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ABSTRACT 
 

The use of filters to control air quality has been implemented widely in all types of structures. Unfortunately, filters risk 
becoming platforms for the growth of bacteria, which can then be dispersed further in the air stream. To combat this, 
antibacterial materials are being incorporated into filter media. In this work, we tested two routes for introducing nanoscale 
silver into filters containing activated carbon fibers (ACF): first, by adding silver nanofibers directly to the fiber 
fabrication process and second, by coating a pre-existing filter with silver nanoparticles generated by a liquid flame spray 
(LFS). The resultant filters were evaluated for methanol adsorption, particle penetration and antibacterial activity. The 
results show that both methods are suitable for producing antibacterial filters as well as being highly tailorable and scalable 
for specific needs. 
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INTRODUCTION 
 

Indoor air quality has an important role on human health 
(Jones, 1999), and, worryingly, its impacts can be seen in 
institutes such as schools (Daisey et al., 2003) and hospitals 
(Saad, 2002). One way to improve the quality of indoor air 
is to utilize filtration in the air conditioning system. 
However, filters are susceptible to becoming growing 
platforms for microbes, especially in humid conditions 
(Möritz et al., 2001; Forthomme et al., 2014). Furthermore, 
biocompatible carbon-based adsorptive materials can also 
be used if volatile organic compounds (VOCs), such as 
formaldehyde (Rumchev et al., 2002), are desired to be 
filtered from air alongside with the particulate matter. 
Unfortunately, due to their good biocompatibility, carbon-
based materials could make the filters more susceptible to 
microbes (Yoon et al., 2008). To combat these problems, 
antimicrobial materials have been widely adopted in material 
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functionalization. Arguably, the most widely used material 
for this purpose currently is silver (Oya et al., 1993; Jung 
et al., 2011; Brobbey et al., 2017), but also metal oxides, 
such as zinc oxide (Gordon et al., 2011) and copper oxide 
(Hassan et al., 2014), are being utilized. In humid conditions 
where bacterial growth might pose a risk, the use of silver 
nanoparticles should be very effective against bacterial 
growth, due to the transfer of silver ions and whole 
nanoparticles, which can disrupt the vital functions of the 
bacterial cells (Sotiriou and Pratsinis, 2010). 

Here, we take a closer look at fabricating fiber filters 
containing activated carbon fibers (ACF) and adding 
antibacterial silver in two different morphologies: (1) fibers 
and (2) particles. The silver fibers will be added during the 
filter fabrication process, whereas the particles will be 
added to an already fabricated filter as a coating. For the 
nanoparticle coating, the liquid flame spray (LFS; Tikkanen et 
al., 1994; Mäkelä et al., 2017) method will be implemented. 
It has been used quite extensively for introducing 
nanoparticle coatings on a wide range of materials, most 
recently on paper (Haapanen et al., 2018), glass (Teisala et 
al., 2018) and plastic (Juuti et al., 2017). The LFS method 
can produce other metal and metal-oxide particles and is 
readily scalable, so the process investigated here has 
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potential for future antibacterial materials as well. In 
essence, we introduce a scalable and tailorable approach 
for fabricating filters containing fibrous and particulate 
nanoscale silver and compare their antibacterial activities 
against Staphylococcus aureus (S. aureus) and Escherichia 
coli (E. coli). Furthermore, the filters will be tested for 
particle penetration and methanol adsorption capability to 
ascertain their functionality as a proper and usable 
filtration medium.  
 
MATERIALS AND METHODS 
 
Filter Media Fabrication 

Three different kinds of fiber filter media were produced 
by mixing known mass ratios (see Table 1) of select fiber 
materials. The fiber filters were prepared by first premixing 
the appropriate amount of micro- and nanofibers into 500 
cm3 of water to make a 0.28% slurry, which was then 
mixed for 2 min at 3000 rpm. The premixed slurry was 
then diluted to 0.019% in paper processing equipment by 
introducing an additional 7000 cm3 of water. To make the 
filter discs, the slurry was filtered with mesh, leaving a 
thin filter medium on top. Lastly, to remove the residual 
water from the filter structure, the filter discs were dried at 
80°C for 25 min. The three prepared filter media all have 
the same base composition of glass fibers, binding polyvinyl 
alcohol (PVA) fibers and activated carbon fibers (ACF), 
with diameters of 10.5, 10 and 18 µm respectively. The 
second and third filter media get an addition of ~300 nm 
glass nanofibers in the fiber mixture. Lastly, only the third 
filter medium has 1 m-% of silver nanofibers (30 nm; Sanzen 
Seishi Co., Ltd.) substituting equal mass of the glass 
nanofibers. These filter media have the following denotations: 
F0 is the microfiber filter, F1 is the glass nanofiber filter 
and F2 is the silver nanofiber filter, noting that the addition 
of a different fiber material is cumulative through the 
series, which can be seen clearly from Table 1. 
 
