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Highlights

- Review of metal filters (mesh, composite) and MOF-polymer composites for high-temperature flue
gas filtration (2019-2023)

- Identification of the lack of standardized testing methodologies for high-temperature flue gas filters,
along with solutions to improve filter testing

- Key filtration and adsorption mechanisms and general aspects of the filters' regeneration are
summarized

- Comparison of these filters, including their practical potential in combustion systems

Abstract

Solid fuel combustion produces harmful particulate matter (PM) and gaseous emissions in the flue
gas. To mitigate PM, advanced filtration materials using metal meshes, metal composites, and MOF-
polymer composites have been studied. Gaseous emissions can be adsorbed using metal-organic
frameworks (MOFs). Metal filters are suitable for high-temperature flue gas filtration (>200 °C)
thanks to their high mechanical strength and thermal stability. This review covers research articles
(2019-2023) on metal filters and MOF-polymer composites for flue gas filtration. While metal filters
are already widely implemented in industrial systems, MOF-polymer composites remain at the
research and development stage. Particular emphasis is placed on their filtration performance at
high-temperature flue gas and assessment of their potential in combustion systems.

Keywords: metal filters; MOF-polymer composites; flue gas filtration; filtration efficiency; pressure
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1. Introduction

Air pollution caused by PM and gaseous emissions is considered a major environmental
problem worldwide. Air pollution threatens human health and the environment. Inhaled fine
particulate matter (PM2.5) penetrates the human body and can cause respiratory and cardiovascular
issues; it may also contribute to the development of cancer [1-3]. PM2.5, compared to coarse particles
(>PM2.5), adsorb more harmful chemicals (toxic organic substances, heavy metals, and harmful
microorganisms) on their surface due to their larger specific surface area and more active sites [4,5].
The State of Global Air 2024 report states that air pollution was responsible for 8.1 million deaths
worldwide in 2021 [6].

Emissions in high-temperature flue gas (>200 °C) are generated in industrial sectors such as
energy (waste, fossil fuel, and biomass combustion, gasification), metallurgy, chemical and
petrochemical industries, cement plants, glass manufacturing, and transport [7,8]. Combustion of
fuels can produce emissions of PMs, SOx, NOx, CO, VOCs [9], and PAH [10]. It has been found that
the concentration of PM smaller than 1 um is produced in greater quantities in boilers when burning
wood than in boilers burning heating oil [10-12]. From incomplete combustion, soot and condensable
organic particles (tar) are produced [10,13]. High-temperature emissions are produced not only in
industrial combustion sources but also in small combustion sources for households. The replacement
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of low-emission boilers will lead to a significant improvement in air quality, especially during the
heating season (although complete elimination of emissions will not occur).

The PM in hot flue gases can be effectively removed from the air via high-temperature filters [7].
The filtration of PM is a key method for the effective reduction of air pollution [1]. In addition, up-to-
date hot gas filtration is important for protecting industrial equipment and improving process
efficiency and heat recovery [14], which leads to reduced power consumption [8]. In addition,
improving process efficiency results in a reduction of CO2emissions [15], which are responsible for
global warming [1]. Concentrations of gaseous emissions in the flue gas (e.g., CO2, VOC) can be
reduced by using adsorbents, so-called metal-organic frameworks (MOFs) [1,9]. The combination of
PM filtration and adsorption of harmful gaseous emissions is an effective solution for improving the
air [1].

Currently, there are various high-temperature resistant filter materials for flue gas filtration,
including inorganic ceramic materials [16], polymer-based materials [7], metal materials [17], and
glass fibers [18]. The disadvantage of ceramic and glass filters is their inferior mechanical
performance [7]. The advantages of a suitably selected metal filter material are high mechanical
strength, high thermal stability, and corrosion (oxidation [5]) resistance [19].

The authors' previous article [16] focused on general information about filtration and on the
current state of knowledge on ceramic filters, which are also effective for high-temperature filtration
of PM in flue gas [16]. This review is not only about metal filters, which, compared to ceramic filters,
have better mechanical properties (mechanical resistance) and therefore offer the potential for more
efficient regeneration, but also about innovative MOF-polymer composites, which can adsorb
gaseous emissions. The review article contains an overview of research articles mainly published
between 2019-2023 on metal filters (mesh, composite) and MOF-polymer composites for flue gas
filtration, providing an overview of the currently tested these filters and their ability to filter fine PM
and thanks to MOF nanoparticles adsorb gaseous emissions from the high-temperature flue gas
stream. Furthermore, the review article includes an overview of commercially offered metal filters
for large combustion devices. In addition, it provides comparison and practical potential of the
described filters in combustion systems.

