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Abstract: Over the past decades, China has suffered from negative environmental impacts from
distempered dust-laden airflow-purification activities. After a decade of effort, dust-laden airflow
purification and powder particle recycling have been realized in specialized companies in China, and
law enforcement for illegal activities of dust-laden airflow discharge has also been made increasingly
strict. Thus, up to now, dust-laden airflow purification in China should be developed toward being
more in-depth and refined to promote industrial applications of dust-laden airflow purification. This
article reviews the status of existing technologies for dust-laden airflow purification. A novel and
environmentally friendly technology for purifying the dust-laden airflow is proposed which uses a
metal bag filter to collect dust particles. The bottlenecks in the dust-laden airflow-purification system
are analyzed. Some preliminary experiments of pinch technologies are also conducted. Finally, in
order to provide directional guidance for the future development of metal bag filters, some key points
regarding the metal bag filter purification system are proposed to point towards a future trend in
dust-laden airflow purification.

Keywords: metal bag filter; dust-laden airflow; purification; environmentally friendly technology;
pulse jet cleaning

1. Introduction

Humans have suffered from negative environmental impacts caused by airborne
particles in modern industrial society [1-4]. Figure 1 shows that small airborne particles
from industry can produce detrimental effects on the environment and human health.
Research shows that when the concentration of pollutants in the air exceeds the standard,
harmful substances will enter the human body via inhalation and reach various organs
of the body through the blood, resulting in the gradual failure of various organs. In
September 2014, the “Action plan of energy saving, emission reduction, upgrading, and
retrofitting of coal-fired power plants” was announced, which demands that the emission
of dust in eastern China does not exceed 10 mg/m3. The emission standard for dust
from coal-fired power plants that meet 10 mg/m?3 is also called the ultra-clean emission
standard. Such stringent pollutant emission standards pose great challenges for dust-
laden airflow-treatment systems in power plants. The ultra-clean emission standard has
been paid great attention by researchers and governments all over the world, especially
in China. Because of the adverse effects of air pollutants on health, many governments
have formulated guidelines to regulate industry emissions [5-7]. Meanwhile, numerous
studies have been conducted on the filtration and removal of small airborne particles from
dust-laden airflow [8-10].
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Figure 1. Influence of the improper small airborne particles from industrial activities on the environ-
ment and human health.

Fiber filtration is a cost-effective scavenger method for fine particulates, and may help
to prevent their emissions from escaping into the ambient environment [11-13]. Among all
types of fabric filters, the bag filter is an effective way of collecting dust emissions [14-16].
This is because the bag filter has the advantages of high collection efficiency, high filtration
airflow, and easy maintenance [17,18]. However, the filter bags are easily destroyed in use
and need to be replaced regularly [19], with the main damage often located 0-500-mm
above the bag entrance, which was caused by condensed air working on local filter [20]. In
engineering applications, due to the influence of factors such as the layout of the injection
pipe, the nozzle, and the injection pressure, the uneven distribution of airflow leads to
the uneven distribution of the filter bag load, resulting in damage to the dust collector.
In China, according to the filter bag yield of 20%, the amount of discarded waste filter
bags was 18 million m? in 2010 [21,22]. Figure 2 shows the wasted filter bags used in our
previous experiment. The bottom location was easily destroyed in industry applications.
The wasted filter bags will be burned or landfilled. These treatment methods will lead to
environmental problems [23,24].

Therefore, it is anticipated that China has great potential for developing environ-
mentally friendly dust-laden airflow treatment systems. In this paper, taking the metal
bag filter as an example, a prospective solution is used to filter dust-laden airflow. This
article reviews the status of treatment technologies of dust-laden airflow, then optimizes
and integrates the existing proper approaches. The bottlenecks in the dust-laden airflow
purification system are analyzed, and some preliminary experiments of pinch technologies
are also conducted. A reproducible and sustainable industrial ecological protocol using
metal bag filters to filter dust-laden airflow is proposed, providing an efficient, promising,
and green method for treating airborne particles in modern industrial society.
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Figure 2. The wasted filter bags in our previous experiment. (a) SEM of bottom area. (b) SEM of
middle area. (c) SEM of top area.