Coating of the Filter Media 

Another route for adding the nanoscale silver to the 
filter media was utilized by coating an already prepared F1 
filter media with the LFS method. The coating setup can 
be seen in Fig. 1(a). The LFS produced nanoscale silver 
from an aqueous silver nitrate (AgNO3) precursor (silver 
nitrate, ACS, 99.9+% [metals basis]; Alfa Aesar) solution 
with a concentration of 125 mg mL–1 of pure silver, which 
was fed with a flow rate of 4 mL min–1. The precursor was 
thermally decomposed and evaporated in a hydrogen-oxygen

 flame with a gas-ratio of 20 to 10 L min–1, respectively, 
with an additional collar flow of 5 L min–1 of nitrogen. The 
silver condensed and the final particle shape was formed 
fully in the following residence tube (Sorvali et al., 2017), 
from where it was sampled with an inlet connected to an 
ejector diluter (ED), further diluted and cooled, and guided 
to be deposited on the filter media. A similar synthesis 
protocol was implemented recently in the work of Harra et 
al. (2017) for silver and aluminum oxide. This produced 
the fourth filter medium studied in this work and is denoted 
as F3, and the mass fractions of its constituent fibers can 
be seen in Table 1. 

For comparable results, the mass loading of the deposited 
silver coating was kept constant between the as-prepared 
silver nanofiber filter and the silver-coated filter. To achieve 
this, the measurement of the process is required in addition 
to the penetration characteristics of the filter being coated, 
which is discussed in the next chapter. The instruments 
require additional dilution of the sample, so an additional 
ejector diluter was used. The number size distribution of the 
nanoscale silver was measured using a Scanning Mobility 
Particle Sizer (SMPS; Model 3938; TSI Inc.), which was 
paired with the aerodynamic sizing of an Electrical Low 
Pressure Impactor (ELPI+; Dekati) in order to get additional 
information on the effective density (ρeff). The effective 
density can be calculated using the following equation 
(Kulkarni et al., 2011): 
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where ρ0 is the unit density, Cc is the slip correction factor, 
and db and da are mobility and aerodynamic diameters 
measured by SMPS and ELPI+, respectively. For real-time 
monitoring purposes, DENSMO (Juuti et al., 2016) was 
used in parallel with the previous instruments. It also utilizes 
Eq. (1) for characterizing the effective density. DENSMO 
operates based on the series measurement of mobility median 
and aerodynamic median diameters. The measurements are 
done electrically, so the aerosol particles are first charged 
with a corona charger. 

For mass characterization, a Tapered Element Oscillating 
Microbalance (TEOM; Rupprecht & Patashnick Co., Inc.) 
and a Quartz Crystal Microbalance Micro-Orifice Uniform 
Deposition Impactor (QCM-MOUDI; TSI Inc.) were used for 
measuring the total mass concentration and the mass-size 
distribution, respectively. Additional estimation of the 

 
Table 1. Composition of fabricated filters. 

 Microfibers 
F0 

Nanofibers 
F1 

Ag-fibers 
F2 

Ag-particles 
F3 

 

Glass fibers 60 50 50 49.5 m-% 
PVA fibers 25 25 25 24.8 m-% 
Activated carbon fibers 15 15 15 14.9 m-% 
Glass nanofibers  10 9 9.9 m-% 
Ag nanofibers   1 - m-% 
Ag nanoparticles    1 m-% 
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mass-size distribution was obtained through the number-size 
and effective density measurements described above. 
 
