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Abstract
A significant challenge of modern technology is the design of high-efficiency filters that allow more ef-
fective removal of aerosol particles suspended in the air, e.g. micron and submicron oil droplets. Our
previous work has proven that aerogel structure deposition on fibre surface is a promising method for post-
production improvement of the oil-mist filter performance. In this work, a modification of the previously
described method was proposed, consisting in carrying out the process in the flow (semi-batch) regime,
i.e. the streams of reagents successively pass through the filter in a self-designed and self-made modi-
fication chamber. The effect of the reactant flow rate and the order of reactants (precursor/catalyst or
catalyst/precursor solutions) on the mass of deposited aerogel, and thus – also on the filtration efficiency
during the removal of oil mist droplets and the pressure drop accompanying the airflow – is presented and
described. The possible routes of modification scaling-up are discussed with defined unit operations.
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1. INTRODUCTION

Oil mists are generated by many industrial processes, in-
cluding engine crankcase ventilation, cutting operations and
the generation of compressed air by oil-lubricated compres-
sors. Removing these mists to avoid further downstream
problems or meet health and safety regulations is necessary.
Filtration utilising fibrous (non-woven) materials is one of
the most common techniques employed in oil-mist separa-
tion. Mist droplets are collected on the fibres due to diffu-
sion, interception or inertial impaction mechanisms (Brown,
1993). With an increasing amount of droplets being cap-
tured by fibre, they tend to coalesce into larger drops (Yarin
et al., 2006). Gravity and flow forces determine their trans-
port within the filter (Starnoni and Manes, 2022). If the fi-
bre is very well wetted by the droplet-forming liquid, these
droplets eventually spread on the fibre and form a liquid
film (Agranovski and Braddock, 1998). Such films and coa-
lesced drops can join together and form liquid bridges at fibre
intersections and between fibres (Liew and Conder, 1985;
Mullins et al., 2004), which under capillary forces remain
equalised.

Improving filter operating performance – the efficiency of oil
droplet separation, its retention and dripping, as well as the
generated flow resistance – is an aspect of interest to engi-
neers. The structural parameters of the filter material, such
as packing density and fibre mean diameter (and, following
that, its surface mass), affect the development of the collec-
tor (i.e. fibres in the case of fibrous filters) surface (Charvet et
al., 2010; Jackiewicz and Werner, 2015). This, in turn, trans-
lates into the separation efficiency of oil droplets in a wide

range of fractions, as well as the pressure drop of the material
in a dry state (initial conditions) (Gac, 2015; Sun and Chen,
2002). According to the behavioural model of oil aerosol fil-
tration dynamics, which has been dominant in recent years
(Kampa et al., 2014; Kampa et al., 2015), the key aspect
influencing the transport of oil inside the filtration structure
is the wettability of the material (Kolb et al., 2018; Penner
et al., 2021; Xu et al., 2021). Hence a modification, which
simultaneously alters the material wettability and increases
collector surface area is highly desired.

Sol–gel science and technology offer the possibility of mod-
ifying the properties and combine functionalities in a single
material (Mekonnen et al., 2021). One of the most signif-
icant benefits of the sol–gel technology is the use of low-
temperature conditions and insensitivity to the surrounding
atmosphere, allowing its utilisation with various materials,
including textile substrates, which cannot tolerate high tem-
peratures (Ismail, 2016). Silica aerogel-fibre composites can
be obtained via various processes, leading to different forms
(Mazrouei-Sebdani et al., 2022). Fibres can be mixed with
primary sol to achieve higher mechanical properties of re-
ceived fibre-reinforced aerogel (Haq et al., 2017) or aerogel-
fibre fleece when passed through a spinning nozzle (Tepeki-
ran et al., 2019; Wu et al., 2013). Aerogel-filled fibres can be
extruded from the mixture of polymer with previously syn-
thesized aerogel granules (Joung et al., 2018). However, the
above listed processes focus on the improvement of mechan-
ical and thermal properties and cannot be used to meet air
purification requirements. An alternative way is to impreg-
nate the fibrous mat with a sol (Kim et al., 2008; Linhares et
al., 2019, typically via dip-coating (Ortelli et al., 2015), spray-
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coating (Shams-Ghahfarokhi et al., 2019) or spin-coating
(Azani et al., 2019).

