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A B S T R A C T   

Due to growing concern about air pollution and its harmful effects on the health of the popula-
tion, especially in regard to sub-micrometric particles, some studies have reported that applying 
an electric field to particle suspensions can improve filter performance by enhancing the depo-
sition of particles in the filter medium. This can result in better particulate retention, which is 
particularly important for industrial processes such as cement production. The objective of this 
study was to investigate the behavior of cement particles with electrostatic charges during cake 
formation in fabric filters. The particles (with a d50 % of 17 μm) were generated using a dust 
feeder at a flow rate of 0.083 kg s− 1. The fiberglass filter medium was subjected to filtration tests 
with constant dust concentrations (9–12 g.m− 3) and air surface velocities (6 cm.s− 1and 10 cm 
s− 1) until the pressure drop reached the maximum value of 400 Pa. The electrostatic precipitator 
utilized discharge voltages of 0, 4, 10, and 12 kV. The particles were initially passed through the 
electrostatic precipitator to become charged with voltages of 0, 4, 10, and 12 kV applied. The 
results indicated a reduction in pressure drop of up to 55 %. The study observed a change in the 
deposition behavior of particles on the filter medium surface and in the filter cake formation, 
demonstrating that the electrostatic charge improves air filtration performance, resulting in 
higher efficiency and cost-effectiveness.   

1. Introduction 

Particulate matter emissions from industries and vehicles are recognized as one of the most critical primary pollutant sources in 
major cities worldwide and pose a risk to the population’s health [1,2]. Air pollution directly impacts air quality, which depends on 
pollutant emissions and weather conditions in a given location. Natural disasters such as floods and cyclones, as well as atmospheric 
stability conditions, may contribute to the dispersion of pollutants or support their continued presence in the lower atmosphere [3,4]. 

Due to the strong impacts of atmospheric pollution on the environment and human health, new laws and regulations that prohibit 
or reduce air pollution are emerging and are increasingly stringent. Many research studies show that cement plants are major sources 
of particulates polluting the environment. According to Aleksei Kholodov et al. [5], the production of cement, cement materials, and 
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asbestos-cement products is associated with the emissions of dust and particulate matter, carbon monoxide (CO), nitrogen oxides 
(NOx), sulfur dioxide (SO2), and volatile organic compounds. The aerosol pollution also includes industrial dumping of overburdened 
rock formed during the extraction of raw materials. Pollutants are also formed and emitted during the storage, and all the productive 
processes of the cement. 

In addition to complying with new legislation, there is a focus on recovering the maximum amount of cement powder lost during 
the process, which is the most profitable product. Consequently, new solutions are emerging for removing fine particulates from a 
stream of gases, including developing new technologies and adapting existing equipment in industrial plants to meet current envi-
ronmental regulations. However, some industries are not solely focused on complying with emission limits set by authorities when it 
comes to filtration processes. They also strive to minimize operating costs [1,6]. Another device that should be highlighted is the 
electrostatic precipitator (ESP), whose operating principle involves the application of high electric potentials (− 30 kV) to discharge 
electrodes, generating large quantities of electrons that charge the particles so that they can be attracted to collectors by electric forces. 
These systems provide high collection efficiencies for particles larger than 1 μm, with meagre operational costs, compared to fibre 
filters [7,8]. However, the efficiency of an electrostatic precipitator decreases for particles smaller than 1 μm, with the lowest 
collection efficiency for particles in size range 200–500 nm [1,9]. 

New hybrid filtration systems are being developed to improve the cleaning of gas streams. These systems combine two devices with 
different operating principles, such as an electrostatic precipitator placed in series with a bag filter, known as a hybrid electrostatic 
filtration system – HEFS [10,11]. 

The commercial availability of hybrid filtration systems has increased in recent years due to the requirement for more efficient 
removal of fine particles (smaller than 1 μm). 