2. Metal Filters

2.1. Properties

Porous sintered metal filters can be made of metallic fibers or powders (granules) [8,20]. Other
types of metal filters are metallic wire mesh filters [5], needle-felt filters, and expanded metal filters
[8]. The porosity of sintered powder metallic filter ranges between 2040 % (30-35 % [8]) [20]. The
porosity of the sintered fiber metallic filter reaches up to 90 % (75-85 % [8]) [20]. Fiber metallic filters,
compared to powder metallic filters, have greater penetrability, enhanced thermal stability,
mechanical strength, and corrosion resistance [21]. In addition, a fiber metallic filter can be easily
regenerated by back pressure, because it is more resistant to clogging [8].

Metal filters can be fabricated from various steel grades (e.g., stainless steel [22]) and metal alloys
[23]. To prevent oxidation and corrosion, which can lead to irreversible clogging of pores, it is
necessary to select a metal filter based on its thermal and chemical stability [23]. If the flue gas
contains sulfur (e.g., H2S, SO2) or chlorides (HCI), special alloys such as Hastelloy X, HR 160, Inconel,
or Monel are used to create a protective layer on its surface [23].

Metal filters are lightweight, they have low thermal conductivity, large specific surface area, and
good penetrability [21]. Compared to ceramic filters, metal filters have main advantages such as
completely welded construction (weldability [21]), [8] mechanical damping [21], and mechanical
robustness, so they are able to withstand any vibrations that arise due to the pulse-jet regeneration
[15]. Ceramic filters have a risk of breakage during pulse-jet regeneration [16]. In addition, the main
composition of ceramic fibers corresponds to the composition of flue gases, e.g., Al20s or Si02[17,24].
A similar fiber and PM composition can result in increased intermolecular adhesion work [17,25],
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which can lead to more difficult regeneration of filters. Metal filters are frequently formed into
pleated structures to increase the effective filtering area [26]. The pleated filters can be categorized
into two types based on their layout: square filters and cylindrical filters [26].

Sintered stainless steel (metal) fiber or powder can be made into candles [8,27,28]. Sintered metal
fiber elements are predominantly made from stainless steel and high-grade metal alloys because they
are suitable for use in extreme conditions (high temperatures and pressures) [8]. Fabric filters made
of stainless steel are mechanically resistant, chemically resistant, and resistant to corrosive
compounds found in flue gas, such as HCL and SO: [10,29], and they are temperature resistant up to
700 °C [10]. Similarly to ceramic filter candles, metal filter candles are used for high-temperature flue
gas filtration [30]. Sintered metal candles are more durable than ceramic candles, reducing the risk of
cracking and rupture [30]. The porosity, diameter of pores, and density of metal candles can be 85 %,
10-60 pm, and 1650 kg/m? [31]. The preferred geometry of metal filter candles, similarly to ceramic
candles, is with one side closed [16,32]. Outer diameters of candles are typically 60-150 mm, and the
length of candles is between 1-3 m [8]. The removal of dust cake on the surfaces of candles can be
done simply and effectively by pulsed jet blowback (cleaning efficiency is greater than 99.5 %) [8].
The filter may contain layers with different pore sizes; finer pore sizes on the blow-in side and coarser
pore sizes on the support layers [8].

2.2. Use of Metal Filters

Sintered metal fiber filters have been utilized in hot gas applications for many years (due to their
toughness, high thermal shock resistance, and extended operational lifespan) [14,33]. Specifically,
sintered stainless steel fiber candles have been in use for over 10 years [8,34]. Furthermore, metal
filters are tested for hot flue gas filtration in diesel engine exhausts [35]. Metal fiber filters are the
preferred material for nuclear-grade pre-filters in air purification systems in nuclear power plants,
thanks to their high temperature and radiation resistance [22,26,36,37].

3. MOF-Polymer Composites

3.1. Properties

Metal-organic framework (MOF) is a material composed of metal nodes (metal ions or clusters)
and organic linkers (ligands), that are linked by coordination bonds [38—40]. MOEF-based filters hold
great potential for air purification due to their adjustable porosity (pore diameter [39]), large surface
area that enhances gas adsorption, chemical and thermal stability [38], defined structure, and flexible
modification [39]. The pore size of MOF is approximately 1-2 nm [39].

The typical skeleton material of the MOF class of materials is the Zeolitic Imidazole Framework
(ZIF), for example, ZIF-8 [7,38]. ZIF-8 has been applied in gas adsorption thanks to its high specific
surface area, which has an abundance of active metal sites, as well as good thermal stability, porosity,
and low density [7,9]. The high specific surface area, zigzag pore structure, and numerous micropores
of ZIF-8 lead to higher filtration efficiency of PM [7] and physical adsorption of gaseous emissions
(VOC, aniline) via filling of microporous volume [9]. Open metal sites and functional groups (e.g.,
NH:[9]) on the ZIF-8 also provide higher filtration efficiency of PM and higher chemical adsorption
capacity for gaseous emissions [7,9,41,42]. ZIF-8 can also effectively capture PM through electrostatic
attraction because of unbalanced metal sites and surface defects [7,43]. The positive charge on the
surface of MOF, arising from unbalanced metal sites, polarizes the PM, thereby enhancing the
electrostatic attraction, see Fig. 1 [44].
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Figure 1. Schematic representation of filtration and adsorption mechanisms in a MOF structure (redrawn and
modified from [39]).
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MOF nanoparticles [1,9] or carbon nanowires [5] are often applied to polymer fibrous filters to
increase their mechanical strength [38,45]. By applying, for example, ZIFs on the fiber surface
(polymer matrix), a functional hybrid material can be formed [9]. The polymer fibrous material can
be, for example, Polyimide (PI) [1,7,9]. Polymer nanofibers have high thermal stability and flame
retardance [1,9], corrosion resistance, radiation resistance, self-extinguishment, and strong
mechanical properties (high strength) up to 500-600 °C [9,46].