2. Environmentally Friendly Metal Bag Filter System
2.1. Evolution of Filter Medium

In recent years, with the emergence of new filter materials and the rapid development
of preparation technology for filter materials, the new filter materials have greatly increased
filtration efficiencies. Figure 3 shows the evolution of filter materials. The microstructures
and characteristics of the filter materials are the dominant factors for controlling cake
formation and detachment. The processes of cake formation and detachment of different
fabrics are quite different [25,26]. Figure 4 shows the filtration and dust-cake removal
differences of the evolved filter medium. The fibers in the needle felt filter material are
arranged in a three-dimensional staggered manner, which is conducive to the formation of
a dust layer. There is no direct gap, and the dust collection rate is higher than that of general
woven filter materials. Needle felt filter materials have no or only a small amount of base
cloth, so the porosity is, generally, 70-80%, with good air permeability and low resistance.
In the filtration process of membrane-coated filter materials, the base cloth and needle
felt only play supporting roles. They does not need to rely on the initial dust layer that is
formed on the surface of the filter material for filtration, and the PTFE film itself can play
the role of the primary dust layer. Regarding the filtering mechanism of metal fiber filter
materials: in the design of filter materials, using ultra-fine fibers as the windward surface
of metal fiber felt-filter material, combined with using fibers with coarse wire diameters as
the support layer, a structure with a gradient structure and pore diameter can be formed on
the surface of the filter material from small to large, and most of the dust can be prevented
from remaining on the surface of the filter material by a fine-fiber layer, so as to play the
role of surface filtration. Some researchers have focused on the microstructures of the filter
materials and on the performances of bag filters. Humphries and Madden (1983) tested
nine different fabric filters to demonstrate the influence of the fabric structure on the pulse
cleaning efficiency [27]. Woo et al. (2001) showed that the filter pores have great influences
on the dust-cake detachment [28]. Binnig et al. (2009) showed that the cleaning intensities
were related to permeability of filter media [29]. Meanwhile, the surface treatment of
filter media has great influences on the cake formation and detachment [30]. Rodrigues
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et al. (2005) showed that surface treatment of filter media afforded an increased particle
collection efficiency and a reduced residual pressure during the filtration [31]. According
to Mauschitz et al. (2005), the surface treatment of filter media prolonged the filtration
period and reduced the pressure drop after pulse cleaning [32]. The above results show
that the microstructures of the filter media have a profound effect on cake formation and
detachment, even in apparently similar fabrics [33,34].

Polyester non-woven fabric
with PTFE membrane

sintered thin layer plate

Paper filter

[} media
Polyester non- ( Stainless metal fabric
woven fabric

Figure 3. Microstructures of novel filter materials.

Filtration diagram of evolution filter materials

I A R R A A AR

Figure 4. Filtration differences of the evolution filter medium. (a) Conventional fiber needled felt and
ash layer. (b) Surface treatment with polytetrafluoroethylene fibers and ash layer. (c¢) Metal fiber and
ash layer.
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Therefore, the micro morphology of the filter materials can regulate and control the
macroscopic properties of the filter. From Figures 3-5, the microstructures and charac-
teristics of the filter materials are the dominant factors for controlling cake formation
and detachment. The filtration materials develop towards surface-filtration and gradient-
filtration structures, as shown in Figure 5. The metal fiber filter materials, especially, have
potential to filter dust-laden airflow. Figure 6 shows the microstructures of stainless metal
fiber filter materials. Metal fiber filter materials are a new novelty filtration medium. The
metal fibers are sintered after the non-woven laying. Gradient fiber layer structures were
designed. The porous metal fiber materials are horn gradient structures and have through-
holes. Meanwhile, metal fiber filter materials are resistant to high temperatures. Therefore,
metal fiber filter materials have great potential for use in high-temperature dust-laden
airflow filtration.