As exploited in previous works (Nowak et al., 2017), a com-
bination of sol-gel synthesis with the melt-blown fabrication
of fibrous materials can overcome low separation efficiency
and coalesced oil drift towards the filter rear side, via in-
creasing an effective collector area and oil retention, thanks
to an addition of oleophilic porous structure in filter volume
(Nowak et al., 2022a; Nowak et al., 2022b). Fibrous filter
modification with an aerogel structure is based on material
immersion into the condensing sol. Thanks to the adjustment
of solution composition and gel volume shrinkage, assisting
ambient pressure drying (APD) method, the aerogel struc-
ture deposition takes place only on the fibre surface and not
in the non-woven pores (space between fibres). Such a com-
bination of macro- and mesopores results in higher filtration
efficiency without causing a significant rise in pressure drop
(Kim et al., 2016; Mosanenzadeh et al., 2020).

This article describes an attempt to transfer filter modifi-
cation from the batch method of immersion in a reacting
mixture to the flow/semi-batch process. The work aimed at
maintaining the previously developed sol-gel synthesis proce-
dure, so it is based on gel condensation on material fibres,
to obtain deposits in the form of a porous structure, and not
on the adsorption of the sol, which would form a continuous
layer. The modification system and procedure proposed in
the paper may be treated as a semi-step before scaling up.

2. MATERIALS AND METHODS

2.1. Native filter characterisation

Polypropylene (PP) non-woven filters were manufactured on
a semi-industrial machine in the Faculty of Chemical and Pro-
cess Engineering WUT, using melt-blown technology (Jack-
iewicz and Werner, 2015). The mean fibre diameter was
determined with scanning electron microscope (SEM, Hi-
tachi TM-1000) images. The wettability of fibres by water
and oil was measured utilizing the sessile droplet method
(Dataphysics OCA 25 Goniometer) and described previously
(Nowak et al., 2021; Nowak et al., 2022b). The filter charac-
teristics are summed up in Table 1. Before modification, the

Table 1. Characteristics of native polypropylene filter.

Arithmetic mean fibre diameter [µm] 6.41 (±4:18)

Filter average thickness [mm] 2.86 (±0:03)

Packing density [%] 8.11 (±0:02)

Number of layers [–] 25.00

Surface weight [mg/cm2] 21.01 (±0:27)

Filter mass [g] 3.72 (±0:05)

Water/air contact angle [◦] 152.04 (±4:35)

Oil/air initial contact angle [◦] 87.32 (±3:05)

filter exhibited hydrophobic and moderate-oleophilic charac-
teristics.

2.2. Filter modification

The flow modification was tested in different configurations,
utilising a one-step base sol-gel method and a two-step acid-
base sol-gel method. In each case, the modification was di-
vided into two stages in which a different solution was passed
through the material.

For the configuration based on the one-step synthesis, the re-
action solution consisted of methyltrimetoxysilane (MTMS,
Sigma–Aldrich), methanol (Stanlab) and concentrated am-
monium hydroxide (25%, Eurochem GBD), which catalysed
the hydrolysis and condensation reactions. In the case of
a two-step synthesis, one of the solutions was a hydrolysed
(for 1 hour) precursor – MTMS with methanol and 0.01M
aqueous oxalic acid (Sigma–Aldrich) – and the second so-
lution, which was the condensation catalyst (base) – am-
monium hydroxide (1M). Both solutions that were used to
modify the round filter, 15 cm in diameter, are summed up
in Table 2. For each precursor/base configuration, the influ-
ence of flow rate was investigated. The flow rates equalled
0.92, 1.62, 2.32, 3.02 and 3.72 mL/s (which corresponded to
pump adjustment from 10 to 50 rpm in a 10 rpm step). For
a chosen flow rate, additional modifications were performed,
with the inverse stage – marked as base/precursor.

The modification procedure followed several steps. The fi-
brous filter pre-wetted in isopropanol was placed inside
a modifying cell (modification setup shown in Fig. 1). To pre-
vent any leakage, the cell was fixed with screws. The stage 1
solution was fed from reservoirs (1) using a peristaltic pump
(2) at a pre-set flow rate. As soon as the stage 1 tank was
emptied, a three-way valve was turned on and the stage 2
solution was dispensed. After passing through the modify-
ing cell (3), the solutions were collected in a beaker (4).
The time of immersion of the filter in individual solutions
was dependent on flow rate and the volume of solutions and
ranged from 10.75 s (in the base solution at the flow rate of
3.72 mL/s) to 163 s (in the precursor solution at two-step
modification and the flow rate of 0.92 mL/s). After both
solutions from both stages passed through the cell, the mod-
ified filter was slowly dried in the oven at 50◦C at ambient
pressure (APD), which usually took no more than 5 hours.