Electrospinning [47] is a method for producing polymer microfibers [38] and nanofibers [1].
Materials created by electrospinning have a high specific surface area, high porosity, and adjustable
microstructure [1]. The surface of fibers made using electrospinning tends to be smooth [48], and
various methods are used for surface-activated fibers [9], such as self-assembly [1,9] and hydrogen
bonding [9]. To further improve the material properties, Polyhedral Oligomeric Silsesquioxane
(POSS) can be added to polymers, resulting in a polymer-based hybrid material [9,49]. In the case
that the polymer fiber diameter is smaller than 500 nm, a slip-flow effect is created, which reduces
pressure drop but enhances filtration efficiency [5,50,51].

3.2. Use of MOF-Polymer Composites

Metal-Organic Frameworks (MOFs) are often incorporated into polymer fibers for air
purification and as personal protective equipment (e.g., face mask) [52-54]. MOF-polymer
composites for high-temperature flue gas filtration are still under research and development.

4. Tested Filters and Achieved Filtration Parameters

In this section, the individual research findings of various authors are summarized in short
paragraphs that provide the most important information related to the filtration efficiency of tested
filters. The most important (main) parameters of filtration are summarized in Table 1. These research
articles were retrieved by combining words from the title and keywords of this review article within
a defined time (2019-2023) from the Web of Science database or via Google Scholar. Older references
were included only for theoretical background in previous sections.
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4.1. Metal Mesh Filters

Qu et al. [17] proposed optimal, efficient, and continuous self-cleaning stainless steel fabric (SFF),
specifically in the shape of a stainless steel weaved bag (SSWB), which is wound around a tube with
a supporting core. A single-bag and pilot-scale experiments were conducted. A pilot-scale system
was set up for hot flue gas. The maximum penetration particle size (MPPS) was determined by
calculation. The pressure drop before cleaning was less than 3 kPa, which means that no cleaning
technique was needed. The filter has a self-cleaning ability (continuous service for 1440 hours); thanks
to low adhesion between PM and filter fibers, a thicker dust layer can be easily removed by turbulent
gas flow or vibration. In addition, the stainless steel filter is only used for surface filtration, and thus
deep filtration and clogging of the filter with PM do not occur. Tested SSWF is suitable for hot flue
gas filtration.

The following study describes the use of a metal filter in a small-scale biomass boiler. Schott et
al. [10] developed a new fabric filter based on a stainless-steel mesh with pulse-jet regeneration.
Filters in the shape of candles (stainless steel fabric was welded into the shape of candles) were tested
on a small-scale biomass boiler with a rated heat output of 24 kW, which was powered by wood
pellets and wood chips. The primary components of the filter included the filter housing and filter
candles. The filter housing contains 15 filter candles. The measurement of filtration efficiency was
conducted according to VDI guideline 2066-1. For pulse-jet cleaning, compressed air (6 bar and pulse-
jet duration 100 ms) was used. The ash box was periodically emptied. Cleaning the filter candles was
performed externally because cooling the flue gas in the exhaust pipes by pulse-jet would lead to
condensation of water vapor and tar, which could clog the filter candles [10,55]. Once the filter cake
was formed on the filter surface, the outlet concentration of PM dropped below 10 mg/m?. For
application potential, further development is necessary. In further research, the authors consider
using an innovative precoat material for achieving reductions in PM and gaseous emissions.

4.2. Metal Composite Filters

Yang et al. [5] produced and demonstrated a novel composite filter with 3D networks of carbon
nanowires grown on a 304 stainless steel mesh using an in situ vapor growth method at 1100 °C. For
the filtration tests, a custom-built setup was used. PM from incense coil contains organic components,
such as PAHs and hydroxyl compounds. The surface (functional) groups on nanowires can interact
with polar groups on PM, thus contributing to the proactive capturing of the organic substances
found in PM based on near-field interactions. Thanks to the extended network of the nanowires, PM
can easily collide and be attached to one of the nanowires. The filter was regenerated by electrical
resistive heating, thus nearly burning the captured PM at 550 °C. The filter was thermally stable
thanks to the graphitic component in the nanowires. Therefore, the prepared filter is recyclable,
robust, heat resistant, and is potentially suitable for filtration of hot gases such as diesel engine
exhausts and organic waste gas emissions.