Dust cleaning model

PTFE film

Filtered model Dust cleaning model
(b)

Figure 5. Dust cake detachment differences of the different evolutions of filter media. (a) Dust
cake detachment for conventional fiber needled felt and ash layer (deep filtration). (b) Dust cake
detachment for surface treatment and metal filter materials (apparent filtration).
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Figure 6. Microstructures of metal filter materials. (a) Surface of stainless metal fabric. (b) Supporting
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surface of stainless metal fabric. (c) Cross-section of stainless metal fabric.

2.2. Evolution of Dust Collector

In China, the government has made great effort to protect the environment. Dust
emissions, especially, have been given tremendous limitations. Therefore, dust-laden
airflow purification in China should be developed toward being more in-depth and refined
to obtain clean airflow discharge. Although the Chinese government and a number of
researchers have made great efforts to improve dust-laden airflow purification, there are
still some obstacles that limit the industrial application of dust collectors. Specifically, dust
collectors have been used to collect high-temperature airflow, ultrafine particles, absorbent
particles, and high dust concentrations, etc. Figure 7 shows the evolution of dust collectors.
Up to now, cartridge filters and bag filters have been used to collect high dust concentrations
and ultrafine particles. The sinter-plate filter can be used to collect high dust concentrations,
high-humidity dust-laden airflow, and ultrafine particles. The metal bag filter can be used
to collect high-temperature dust-laden airflow and ultrafine particles. Figure 8 shows the
area map of dry-type dust collectors in terms of particle size, filtration temperature, and
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dust concentration space. The conventional bag filter can be used to collect dust-laden
airflow at temperatures <280 °C. The metal fiber bag filter can be used to collect dust-laden
airflow at high temperatures (>280 °C). The metal fiber filter bag made of stainless can
resist temperatures as high as 400 °C. If the FeCrAL medium is used, the metal fiber filter
bag can resist temperatures as high as 1000 °C. Therefore, using the metal fiber bag filter to
filter dust-laden airflow is environmentally friendly.

Figure 7. The evolution of dust collectors.
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Figure 8. Area map of dry-type dust collectors in terms of particle size, filtration temperature,
and concentration space. (a) Area map of dry-type dust collectors in terms of particle size and
concentration space. (b) Area map of dry-type dust collectors in terms of filtration temperature and

concentration space.
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Some researchers have directed some focus toward the filtration performances of the
metal bag filters. Su et al. (2016) showed that metal fiber bags have the characteristics of
high-temperature resistance, good air permeability, low pressure loss, corrosion resistance,
and easy processing [35]. Choi ] H et al. (2004) have shown that the metal filter element has
higher air permeability than conventional filter elements [36]. According to Sun et al. (2015),
the metal fiber-sintered felt has good air permeability. The metal-sintered felt with the fiber
diameter of 15 um has pressure loss of only 49 Pa, and its filtration efficiency can be as high
as 99.99%. Meanwhile, the dust discharge concentration was lower than 3.6 mg/ m3 [37].
Yang et al. (2018) used the metal bag filters and evaluated the performances of metal bag
filters in a cement plant. The results showed that the dust discharge concentration was
as low as 5.62 mg/ m?> [38]. This dust emission concentration meets the most stringent
national emission standards in China. Therefore, the metal bag filters will be widely used
to remove the dust fields from coal-fired boilers of power plants, oil and gas separation,
gas purification, cement manufacturing, chemical catalyst recovery, waste incineration, and
EAF steelmaking, etc.

2.3. Environmentally Friendly Metal Bag Filter System for High-Filtration Velocity
Dust-Laden Airflow

In summing up experiences of the existing techniques, a process which is suitable
and has potential for industrial applications, as presented in Figure 9, developed by our
team from the Southwest University of Science and Technology, China, satisfies the re-
quirements of a high-filtration velocity system for dust-laden airflow purification, namely:
(1) widespread applicability for dust-laden airflow purification, due to the collection of
high dust concentrations and high-filtration velocity; (2) high efficiency—the metal fibers
are sintered after the non-woven laying. Gradient fiber-layer structures were designed.
The porous metal fiber materials are the horn gradient structures and have through-holes.
Meanwhile, the metal fiber materials have the resistance to high temperatures; (3) low cost
and low energy consumption, for the simple construction of equipment and industrial
waste heat reutilization; (4) environmentally friendly, for no pollution to environment.
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Figure 9. The metal filter bag system for purification of the high-velocity dust-laden airflow.
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2.4. Environmentally Friendly Metal Bag Filter System for High-Temperature Dust-Laden Airflow

