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ABSTRACT

The control of particulate matter emissions in the steel industry is essential for
compliance with environmental regulations and for reducing associated health risks.
This study investigates the efficiency and durability of meta-aramid filter bags,
comparing needle-felt and hydroentanglement media in both virgin condition and after
laboratory aging. The objective is to diagnose operational failures and assess the
energy demand of the filtration process. The methodology included the
physicochemical characterization of particulate matter generated during the
desulfurization process, as along with e structural analysis of the filter media (basis
weight, thickness, efficiency and air permeability). Samples were collected along the
length of the filter bags in order to evaluate fiber heterogeneity. Filtration performance
was assessed according to VDI 3926, covering the stages of initial operation, artificial
aging, stabilization, and aged operation, with continuous monitoring of pressure drop
and collection efficiency. Preliminary scanning electron microscopy (SEM) results
showed that desulfurization particulate matter consists of agglomerates with
predominantly spherical morphology and a chemical composition mainly composed of
Ca (~59%) and Fe (~22%). The needle-felt material exhibited a higher average basis
weight (~613 g/m?) and thickness (~2.34 mm) compared to the hydroentangled
medium (~559 g/m? and ~2.11 mm, respectively). Filtration tests using desulfurization
dust indicated that both media maintained collection efficiencies above 99.9% in both
the initial and post- aging conditions, demonstrating high particle retention capability.
Therefore, this study aims to provide technical support for the selection of the most
suitable filter media, contributing to improved energy efficiency and extended service
life in industrial filtration systems.
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INTRODUCTION

Industrial processes are recognized as major sources of atmospheric pollutants,
especially fine particulate matter (PM), including particles with aerodynamic diameters
smaller than 2.5 ym (PMz:s) and 10 ym (PMao) (Bhatti et al., 2021; WHO, 2023, 2021,
WHO Regional Office for Europe, 2026). Human exposure to these particles has been
consistently associated with an increased incidence of cardiovascular and respiratory
diseases, including stroke, as well as the development of chronic conditions and
potential adverse effects on multiple organ systems (Ramon et al., 2023; Schraufnagel
et al., 2019; Singh et al., 2023; Thangavel et al., 2022; Wei et al., 2019).

In the steel industry, the control of particulate matter emissions is essential for
regulatory compliance and the protection of human health. Bag filters are employed
due to their high efficiency and resistance (Cirqueira et al., 2019; Park et al., 2019;
Zhou et al., 2023). However, their performance depending on the appropriate selection
of filter media properties such as mechanical resistance, durability, permeability, and
cost (Donovan, 1985; El Messiry et al., 2024; Matteson and Orr, 1987; Sutherland,
2008). The internal structure of the filter medium is directly influenced by the fiber
entanglement method. In this study, two manufacturing approaches are considered:
needle-felt, in which fibers are mechanically interlocked using barbed needles, and
hydroentanglement, where high-pressure water jets promote fiber bonding and
consolidation, resulting in distinct structural characteristics. (Fukasawa et al., 2021,
Hutten, 2016; Karthik et al., 2016; Russell, 2022; Sutherland, 2008).

Previous studies have highlighted the importance of filter structure on
performance. Liu et al. (2019) analyzed conventional polyester filters and filters coated
with polytetrafluoroethylene (PTFE) membranes, demonstrating that pore size
significantly affects both filtration resistance and efficiency, particularly for fine particles
such as PMzs. Similarly, Singh et al. (2023) reported that filter media with different
surface treatments exhibit distinct particle retention behaviors, with membrane-coated
needle-punched materials showing lower emissions, reduced residual pressure drop,
and lower dust penetration. Hydrophobic-treated media also demonstrated superior
performance compared to conventional filters. Under high dust loading conditions, the
influence of the filter medium was found to be more significant than that of the
particulate material. In addition, Vieira et al., (2026) evaluated the effects of industrial
aging on meta-aramid filter media and reported substantial changes in structural,
morphological, and filtration properties including reductions in permeability and
mechanical integrity.

In this context, the present study aims to investigate and compare the filtration
efficiency and pressure drop of meta-aramid filter bags manufactured by needle-felt
and hydroentanglement techniques, under both virgin and laboratory-aged conditions.
To this end, the particulate material and filter media were characterized, and filtration
tests were conducted using an experimental setup in accordance with the VDI 3926,
employing a pulse-jet cleaning system.