Xie et al. [56] developed a new composite filter to increase filtration efficiency, which consisted
of a metal web (base fabric), which was coated (by hot-pressing) with polytetrafluoroethylene (PTFE)
microporous membrane (surface layer), which had smaller mean diameter fiber (0.38 um) than metal
web fiber (1.71 um). Dense fibers on the surface of the filter can prevent PM from entering inside the
filter, so cleaning the filter by pulse-jet cleaning can be more efficient/easier. The authors designed an
experimental setup for the performance measurement of the filter. The filter had satisfactory high-
temperature resistance. The cake/fabric adhesive force was 102.36 N/m?2. The permeability of the
metal web filter and PTFE membrane was 2.69 m?x102 and 1.25 m?x10-12. The average cleaning
interval was 421 seconds. The authors plan to test filtration efficiency for different particle sizes in
the future.

Gui et al. [57] prepared FeAl/Al2Os porous composite microfiltration membrane (PCMM). The
filtration test was conducted in-house air filtration apparatus. Porous intermetallic FeAl has the
potential for high-temperature flue gas thanks to excellent thermal shock resistance capacity [57,58],
but for excellent filter fineness, it was suitable to add Al20s. The filtration capability of the filter is
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determined based on the size of the pore-throat. The filter is not efficient for particles smaller than 1
pm.

4.3. MOEF-Polymer Composites

Xie et al. [59] fabricated a composite filter PI@RPDA@MOEF. MOF crystals were integrated into the
PI fibers. In the MOF framework, there was an abundant microporous window smaller than 2 nm.
The measurement of the filtration efficiency of the filter was carried out according to European
standard (EN 1822-3:2009).

Xie et al. [9] prepared PI-POSS@ZIF hybrid polymer-based filter. On the surface of PI-POSS,
there is a large number of amino-functionalized nanoparticles (functional groups) NH2-ZIF-8. The
filter was created using electrospinning and a subsequent process of hydrogen bonding self-
assembly. The tensile strength of the filter was 7.33 MPa. The measurement of the filtration efficiency
of the filter was carried out according to European standard (EN 1822-3:2009). (For filtration, a copper
mesh substrate with 200 mesh (pore size 180 um) was used, which had a negligible impact on
filtration). During ultrasonic cleaning, the pressure drop was recovered to 50 Pa, so the filter had
good reusability. The filter for high-temperature air purification has a good filtration performance, a
large specific surface area, and is temperature stable and mechanically resistant. Thanks to the rich
open metal sites, functional groups, and extensive micropore structures of NH2-ZIF-8, the filter has
good adsorption capacity for VOCs (formaldehyde (89.95 mg/g), benzene, toluene) and aniline. In
addition, NHz-ZIF-8 has polar groups (high C potential) for increasing electrostatic interactions
between the filter and PMs.

Zhu et al. [7] fabricated a composite air filter ZIF-8/PI NFA, which contains ZIF-8 nanoparticles
on polyimide (PI) nanofiber aerogel matrix. The PI nanofiber aerogel exhibits good air permeability,
high filtration efficiency, good thermal stability, and mechanical properties. The dispersed zigzag
pore structure of ZIF-8 also has high filtration efficiency for nanoparticles thanks to its high specific
surface area. In addition, ZIF-8 has an opposite electric charge to PM, so the capture also occurs
through electrostatic attraction. For the high-temperature flue gas filtration, a self-designed air
filtration device was used. The filter is robust (mechanical strength), effective, and high-temperature
resistant, with flame-retardant ability. This filter has potential in the field of high-temperature air
filtration, for example, in industrial, automotive, and indoor purification.

Dong et al. [39] prepared a superhydrophobic composite filter SH-Mp-PET(Ti, Zn, Cu), where
different MOF-crystals (NH2-MIL-125, ZIF-8, and HKUST-1)) are attached to a PET-based filter
material, which leads to an increase in the surface roughness of the fiber. In addition, it thus improves
the stability of MOFs in water (High-humidity environments). Composite filter SH-Mp-PET (Zn)
exhibited the highest electrostatic filtration performance. The filter was thermally stable up to 200 °C.
This prepared composite filter is suitable for flue gas treatment in high-humidity metallurgical
industry environments.

Wei et al. [1] manufactured Janus double-layer composite nanofibrous membrane, respectively
PI-based nanofibrous membrane consisting of PI/CD-MOF and PI membranes. The filter was created
using co-electrospinning. For filtration, metal mesh was used as a substrate. The good filtration
performance of the filter was thanks to the high specific surface area of the nanofibrous filter. Due to
the open metal sites of Cu-MOF, the filter exhibits satisfactory CO2 adsorption capacity was 14.2002
cm?/g. The filter also exhibits unidirectional water permeability performance thanks to the Double-
layer composite nanofibrous membrane. The filter can serve in addition to high-temperature
filtration as personal protection (protective mask, fire-protective clothing). Furthermore, it is suitable
for gas adsorption and separation.