Industrial exhaust heat is a potential energy source. Moreover, the industrial sector
is one of the top three energy-consuming sectors worldwide [39,40]. Figure 10 shows
the relation of the industrial waste heat potential (left axis) and the energy consumed
by the industry (right axis) [41]. The utilization amounts of industrial waste heat found
are lower than expected. In China, based on investigation, the exhaust heat is 17-67%
of the total fuel consumption. The recyclable exhaust heat is 60% of the total exhaust
heat. Currently, the industrial exhaust heat was used mainly to generate electricity and
as a heat source. However, the efficiency is about 20% to generate electricity. Moreover,
much of the exhaust heat has not been used. The 30% exhaust steam (temperature is lower
than 400 °C) discharges into the atmosphere directly. Some places (especially cold areas)
use industrial exhaust heat to stay dry and warm. Among all the industrial sectors, the
main waste-heat producers are usually the metal industry, chemical industry, food and
drinks industry, pulp and paper industry, and non-metal minerals (including cement, glass,
ceramic, and lime) industries [42—47]. The mostly industrial waste heat is the dust-laden
airflow. The conventional bag filter can be only used to collect dust-laden airflow that is
cooler than 280 °C. Therefore, the industrial waste heat is cooled to lower than 280 °C, and
the industrial waste heat is discarded, as shown in Figure 11. From Figure 11, a metal bag
filter can be used directly to filter high-temperature dust-laden airflow. This novel filter
material is the dominant factor for controlling wasted heat utilization.
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Figure 10. The relation of the industrial waste heat potential (left axis) and the energy consumed by
the industry (right axis).
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Figure 11. The traditional fiber filter bag and metal filter bag system for purifying the high-
temperature dust-laden airflow. (a) The traditional fiber bag filter system for purifying the high-
temperature dust-laden airflow. (b) The metal bag filter system for purifying the high-temperature
dust-laden airflow.

A novel environmentally friendly way is proposed for filtering high-temperature
dust-laden airflow. The high-temperature airflow, after treatment, can be used to generate
electricity, cold, or another type of heat. This can have an importance influence on the
reutilized industrial waste heat. The novel metal filter bag can be used in this experiment.
The novel metal filter bag has a high resistance to destruction. Meanwhile, the metal
bag filter can be used to filter high-temperature dust-laden airflow directly. The high-
temperature airflow, after treatment, has more selectivity and can possibly be reused.
Meanwhile, the abrasion of dust particles on the heat exchanger will be drastically reduced.
Sometimes, the environmental problem can be resolved.

3. Environmentally Friendly Metal Bag Filter System for Filtration
3.1. An Idea for Environmentally Friendly Metal Bag Filter System
In our preliminary experiment, the bottleneck of the environmentally friendly metal

bag filter is the cleaning performance of the metal filter bag. The microstructures of the
metal filter and the gradient structures make the macro filtration and cleaning performance
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differ from the other filters, as shown in Figures 4 and 5. In order to investigate the cleaning
performance of metal filter bag, the experiment was designed to obtain the relationship
between residual dust and pressure drops vs. the filtration velocity.

3.1.1. Experimental Setup and Experimental Design

The diagram of the metal filter bag system for purification of the dust-laden airflow
was shown in Figure 9. Six metal filter bags were used in the dust collector. The metal
filter bag (¢ 130 x 1000 mm) was made of 316 L stainless materials. The microstructures
were shown in Figure 6. The filter thickness is 0.52 mm, the porosity is 78%, and the
air permeability is 120 L (min-dm?)~! at 200 Pa. The experimental setup consists of a
compressed-air supply system. The cleaning pulse of the compressed air is kept at a
constant by a pressurized air reservoir (volume, 40 L) and is controlled by a pulse valve.