The flow system modification was carried out using a self-
made (CNC machine tool, VMC 650, Avia S.A.) PP cell
(photo shown in Fig. 1B) The modification chamber was
designed to ensure even horizontal distribution of the modi-
fying solution. The inlet to the cell was placed tangent to the
outer wall. A concentric converging channel distributed the
solutions evenly below the filter. After filling up the channel,
the solution passed upwards, through the non-woven mate-
rial and leaft the modifying cell through the outlet centrally
located in the lid.
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Table 2. The modification configurations.

Configuration 1st stage solution 2nd stage solution

1-step (precursor/base) 10 mL MTMS – 100 mL MeOH 40 mL NH4OH (25%)

1-step (base/precursor) 40 mL NH4OH (25%) 10 mL MTMS – 100 mL MeOH

2-step (precursor/base)
10 mL MTMS – 100 mL MeOH –

40 mL C2H2O4 (0.01M)
40 mL NH4OH (1M)

2-step (base/precursor) 40 mL NH4OH (1M)
10 mL MTMS – 100 mL MeOH –

40 mL C2H2O4 (0.01M)

Figure 1. (A) Flow-modification setup scheme and (B) disassembled modification cell photo with a visible
concentric channel in the bottom part.

All filters were weighed before and after the modification
procedure to determine the amount of deposited aerogel and
packing density (according to Equation (1)):

¸ =

mPP

PP
+
mag

sk
V

(1)

where: ¸ – packing density, mPP – mass of polypropylene fil-
ter, PP – polypropylene density, mag – the mass of deposited
aerogel, sk – MTMS skeletal density, V – material volume
(the filter was cut to fit the chamber).

PP filters and MTMS-based aerogel skeletal density were
measured on a helium pycnometer (Humi–Pyc Model 2) and
equal 0.906 g/cm3 and 1.205 g/cm3, respectively.

After modification, the surface foil layer, which formed at the
filter surface as an effect of surface tension and increased sol-
vent evaporation (Nowak et al., 2022b), was removed from
the top of the modified fibrous material and filters (marked
as without the foil layer) were weighted again. Materials
were characterised via a scanning electron microscope. Sam-
ples were first sputtered with a conductive gold/palladium
nanolayer for better image resolution.

To estimate the oil sorption capacity of modified filters, five
samples (4 cm in diameter) with known weight were placed in
bis(2-ethylhexyl) sebacate (Sigma–Aldrich) oil for 24 hours.

The adsorption capacity was calculated, as a mass of liquid
per material area, from the following equation (2):

adsorption capacity =
masswet − massdry

material area

h goil

cm2

i
(2)

2.3. Investigation of filtration properties

The separation efficiency tests of non-woven filters and the
pressure drop on the fibrous material were carried out using
an HFP 2000 filter testing system (PALAS GmbH). A scheme
of this setup is shown in Fig. 2A. The main elements of this
setup are the horizontal channel (length – 1 m, diameter
– 15 cm) followed by the adapter enabling the insertion of
a 177 cm2 flat filter (oriented vertically, in the form of a circle
with a diameter of 15 cm).

The PLG 2000 liquid spray generator (Particle Liquid Gener-
ator) can disperse aerosol with a known and constant droplet
diameter distribution (Fig. 2B). Bis (2-ethylhexyl) sebacate
oil (DEHS, Sigma–Aldrich) was used in the experiments. This
fluid is recommended by PN-EN ISO 16890-1:2017-01E for
mist filtration studies owing to high durability of the obtained
droplets (resulting from long evaporation time). The spectro-
metric particle counter Welas 1200, enabling the registration
of drops with a diameter of 0.19–10.00 µm was utilised to
determine the droplet size distribution. The mass concentra-
tion of DEHS aerosol was equal to 40 g/h. The separation
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Figure 2. (A) Scheme of HFP 2000 filter testing system. (B) Generated droplet size distribution.

efficiency and pressure drop across the filter ∆P (measuring
points before and after filter insert, as shown in Fig. 2A) were
calculated concerning the results obtained with an empty
container, i.e., without a filter sample. The test parameters
are listed in Table 3.

Table 3. The filtration test parameters.