4.4. Summary of Tested Filters

A summarization based on Table 1 is described here. Table 1 shows the achieved parameters of
the individual studies described above. Studies in which the authors measured the filtration
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efficiency and pressure drop of the filters. The order of the studies is based on the types of filters and
the year of publication of the studies.

All filter types achieved filtration efficiencies > 90%, with MOF-polymer composites exhibiting
the lowest pressure drop < 140 Pa. However, the results are not comparable between each other,
because filtration efficiency and pressure drop are influenced by several variables, as described in the
previous study [16]. The filtration efficiency is, for example, influenced by the velocity of flue gas,
inlet dust concentration, the maximum penetration particle size, and operation time [17]. Only the
results of the two studies of MOF-polymer composites are comparable to each other because the
authors Xie et al. used almost the same values of variables in these studies. In their more recent study
[9], the diameter of the PI fibers was many times smaller, which had a positive effect on the filtration
efficiency and pressure drop. Table 1 also shows that the smallest PM, specifically PMos, was tested
for MOF-polymer composites. In section 6 these filters are discussed.

4.4.1. Recommendation for Improving Filter Performance Testing

The authors do not report the porosity of filters when measuring metal filters (shown here in
only two studies — 2x [10,57]), strength (1x) [9], permeability of filters (1x) [56], and regeneration
efficiency (1x) [10]. Operation time (1x) [17] is also important, as it clarifies after what operation
period the filtration efficiency begins to decrease. The life cycle of the filter, whether the filter is
recyclable, is also important information (1x mention [5]) [16].

From the summary Table 1, it follows that the authors use for measurement filtration efficiency
dust-laden flue gas (AL20s, SiO2), NaCl (<300 °C), and PM produced from incense or incense coil. It
also follows that PMos were the smallest tested filtered particles (using "PM" is not accurate) [16],
while the largest mass concentration from solid fuel combustion is with a size of 89-146 nm [60]. To
solve this issue, the scanning mobility particle sizer (SMPS) device can be used for measurements, as
it enables the determination of filtration efficiency for specific particle sizes within the mentioned
measurement ranges. It is also important to use a stable particle source. Specifying MPPS is also
crucial, because it identifies the particle size range where the filter exhibits the lowest filtration
efficiency.

The authors often do not mention the standard according to which the filtration efficiency of the
tested filters was determined. Only one author in his two studies [9,59] provided the European
standard (EN 1822-3:2009), and for measurements on a small boiler, VDI guideline 2066-1 was used.
The mentioned standard EN 1822-3:2009 (replaced by a more current standard ISO 29463-3) specifies
a flow rate of up to 800 cm?/s (2.88 m3/h) [61]. Also, the companies offering metal filters do not provide
this information on their websites, either. This significantly limits transparency and the possibility of
comparing the quality of filters. There are also standards such as ISO 11057 and ASTM D6830, but
these measure filtration efficiency using the gravimetric method. It may be appropriate to introduce
a novel uniform methodology for measuring filters using SMPS. However, the disadvantage is that
SMPS is not suitable for high flue gas temperatures and high concentrations, therefore the sample
must be diluted and cooled.
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Table 1. Overview of filtration efficiency and pressure drop of tested filters.

