8 cm/s. Particle size and concentration of PM was measured by laser
PM sensor counter and pressure drop was measured by pressure-drop
instrument. The highest quality factor of the sample was 0.097 Pa− 1.
The best-measured membrane sample showed a filtration efficiency of
70.2 %, 90.1 %, and 94.6 % for PM0.3, PM2.5, and PM10, respectively,
and a very low pressure drop of 27 Pa. When the membrane thickness

was increased from 0.5 to 2 mm, the filtration efficiency increased from
80.3 % to 97.5 %, and the pressure drop increased from 17 to 52 Pa.
Furthermore, the cycling performance of MSCMs was evaluated when
the sample was cleaned by alcohol and sonication after 60 min. The
sample showed a slight decrease in filtration efficiency (removal effi-
ciency) of 87.6 % and 90.9 % for PM2.5 and PM10 after three cycles.
Membranes produced in this way have the potential for highly efficient
high-temperature filtration of PM.

Wang et al. (Wang et al., 2022) simulated the deposition character-
istics of particles in the pores of ceramic membranes using the compu-
tational fluid dynamics – discrete element method (CFD-DEM)
bidirectional coupling method. Simulations were performed for under-
standing of particle bridging mechanism (cake formation) during
filtration. In surface filtration with pores of ceramic membrane larger
than the particle size, the formation of particle bridges affects the cake
structure and filtration efficiency. To simulate the bridging process, two
ceramic particle balls (two ceramic particle balls) with sizes of 20 μm
were used to form the pores of the ceramic membrane. The filtration
process is divided into (A) clean filtration stage, (B-C) transition stage,
and (C-D) cake filtration stage (Tao et al., 2020). The bridging function
of particles takes place in the clean filtration stage and the transition
stage. In the clean filtration stage, the particles are uniformly deposited
on the surface of the ceramic membrane. Subsequently, in the transition
stage, the deposits penetrate the membrane pores and form dendritic
structures that continuously expand until they join and form a bridge in
the ceramic membrane pores. At this stage, the particles cannot pass
through the membrane pores because they are closed. A filter cake is
formed, which increases the pressure drop but is important for particle
capture. Only 4.2 % of the total particles captured were captured by the
membrane alone, so the formation of particle bridges is very important
for particle capture. Particle concentration and inlet flow rate were
found to influence the formation of particle bridges and filtration effi-
ciency. Higher particle concentration causes particles to flow through
the pores before bridges are formed (reducing the bridging time), which
reduces filtration efficiency. At a constant particle generation rate, the
inertial particle collision and scouring effect of the fluid influence
bridging time and filtration efficiency. For example, the authors report
that at an inlet velocity of 0.1–0.6 m/s, the inertial collision of particles
dominates, so bridging time and filtration efficiency increase with
increasing inlet velocity. It was also found that the interference resis-
tance increases with increasing inlet velocity as the particles pack more
tightly onto the ceramic membrane.

Dong et al. (Dong et al., 2022) prepared porous mullite-bonded SiC
filters for high-temperature PM filtration. The SiC ceramic membranes
are fabricated by foaming sol-gel-tape casting and in situ mullite reac-
tion bonding. The membranes have a three-dimensional network
structure with many interconnected large pores. The pore size is 50–150
μm and the size of the connecting channels for filtration is less than 10
μm. The membrane has a high porosity in the range of 64.8–80.5 % and
a high N2 permeation of 4.82 × 107 to 7.44 × 107 L/m2hbar (was ach-
ieved by an optimal amount of foaming agent). The bending strength of
the membrane was 12.1–4.2 MPa. Hot flue gas filtration using a mem-
brane was carried out in self-made filtration equipment. The flue gas
produced by burning incense was passed through the filter at a constant
temperature of 650 ◦C. Particle size and concentration were measured
by a laser PM sensor counter. The flow rate of the polluted air was
8 cm/s. The best measured sample showed filtration efficiencies of
69.2 %, 88.2 %, and 95.1 % for PM0.3, PM2.5, and PM10, respectively.
A high filtration efficiency of >89.6 % for PM2.5 and a very low pres-
sure drop of 25 Pa were recorded. The sample showed an increase in
pressure drop from 19 to 30 Pa after three cycles of use. The cycle
performance of the sample after 60 min exposure to PM was removed for
ultrasonic cleaning in alcohol for 30 min. Ceramic membranes fabri-
cated in this way have the potential for hot flue gas filtration.

Yuan et al. (Yuan et al., 2023) fabricated calcium hexaaluminate
porous ceramic (CA6) for high-temperature flue gas filtration using an
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aqueous gel-casting method using CaCO3 and ρ-Al2O3 powders as raw
materials. The produced ceramics had a high open porosity of 68.1 %,
high air permeability (Darcy permeability k1 5.19×10− 7 m2 –
2.01×10− 6 m2), low thermal conductivity 0.48 W/(m/K), high
compressive strength 7.9–62 MPa. The pores were homogeneous, and
the maximum average pore size was 2.028 µm. The porous ceramic thus
produced has the potential for high-temperature flue gas filtration as a
filtration ceramic or filter membrane.

Li et al. (Li et al., 2023) prepared a ceramic whisker membrane for
the filtration of hot gas or corrosive liquid. The ceramic membrane has
aluminum borate whiskers on the aluminum support. The membrane
with a thickness of approximately 50 µm was formed via precursor so-
lution dip coating and subsequent firing. The resulting support had a
porosity of ~50 %, a bending strength of 37 MPa, and a Darcy perme-
ability k1 of 1.54 × 10− 12 m2. The filtration area of the membrane was
1.8 m2. The filtration performance of the ceramic membrane was
measured on a house-made test apparatus. PM particles were produced
by burning mosquito coil. Face velocity was 5 cm/s. Removal efficiency
was 95 % when filtering PM sizes of 0.3–1 µm. The filtration pressure
drop increased to approximately 3000 Pa after three cycles of back blow
regeneration (30 % more than the pressure drop). Regeneration was
performed after every 30 min of filtration, by back blow using com-
pressed air at 300 kPa.