Methanol Adsorption 

The performance of the ACF in the filters against VOCs 
were tested with the adsorption of methanol, which is a 
typical VOC. Measurements were done with a similar 
apparatus as described by Kumita et al. (2018); the 
measurement setup is shown in Fig. 1(b). The apparatus 
consists of three temperature-controlled chambers: one 
with liquid methanol, one for storing the methanol vapor 
and the last with the tested sample in it. The adsorption of 
methanol was measured as a function of relative pressure, 
which is a proportion of the saturated vapor pressure of 
methanol at 30°C. First, a vacuum was pulled to the second 
and third chambers to remove all of the present water. Then, 
increasing pressures of methanol vapor were introduced to 
the second chamber. At each pressure point, the sample is 
allowed to adsorb the VOC vapor by connecting the 
second and third chambers together. When the pressure 
stops decreasing, the value is logged. For comparison, the 
amount of adsorbed methanol, q, as a function of relative 
pressure for pure ACF was used as reference. The same 

apparatus was also used for quantifying the volume of each 
of the filter media to know the space occupied by the filter 
in the third chamber and thus the pressure drop caused by 
the connection of the second and third chamber. Additionally, 
by knowing the dimensions of the filter disk, mass 
fractions of the utilized filter fibers and the total mass of 
the filters, packing density (α) values can be calculated. 
The relevant values are shown in Table 2 and were used 
for the calculation of the theoretical particle penetration, 
utilizing the theory described by Choi et al. (2017). An 
overview of the theory is given in the next section. 

 
Particle Penetration 

The theoretical penetration, P, of the fiber filters can be 
calculated, assuming monodisperse fiber diameters, df, 
with the following equation: 
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where L is the filter thickness, δ is an inhomogeneity factor  

 

 

Fig. 1. Experimental setups for (a) the nanoparticle coating process, (b) the methanol adsorption measurements and (c) the 
particle penetration measurements. In the particle penetration measurements, two particle sources were used: Salt was 
generated with a tubular furnace and dust particles with a brush generator. 
 

Table 2. Specifications relating to the filter structure and performance. 
  Microfibers 

F0 
Nanofibers 
F1 

Ag-fibers 
F2 

 

Thickness L 0.65 0.51 0.48 mm 
Diameter  47 47 47 mm 
Area density W 54.4 63.7 62.7 g m−2 
Pressure drop (at 3.8 cm s−1) ΔP 4.5 35.1 33.0 Pa 
Pressure drop, theoretical ΔPt 10.2 38.4 43.1 Pa 
Packing density α 0.145 0.277 0.314  
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defined as the ratio between the theoretical and the measured 
pressure drops and η is the combined collection efficiency 
of diffusion and interception collection mechanisms, as well 
as their interaction term. As the prepared filters contained 
both microfibers and nanofibers, it is considered a mixed 
fiber filter. The effect the different collection mechanisms 
have can be first considered separately for these different 
diameter fibers and then combined later. This penetration 
is calculated for the micro- and nanofibers separately and 
then combined with the following equation: 
 
P = exp(lnPM + lnPN), (3) 
 
where the subscripts denote the contributions of micro- M 
and nano- N fibers. 

The particle penetration of the filters was tested by 
introducing particles in the range of 30 nm–7 µm and 
measuring the downstream and upstream particle 
concentrations with a condensation particle counter (CPC; 
Model 3775; TSI Inc.) or an optical particle counter (OPC; 
Model 3080; TSI Inc.) based on their measurement ranges. 
Salt (NaCl) produced by a tubular furnace was used to 
produce the smaller particles and a fluidized bed aerosol 
generator (Model 3080; Kanomax) was used to disperse 
JIS Class 11 test powder (SP3-3, Association of Powder 
Process Industry and Engineering), generating the larger 
end of the size range. The test setup is shown in Fig. 1(c), 
where the whole dust number size distribution is filtered 
by the test filter and the salt particles are size selected so 
that only a monodisperse distribution is being filtered at a 
time. The face velocity of the aerosol penetrating the filter 
was kept at 3.8 cm s–1. 
 