In the enhanced electrostatic filtration (EEAF) techniques, an electric field was first applied to the suspension of particles, which 
then entered the fabric filter and changed the deposition of the particles on the fibres. This results in better performance in terms of 
both increased filter efficiency and reduction of the pressure drop [9,10,12–14]. Previous studies of hybrid filters by Wang et al. (2014) 
[15] and Tu et al. (2018) [1] demonstrated that fabric filter performance improved when the particles were charged during air 
filtration. 

According to Jaworek et al., 2019 [6], hybrid electrostatic filters differ from hybrid electrostatic precipitators in that the particles 
are removed only by the bag filter. An electrostatic pre-charger is used exclusively for particle charging, while in hybrid electrostatic 
precipitators, the coarse particles are removed by the electrostatic precipitator [16]. 

Numerous studies have investigated the effect of electrostatic charging on filtration efficiency, although most of these studies 
involved numerical simulations [1,7,17]. Meanwhile, laboratory studies have focused on characterizing electrostatic charge and 
filtration efficiency [2,9,18]. 

The objective of this work was to investigate the behavior of cement particles during the formation of the filtration cake, applying 
the electrostatic discharge in the particles. The increased porosity of the filtration cake increases the useful life of the bag filters. 

2. Experimental 

2.1. Materials and methods 

The particulate matter (cement) was characterized in the Laboratory of Structural Characterization and Environmental Control at 
the Department of Chemical Engineering, Federal University of UFSCar (Brazil). X-ray analysis was conducted on the material using an 
applied voltage of − 25 kV. The elements present in the sample are as follows: Ca (74.5 %), Si (11.5 %), Mg (4.1 %), Fe (2.6 %), and Nb 
(7.3 %) (refer to Fig. 1). The sample exhibits an electrical resistivity of 107 Ω m. Density determination was performed using a digital 
helium pycnometer (AccuPyc 1330, Micromeritics), yielding a value of 3.1 ± 0.031 kg m− 3. The mean volumetric diameter was 

Fig. 1. SEM image of the cement dust.  
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determined utilizing the Mastersizer Microplus 5001 system (Malvern Instruments), resulting in a value of 17.0 ± 0.13 μm. 
Fig. 1 displays the cement particles as observed under a Carl-Zeiss SEM, model DSM-940-A, at a magnification of 1500×. All the 

particulate material and filters were provide Votorantin Cimentos S.A. Itaú de Minas, Brasil. 
The filtration tests employed fiberglass as the filter medium, with a grammage of 750 g.m− 3. This fiberglass filter medium, supplied 

by BWF in Italy, is a needled felt composed of 100 % polypropylene fiber (3008 PP). The manufacturer, Gino Cacciari, produced it with 

Fig. 2. a. Experimental equipment. b. Design of Experimental equipment.  
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a specific weight of 0.22 g.cm− 3 and a thickness ranging from 2.5 to 2.8 mm. 
The selection of this filter was based on its remarkable efficiency at higher temperatures, a crucial characteristic for cement fac-

tories. For the experimental procedures, circular sections of the bag filter, approximately 0.2 m in diameter and weighing about 0.02 kg 
each, were prepared. These sections boasted a filtration area of 0.0254 m2. 

The permeability is the porous filter medium property that indicates the ease with which a fluid pass through it [19]. According to 
Hung and Leung (2011) [20] outlined two distinct approaches for enhancing filter quality. The first entails augmenting its efficacy in 
aerosol filtration, whereas the second involves enhancing its permeability to mitigate pressure drops [21]. The permeability constant 
can be derived through the utilization of Forchheimer’s equation. In this equation, the initial term pertains to viscous effects exclu-
sively, while the subsequent term relates to inertial effects, as outlined previously [19]. 