Liu et al. (Liu et al., 2023) prepared mullite porous ceramic mem-
branes with directional channels. The membranes were prepared by the
gel-casting lyophilization method. Pectin was used as the gel and
alumina and silica were used as raw materials. For example, the mem-
brane had a porosity of 56.04–75.34 %, a high gas permeability coeffi-
cient of 1.11×10− 10 – 4.73×10− 11 m2, and a gas permeability
2.18×10− 2 – 9.32×10− 3 mol/(m2⋅s⋅Pa). These properties are suitable for
high-temperature flue gas filtration.

Yuan et al. (Yuan et al., 2023) fabricated an asymmetric mullite/SiC
composite filter tube membrane for high-temperature flue gas filtration.
The mullite layer as the membrane layer (175 µm thick) was on the SiC
support. The support structure was formed by isostatic pressing of SiC
powder and the membrane structure was formed by plasma spraying of
mullite. The porosity and the pore size of the membrane and support
were 9.9 % and 1–10 µm and 19 % and 20–150 µm. The mullite/SiC
composite filter tube membrane had a pore size of 45.2–36.4 µm (pore
size reduction occurred after 360 days). The dust particle size (from
metallurgy) was 0.1–100 µm. The average removal efficiency for PM2.5
was 98.4 % and the maximum removal efficiency was 99.6 %. The
ceramic membrane prepared in this way is suitable for filtration capacity
for dust particles.

Zhang et al. (Zhang et al., 2023) fabricated highly permeable mul-
lite/SiC-TiO2 fiber membranes for gas/solid filtration at high tempera-
tures (via a spray coating). A mullite fiber membrane layer was used on
the SiC support. For larger interfacial strength (contact points) between
support and mullite fibers, TiO2 nanocords were placed on the SiC
support. The membrane thickness was 200 µm, the average pore size
was 21.9 µm, and the gas permeance of 715 m3/m2hkPa. The diameter
of the mullite fibers was approximately 20 µm and the length was
approximately 200–300 µm. The fabricated Mullite/SiC-TiO2 membrane
was used to filter dust-laden gas containing fly ash particles. Fly ash was
recycled from an electrical plant. The fly ash had an average particle size
of 15.1 µm (had a loose and spherical structure). Its filtration velocity
was 2 m/min and its filtration temperature was 500 ◦C. After three
filtration cleaning cycles, an efficiency of 99.9 % was achieved. The
pressure drop was less than 1 kPa or 0.7 kPa = 700 Pa. The ceramic
membrane thus fabricated has the potential for high-temperature
filtration. This study continues a previous study (Zhou et al., 2023).

4.3. Ceramic foams

Ceramic foam is a fragile and lightweight porous material with a
cellular structure that is formed by a three-dimensional network of struts

(Recent Advances in Porous Ceramics; Luyten et al., 2009). Ceramic
foam consists of a cellular structure, struts, and windows (Luyten et al.,
2003). Windows distributed over the pore wall indicate the dimension of
the flow path (Ciria et al., 2022).

Ceramic foams (cellular structures) can have closed, open, or
partially interconnected porosity (Recent Advances in Porous Ceramics;
Ahmad et al., 2013). Open porosity is accessible from the outside and is
divided into open dead-end pores and open pore channels (Uthaman
et al., 2021; Recent Advances in Porous Ceramics). Tortuosity foam is
characterized by pore diameter or pore density per inch (PPI) (Sharafat
et al., 2006). Ceramic foams have a pore size of 4− 50 μm (Yang et al.,
2022).

Open porosity ceramic foams are mainly used for molten metal
filtration, exhaust gas filtration in diesel engines, and hot gas filtration
(Ahmad et al., 2013; Sharafat et al., 2006). Furthermore, they can be
applied as fluid filters, catalyst supports, and separation membranes
(Yang et al., 2022). Another function of open pores is, in addition to
filtration, adsorption and absorption. Closed pores connected by cell
walls are suitable, for example, as heat insulators (better thermal insu-
lation properties) (Wu et al., 2021; Liu and Chen, 2014).

Open porosity ceramic foam has high porosity (70–90 %) with
irregularly spherical cells connected by struts (Sharafat et al., 2006).
Due to the three-dimensional reticulated structure with many connect-
ing pores and capillary holes, the ceramic foam has a great specific
surface area, low pressure drop, and high specific surface energy on the
inner side, so they exhibit high filtration precision (Wu et al., 2021; Liu
and Chen, 2014).

Ceramic foams can be placed in the flue gas path (only as filters) or
inside the combustion chamber (region) (Ciria et al., 2022; Jesús Rico
et al., 2020), where they directly interact with the flame and porous
combustion occurs (Ciria et al., 2022).