Investigated droplet size range dp [µm] 0.19–8.00

DEHS density p [g/cm3] 0.91

Gas face velocity u0 [m/s] 0.20

3. RESULTS

3.1. Influence of reagent flow rate

To better understand the presented results, one must first
familiarize oneself with the characteristics of both sol-gel
methods and discuss their differences. The one-step sol-gel
method of aerogel synthesis consists of precursor molecule
hydrolysis and the following condensation reaction, which
results in solid skeleton formation. The pH value is deci-
sive for the relative rates of hydrolysis and condensation
of alkoxysilanes (Fig. 3). In acidic conditions, hydrolysis is
favourable, while condensation is the rate-determining step.
A great number of hydrolysed precursor monomers or small
oligomers, reach with reactive Si-OH groups, are present in
the solution (Hüsing and Shubert, 1998). The opposite situ-

ation is observed in neutral-to-alkaline conditions, where hy-
drolysis is the rate-determining step. In this pH range, con-
densation occurs on the central silicon atom of the oligomer
unit, resulting in a “colloid-like” gel structure with a large
secondary particle diameter. At a pH value of approximately
11.7 (Dong et al., 2005), the hydrolysis reaction is again the
favourable one, resulting in condensation at the terminal sili-
con atom, leading to a small-pore, “polymer-like” gel network
formation.

The sol-gel method, which utilizes the favourable reaction
pH, was first introduced by Brinker et al. (1982). The hy-
drolysis reaction occurs in the presence of an acidic catalyst,
followed by a pH shift by adding a basic catalyst aqueous
solution, which starts the condensation reaction. In the case
of the presented MTMS-based synthesis, the condensation
in an acid environment is negligible as it takes hours, while
hydrolysis is measured in minutes. The condensation reaction
in a two-step sol-gel method is less sensitive to pH changes.
However, it is worth noticing that pH also affects it, by chang-
ing the reaction kinetics (Borzęcka et al., 2023) and, along
with solution composition (Borzęcka et al., 2020), gel mor-
phology.

The reagent flow rate influence on the amount of MTMS-
based aerogel deposited on the PP filter is shown in Fig. 4A.
An increasing flow rate decreases aerogel mass, which can
be explained by precursor solution removal from the material
volume. Fig. 4B shows that the deposited amount of aerogel
does not affect the oil sorption capacity. A low amount of
fibre aerogel does not increase oil sorption, as most of the

Figure 3. Influence of pH on reaction rate (Hüsing and Shubert, 1998).
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Figure 4. (A) Amount of aerogel structure deposited during one-step base modification method at various flow rates; (B) Oil sorption
capacity as a function of aerogel amount deposited per filter area.

modified material’s total pore volume consists of macropores
– pores created by the fibres (Nowak et al., 2022b). The
porous MTMS-based aerogel structure increases oil reten-
tion, so the adsorbed liquid tends neither to leak nor spread
along the fibres (Nowak et al., 2023).

Another effect of increasing the flow rate is visible in SEM
images, shown in Fig. 5. For two presented one-step modifi-
cations (flow rate equal to 0.92 and 2.32 mL/s), the aerogel
layer takes the form of mesoporous fragments settled on the
fibres. Such morphology indicates the spinodal decomposition

Figure 5. SEM images of filters modified with one-step base method at various flow rates (magnification 100× (top), 500× (middle)
and 1000× (bottom)).
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mechanism of microSCOPIC phase separation, which occurs
in high pH values for precursor-rich solutions. There is more
material in the places where fibres meet, which means that
the condensing solution accumulates in these places due to
a local increase in flow resistance. For the highest investi-
gated flow rate (3.72 mL/s) the aerogel structure consists of
small (approximately 0.2 micron) spheres. It means that the
precursor concentration was lower compared to the previously
described situation, or that the ammonia mixed more evenly
during the second modification stage, simultaneously lower-
ing the condensation reaction pH. Regardless of the reason
for this phenomenon, the aerogel layer is more evenly dis-
tributed along the filter fibres. Fewer aerogel fragments in
the fibre interconnections were observed.

SEM images show the filter internal structure, i.e. one of
the middle layers. A foil layer is observed on the filter top,
which is manually removed from the material. The surface
foil layer formation and its influence on filter features – both
sorptive properties and mist separation performance – are
described in (Nowak et al., 2022b). Nonetheless, the paper
shows filtration results for modified materials before and after
surface layer removal (Fig. 6).