Antibacterial Testing 

Antibacterial capabilities of the prepared filters were 
tested with a touch test method, described in the work by 

Gunell et al. (2017), against gram-negative E. coli (ATCC 
25922) and gram-positive S. aureus (methicillin-susceptible 
strain, ATCC 29213) on blood agar plates (Trypticase Soy 
Agar with 5% Sheep Blood [II]; BD). Here, the reference 
sample was the filter F1, which contains all the other kinds 
of fibers excluding silver, which was compared against F2 
and F3. The bacteria were incubated on the samples at 
room temperature for 24 and 48 h, after which the samples 
were placed on the blood agar plates to transfer any viable 
bacteria to be calculated the next day. The bacterial growth 
was estimated based on the amount of colony forming units 
(CFUs) in the range of 0–3, as per the method definition: 0 
meaning no growth and going up to 3, meaning good 
growth with > 100 colonies. 
 
RESULTS AND DISCUSSION 
 
Coating Mass Loading 

The results from the coating process characterization 
can be seen in Fig. 2, where the results have been split into 
(a) number and (b) mass concentration plots. The produced 
silver particles have a count mean diameter (CMD) of 43 nm 
based on the SMPS measurement and aerodynamic mean 
diameter of 258 nm based on the ELPI+ measurement. 
Using Eq. (1), an effective density value of 10.2 g cm–3 can 
be calculated, which tells us that the silver is mostly non-
agglomerated and close to spherical in shape. Information 
about the measured silver nanoparticle number size 
distribution was needed in the estimation of what part of it is 
deposited on the filter fibers. To achieve this, the information 
was combined with the filter particle collection efficiency. 

The mass measurements made with the TEOM and 
QCM-MOUDI give similar results on the total mass 
concentration with measured values of 15.6 mg m–3 and 
16.1 mg m–3, respectively. This mass concentration is 
determined after the first ejector diluter, after which the 

 

 
Fig. 2. Aerosol measurements for the mass loading estimation. Left side shows the SMPS- and ELPI+-measured number 
size distributions of the coating particles as a function of mobility size and aerodynamic size, respectively. Dashed line 
shows the time averaged CMD value from DENSMO. Right side shows the mass size distribution from QCM-MOUDI 
and a normalized one from the SMPS-ELPI+ estimation, and the total mass concentration from TEOM. 



 
 
 

Juuti et al., Aerosol and Air Quality Research, 19: 1892–1899, 2019 1896 

aerosol is directed to the filter holder; thus, the mass 
concentration flowing into the filter holder is the same. 
Another way to estimate the mass distribution is to use the 
measurement results from the SMPS and ELPI+. This 
calculated distribution is shown normalized in Fig. 2(b) 
and yields a total mass concentration of 14.5 mg m–3. In 
order to achieve the 1 m-% coating of silver, approximately 
a 25 min coating time was required. To have more even 
distribution of the silver inside the filter media, the coating 
was done in two 12.5 min parts, one for each side of the 
filter media. 

Given that the two ejector diluters both have a dilution 
factor of about 8, an estimate can be made of the dilution 
factor of the residence tube. The residence tube affects the 
total mass of the produced silver, with the used parameters, 
by a factor of 125. This dilution was caused by diffusion 
and possible impaction of precursor droplets, as well as the 
convective air flow of the surrounding air. The high flow 
rate of the generation method enables scaling up, where 
more of the produced silver could be sampled with 
parallelizing multiple inlets or just scaling the current one. 

The process was also monitored with DENSMO so that 
the stability of the mobility diameter, aerodynamic diameter 
and effective density could be observed in real time during 
the coating. DENSMO measured the CMD to be 40 nm and 
the effective density value as 11.2 g cm–3, which are both 
within the measurement range from the 43 nm measured 
by the SMPS and the effective density of 10.2 g cm–3 
calculated from the SMPS and ELPI+ measurements. 
 
SEM Micrography 

To have a better understanding of the structure and 
distribution of the fibers in the produced filter media, as 
well as the result of the nanoparticle coating, a scanning 
electron microscope (SEM; ULTRA plus; ZEISS) was 
used. Fig. 3 shows the as-prepared filters F0 and F1, and 
the coated filter F3. F2 is not shown, due to having identical 
appearance to F1. The low count and the narrow diameter 
of the silver nanofibers makes them difficult to find with 
the used SEM. The three different base materials can be 
clearly identified from Fig. 3(a) and 3(d) by their distinct 
interactions with the electron beam. The introduction of 
the glass nanofibers can be seen in Figs. 3(b) and 3(e) to fill 

the voids left by the microfibers, which can be attributed to 
increase the particle interception efficiency. Lastly, in 
Figs. 3(c) and 3(f), the silver coating can be seen to be 
distributed homogeneously, at least in the lateral direction. 
 