Zheng et al. (Zheng et al., 2021) produced three-dimensional porous
ceramic foams with open channels. The foams were produced based on
zirconium dioxide (ZrO2) and based on alumina (Al2O3), by the direct
foaming method (employing bubbles as templates) with adding a
pore-forming agent method. Ceramic foams have open pores and a
three-dimensional hierarchical structure. The diameter of the foam
pores is 100–300 µm and the diameter of the open windows on the cell
wall is 20–80 µm (derived from silica hollow spheres). Foams based on
zirconium dioxide had a porosity of 86.5–95.1 % and compressive
strength of 2.05–5.67 MPa. Foams based on alumina had a porosity of
86.2–91 % and a compressive strength of 6.8–13.2 MPa. Ceramic foams
prepared in this way are characterized by high porosity, low density, and
uniform pore size, which results in high mechanical strength and easy
penetration of gas or liquids. The production of ceramic foam is simple,
cheap, and eco-friendly thanks to the low sintering temperature. Due to
their properties, the ceramic foams with open channels produced in this
way are suitable, for example, for filtration.

Yang et al. (Yang et al., 2022) produced mullite (3Al2O3⋅2SiO2)
ceramic foams with a hierarchical pore structure. Ceramic mullite foams
were created using dual-phase sol nanoparticles, i.e. boehmite sol
(aluminum hydroxide mineral) and silica sol (silicon oxide). The pro-
duced ceramic foams have a compressive strength of 6.6–40.4 MPa, an
open porosity in the range of 64–87 %, and a thermal conductivity of
0.1–0.58 W/(m•K). The produced ceramic foams have the potential, for
example, for filtration.

Li et al. (Li et al., 2022) produced porous Si3N4 ceramics by (Isobam)
gel casting method with a reaction bonding route using monodispersed
PMMA micro balls, which is a pore-forming agent (pore former) and
Isobam was used as a gel agent. PMMA addition increased the perme-
ability of the ceramic filter. The Si3N4 ceramic porous filter had a uni-
formly distributed and uniform size and spherical shape, therefore it had
high permeability and strength. The pore size of the PMMA sample was
2 µm and the pore size formed by the reacted shell of Si particles was
5 µm. With PMMA addition increasing apparent porosity increased from
32.8 % to 53.9 %, Darcy permeability k1 from 1.59×10− 15 –

E. Gregorovičová and J. Pospí̌sil Process Safety and Environmental Protection 190 (2024) 688–703 

694 



1.91×10− 14 m2 but bending strength decreased from 94 to 39.1 MPa.
The experiment of filtration of samples with a thickness of 2 mm was
carried out by combusting a mosquito coil. The measurement revealed a
zero concentration of submicron particulates (≥ 3 µm) in the filtered air.
With a longer filtration time, the filtration flux decreased, which was
caused by the clogging of the pores with particulates. In the study, they
assessed four empirical models of pore blocking, i.e. complete, standard,
intermediate, and cake filtration (Mouratib et al., 2020). Since most of
the solid particles were larger than the pore size of the filter, cake
filtration took place due to the effect of clogged particles on the
(external) surface of the sample, with particles smaller than the pore size
also clogging the surface. The filter cake mechanism (external) is more
advantageous from the point of view of reuse after back-blowing than
other (internal) clogging mechanisms. Porous Si3N4 produced in this
way has great potential for cheap and highly efficient filters, which are
high-temperature resistance.

Zhang et al. (Zhang et al., 2022) presented hierarchical porous
ceramic foams (HPCF) for high-temperature flue gas filtration. Ceramic
foams were produced by polyurethane foaming (PU) using diatomite
and kaolin powder as the raw (starting) materials. The foams had
micron-sized window pores on the sub-micron bubble’s cell. The
diameter of evenly arranged submicron pores on the cell wall was
0.19 µm. The pores in the porous ceramic foams were of different sizes
and formed a hierarchical structure that could capture PM particles
larger than 1 µm in diameter. With diatomite contents apparent porosity
of ceramic foams decreased from 95.3 % to 90.5 % and compressive
strength increased from 0.77 MPa to 7.39 MPa. The experiment took
place in a sealed box, in which burning incense took place, which was
connected to the experimental filter device. The tested samples with a
thickness of 10 mm and an effective area of 100 m2 were placed in the
center of a glass tube, which was heated to a temperature of 500 ◦C.
Airflow with particulates passed through the samples at a speed of
8 cm/s. A laser PM sensor measured the number and concentration of
PM. The pressure drop was measured on both sides of the filter using a
pressure gauge. HPCF ceramic filters had a high filtration efficiency of
96.3 % and a pressure drop of 33 Pa for PM1~2.5 filtration. The samples
were cleaned by sonication in ethanol. Removal efficiency after three
cycles of filter use was reduced to 95.6 % and the pressure drop
increased to approximately 39 Pa. The ceramic filters produced in this
way have good recyclability and have potential applications for
high-temperature PM filtration.

The authors also tested ceramic foams in small combustion devices,
where foams act as particle filters. It was conducted by Rico et al. (Jesús
Rico et al., 2020). They dealt with the influence of ceramic porous
material on the combustion process (porous inert material (PIM)) in an
experimental biomass combustion device (wood pellet) (10–15 kWth).
Ceramic porous foam was made from zirconium oxide ceramic foam.
The (120 × 120 × 30) mm3 foam used had a porosity of 10 pores per
inch (PPI). The authors tested different total airflow and positions of the
PIM (38 and 54 cm above the bed) (always above the secondary air
supply). There was a reduction of PM emissions by up to 50 % of the
original values. The best results were achieved in the case of the smallest
distance of the PIM from the combustion bed. The PIM caused a higher
rate of radiation (reflected back to the bed) and an increase in temper-
ature below the PIM (lower than the PIM), which improved the com-
bustion process and led to a reduction in emissions, especially PM. There
was no clogging. The authors hypothesized that organic PM and soot
were immediately burned due to the high temperature and oxidant at-
mosphere. In the long term, there could be a problem with ash
emissions.