ΔP
L

=
μ

K1
Vs+

ρ
K2

rVs2 (1)  

where ΔP is the pressure drop between the inlet and outlet of the filter during passage of the air stream, is a function of the gas flow 
velocity (Vs) and, consequently, the granular solids, with gradual transition from laminar to turbulent flow [22], L is the thickness of 
the filter medium, μ is the viscosity of the fluid, k1 and k2 are permeability constants of the filter medium, r is the density of the gas, Vs 
is the superficial velocity. In the present work, a low filtration velocity was used, so the second term of equation (1) could be neglected, 
becoming the Darcy equation [14,23]: 

ΔP
L

=
μ

K1
Vs (2) 

Darcy’s equation, which is used to evaluate the flow of fluids in porous filter media, relating the pressure drop to the superficial 
velocity. The permeability of the clean filter medium was 2,5.10− 12 ± 2,7.10− 15 and the square of the correlation coefficient (R2) was 
0.99. 

The procedure adopted for determination of the theoretical cake porosity, using classical equations such as the Ergun equation was 
based on the method described by Aguiar and Coury (1996) [14,22]. 

2.2. Experimental equipment 

A schematic illustration of the experimental system used in the filtration trials is shown in Fig. 2. The equipment was installed in 
Environmental Control Laboratory I of the Department of Chemical Engineering at UFSCar. 

Fig. 2 shows the layout of the equipment step by step, while Fig. 2b shows the designer with all parts of the equipment in a more 
illustrative way. 

2.3. Experimental procedure 

Filtration curves were generated by evaluating the pressure drop across the filter over time, with an anticipated maximum pressure 
drop of 400 Pa. The particles were introduced into a dish with a velocity of 2 rpm while being conveyed through a stream of dry air via 
a venturi tube. Prior to deposition onto the filter to form the dust cake, the particles underwent electrostatic charging using a charging 
device. Gas filtration experiments were conducted under a consistent superficial velocity of 0.05 m/s, and the particle concentration 
spanned from 9 to 12 g.m− 3. 

Although the typical filtration velocity for dust collection often hovers around 0.016 m s− 1, in this study, a filtration velocity of 

Fig. 3. a. Electrostatic charger with dimensions in cm front view. b. Electrostatic charger with dimensions in cm top view.  

F.M. Oliveira da Silva et al.                                                                                                                                                                                         



Heliyon 9 (2023) e21808

5

0.05 m.s− 1was employed. This choice was influenced by certain findings in the literature, such as the work of Donovan et al. (1982) 
[18]. The experimental protocol adhered to the guidelines outlined in Ref. [14]. 

After the filtration tests, an analysis of particle deposition was performed according to the same procedure used for experimental 
porosity determination, developed by Ref. [14]. This procedure conferred good structural stability of the gas filter cake to obtain the 
images by SEM. For this, the particles deposited in the filter medium were submitted to pre-hardening by passing a flow of adhesive 
vapor, to fix the particles in the filter fibers. The samples were then hardened, sectioned, embedded, and polished. After these 
preparation steps, the samples were metalized with gold and scanning electron microscopy images (XL-30 FEG-SEM, Philips), to count 
the number and determine the depth in the filter and porosity. The images were analyzed using Image-Pro Plus 7.0 software, with 
binarization to improve the contrast between the pores and the fibers of the sample, hence providing greater reliability in the 
parameter determination. These techniques have been used by several researchers [24,25] with the same objective. 

2.4. Description electrostatic charger 

The particulate charger consists of an acrylic box filled with cylindrical stainless-steel wires 5 discharge electrodes were positioned 
vertically with the same spaces between each other. At the upper end, the electrodes are connected to a high voltage source, brand 
Spellman, and model Sl1200, responsible for the application of a potential between 0 and 12 kV. Fig. 3a shows the front view and 
Fig. 3b the top view of the equipment with all descriptions about size. 