The experimental design: systematic pressure drops (systematic resistance) at various
filtration velocities were observed and recorded during the experiment. In the experimental
process, the dust collector dislodged the dust cakes automatically. The pulse width (opening
time of electromagnetic valve (DMF-Z-20 type) controlled by a pulse controller) was 0.08 s
and the pulse interval was 10 s. After 60 min, the dust feed was stopped and each cartridge
was carried out manually for only one pulse-jetting; then, the machine was shut down
and six metal filter bags were taken out and weighed, respectively. After weighing, six
metal filter bags were put back into the filter and jet pulsed continuously several times,
until their surfaces resembled the new ones. Then, the operation conditions were reset
for the next experiment. The residual dust cakes are defined as the weight difference
between the cleaned filter cartridge and a new one. In our preliminary experiment, the
dust concentration was set at 0.08 kg/m? (fly ash dust, particle size is d10 = 2.352 um,
d50 = 10.361 um, d90 = 36.24 um). The pulse pressure was set at 0.5 MPa and the filtration
velocity was set at 2.0-2.8 m/min. The jet nozzle was set to 7 mm; the jet distance was
set to 150 mm. These cleaning parameters were obtained in our previous experiment [48].
Figure 12 shows that the pressure drop varies with time during the filtration and cleaning
process for the purification of the dust-laden airflow.

Pulse tube L I 1l
Pulse valve i) :Compressed g ) 4 )
~a \__/ air reservoir Rt Nozzle U/
4 ® @ - @ @ D o @ ¢ -
2l 22 L e E
AP L>— aP = N AP ©
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filter bag
Dust cake
4
Dust-laden Dust-laden| - Dust-laden
N\

airflow / airflow  \ / airflow
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Figure 12. Cont.
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Figure 12. The pressure drop varies as the time during the filtration and cleaning process for
purification the dust-laden airflow. (a) The filtration and cleaning process. (b) The pressure drop
varies with time during the filtration and cleaning process.

3.1.2. Experimental Results and Discussions

Figure 13 shows that the residual dust and pressure drops varies with the filtration
velocity during the filtration and cleaning process for the purification of the dust-laden
airflow. When the filtration velocity is 2.0, 2.2, and 2.4 m/min, the residual dust and
systematic pressure drops appear to be positively correlated to the filtration velocity, and
the curves increase in a relatively stable manner. When the filtration velocity increases to
2.6 m/min, the residual dust and systematic pressure drops increase further at the top area
of the metal filter bag, especially at 5 cm from the opening of the metal filter bag. When
the filtration velocity increases to 2.8 m/min, the dust layer on the filter material will be
compacted, resulting in a sharp increase in residual dust and systematic pressure drops.
Figure 14 shows the photos of the residual dust at filtration velocities of 2.2 and 2.8 m/min.
Therefore, under our experimentally designed parameters, the filtration velocity of the
metal filter bag should be lower than 2.8 m/min. In our next study, the relationship
between the residual dust and the systematic pressure drops vs. the filtration and cleaning
parameters will be investigated. Moreover, there is one problem that should be considered
in more attempts in further studies.
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Figure 13. The residual dust and pressure drops vary with filtration velocity during the filtration and
cleaning process for the purification of the dust-laden airflow.
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Figure 14. The photos of residual dust at filtration velocities of 2.2 and 2.8 m/min.

4. Future Points of Environmentally Friendly Metal Bag Filter System

After a decade of effort, China has a relatively developed legislative system, formal
filtration systems, and advanced controlling techniques. The future development direc-
tion of the filtration system, which ought to be more in-depth and refined, should be
focused on both higher filtration efficiencies and ultra-clean emissions, and should be more
environmentally friendly.

There are four considerations that ought to be noticed and ensured: (1) ultra-clean
emissions should be obtained, especially for the PM2.5, and the superfine fiber surface
layer or gradient filter structure should be used; (2) breakage-resistant materials should be
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used, such as metal filter materials or sintered thin layer plates; (3) for systematic stability,
the rational pulse jet cleaning parameters for the filtration system should be used; (4) the
intelligent management of the filtration system and cleaning filtration should be ensured.
In addition, in future studies, sufficient attention should also be on developing alternative
technologies which are more environmentally friendly.
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