MATERIALS AND METHODS

The particulate matter was provided by a steel industry and collected from the pig
iron desulfurization process.



Prior to characterization and filtration tests, the particulate material was
sequentially sieved (24 and 32 mesh) and dried at 70 °C for at least 24 h to remove
moisture. Particle density was determined by helium pycnometry using an AccuPyc
1330 Micromeritics, available at the Environmental Control Laboratory | (LCA),
Department of Chemical Engineering (DEQ), Federal University of Sao Carlos
(UFSCar). Physicochemical analyses were conducted at the Structural
Characterization Laboratory, Department of Materials Engineering, UFSCar,
employing scanning electron microscopy (SEM) to evaluate particle morphology and
X-ray fluorescence (XRF) to determine chemical composition.

Two virgin filter media composed of 100% meta-aramid, produced by needle-felt
and hydroentanglement, were analyzed. Two samples were collected from each filter
medium. Basis weight was determined in triplicate using a semi-analytical balance and
a digital caliper (Starrett 727-8/200), in accordance with the NBR 12984 standard
(ABNT, 2009). Thickness was measured with a digital thickness gauge (Digimess
130.403), with five measurements taken per sample and the average value reported.
Air permeability was evaluated in triplicate using the equipment Testex TF164B,
following the ASTM D737-96 standard (ASTM, 2023), which specifies a test area of
38.3 cm2 and a pressure differential of 125 Pa.

Filtration tests were conducted using a test filter in accordance with the guidelines
specified in the VDI 3926 standard. The equipment is available at the LCA of the
DEQ/UFSCar. A schematic representation of the system is shown in Figure 1.

Figure 1 - Test Filter Operating Scheme (VDI, 2004, Vieira et al., 2026).
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The normative values established and the phases followed during the filtration
tests are presented in Tables 1 and 2.



Table 1 - Standard Values for Filtration Tests (VDI, 2004).

Parameters Value

Filtration velocity 2 m/min
Concentration of particles in the filter 5,09/m3+ 10 %
Temperature 20°C - 25°C
Relative humidity <50 %
Pressure in the cleaning tank 5bar+3 %
Maximum pressure drop 1000 Pa

Table 2 - Phases for filtration tests (VDI, 2004).

Phases Conditions
1st phase — Operation of 30 cycles with pulses controlled
the new filter by a maximum pressure drop

2nd phase — Artificial aging 10,000 pulses of 5 seconds

3rd phase — Stabilization 10 cycles with controlled pulses
4th phase — Aging filter 30 cycles with pulses controlled
operation by a maximum pressure drop

The desulfurization powder was fed into a dust feeder positioned on a balance
platform and conveyed into a mixing duct using compressed air. The particle-laden gas
stream then passed through the filter medium, which is mounted on a support, where
particle collection occured. The cleaned gas subsequently flowed through a high-
efficiency particulate air (HEPA) filter before being released into the environment. At
the end of each filtration cycle, the filter medium is cleaned by pulse-jet system using
a compressed air reservoir.

Filtration parameters and pressure drop were continuously monitored and
recorded using a data acquisition system. Each sample was weighed before and after
the filtration tests to determine mass variation. In addition, the absolute (HEPA) filter
was weighed to quantify the mass of particles penetrating the filter medium, enabling
the calculation of gravimetric collection efficiency. The collection efficiency (n) was
determined as the ratio between the mass retained in the test filter (Mrt) and the total
mass of particles, defined as the sum of the mass retained in the test filter (Mrr) and
the mass collected in the absolute filter (Mra), as expressed in Equation 1.

MFT
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RESULTS AND DISCUSSIONS

The results include the morphological and physicochemical characterization of
the particulate material and filter media, as well as the evaluation of filtration
performance in terms of the pressure drop, filtration time, and collection efficiency.
These analyses enable a direct comparison between the needle-felt and
hydroentangled media.

Figure 2 shows SEM images of the particulate material derived from the
desulfurization process, highlighting its morphological characteristics. The particles are
predominantly observed as agglomerates, with a tendency toward slightly spherical
shapes.



Figure 2 — SEM of the particulate from the desulfurization process.

mode| HV curr | WD | 'mag O o d —— 10 ym ——
SE [3.00kV 25 pA[4.1 mm 10 000 x pA | 4.1 0 X FE| Magellan 400L

Table 3 summarizes the particle density and chemical composition of the
material. The results indicate a heterogeneous composition, with a predominance of
calcium (Ca) and iron (Fe), accounting for approximately 59% and 23%, respectively.
The presence of these elements is consistent with the typical composition of residues
generated during pig iron desulfurization processes and may influence both the
physical properties and the filtration behavior of the particulate material.