3. Results and discussion 

3.1. Current-voltage characteristics of corona pre-charger 

To determine the precise point of the onset of corona charging (disruption of the dielectric gas), a current-voltage curve was 
generated at a gas velocity of 0.05 m s− 1. The ambient humidity was kept at approximately 20 %, and the temperature was monitored 
and found to have an average value of 26 ◦C throughout the experiment. The average ambient pressure was 0.92 atm. The initial tests 
were conducted without any particles present in the gas flow (0 g m− 3), followed by the introduction of cement particles into the gas 
stream at a concentration of 11.8 g m− 3 

In Fig. 4, it can be observed that the electrical current changes as the voltage applied to the airflow increases. The experiment was 
conducted by passing clean air (0 g m− 3) through the electrostatic precipitator at a constant speed, while increasing the voltage of the 
precipitator in steps of 1 kV. The corona charger started when the voltage reached the value of 10 kV (5.0 kV cm− 1), and the dielectric 
gas rupture occurred at − 17.5 kV (− 8.75 kV cm− 1). However, when the air was loaded with cement particles (11.8 g.m− 3) and flowed 
through the precipitator, the same corona current point was obtained at 10 kV (5.0 kV cm− 1), but the dielectric gas rupture occurred at 
− 15kV (− 7.5 kV cm− 1). 

The study involving high voltages requires caution, as voltages above the corona current can lead to the generation of electrical 
arcs, as shown in Fig. 5. An electric arc was formed in the airflow without particles at an applied voltage of − 8.5 kV cm− 1 and a current 
of 1.4 mA. This visual result allowed the experiment to limit the stress values applied for the safety of the operator. 

The electrostatic precipitator conditions did not affect the filter medium, and the filtration efficiency was not impacted by the air 
filter. The tests were performed in triplicate for both cases, and corona current values were measured from an applied voltage of 10 kV. 

3.2. Analysis of particle deposition in the corona-effect filter 

Filtration time is a significant parameter in the gas filtration process. The longer the filtration time for a cycle, the lower the wear of 

Fig. 4. Relation between voltage and the discharge current.  
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the bags throughout the process. As shown in Fig. 6a, the filtration curves corresponding to the corona effect being active (10 and 12 
kV) exhibited the longest filtration duration under a constant superficial velocity of 0.05 m s− 1, with particle concentrations ranging 
from 9 to 12 g.m− 3. Due to the use of the electrostatic precipitator, there was a reduction in the number of particles that went to the 
filter, and this caused the filtration to become longer. For the 10 and 12 kV applied to the particles, increasing them by 100 % and 400 
%, respectively, the filtration time compared to the curve of 0 kV was possible. The 4 kV curve did not obtain a relevant difference 
compared to the 0 kV curve when compared to the others. Fig. 6b shows the behaviour of the particles’ pressure drop to deposited 
mass. For the 4 kV applied can be seen that obtained the highest mass with the lowest time; this occurred because the flow of par-
ticulate matter that arrived in the filter was higher due to the electrostatic precipitator functioning only as an electrostatic charger. 

The rapid flow of particles during filtration can or not result in a large amount of particles accumulating on the filter medium, 
leading to the formation of a very compact filtration cake that accelerates the wear of the bags. While filtration time is an important 
parameter in gas filtration, there are other relevant parameters to consider, such as the mass of particles retained by the filter medium. 
Fig. 7 shows the graph of the mass of particles retained on the filter medium as a function of time. 

Long-term experiments were conducted by Shi and Ekberg (2015) [13] using a hybrid electrostatic filter to investigate filter 
degradation over 200 days of operation. A synthetic M6-class filter was tested in the laboratory and installed in an office ventilation 
system, operating with and without preloaded particles. Results showed that filtration efficiency was consistently about 40 % higher 
when particle preloading was used [2]. 

Walsh. (1996) [26] reported that bridging is faster for smaller particles. It is believed that this may be one of the factors involved in 
this work because for curves with an active corona effect (10 and 12 kV), the electrostatic precipitator acted as a collector where the 
larger particles were collected, so most of the particulate material that reached the tissue filter presented a smaller granulometry. 