The other authors also tested ceramic foams in small combustion
devices, but not as filters, but they interacted with the flame in the
combustion chamber, and porous combustion occurred. Ciria et al.
(Ciria et al., 2022) investigated the effect of inert open ceramic foams on
the reduction of solid particles from flue gas generated in a small
biomass combustion device (wood pellets). Ceramic foams were made of

silicon carbide (SiC), with alumina (Al2O3) and silica (SiO2) as sintering
additives. Ceramic foams had different pore densities from 10 to 60 PPI
(different pore sizes). The dimensions of the ceramic foam in the com-
bustion device were (100 × 100 × 20) mm3. The tested ceramic foams
were held by a height-adjustable support bracket in the combustion
chamber, where they interacted with the flame (4 and 8 cm above the
combustion bed). Flame confinement with ceramic foam placed close to
the flame reduces the amount of solid (PM) and gas emissions, because
the temperature distribution in the combustion chamber changes (ac-
cording to the size of the airflow rate and ceramic foam position over the
grill), better mixing of air with fuel (air-fuel mixture) occurs and the
pellets break down more intensively. By placing ceramic foam above the
combustion region, PM concentrations were reduced by more than
60 %. The higher pore density of the ceramic foam led to an increase in
temperature in the combustion region and a subsequent decrease in PM
emissions by up to one order of magnitude, but gaseous emissions of NOx
and CO2 did not change with pore size or foam position. With the densest
foam (60 PPI) there was a threefold increase in CO emissions compared
to open flame (no foam), due to reduced heat recirculation. The result of
the study is that by inducing microporous combustion and confined
combustion with porous ceramic foam, emissions can be reduced.

4.4. Ceramic discs

Gong et al. (Gong et al., 2022) fabricated a mullite fibrous ceramic
filter (MFCF) for dust-laden gas filtration. The MFCF filters (discs) were
prepared via the dry pressing process by using a composite sintering aid
of kaolin and feldspar. The discs had a porosity of 61.8 %, a bending
strength of 13.1 MPa, an average pore size of 14.8 µm, and a nitrogen
permeance of above 673 m3/m2hkPa. The removal (retention) perfor-
mance of the MFCF was measured on a home-made device for filtration
of dust-laden gas with an average particle size of 2.5 µm. The gas ve-
locity was 1.2 m/min. These filters have a filtration (removal) efficiency
above 99.9 % for PM2.5. The initial pressure drop was 0.65 kPa. After
two hours, the pressure drop was much higher, 1.94–2.22 kPa for a dust
concentration of 150–450 mg/cm3. The MFCF filters thus produced
have potential for industrial hot gas filtration.

Yang et al. (2023) produced hierarchical structural alumina/mullite
composite discs consisting of alumina platelets and mullite whiskers
produced based on the fluorine-catalyzed gas-phase process. Mullite
whiskers (length of ~1 µm) grew on the alumina platelets (cactus-like
structures). Alumina/mullite composites had a high porosity of 71.4 %,
compression strength of 14.2 MPa, low bulk density (1.1 g/cm3), and air
permeability of 4.611×1011 cm3/ (m2⋅24 h⋅0.1 MPa). The average pore
size was 832 nm and the effective surface of the disk was 18.08 cm2. A
homemade testing system was used for the filtration performance of the
samples. The particles were produced by burning a mosquito coil. The
airflow speed was constant at 0.2 m/s, and the pressure drop was 360 Pa
(between the burning zone and filtering zone). The average filtration
efficiencies were for PM2.5 and PM10 78 % and 76 %. The produced
material has a potential use for hot gas filtration.

4.5. Summary of ceramic filters

Table 1 shows the ceramic filters that the authors tested in terms of
filtration efficiency. The articles are sorted according to the individual
types (shapes) of ceramic filters according to the year 2020–2023. To
compare the filtration efficiency of ceramic filters, it is necessary to take
into account the conditions under which the individual filters were
tested.

5. Regeneration of filters

5.1. Regeneration of ceramic candles

During filtration using ceramic candles, particles settle, and the
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Table 1
Summary of tested ceramic filters in terms of filtration efficiency.

Filter type Dimensions
(OD£ID£H)
(mm3) / filtration
area (cm2)

Combustion
source/
product

Production
method

Porosity
(%)

Pore size
(µm)

Strength
(MPa)

Darcy
permeability k1
£ 10¡13

(m2) /
permeation

Flue gas
temperature
(◦C)

Particle
size
(µm)

Velocity
(m/s)

Pressure
drop(Pa)

Filtration
efficiency
(%)

Das et al. 2020
SiC Candle (
Das and Kayal,
2020)

(85 × 75 × 660)
(mm3)

Coal fly ash Ramming process 36–39
(support)

~90 15–23
(mechanical)

19–22 RT 0.5–20 0.1
(face)

4439 ~99

Wei et al. 2022
SiC Candle (
Wei et al.,
2022)

(60 × 40 × 1520)
(mm3)
2830 (cm2)

Coal fly ash One-step
construction
process and rotary
spraying method

43.5 (pipe
body)

45 and 5.7
(support and
membrane)

18
(bending)

300–450 0.6–115 0.013
(surface)

2420–2700 99.98

Xiong et al.
2020
Membrane
tube
(Xiong et al.,
2020)

(60 × 40 × 1500)
(mm3)

Dust-laden flue
gas

38 80 and 10
(supports)

800–1050 0.04–8.93 0.01–0.025
(superficial)

500–2500 <10 mg/m3

Wang et al.
2022
SiC membrane
MSCM
(Wang et al.,
2022)

0.5–2
(thickness)

Incense Direct foaming and
gel-tape casting

69.2–84.1 60–150
For filtering:
<10

10.3–4
(bending)