Filter type Dimensio | Combust | Production method Mesh or wire Flue gas Particle size Flow Airflow Pressure drop Filtration efficiency (%) /
ns (mm) / ion size / Fiber or | temperature (um) rate Velocity (Pa) Dust concentration (mg/m3)
Filtration source wire diameter ©0O) (Airflow (m/s)
area (cm?) | (product) (um) / Porosity ) (m3/h)
(%)
METAL MESH 8200 cm? Dust-
2820-2910 Above 99.9 with 1440 h
Qu et al. [62] 130 mm laden flue
Plain Dutch weave 0.03 (<3000) (Before <8.3 (Outlet)
Stainless steel (Diameter) | gas (SiO:z 800+ 10 5.71 (Average) | 1560+5
method (Superficial) cleaning) 17000 + 300 (Inlet)
weaved bag 2000 mm and
(SSWB) (Length) ALO:s)
800 cm?
METAL MESH 90 (Max.)
(One 25,50, 135 1200 + 10
Schott et al. [10] Dust- <20 (Outlet) (for 25 and 50
candle) Weave - braid, twill, (Mesh size) 700 64.1+ 09+0.1 (Max.)
Stainless steel laden flue mesh size)
1200 cm? linen 61.3, 34.6, 36 (Max.) 4.7 200-400
mesh gas 83 (Max. regenerability
(Total) (Porosity) (Residual)
efficiency)
METAL 30 %30 96.1 (After four cycles >95)
Incense | Insitu vapor growth 0.1 200-300
COMPOSITE (Openings of PMas >2 (Inlet)
coil method (Initial)
Yang et al. [5] the mesh) 0.002432
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Carbon 10-100 (The
nanowires length of
growth on a 304 nanowires)
Stainless steel ~0.12 (Diameter
mesh of the PMio
nanowires)
0.37 mm
(Metal
web)
0.11 mm
METAL (PTFE 1.71
2.61
COMPOSITE membrane (Metal web 99.32
Dust Hot-pressing (Median 0.1023 425
Xie et al. [56] ) fiber) 260 0.532 (Outlet, average)
(Si02) process diameter) (Face) (Residual)
Metal web with | (Thickness 0.38 130 (Inlet)
PM2s5=46.52 %
PTFE ) (PTFE fiber)
230 mm
(Length)
85 mm
(Wide)
Powder metallurgy
METAL 7.065 cm? 2.34 (Average
method via the
COMPOSITE (Effective) pore diameter) PMas
combination of 96.2
Gui et al. [57] 5mm Incense 1-3 600 0.12 3000
mutual diffusion
FeAl/Al2Os (Thickness (Bigger pore
and chemical
PCMM ) diameter) PM25-10 99.3
reaction
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0-1 (Smaller
pore diameter)
47.6 (Porosity)
MOF- 8 (Average
POLYMER NaCl diameter of PI
COMPOSITES 100 cm? particles Fiber)
260 PMos 0.032 57.5 93.05+1.27
Xie et al. [59] (Effective) (0.3-10 5-6 mm
PlePDA@MOF um) (Length of PI
fibers fibers)
MOE-
NaCl
POLYMER Electrospinning and 0.266 + 0.035
100 cm? particles
COMPOSITES hydrogen bonding (PI fiber 280 PMos 49.21 99.28
(Effective) (0.3-10
Xie et al. [9] self-assembly diameter) 0.032
um)
PI-POSS@ZIF
MOE- 5mm PMas10 99.3
POLYMER (Thickness
0.053
COMPOSITES ) Electrospinning,
Incense 300 (Face) 88.5
Zhu et al. [7] 50 cm? imidization, etc.
ZIF-8/PI NFA (Effective) PMzs 995
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53
97.97 +0.81
MOF- (Ti)
POLYMER 49

COMPOSITES 0.001-0.002 Up to 200 (Zn) 97.76 £0.48
Dong et al. [39] (Pore size of (Thermal PMos
SH-Mp-PET (Ti, MOF) stability)

Zn, Cu) 50 97.83 +0.54

(Cu)
MOE-
1000
POLYMER NaCl
(Metal mesh)
COMPOSITES 100 cm? particles Co-electrospinning
0.680 + 0.020 <300 PMos 0.032 136 99.85
Wei et al. [1] (Effective) 0.3-2.5 method
(PI fiber
PI/CD-MOF um)
diameter)

nanofiber filter
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5. Commercially Offered Metal Filters

In the world, there are several companies offering metal filters. Company Boedon offers three
types of metal filters for hot gas filtration: sintered felt filter bag (<1000 °C), strengthened hot gas
cleaning filter (<650 °C), and standard hot gas cleaning filter (<450 °C). These filters are resistant to
high temperatures and acid, and alkali corrosive gases. The sintered felt filter bag (see Fig. 2.) is made
of stainless steel (304, 316L, 310S, 314, etc.), FeCr Al, titanium, nickel, etc. And composed of a metal
cage skeleton, a coarse metal fiber layer, and a fine metal fiber layer. The sintered felt filter bag is
offered in two designs (conventional type and pleated type). The maximum operating temperature
of a sintered felt filter bag is 1000 °C, and porosity is 75-88 %. Another type of filter is the strengthened
hot gas cleaning filter, which has a maximum operating temperature of 650 °C. This filter is generally
made of FeAl or TiAl, which are made into metal powder blanks. The filter has good thermal shock
resistance, air permeability is 100 m3/(m2.h), and retained dust particle size is <0.1 um. Another kind
of filter bag is the standard hot gas cleaning filter, which has a maximum operating temperature of
450 °C. This filter is created from metal powder through a sintering process, resulting in a flexible
sintered filter sheet (then it is cut to the appropriate size to fit into the cage bone). It has a porosity of
30-70 %, air permeability is 100 L/(dm2.min), and retained dust particle size is <0.1 um [63].

Figure 2. Sintered felt filter bags [64].