Table 1 shows the diameter of the particle on the dust cake surface by the MASTERSIZER MALVERN v.2.19. These results prove the 
efficiency of the electrostatic precipitator and the change in the behaviour of the particles during the deposition on the filter. 

A larger amount of particles on the filter surface was observed for voltages of 0 and 4 kV, as shown in Fig. 8(a; b). However, for 
voltages of 10 and 12 kV, the amount of particles deposited on the filter medium was lower than the applied load of 4 kV (Fig. 8(c; d)). 
It was also observed that some filter fibers began to appear in Fig. 8d. This behavior can be attributed to particle loading, as the 
electrostatic precipitator retained larger particles and just smaller particles arrived on filter, when used 10 and 12 kV, as shown in 
Table 1. 

For the tests of (a) 0 kV and (b) 12 kV images were obtained with a magnification of 800×. It was verified that for the filtration cake 
without electrostatic charge applied, it is possible to observe a greater amount of cement particles with larger diameters deposited on 
the surface of the fibers, already for the filtration cake with the applied load of 12 kV, particle size appeared to be much smaller 
compared to 0 kV filtration dust cake. Median diameter of 20.98 μm was obtained for 0 kV, and 2.98 μm to 12 kV, these values are 
presented in Table 1. Compare both respectively, the results obtained was for deposited mass 3,17 g to 1,04 g; filtration time 
415s–1455s and pressure drop 398Pa–324Pa. 

This happened because the feed flow of powder going to filter decreased dramatically from 0 to 12 kV, but if you compare by final 

Fig. 5. The exact moment of generated electrical arcs.  
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pressure drop, the amount of mass collected for 300Pa was higher than for 12 kV. However, due to the lower dust flow of smaller 
diameters, the filtration time increased and the particle deposition in the fibers was longer, this can lead to the formation of more 
compact pies and difficulties in removing the pie at the time of cleaning the sleeves. 

It can be observed that for the filtration sample without an applied load (0 kV), the particles were deposited both on the fibers and 

Filtration’s curves pressure drop x time.
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in the empty spaces between the fibers. 
The deposition occurred both between the fiber and particle and between particle-particle, forming dendrites and resulting in a 

layer of powder between the pores of the filter medium. On the other hand, for the applied load of 12 kV (Fig. 9b), it can be clearly 
observed that the particles were predominantly deposited on the fibers of the filter medium and formed clusters in the empty spaces 
between the fibers, with a particle-fiber deposition pattern. 

The results suggest in the presence of an electric field, at least part of the particles that came out of the ESP without being collected 
carried electrical charges. Consequently, in addition to the mechanical mechanisms of particle collection by the fibers of the filter 

Table 1 
Diameter on dust cake surface (μm) by Malvern.  

Tension (kV) Diameter on dust cake surface (μm) Malvern 

0 20,98 ± 0,79 
4 5,50 ± 14,2 
10 4,45 ± 24,6 
12 2,98 ± 26,7  

Fig. 8. Images of the filtration dust cake with the inlay of the dust cake, top view obtained through the SEM with magnification of 35×, for the 
applied load of 0 kV (a), 4 kV (b), 10 kV (c) and 12 kV (d). 

Fig. 9. Images of the inside of the filter through the SEM with magnification of 800×, load applied 0 kV (a) and with applied load of 12 kV (b).  
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medium, there was also the action of the electrostatic mechanism. If the fibers of the filter media did not contain electrical charges, the 
electrostatic attraction occurred through the action of the image force, generated by the polarization of the fibers due to the presence of 
electrical charges in the particles [18,27]. 

Moreover, previous works have shown that the formation of dendrites is favored by the presence of electrical charges in the 
particles, especially in the early stages of depth filtration. Such formations favor the collection of subsequent particles, as they have the 
same diameter and project from the fibers into the gas stream [1,28]. 