17–36×106 L/
m2h0.5 bar

750 PM0.3 27 70.2
PM2.5 90.1
PM10 94.6

Dong et al.
2022
SiC membrane
(Dong et al.,
2022)

Incense Foaming sol-gel-
tape casting and in
situ mullite reaction
bonding

64.8–80.5 50–150
For filtering:
<10

12.1–4.2
(bending)

4.82–7.44× 107

L/m2hbar
650 PM0.3 0.08

(airflow)
25 69.2

PM2.5 88.2
PM10 95.1

Li et al. 2023
Whisker
membrane (Li
et al., 2023)

1.8 (cm2) Mosquito coil Precursor solution
dip coating and
subsequent firing

~50 37 15.4 m2 0.3–1 0.05 3000
(final)

>95

Filter type Dimensions
(OD£ID£H)
(mm3) /
filtration area
(cm2)

Combustion
source/
product

Production
method

Porosity
(%)

Pore size
(µm)

Strength
(MPa)

Darcy
permeability k1 £
10¡13

(m2) / permeation

Flue gas
temperature
(◦C)

Particle
size
(µm)

Velocity
(m/s)

Pressure
drop(Pa)

Filtration
efficiency
(%)

Yuan et al. 2023
Mullite/SiC tube
membrane (
Yuan et al.,
2023)

Metallurgical
flue gas

Isostatic
pressing and
plasma coating

9.9 and 19
(Membrane
and support)

1–10 and
20–150
(45.2–36.4)
(Membrane
and support)

PM2.5 99.6
(max)

Zhang et al. 2023
Mullite/SiC-
TiO2 fiber
membranes (
Zhang et al.,
2023)

Fly ash Spraying 21.9 715 m3/m2hkPa 500 15.1 0.033
(filtration)

700 99.9

Li et al. 2022
Filter Si3N4 with
PMMA (Li et al.,
2022)

2 mm
(thickness)

Mosquito coil Gel casting with
reaction
bonding route

53.9
(apparent)

2 and 5 µm
(formed by
PMMA and
Si)

39.1
(bending)

0.0159–0.191 ≥.3 100

(continued on next page)
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subsequent formation of a filter cake increases the pressure drop of the
filter. To reduce the pressure drop to approximately the original value
and to maintain the optimal pressure drop and airflow rate, effective and
regular cleaning of the filter is required. Furthermore, regular cleaning
prevents the need for repeated replacement of filters, which would lead
to higher operating costs (Khirouni et al., 2020).

The authors evaluate the cleaning efficiency of the filters according
to the removed mass, see Eq. (7) and according to the cleaned surface,
see Eq. (8) (Khirouni et al., 2020). Regeneration efficiency is calculated
according to the residual pressure drop, see Eq. (9) (Khirouni et al.,
2020; Hau and Leung, 2016):

RM =
Removed mass
Initial cake mass

(7)

RS =
Cleaned surface
Total surface

(8)

RP =
ΔPMax − ΔPr

ΔPMax − ΔPi
(9)

where ΔPMax is the maximum pressure drop before cleaning, ΔPr the
residual pressure drop after cleaning, and ΔPi the initial pressure drop of
the clean filter.

Cleaning efficiency, which is based on the mass of the filter cake,
pressure drop, or regenerated surface area, cannot reflect the cleaning
uniformity (Li et al., 2024). A comprehensive quality factor (Qf) for a
dust collector with reverse pulsed-flow cleaning is used to describe the
distribution of cake patches on filter surfaces due to incomplete clean-
ing, which considers both the filtration and cleaning phases, see Eq. (10)
(Li et al., 2024; Li et al., 2017).

Qf =
− ln(cout/cin)

ΔP • Q + (P0 − P1) • Vt • n/t
(10)

where cin and cout are average inlet and outlet emissions, mg/m3; ΔP the
average pressure drop, Pa; Q is the filtration volumetric flow rate, m3/s;
P0 and P1 tank pressure before and after reverse pulse-jet cleaning, Pa; Vt
is the tank volume, m3; t the duration of the filter operator, s; and n the
number of cleanings within the time of t.

In general, we distinguish between chemical, mechanical (e.g.
shaking, compressed air), and thermal regeneration. Thermal regener-
ation is difficult, expensive, and not very effective (Li et al., 2021).
Mechanical shaking regeneration is used for filters that are flexible and
less resistant to mechanical pulse stress (Peck et al., 2023).

Mechanical regeneration with compressed air is used for rigid filters
(Peck et al., 2023), and we distinguish between regeneration with
reverse air blowing (Sparks and Chase, 2013), reverse pulse-jet cleaning,
and reverse coupled pressure pulse air (CPP – Coupled Pressure Pulse)
(Peck et al., 2023). Generally, reverse pulse-jet and CPP cleaning require
higher pressure than reverse air regeneration, so they are more expen-
sive due to the cost of compressed air.

Reverse pulse-jet cleaning is usually performed after ~5 minutes of
operation with twice the pressure of the system (Riedel and Chen, 2013).
Clean airflow from the cleaning nozzle, which is connected to a
high-pressure air tank (3–7 bar typically). The duration of the cleaning
usually lasts 50–150 ms (Li et al., 2024). Due to the high pressure, the
coupled pressure pulse (CPP) cleaning method is more effective, in
which the pressure of the cleaning air is only 0.05–0.1 MPa (0.5–1 bar)
higher than the pressure in the system, which reduces operating and
investment costs (Mai et al., 2002).