Company GKD offers metallic mesh filter elements for hot gas filtration, which are thermally
resistant up to 600 °C. Specifically, they offer a highly porous Trimetric filter that has high filtration
efficiency (with a flow velocity of 0.7-1 m/min), mechanical resistance to vibrations, regenerability
during the service, and the filter can be cleaned externally. Trimetric filter enhances process efficiency
(by reducing CO:2 emissions) and minimizes costs. The filter is created by a combination of Optimized
Dutch Weaves (on the inflow side) and nonwoven metal fiber mesh (on the outflow side), see Fig. 3.
The filter is modular, so it can be applied to existing cartridge filter systems, bag filter systems, or
systems based on filter leaves. For bag filter applications, reversed plain dutch weaves (RPDW) (pure
wire mesh layers) are used, because thanks to their structure, they have increased tensile strength,
and thus can be attached to existing supporting bodies [15].
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Figure 3. The combination of optimized dutch weaves (on the inflow side) and nonwoven metal fiber mesh (on
the outflow side) (on the left) and reversed plain dutch weaves (RPDW) (on the right) [15].

Company Mott Corporation offers sintered porous metal filter elements, see Fig. 4. Rolled and
welded elements are typically 316L stainless steel porous media with 316 stainless steel hardware.
Other materials include stainless steels (304L, 310, 347, and 430); superalloys (Hastalloy), Nickel-
Chromium superalloys (Inconel), Nickel-copper alloys (Monel 400), other nickel alloys (Nickel 200,
Alloy 20), and other materials (titanium). Clogged filters can be cleaned by a blowback system
(blowing back), or contaminants can be removed chemically by solvents (chemical cleaning).
Chemically inert materials are removed using ultrasonic cleaning. Also, controlled-atmosphere fluid
bed furnaces can be used for cleaning [65].

Figure 4. The sintered porous metal filter elements [65].

Company Saifilter offers high mechanical strength metal filters in versions such as sintered metal
fibre or sintered metal mesh for hot gas filtration. They are resistant to temperatures up to 450 °C
[66,67].

Company DDD offers corrosion resistant and heat resistant stainless steel filter media (woven
wire cloth, sintered wire cloth laminate, and sintered metal fiber media) [68].

Company DaZhou Metal Mesh offers stainless steel woven wire mesh made of 304 stainless steel
alloy. Furthermore, they offer sintered mesh filters, which are depth filters with a thickness of 1.7 mm
and are constructed from multiple layers of stainless-steel woven mesh (materials are AISI 304, AISI
316, or AISI 316L). It is possible to filter PM from 1 um to 200 pm. Their heat resistance is 600 °C. The
filtration elements can be made in different designs, such as disc, round, cylindrical, conical, and
pleated shapes. The types are sintered dutch woven wire mesh and sintered square woven wire mesh.
Furthermore, they offer metal fiber felt filters, made of 316L, 316, 304, and pure nickel [69].

Company Filtalloy technology offers hot gas filtration elements, respectively, sintered metal
filters with asymmetric metal film. The filters are made of stainless steel 316L, 310S, or Fe-Cr-Al alloy,
their oxidation temperatures are 400, 600, and 800 °C, and porosities are 75, 75, and 68 % [70].

Company Kumar Process Consultants & Chemicals offers powder sintered filters for hot flue
gas filtration, made of stainless steel 316 or 316L, nickel-based filter (Hastelloy C22/C276/X), inconel
alloys, titanium, and iron-aluminium alloys (intermetallic). They offered various structures of filter,
such as powder sintered (cylindrical cartridges), pleated, fiber felt, and multilayered sintered [71].
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5.1. Summary of Commercially Offered Metal Filters

There are several companies offering metal filters for large combustion devices in various
designs. Such filters can have a retained dust particle size of <0.1 um. They have high temperature
and chemical resistance and are easily regenerated, making them suitable for long-term operation in
harsh industrial environments.

6. Discussion

In this section, the findings from the described research studies are discussed/summarized.

6.1. Filtration and Adsorption Mechanisms of the Described Filters

In metal mesh filters, which have a microstructure, filtration of PM occurs through the filtration
mechanisms described in the previous study (impaction, diffusion, sieving, electrostatic interactions,
etc.), mainly surface filtration, where the formation of a filter cake increases filtration efficiency [16].

In metal composite filters, filtration of PM also occurs, and the presence of surface (functional)
groups on carbon nanowires contributes to the capturing of organic compounds present in the PM
based on near-field interactions [5].

In MOE-polymer composites, PM filtration and gaseous emissions adsorption occur through the
mechanisms described in section 3.1. Polymer nanofibers with diameters below 500 nm increase PM
capture through the slip-flow effect and mechanisms such as interception and sieving, thus reducing
pressure drop while maintaining high filtration efficiency [5,50,51]. This innovative nanomaterial
(with fiber diameter below 1000 nm) is capable of filtering PMos due to its fine structure, while the
MOF, e.g. ZIFs (pore size ~1-2 nm) can adsorb on their surface toxic volatile organic compounds
VOCs (formaldehyde, benzene, toluene), aniline, and carbon dioxide (CO:) via chemical or physical
adsorption, thus contributing to global warming. As mentioned in the introduction, these fine PMao.
carry more harmful pollutants than larger PM, therefore, their removal is essential.