Table 3 — Desulfurization Powder Characterizations.

Characterizations Desulfurization

Powder
Specific mass (g/cm?) 2.739 £ 0.002
Ca 59.069 £ 0.179
Chemical Fe 22.633 £ 0.092
Composition Cl 0.736 £ 0.066
(% mass) K 5.333 £ 0.057

Others 12.229 + 0.109

Figure 3 presents SEM images of the analyzed filter media, highlighting
differences in fiber arrangement between the two materials. The needle-felt exhibits a
heterogeneous structure, characterized by randomly oriented fibers and larger void
spaces. In contrast, the hydroentangled shows a more compact and uniform
arrangement, with fibers more closely packed and better organized. These structural
differences can directly influence permeability and the overall filtration performance of
the materials.



Figure 3 - SEM of the fiber of the filter media: needle-felt (a) and hydroentangled (b).
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The characterization results of the filter media are presented in Table 4,
expressed as the average values obtained from two samples of each material.

Table 4 — Characterization of samples of filter media.

Parameters Filter media
Needle-felt Hydroentangled

Basis Weight (g/m?) 613.14 £+ 0.40 558.81 +£6.00

Thickness (mm) 2.34 +0.03 2.11 +0.04

Permeability (cm3/cmz2.s at

125Pa) 8.98 +0.12 8.06 + 0.59

As indicated by the SEM images, the needle-felt filter medium exhibited higher
permeability, which is consistent with its more open and less compact fiber structure.
his filter medium also showed slightly higher basis weight and thickness; however,
these differences were not significant when compared to the hydroentangled material.
The more uniform and compact fiber arrangement observed in the hydroentangled
medium likely contributes to its relatively lower permeability. Higher air permeability
may lead to improved filtration performance in terms of collection efficiency (Debnath
et al., 2020), although this relationship depends on the interaction between airflow
conditions and the characteristics of the particulate matter.

The pressure drops as a function of time, obtained during the filtration tests for
the first and fourth phases, is presented in Figures 4 and 5. The results correspond to
the two samples collected from each filter medium.



Figure 4 - Pressure drop as a function of time for the needle-felt filter medium during
the 1st phase (a) and 4th phase (b).
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Figure 5 - Pressure drop as a function of time for the hydroentangled filter medium
during the 1st phase (a) and 4th phase (b).
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Analysis of Figures 4 and 5 indicates that the hydroentangled filter medium
achieved longer total filtration times than the needle-felt medium, even after the aging
stage (4th phase). In the first phase, the needle-felt medium reached approximately
79,092 s, while the hydroentangled medium achieved about 90,757 s. In the fourth
phase, the needle-felt medium presented a total filtration time of approximately 68,397
s, whereas the hydroentangled medium reached around 79,334 s. This corresponds
to a reduction of approximately 13.5% in total filtration time for the needle-felt medium
between the 1st and 4th phases, while the hydroentangled medium showed a slightly
lower reduction of about 12.6%. These values represent the average of the two
samples evaluated for each filter medium.

The longer filtration time observed for the hydroentangled medium indicates a
slower rate of pressure drop increase, suggesting more stable filtration cycles and a
delayed need for cleaning. This behavior may be associated with its more compact
fiber structure, which can promote a more gradual dust cake formation and improved



filtration stability over time. However, despite the longer filtration time in both phases,
the hydroentangled filter medium exhibited a higher residual pressure drop, as shown
in Figure 6.

The residual pressure drops as a function of filtration cycles, obtained during the
tests for the first and fourth phases, are presented in Figure 6. The reported values
correspond to the average of the two samples evaluated for each filter medium.
Residual pressure drop refers to the pressure loss that remains in the filter immediately
after the cleaning process, prior to the formation of a new dust cake (Cirqueira et al.,
2019). It is an important parameter for filter media selection and energy consumption
and may also influence the operational lifetime of the filter medium (Singh et al., 2023).

Figure 6 — Residual pressure drop as a function of the filtration cycles for needle-felt
(a) and hydroentangled (b) filter media.
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As previously observed in Figure 5 and more clearly shown in Figure 6, the
hydroentangled filter medium exhibited a higher residual pressure drop in the fourth
phase, after aging, compared to the needle-felt medium. In the first phase, both filter
media showed a similar increasing trend in residual pressure drop throughout the
filtration cycles, with only minor differences, as the hydroentangled medium presented
slightly higher values.