For cleaning ceramic candles, reverse pulse-jet (pulsed flow) clean-
ing is most often used in practice. The flue gas then flows from the
outside of the filter candles towards the center of the filter candles.
Particulates from the flue gas are captured in the pores on the dirty outer
side of the ceramic candles (Spalinové Filtry TZL, December 2023). The
cleaned flue gas enters the clean chamber of the filter unit and then
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enters the flue gas exhaust fan through the outlet opening. Once the
filters have become over limit clogged with particulates (cake build-up),
based on time (electronic timing device) or pressure drop sensor, the
valve is activated, and reverse pulse-jet cleaning (using compressed air)
occurs (Tenmat, February 2024).

Air fed into the center of the filter penetrates outwards from the
filter. The pulsating pressure gas causes the sedimented filter cake to
release. The dusty/accumulated cake is released in the form of lumps
and this phenomenon is called ’patchy cleaning’ (Tenmat, February
2024). The sedimented particles (particle deposits, lumps) fall into the
hopper or bin where the particles/lumps/ash are removed manually or
automatically by a screw conveyor (or rotary feeder) (see Fig. 4)
(Spalinové Filtry TZL, December 2023). The pressure drop value of the
candle filter is restored to a level close to the original performance after
the cleaning (Shah, 2017), respectively is reduced to a lower value
known as the residual pressure drop (Li et al., 2024). For industrial
filtration systems, the maximum pressure drop limit is 2000 Pa
(Khirouni et al., 2020).

Thanks to the properties (materials) of ceramic filters (thin layer
membrane), there are no issues with depth filtration and bridging of
particles (Peck et al., 2023). The risk of bridging can occur under certain
combustion conditions (e.g. high combustion temperature (>900 ◦C
(Riedel and Chen, 2013)), high moisture (Li et al., 2024)), which could
cause the formation of sticky and cohesive particles that can form
agglomerate or aggregate or can accumulate.

Dust softening or sintering can occur at high temperatures when a
dust layer sticks on the filter surfaces and the sticking (cohesion and
adhesion) forces of the dust cake with filtration media increase with
temperature. These problems would cause unstable filtration operation
due to the incomplete regeneration of the filter elements. Dust bridging
can result in breakage of the filter elements (due to the mechanical
stresses of the filter induced by the formation of dust bridging) (Li et al.,
2024; Heidenreich, 2013). The likelihood of dust bridging is determined
by the ratio between the tensile strength to the density of the dust cake
depending on temperature (Li et al., 2024; Hurley and Dockter, 2003).

Regeneration/cleaning of ceramic candles can be done with cold gas
(Sparks and Chase, 2013). However, regeneration with heated com-
pressed air is gentler because there is no thermal shock of ceramic
candles due to rapid temperature changes on the surface of the candles.

Furthermore, vapor condensation on particles occurs when cold

blowback gas is used for cleaning. Moisture (or condensed humidity)
causes an increase in the stickiness of particles/dust cakes on the filter
surface, making it more difficult to peel them off the filter/clean them
effectively, resulting in patchy (non-uniform) cleaning (Li et al., 2024).
Therefore, it is recommended to preheat the blowback cleaning gas
before the cleaning (Li et al., 2024; Heidenreich, 2013) or use it to
minimize moisture condensation for cleaning instead of compressed air
injection source nitrogen (Li et al., 2024; He et al., 2021).

In practice, the heating of the pulsed pressure air by the flue gas is
realized in such a way that the compressed air tank is located outside/on
the filter unit and the compressed air distribution pipes with the nozzles
for pulse regeneration are located above the ceramic candles, in the hot
flue gas space (they are heated by the flue gas) (Tenmat Hot Gas Filter,
January 2024). The deposited cake resistance is determined by its
porosity, mass, particle diameter, and density (Khirouni et al., 2020).
The forces that keep the dust cake adhered to the filter are van der Waals
forces, liquid bridging forces, and electrostatic forces (Li et al., 2024;
Zhang et al., 2024).

Patchy cleaning is a common problem in filtration systems (for filter
candles) with reverse pulse-jet (pulsed-flow) cleaning in filtration sys-
tems and can be prevented for example by improving nozzles (long
nozzle), CPP, Venturi nozzles, or tubes (Li et al., 2024). Issues with
inefficient cleaning can occur when filter candles are arranged very
closely, or some issues are in the case of vertical or horizontal filter
candles (Li et al., 2024).

For pulsed-jet cleaning distinguish between indirect and direct in-
dexes. Direct indexes represent the change in the filter cake, and indirect
indexes represent the physical characteristics of the jet airflow or the
filter movement (Li et al., 2024).

The coupled pressure pulse (CPP) recleaning technique was investi-
gated in studies by Mai et al. (Mai et al., 2003; Mai et al., 2002) and
consists in coupling the recleaning gas (cleaning pipe) with a filter
candle. During CPP recleaning, the static excess pressure in the filter
candle acts on/against the flow of the recleaning gas. (The excess
pressure in the candle is only caused by the conversion of dynamic
pressure to static pressure). In contrast, pulse-jet cleaning only gets
excess pressure from the kinetic energy of the recleaning gas/flow as it is
not coupled to the filter candle. In pulse-jet cleaning, the system pressure
prevails at the nozzle inlet to the filter candle, see Fig. 5 (Mai et al.,
2003).

Static excess pressure in the filter candle is determined by the mo-
mentum (discharge velocity and mass flow rate) in the blow pipe and the
system geometry/setup (e.g. resistance in the blowpipe (elbow)). The
discharge flow rate (limited by the sonic velocity) can be increased by
using a supersonic nozzle (Mai et al., 2003).