6.2. Regeneration of the Described Filters

External metal mesh filters in the form of stainless-steel fabric, which have only surface filtration,
have a high filtration efficiency and can be self-cleaning during continuous operation for 1440 h
(easily removed by turbulent gas flow or vibration) in case of low adhesion between the particles and
the filter. This implies that a filter cake can be formed more quickly on the surface of the filter, which
increases the filtration efficiency. There is no deep filtration of the filter and therefore no clogging of
the filter by particles [17]. Metal mesh filters in the form of metal candles used for small combustion
boilers can be easily cleaned by pulse-jet cleaning, typically every two hours during continuous
operation [10].

Metal composite filters can be regenerated by burning the particles at 550 °C using electrical
resistive heating. However, in the case of carbon nanowires grown on a 304 stainless steel mesh,
repeated regeneration which takes three hours led to gradual degradation of the filter structure [5].
Metal composite filters can have a smaller size of fiber on the surface of the filter than on the support.
Dense fibers on the surface of the filter can prevent PM from entering inside the filter, so pulse-jet
cleaning of filters can be more efficient/easier than for a pure metal mesh filter [56]. However, detailed
studies on long-term mechanical integrity of filters after multiple regeneration cycles are still limited.

MOF-polymer composites, due to their fragile structure [72], can be regenerated by softer
methods, such as ultrasonic cleaning [9]. From the studies described on MOF-polymer composites,
only one study reported filter cleaning. It was shown that after five filtration cycles (each cycle takes
120 minutes) of ultrasonic cleaning, the filter maintained high filtration efficiency, indicating good
reusability and potential for long-term applications [9].
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6.3. Comparison and Practical Potential of the Described Filters

In this section, the described tested filters are compared and assessed in terms of their practical
potential for combustion systems.

The main advantage of metal mesh filters (e.g., from stainless steel) is their mechanical, chemical,
and temperature resistance. Some metal filters were tested at flue gas temperatures of up to 800 °C.
According to the commercially offered metal filters, it is obvious that they are suitable for high-
temperature flue gas filtration. The manufacturing of filters is simple and cheap, and thanks to
efficient regeneration, such a filter can be reused. The disadvantage may be their ability to filter only
PM.

Metal composite filters can also be used for high-temperature flue gas filtration. The application
of these filters depends on the materials used. For example, FeAl/Al,O; PCMM filters have high
mechanical, thermal, and chemical stability and are thus suitable for demanding industrial
environments [57]. In aggressive environments, for example, metal filters with a protective coating
are suitable, as mentioned in section 2.1. The disadvantage is that they are more complex and
expensive to produce.

MOF-polymer composites can adsorb gaseous emissions, making them a highly innovative
composite nanomaterial compared to metal filters, which primarily filter PM. Apart from the
advantages mentioned in section 3.1, they have disadvantages such as lower temperature resistance,
lower mechanical resistance due to their brittleness, and complex and expensive production. The
authors of the studies tested MOF-polymer composites at up to 300 °C due to the presence of MOF,
although, for example, polymer fibers PI have a higher temperature resistance. Other types of MOFs
may exhibit higher thermal stability, for example, zirconium-based MOFs such as NH,-UiO-66 [73].
Despite the disadvantages, CO, concentration can be reduced through adsorption, which could lead
to lower costs for emission allowances in industry, in addition to environmental benefits. In addition
to the adsorption of gaseous emissions using MOF-polymer composites, recent developments also
investigate their catalysis for reducing CO: [74] and other compounds. MOF-polymer composites can
also be used in combination with metal filters, either integrated together or arranged sequentially to
improve the purification of flue gas from gaseous emissions. Alternatively, MOF nanoparticles can
also be applied to metal substrates [75], thus combining the advantages of these two materials.
However, further research is needed to verify their functionality for high-temperature flue gas
filtration.

7. Conclusion and Future Challenges

The authors of the studies test filters for high-temperature flue gas filtration (>200 °C) in various
types — metal mesh, metal composite, and MOF-polymer composites. The main findings are
summarized as follows:

e  Metal filters and MOEF-polymer composites are very promising materials for reducing air
pollution. Their usage and maintenance depend on their thermal, chemical (e.g., oxidation),
and mechanical resistance. The choice of material must be adapted to the operating
environment, including the chemical composition of the flue gas, temperature, and humidity.
Further research is needed to improve the thermal resistance of MOF-based filters.

e  For comparing the efficiency of the tested filters, a uniform measurement methodology is
necessary. This is related to the refinement of standards for measuring the filtration efficiency
of filter materials for high-temperature flue gas filtration.

e  With stricter limits and greater awareness of air pollution, filters may be introduced in
combustion systems, but further research is still needed for the practical application of an

efficient, operationally safe, and recyclable filter at an acceptable financial cost.
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