In the fourth phase, both filter media exhibited significant variations in residual
pressure drop across the filtration cycles, including pronounced peaks. This behavior
is commonly referred to as “patch cleaning,” in which the cleaning pulse does not
remove the dust cake uniformly, leaving some regions clean while others remain
loaded. Such non-uniform cleaning can significantly affect residual pressure drop,
particle emissions, and the operational lifetime of the filter medium (Li et al., 2024;
Tanabe et al., 2011; Xie et al., 2022). This irregular cleaning behavior may also be
associated with filter heterogeneity, particle size distribution, and variations in the
chemical composition of the gas and dust, particularly under high-temperature
conditions (Duo et al., 1997). In addition, strong dust adhesion can hinder removal in
certain regions, leading to incomplete regeneration and increased pressure drop even
under standard pulse-jet cleaning conditions (Li et al., 2023a).

The hydroentangled filter medium showed a greater tendency to develop
resistance after aging, resulting in higher residual pressure drop. This behavior is likely



associated with its more compact structure, lower permeability, and increased dust
retention within the fiber network. However, despite exhibiting a higher residual
pressure drop, the hydroentangled filter medium achieved longer filtration times.

An increase in pressure drop across bag filters requires the downstream fan to
consume more energy to maintain the desired airflow conditions (Park et al., 2019).
This effect can be intensified by factors such as high humidity and fine particle size,
which promote deeper particle penetration into the filter medium and agglomeration
phenomena, leading to increased flow resistance and, consequently, higher residual
pressure drop (Li et al., 2023c, 2023b).

The collection efficiency results, calculated by equation 1, indicate that both filter
media achieved high performance in all tested phases. Considering the average of the
two samples for each material, the hydroentangled filter medium presented efficiencies
of 99.97% = 0.03 in the first phase and 99.99% = 0.01 in the fourth phase. For the
needle-felt filter medium, the average efficiencies were 99.98% * 0.01 in the first phase
and 99.94% + 0.04 in the fourth phase. Statistically, o significant differences were
observed between the filter media or across the evaluated phases. Overall, both
materials maintained collection efficiencies above 99.9%, demonstrating stable and
highly effective filtration performance, with only minor variations after the aging
process.

Fukasawa et al. (2021) evaluated three commercially available nonwoven filter
media made of polytetrafluoroethylene (PTFE) and reported that higher filtration
efficiency and lower particle emission rates are associated with filters exhibiting greater
basis weight and lower air permeability. Similarly, Singh et al. (2023) reported that dust
emissions, residual pressure drop, and dust penetration depth are lower for needle-felt
membrane filter media compared to other filter media types. The authors also observed
that the tendency of the filter media to clog can contribute to increased residual
pressure drop. Furthermore, needle-felt polyester filter media showed a greater
reduction in dust penetration for particles such as aluminum fluoride and fly ash,
attributed to the lower density and cohesion of fly ash which favor the formation of a
more uniform and compact dust layer on the filter surface, improving filtration
efficiency, although potentially increasing pressure drop.

Based on these findings, and as also observed in the present study, it is essential
to consider the properties of the particulate material, as the performance of each filter
medium is heavily influenced by the specific characteristics of the dust being filtered.

CONCLUSION

The characterization results showed that the particulate material presents a
heterogeneous composition and an agglomerated morphology. The filter media
exhibited distinct structural features, with the needle-felt filter medium being more
permeable and the hydroentangled filter medium more compact. These structural
differences directly inflence filtration behavior.

Both filter media demonstrated high collection efficiency (>99.9%) under all
tested conditions, with no statistically significant differences observed between them.
However, differences in operational behavior were observed. The hydroentangled filter
medium exhibited longer filtration times, indicating more stable filtration cycles and a
slower rate of pressure drop increase, even after aging. In contrast, it showed higher
residual pressure drop, suggesting greater airflow resistance, likely associated with its
more compact structure and increased dust retention.



Overall, although both filter media are effective in particle removal, their
performance is strongly influenced by their structural characteristics and interaction
with the particulate material. Therefore, the selection of filter media should consider
not only efficiency but also operational parameters such as pressure drop, cleaning
behavior, filter lifetime, dust penetration tendency, particle properties, and filtration
conditions.
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