The difference between pressure drop values for filters with
and without the surface layer (Fig. 6A) indicates that foil
layer presence increases the airflow resistance by approxi-
mately 150-200 Pa. As indicated for the static modification
method (Nowak et al., 2022a; Nowak et al., 2022b), foil
removal is essential to enhance filter performance, as it is
responsible for a third part of the pressure drop generated
across the material. Further analysis indicates that the ini-
tial pressure drop of the modified filter is affected by the
structure of the deposited aerogel. Values for materials mod-

ified with the reagent flow rates equal 0.92 and 2.32 mL/s
reach 160 and 174 Pa, respectively, while for 3.72–130 Pa.
Although it is still much higher than for the native filter
(25 Pa), the measured pressure drop indicates that sphere-
like deposits are more favourable. A more even distribution,
without larger fragments (see Fig. 5) creates fewer local flow
resistance spots, which translates to a smaller pressure drop
overall.

The influence of both surface foil presence and aerogel de-
posit morphology on airflow resistance (Fig. 6A) and frac-
tional separation efficiency is shown in Fig. 6B. Despite be-
ing the cause of a profound increase of pressure drop, the
foil layer presence does not significantly affect the fractional
separation efficiency, as the difference before and after foil
removal equals 5–15% depending on droplet diameter. Tak-
ing into account the results for materials without a surface
layer, the highest separation efficiency exhibited the sample
modified with a flow rate equal to 0.92 ml/s. This sample
also had the highest amount of deposited aerogel structure
(Fig. 4A). A slightly lower fractional separation efficiency was
noted for the sample modified with the highest reagent flow
rate. Nonetheless, all samples exhibited similar separation ef-
ficiency with differences not exceeding 10%. In comparison
to the native (unmodified) material, the filtration efficiency
for the most penetrating particle size (MPPS) is improved
fourfold, reaching 40%. Furthermore, the separation of larger
droplets (dp ∼ 1 µm) improved from 20% to approximately
75%. The 100% efficiency is reached for smaller droplets –
less than 2 micrometres for modified materials compared to
4.5 micrometres for the native filter.

The reagent flow rate influence on the amount of deposited
aerogel shows the opposite tendency while applying the two-

Figure 6. (A) Pressure drop and (B) oil-mist fractional separation efficiency of the native filter and filters modified with one-step base
method at various flow rates with a distinction between before (solid bars and curves) and after the removal (crosshatched
bars and dashed curves) of foil layer.
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Figure 7. (A) Amount of aerogel structure deposited during two-step acid-base modification method at various flow rates; (B) Oil
sorption capacity as a function of aerogel amount deposited per filter area.

step acid-base modification method (Fig. 7A) although the
results for both methods are in the same order of magni-
tude. The aerogel structure deposition grows with the in-
creasing reagent flow rate between 0.92 and 2.32 mL/s, flat-
tening into a plateau at higher values. Despite slight dif-
ferences in aerogel mass, their effect on sorptive proper-
ties is visible (Fig. 7B). The lowest oil sorption capacity –
0.208 g/cm2 – exhibits the sample with the lowest aerogel
amount. The oil sorption capacity increases together with
the growing amount of deposited aerogel, reaching approxi-
mately 0.28 g/cm2 for materials modified with reagent flow
rates equal to 2.32 and 3.72 mL/s. The modification with
a flow rate equal to 3.02 mL/s breaks the trend although the
error bars for the aerogel amount results indicate that the
method is not sensitive to changes in flow rate. The discrep-
ancies between samples prepared in the same modification
conditions overlap, suggesting low aerogel deposition con-
trol, but also higher adaptability of modification utilising the
two-step sol-gel method.

Microscopic imagining (Fig. 8) confirms that modification
utilising the two-step sol-gel method is less susceptible to
changes in reagent flow rate. The aerogel structure on filter
fibres looks similar to one another despite minor changes in
the total deposition amount. The structure resembles a par-
ticle aggregation type, with quite uniform secondary particle
size, which indicates good mixing. Local changes in pH would
lead to a wide particle size distribution, which is not observed
in investigated samples.

Very slight differences in the deposited structure morphol-
ogy and mass translate into the modified material filtration
parameters. Similarly to Fig. 6, the results of pressure drop
(Fig. 9A) and fractional separation efficiency (Fig. 9B) for
materials before and after removal of the top layer are pre-
sented here. Differences in the results are observed only for
samples with a foil layer, for which the pressure drop ranges

from 160 (for the flow of reagents equal to 0.92 mL/s) to
340 Pa (for 2.32 mL/s). The differences may result from the
continuity of the foil layer – the more cracks and breaks, the
lower the flow resistance generated by the surface layer. The
pressure drop values coincide with the obtained fractional
efficiencies of oil mist separation (Fig. 8).