Huang et al. (2006) [29], studied the deposition of volatile ash particles on tissue fibers during gas filtration using corona loading 
and induced polarization. The deposition of particles in the initial filtration was analyzed, and the result showed that the charged 
particles were deposited in the fibers of the tissue and were forming short and straight chains, with uniform distances. The same 
behavior can be observed in Fig. 9 (b) for a 12 kV load, the particles are mostly distributed evenly, and it can be noted that the particle 
size distribution by the fibers is apparently homogeneous. 

Some researchers have described the behavior of particle deposition in the filter. 
Feng et al. (2016) and Liu et al. (2016) [9,31], highlighted the increase in collection efficiency in the hybrid electrostatic pre-

cipitator, where the larger particles were retained, and the fine particles charged by the corona effect were carried by the air flow to the 
bag filter. The electrical charge of the particles coming out of the electrostatic precipitator facilitated the formation of more porous 
dendrites in the surface and the bag filter which facilitates their cleaning. 

However, there is a disadvantage in the hybrid electrostatic precipitator, when the charged fine particles leave the precipitator, 
they can form more compact pies in the bag filter than the thick particles. Liu et al. (2016) [30] showed that the concentration of 
particles greater than 10 μm deposited in the bag filter decreases from 85 % to 20 % (by mass), while the concentration of particles 
smaller than 2.5 μm increases from 2 to 26 % (by mass), with electrostatic loading on, [6]. 

On the other hand, one of the advantages of hybrid electrostatic precipitators is the decrease in the penetration of particles into the 
filter, which can facilitate the cleaning process of the sleeves. 

The penetration of particles into a tissue filter decreases with electrostatic loading during filtration and depends on parameters such 
as particle size distribution, particle concentration, surface gas velocity, and temperature [1,31]. 

The porosity values of the filtration dust cake increased for the particles loaded with the corona effect (10 and 12 kV), as can be seen 
in Table 2 the porosity obtained by the Ergun Equation for a load of 10 kV was 0.62 and the experimental porosity was 0.65 the 
difference in percentage between the two results was approximately 5 %. 

For the load of 12 kV obtained porosities of 0.51 and 0.53 by the Ergun equation and by the direct method, respectively, the value of 
the difference between these results was 4 %. The porosity decreased with the load of 12 kV compared to 10 kV, means formation of a 
more compacted cake. 

The areas of empty spaces were calculated from Fig. 8 and the results are shown in Tables 2 and it was verified that as the elec-
trostatic charge was applied to the particles the area of empty spaces increased. The best result was obtained for a load of 10 kV with a 
value of 14.9 mm2 this is related to the highest porosity values between 0.62 and 0.65 and the value of the specific resistance of the pie 
that decreased to a load of 10 kV obtaining a value of 75.3. 10− 3 s− 1. 

For Xia, S et al. [32], there is a lack of a significant correlation between particle penetration and particle size, regardless of the 
surface velocity of the gas. It is known that it is possible to reduce the penetration of particles using a higher electrostatic charge in gas 
filtration, as shown in Fig. 9. 

4. Conclusions 

The laboratory-developed technique used to capture images from the filters was found to be highly effective to observe changes in 
particle behavior during the formation of a dust cake inside the filter. 

The results demonstrate the superior efficiency of electrostatic particle loading compared to conventional gas filtration. Specif-
ically, the study shows that by using electrostatic loading, larger particles can be effectively retained while allowing smaller particles to 
reach the filter medium. Furthermore, when these smaller particles are electrostatically charged, they exhibit altered deposition 
patterns within the filter fibers. 

The deposition of cement particles in the filter was improved, which decreased the pressure drop across the filter and increased the 
porosity of the dust cake. This change in the formation of the dust cake can result in a longer useful life for bag filters, leading to cost 
savings for companies and reducing environmental impact by reducing the need for frequent filter replacements. 

Future studies could be particularly exciting if they investigate the behavior of particles during the formation of a dust cake in other 
types of fabric filters, using different particulate materials. Such investigations could yield valuable insights into filtration mechanisms 
and help advance our understanding of this important field. 
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