The coupled pressure pulse (CPP) recleaning technique allows for
monitoring and cleaning small clusters of ceramic filters separately
(Riedel and Chen, 2013). Because the connection of the cleaning pipe
with each filter candle is too costly, so several filter candles are put into
groups, so that the clean gas region is in several cells (Mai et al., 2003).

The recleaning valve separates the clean gas region from the feed
tank for the recleaning gas. The recleaning gas can be e.g. air, steam,
nitrogen, or cleaned product gas. The continuing clean gas pipe contains
a hydraulic switch. Each filter candle is equipped with a fail-safe filter,
see Fig. 6 (Mai et al., 2003).

During filtration, the polluted gas first passes through the filter
candle, then through the safety filter, and finally through the hydraulic
switch. The growth of pressure drop due to the safety filter and the
hydraulic switch is small compared to conventional pressure pulse
cleaning (Mai et al., 2003).

The flow characteristics of the hydraulic switch are such that the
flow of recleaning gas passes preferentially through the safety filter(s) to
the filter candles where the dust is removed. In the case of a broken
ceramic candle, the raw/dirty gas enters the safety filter at a high face
velocity due to the reduced aerodynamic drag at this point/location.
Due to the high face velocity and the properties of the safety filter, the

Fig. 4. Scheme of the filtration unit (ceramic candles and reverse pulse-jet
cleaning) (adapted from (Riedel and Chen, 2013; Keramické Filtry,
December 2023)).
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polluted flue gas passes through/settles deep in the safety filter, and a
high filtration efficiency occurs to prevent dust in the clean gas, quickly
clogging the filter and then stopping this partial flow. Due to the deep
filtration (the filter with deep filtering characteristics), there is no
discharge of dust in the following recleaning step. In the case of dust
removal, there would be an increased loss of recleaning gas at this point,
resulting in a reduced recleaning intensity on the non-disturbed filter
candles of the involved group. Due to the blocking of the safety filter, the
undamaged ceramic candles of the involved group are cleaned with an
undiminished recleaning intensity (Mai et al., 2003).

The CPP technique exhibits a high degree of recleaning intensity,
thus achieving stable filtration even for sticky particulates. As a conse-
quence of the high recleaning intensity, the residual pressure drop of the

system is low, therefore the filtration cycle or filtration rate can be
increased to reduce operating or investment costs (Mai et al., 2002).

Another advantage is that the CPP technique allows the integration
of a failsafe filter into each ceramic candle so that stable and safe
operation (without the need to shut down the filtration system) is
ensured in the event of a candle failure (Mai et al., 2002). The safety
filter is located above the ceramic candle, in the form of a small ceramic
filter (e.g. ceramic foam or honeycomb segment). The material of safety
filter should be of the same material as the ceramic candle but with
better permeability (e.g. more coarse porosity) to achieve low pressure
drop (Riedel and Chen, 2013).

Ceramic candle filter failures during operation can be caused pri-
marily by local thermal shock from burning carbon on the filter surface,
bridging of particulates between candles, and explosion due to dust and
vibration (Riedel and Chen, 2013).

Cho et al. (2020) investigated a new air-washing cleaning system and
compared it with the pulse-jet cleaning method. The cleaning was car-
ried out on a fabric filter (baghouse) clogged with fume particles that
were supplied by a thermal steel spraying gun. Filter regeneration and
collection efficiency were investigated. Air washing cleaning was found
to be more effective for fabric filters than the pulse-jet cleaning method.
The new air-washing cleaning is more efficient compared to pulse-jet
cleaning concerning the reduction of particle concentration behind the
filter (has higher collection efficiency), the recovery of pressure drop
after cleaning (higher filter regeneration – filter operates stably), and
energy consumption (only small amount of compressed air).
Air-washing cleaning works on the principle of spraying compressed air
directly onto the filter surface, while pulse-jet cleaning works on the
principle of creating shock waves of pulsed air into the filter, resulting in
a high concentration of PM at the outlet.

5.2. Regeneration of ceramic membranes and foams

Ceramic membranes are cleaned after 60 minutes of exposure to
pollutants by alcohol and sonication (Wang et al., 2022) and ultra-
sonication in alcohol for 30 minutes (Dong et al., 2022). Authors Li et al.
cleaned the membrane by back blow using compressed air at 300 kPa
(3 bar) (Li et al., 2023).

Ceramic foams are eco-friendly and environmentally friendly,
showing good regenerative efficiency (recycling efficiency) and good

Fig. 5. Comparison of pulse-jet cleaning (left) with coupled pressure pulse cleaning (CPP) on a single filter candle (Mai et al., 2003).

Fig. 6. Pilot filter with coupled pressure pulse cleaning (CPP) (Mai
et al., 2003).
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self-cleaning ability, so they do not cause secondary pollution. After
repeated use, ceramic foams can be restored to their original filtering
capacity by flushing with gas or liquid (Wu et al., 2021). The authors
regenerate ceramic foams (recycling efficiency) e.g. by sonication in
ethanol (Zhang et al., 2022).

6. Commercially offered filters

6.1. Supplier companies

There are currently three suppliers on the Czech market that offer
filtration units with filter candles in their assortment: G&G filtration
(Odsávání a Filtrace Vzduchu, February 2024) (manufacturer TENMAT
(The Tenmat Hot Gas Filter Candles, December 2023)), DEPURO
(Keramické Filtry, December 2023) (manufacturer Cerafil TM) and
GREENTECHS (Spalinové Filtry TZL, December 2023) (manufacturer
Purefrax® (Purefrax® Hot Gas Filter Candles, December 2023)). These
manufacturers also offer their products in other countries.