Removal of the foil layer from the surface of the filters results
in a decrease in the pressure drop to about 80 Pa, regardless
of the flow rate of the reactants. The filtration efficiency
results also do not differ significantly, reaching an efficiency
of about 30% for MPPS, and complete droplet removal for
sizes above 2.5 micrometres.

The comparison of the results (Fig. 10) clearly shows the
predominant morphology influence of the deposited aerogel
structure on the filtration parameters of the modified mate-
rials. The pressure drop (marked as dots) and overall sep-
aration efficiency (diamond marks) values do not correlate
with the mass of deposited aerogel – here shown in terms
of modified material packing densities. The highest pressure
drop values exhibit filters modified with the one-step sol-gel
method at a reagent flow rate equal to 2.32 and 3.72 mL/s
– both had a distinctive aerogel morphology compared to
other investigated samples (see SEM images in Fig. 5). De-
spite the lowest packing density, the sample modified with the
one-step method with a reagent flow rate equal to 0.92 mL/s
gave higher airflow resistance than samples modified with the
two-step sol-gel method.

Although materials modified utilising the one-step sol-gel
method exhibited higher overall separation efficiency – reach-
ing between 48 and 55%, compared to 42-45% for the two-
step method – they also caused 50-100% higher pressure
drop and were more prone to morphological changes. Utilis-
ing a two-step sol-gel method allows for more even deposition
and structural uniformity.
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Figure 8. SEM images of filters modified with two-step acid-base method at various flow rates (magnification 100× (top),
500× (middle) and 1000× (bottom)).

Figure 9. (A) Pressure drop and (B) oil-mist fractional separation efficiency of the native filter and filters modified with
a two-step acid-base method at various flow rates with a distinction between before (solid bars and curves) and after
the removal (crosshatched bars and dashes curves) of foil layer.
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Figure 10. Pressure drop (dots) and overall separation efficiency
(diamonds) of native and modified filters as
a function of packing density. Numbers refer to
reagent flow rate. Colours correspond with those used
in Figs. 4–9.

3.2. Stage-inversion effect

Both one- and two-step methods with a reagent flow rate
equal to 3.72 mL/s were chosen to investigate the stage-
inversion effect. This value of flow rate was chosen be-

cause it appeared to exhibit smaller pressure drop than any
others (after removing the surface foil) at a similar sep-
aration efficiency. Samples presented and described in the
previous section were compiled and compared with samples
where the base catalyst aqueous solution was passed through
the non-woven at the first stage. The second stage con-
sisted of a precursor and methanol solution in the one-step
method or hydrolysed precursor with methanol and an aque-
ous solution of oxalic acid – in the two-step method. This
modification method will hereinafter be referred to as the
base/precursor for original samples from Section 3.1. The
competitive method is to reverse the order (stage-inversion):
we shall refer to it as the precursor/base method.

Fig. 11A–C shows the stage-inversion influence while the
one-step sol-gel method is utilized. Passing the base catalyst
as a first stage increases the deposited aerogel (Fig. 11A)
– from approximately 0.8 g to 1.3 g. Mixing might be im-
proved as the total volume of ammonia solution is lower than
the second-stage precursor in methanol solution (40 mL vs
110 mL). A more uniform distribution of reagents and thus
pH, or a lower degree of reagents leaching (mainly precur-
sor) from the material volume, might explain the differences
in the total amount of aerogel structure.

Figure 11. Influence of step-inversion on amount of deposited aerogel (A, D) pressure drop (B, E) and overall separation efficiency
(C, F) of filters modified with one-step base (A–C) and two-step acid-base methods (D–F), with a distinction between
before (solid bars) and after the removal (crosshatched bars) of foil layer.
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Increased aerogel amount is followed by an increase in
pressure drop (Fig. 11B) and overall separation efficiency
(Fig. 11C) observed for the sample with the base solution
used in the first stage. Similar to previously discussed sam-
ples, Fig. 11B shows a significant impact of the surface foil
layer on airflow resistance. The sample base/precursor ex-
hibits approximately 400 Pa pressure drop value before, and
240 Pa after the foil removal – which is still twice as high
as for precursor/base stage order. Although stage-inversion
helped to improve the overall separation efficiency (Fig. 11C),
reaching 65%, the airflow resistance value cancels the use-
fulness of the non-woven fabric modified in this way.

Once again, the two-step sol-gel method (results in Fig. 11D–
F) proved to be more stable and less susceptible to changes
in the modification procedure. Both the amount of de-
posited aerogel structure (Fig. 11D) and pressure drop values
(Fig. 11E) are within the measurement discrepancies despite
the stage order. A minor decrease, of approximately 5–7%,
in overall separation efficiency (Fig. 11F), is visible for the
base/precursor sample.

Fractional separation efficiency results for the samples mod-
ified with the one-step (Fig. 12A) and two-step methods
(Fig. 12B) show that the decrease in efficiency value by the
foil layer removal does not exceed 10%. Primarily visible for
droplets larger than 0.5 micrometres, up till reaching 100%
efficiency for droplets of 2 (for one-step) or 3 (for two-step)
micrometres in diameter. The foil layer effect on droplets
close to MPPS is less significant. As explained in previous
work (Nowak et al., 2022b), a surface foil layer increases

separation through the interception and impaction mecha-
nism, by increasing collector area, simultaneously decreas-
ing the efficiency for droplets separated via diffusion mecha-
nism – presumably by locally accelerating the airflow. At the
MPPS value, both effects on described mechanisms cancel
each other out, hence similar values are obtained for filters
with and without the foil layer.

SEM images (Fig. 13) show a great aerogel morphology vari-
ation, which explains the filtration performance differences
of non-wovens modified with the one-step method. As previ-
ously assumed, a higher volume of precursor solution passing
through the material during the modification second stage
leads to better mixing with the condensation catalyst and
a higher residence time of reacting solution in material vol-
ume. SEM images of the base/precursor sample show a mi-
croporous, dendrite-like aerogel structure growing towards
the space between the fibres rather than along them. Such
a deposition of the aerogel structure leads to a significant
increase in the effective surface of the fibre, which leads to
an increase in separation efficiency, but at the same time, it
poses a large resistance to the flowing air (see Figs. 11B–C).

Still observable, though definitely not as significant dendrite-
like structure growth is visible for the sample base/precursor
modified with the two-step sol-gel method (Fig. 13). Aerogel
secondary particles tend to grow away from the fibre surface,
creating a less uniform structure with a wider particle size
distribution than a “single-particle” layer observed for precur-
sor/base two-step modification. Although this difference is
marginal, it might explain the slight difference in fractional

Figure 12. Influence of step-inversion on fractional separation efficiency for filters modified with one-step base (A) and two-step
acid-base methods (B), with a distinction between before (solid curves) and after the removal (dashes curves) of the foil
layer.
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Figure 13. SEM images of filters modified with one-step base and two-step acid-base methods with inversed modification steps
(magnification 100× (top), 500× (middle) and 1000× (bottom)).

separation efficiency, as seen in Fig. 12.

Due to the impact of the modification on the separation ef-
ficiency and pressure drop, both positive and negative influ-
ences should be taken into account to compare and select the
best process conditions. For this purpose, the filter Quality
Factor (QF) was introduced (Brown, 1993), which is calcu-
lated from Equation (3):

QF = − ln
(1 − E)

∆P
(3)

where: E – separation efficiency [%] and ∆P – pressure drop
across the filter [Pa].

The Quality Factor may be calculated for overall filtration
efficiency total or individual droplet diameters (Fig. 14). This
paper shows the QF for overall filtration efficiency and droplet
fractions of 1 µm and 0.3 µm in diameter. The first one is
a typical value present in filter design assumptions, while the
latter corresponds to the drops most strongly penetrating the
filter structure.

Despite moderate enhancement of filtration efficiency, the fil-
ter modified with the two-step sol-gel method with the stage
order precursor/base exhibits the highest QF values. This is
due to balancing the increase in separation efficiency with
the negative impact of the aerogel structure deposition on
the increase in airflow resistance. The most glaring example
of which is the one-step base/precursor sample. Despite the

Figure 14. Quality Factor for droplet diameter equal to 0.3 µm,
1.0 µm and overall separation efficiency for filters:
native and modified with one- and two-step sol-gel
methods with stage inversion and reagent flow rate
equal to 3.72 mL/s.

distinctly highest separation efficiency, the pressure drop of
almost 250 Pa overshadows the positive modification impact.
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4. DISCUSSION

Among the proposed methods of aerogel synthesis, adapted
to modify non-woven filters, the two-stage sol-gel method
showed not only a better improvement of separation prop-
erties but also greater adaptability. The modification based
on the single-step synthesis showed a high susceptibility to
changes in the process conditions, which resulted in lower
repeatability and inhomogeneity of the deposited structure.