Another supplier of ceramic filters is LANIK (manufacturer VUKO-
POR®), which offers ceramic foams with the composition of e.g. SiC,
Al2O3, and ZrO2, however not for flue gas filtration, but for filtration of
cast iron, non-ferrous metals, and steel (Keramické Filtry VUKOPOR®,
December 2023).

The G&G filtration supply company offers G&G Ceramic JET filtra-
tion units in its range, which are equipped with high-temperature
resistant ceramic filter inserts (candles) up to 1200 ◦C. The filters are
suitable for high-temperature dedusting of biomass and coal-fired
boilers, dedusting of flue gases from furnaces, glass furnaces, etc. The
filter units offered are designed for boiler outputs from approximately
250 kW to 2000 kW (2 MW). The maximum operating temperature of
the filter candles is assumed to be 400 ◦C, and the expected pressure
drop is 800–1500 Pa (max. 2000 Pa). The filters are automatically re-
generated with pressurized air of 6 bar. The consumption of pressure air
is 12–25 Nm3/hour (1 regeneration valve per 18 or 28 rods). The filter
units achieve high filtration efficiency, and residual dust emissions are
1–5 (max 10) mg/m3 (Odsávání a Filtrace Vzduchu, February 2024).

TENMAT’s filter candles are made of inorganically bonded granular
materials, specifically exonerated Alkaline Earth Silicates (AES) fibers
(The Tenmat Hot Gas Filter Candles, December 2023; Partneři v Reali-
zacích Odsávání a Filtrace Vzduchu, January 2024). The manufacturer
Tenmat states that Tenmat filter elements do not contain any refractory
ceramic fibers, therefore handling and disposal are 100 % safe. Re-
fractory ceramic fibers can cause cancer if inhaled and are therefore
classified as a category 2 carcinogen under EU Directive 67/548/EU
(Tenmat Hot Gas Filter, January 2024).

The supplier company Depuro (Cerafil TM) has in its assortment
high-temperature resistant ceramic Cerafil candles, which are placed in
the filtering equipment (as well as fabric filters). The ceramic candles are
made of ceramic or mineral fiber. The offered ceramic filters are self-
supporting, no support construction is needed. The company offers
Cerafil XS, Cerafil TOPKAT, and Cerafil GREEN in its product line.
Cerafil XS is composed of white aluminosilicate fiber, which is chemi-
cally resistant. Cerafil GREEN is a catalytic ceramic candle for the
elimination of toxic gases. Cerafil TOPKAT contains a strong biode-
gradable MgAl mineral fiber. The advantage of Cerafil XS and Cerafil
GREEN ceramic filters is the high filtration efficiency and the ability to
filter submicron particles and PM2.5. The residual emission concentra-
tion at the outlet is less than 2 mg/m3. The temperature resistance of
ceramic candles is up to 900 ◦C, and their operating flue gas temperature
is generally up to 700 ◦C. The length of the filter candle offered is up to
3 m and the diameter is up to 150 mm. Longer ceramic filters are under
development. The Cerafil TOPKAT can filter VOCs that do not exceed an
outlet concentration of 2 mg/m3. The candle filter filters gaseous pol-
lutants (HCL, SO2, NOX, etc.) (Keramické Filtry, December 2023).

The supplier GREENTECHS (manufacturer of Purefrax®) offers rigid
and durable ceramic filter candles in a filter unit for boiler outputs from

150 kW to 3000 kW (see Fig. 7). The filter candles have a high filtration
efficiency of up to 99.9 %. The ceramic filters are capable of filtering
submicron particles and are made of solid ceramic fibers. The filters
themselves are temperature resistant at 900 ◦C and have a very fine
structure and high air permeability. The manufacturer’s maximum
operating temperature is 450 ◦C (Spalinové Filtry TZL, December 2023).

7. Conclusion and challenges

This review article presents an overview of porous ceramic filters
(candles, membranes, foams, and discs) for high-temperature flue gas
filtration. In practice (in high-temperature applications) ceramic candles
in filter units are used for the filtration of gases generated by the com-
bustion of fuels in boilers with an output of 150–3000 kW and operate at
an operating flue gas temperature of 400–700 ◦C.

Pressure drop, filtration efficiency, and regeneration/cleaning are
essential to assess the suitability of a ceramic filter for flue gas filtration.
Filter efficiency and pressure drop are influenced by filter microstruc-
ture, filter permeability, face velocity, and filter clogging. High-pressure
drop affects the boiler draft conditions, i.e. the operating and
manufacturing costs of the existing fan.

The individual current studies included in this review present
traceable results obtained by different authors in experimental testing of
filtration efficiency and pressure drop of ceramic filters at flue gas
temperatures of 500–1300◦C (see Table 1). The authors of research ar-
ticles should measure the filtration efficiency of filters for specific par-
ticle sizes (using PM is not clear), with solid fuels combustion by boiler
emitting the highest particle mass concentration at 89–146 nm
(Gregorovičová et al., ☑). Attention should also be focused on the life
cycle of the ceramic filter, including whether the filter material is
eco-friendly, recyclable, and inexpensive.

Ceramic filters offer the potential possibility of high filtration effi-
ciency for high-temperature flue gases, but the durability of the filters,
and inefficient and energy-consuming regeneration can be an obstacle.
Advances in the manufacture of ceramic filters are leading to improved
performance, optimized regeneration, and better engineering solutions
leading to wider use of ceramic filters for very efficient flue gas filtra-
tion. The use of ceramic filters in residential boilers from 10 to 300 kW is
not yet widespread, although air pollution in rural areas is very
significant.
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Jiří Pospíšil: Funding acquisition, Investigation, Project adminis-
tration, Supervision, Writing – review & editing. Eva Gregorovičová:
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