Since we have demonstrated the possibility of fibre modifica-
tion with sol-gel techniques using the flow method, it is worth
briefly discussing the possibilities of increasing the scale of
the process. The proposed layout with the modification cell
in which the material is placed is treated as a semi-step be-
fore scaling. However, it seems natural to be able to increase
the scale by numbering-up – i.e. connecting many cells in
parallel (Patience and Boffito, 2020). The system could be
powered by a single pump and have one set of inlet and outlet
tanks. Such a solution may be interesting from an economic
point of view (Weber and Snowden-Swan, 2019). Intercon-
nection through numbering-up offers great flexibility due to
the possibility of adapting some of the system’s cells to run
parallel modifications in different conditions. However, due
to the time needed to install and replace the modified filter
materials and their transfer for APD, such a system cannot
operate continuously. In addition, the size of the material is
limited by the size of the modifying cell used.

The most popular continuous production system is roll-to-
roll. Due to the modularity of production, it is possible to
use many types of coatings (Søndergaard et al., 2013). Thus,
it is possible to functionalize (Rao et al., 2018) and mod-
ify the surface of non-woven materials (Cheng and Gupta,
2018), including those produced with electrospinning (Xu et
al., 2016). Recently continuous manufacturing of aerogel-
impregnated blankets on a roll-to-roll system is under devel-
opment in Aerogel Technologies and DLR. Although transfer
from the currently described modification in flow-cell would
require optimisation de novo, all vital stages can be achieved
in separate modules. The system would consist of an un-

winder, three separate reagent baths (one for IPA prewetting
and two for main modification stages), possibly separated
by a squeezing roll, evaporating/drying module (for exam-
ple a hot-air dryer) and a rewinder (Fig. 15). Despite being
the most common practice for continuous production, the
roll-to-roll system would entail large investment costs.

5. CONCLUSIONS

In the article, we presented a method of modifying filters by
depositing aerogel on their fibre surface in the flow process.
This approach aligns with the spirit of chemical engineering,
as it enables better control of the process and more efficient
use of raw materials (reactants) and scalability. Of the two
methods discussed – one-step, alkaline and two-step, acid-
base – the latter exhibits a more uniform, built of same-size
secondary particle aerogel structure layer. Thus, this struc-
ture seems more suitable for oil-mist filtration, as it does not
cause high airflow resistance.

Other important issues of the flow modification process
(which have not appeared during the batch process described
in our previous works) were the influence of reagent flow rate
and sequence of reactant flow stages (base applied before
precursor flow or vice versa). During the one-step method
the influence of reagent flow rate on oil sorption capacity,
pressure drop and filtration efficiency was rather weak, while
in the case of the two-step process, the higher flow rate led in
general to higher sorption capacity, which resulted in higher
filtration efficiency. If the two-stage method is chosen (which,
as mentioned above, is more advantageous), the highest pos-
sible flow rate of modifying solutions should be used. Of
course, our studies only included flow rates up to 3.72 mL/s.
It should be expected that absurdly high intensity, often ex-
ceeding this value, will not cause a further improvement of
the filter properties and perhaps even their deterioration.

Regarding the sequence of reactant flow stages, the precur-
sor/base process gives better results than the base/precursor,
characterized by a higher quality factor. In the case of one-
step synthesis, it manifests itself in a smaller pressure drop

Figure 15. Schematic proposition of roll-to-roll modification system.
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value, while the two-step method results in higher overall
separation efficiency. It is worth noting that the modifica-
tion in the precursor/base configuration leads to an increase
of the quality factor of the filter (relative to the native fil-
ter). This increase is observed both in total efficiency and in
the efficiency of the most penetrating particles or particles
with a size of 1 micron. Although significantly higher quality
factor values are observed for two-stage modification, these
values are also higher in the case of one-stage modification
than those of the native filter.
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SYMBOLS

p DEHS oil density, g/cm3

dp droplet size, µm
E separation efficiency, %
mag the mass of deposited aerogel, g
mPP mass of polypropylene filter, g
QF filter quality factor, 1/Pa
u0 linear gas velocity, m/s
V material volume, cm3

¸ packing density, %
∆P pressure drop across the filter, Pa
PP polypropylene density, g/cm3

sk MTMS skeletal density, g/cm3
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