Performance of the Filter Functionality 

The methanol adsorption isotherm at 30°C as a function 
of the relative pressure can be seen in Fig. 4. The values of 
adsorbed amounts are similar to those reported by Kumita 
et al. (2017). The amount adsorbed here is related to the 
mass of ACF in the filter media. The measurements show 
that the inclusion of other fibers in the filter does not 
inhibit the adsorption potential of ACF when compared to 
the bulk material. This means that the amount of ACF can 
be tailored to suit a specific need. 

Particle penetration through filters F0, F1 and F2 are 
presented in Fig. 5(a). The face velocity during the 
measurements was kept at 3.8 cm s–1. By introducing glass 
nanofibers into the filter media, a clear reduction can be seen 
in the penetration, as is to be expected. However, substituting 
some of the glass nanofibers with silver nanofibers increases 
the penetration slightly. This is due to the reduction in the 
count of nanofibers in the filter media, caused by the higher 
density of silver compared to glass. In essence, the same 
mass of nanofibers contains less fibers overall. Theoretical 
particle penetration curves were calculated based on Eq. (2) 
with packing density values of 0.145, 0.277 and 0.311, and 
initial pressure drops of 4.5, 35.1 and 33.0 Pa for filters F0, 
F1 and F2 respectively. Additionally, the efficiency can be 
increased by stacking the prepared filter media, as is 
typically done. The quality factors for these filters are shown 
in Fig. 5(b). There is no significant improvement on the 
performance for nanoscale particles, as the increase of the 
collection efficiency has been achieved with the cost of 
increased pressure drop. For particle size ranges closer to a 
micrometer, the interception is increased significantly more, 
which can also be seen in the increase in the quality factor. 

Antibacterial activity against S. aureus and E. coli is 
shown in Fig. 6, where an image set of agar plates covering 
the four test cases are displayed. In some of the test cases 
the handling and cutting of the filter media has resulted in 
loose fibers, which then can be seen on the agar plates. 
These should not be mistaken for bacterial growths. Averaged

 

 
Fig. 3. SEM-micrographs from (a, d) F0, (b, e) F1 and (c, f) F3 filter materials, with two magnifications. 
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Fig. 4. Results from the methanol adsorption filter tests. 

 

 
Fig. 5. Filtration performance of the prepared filters: (a) the particle penetration and (b) the quality factors. 

 
set of data from the bacterial growths is shown in Fig. 7. In 
all of the cases, the bacterial growth was not inhibited by 
the F1 reference sample, but the addition of nanoscale silver 
can clearly be seen to increase the antibacterial activity. 
Both the silver nanofibers and nanoparticles are very effective 
against E. coli, effectively blocking the growth completely 
on all the studied cases. Minimal growth was found on one 
silver fiber containing filter after 24 h of incubation. 
S. aureus, on the other hand, is much more resistant against 
the silver present in the filters. Additionally, the silver 
particles were slightly more effective as an antibacterial 
additive in the filters when compared to the nanofibers. 
Relying on the measurements made in this work, it is 
difficult to say exactly what causes this disparity between 
these two materials. It could be their morphologies, being 
the most obvious difference, or the distribution of silver 
inside the filter media. In either case, more measurements 
would be needed to reveal the actual mechanism. Overall, 
the comparable activity of these materials is probably due 
to the same mass loading of silver in the filter media. In the 
work of Gunell et al. (2017), the amount of silver needed to 
inhibit the growth of these same bacteria was studied, and 

based on their results, by increasing the amount of silver in 
the filter media of this work, the growth of S. aureus could 
also be suppressed. 
 
CONCLUSIONS 
 

Antibacterial fiber filters containing activated carbon 
fibers were fabricated using nanoscale silver and tested for 
particle penetration, methanol adsorption and bacterial 
growth inhibition. The silver was introduced into the filter 
media either during the filter fabrication process as silver 
nanofiber content or after the filter fabrication process as 
an LFS-generated nanoparticle coating. The performance 
in terms of particle penetration and methanol adsorption 
agreed well with the theory and bulk reference, respectively, 
despite the filter media consisting of mixed materials. 
Antibacterial activity was successfully generated by both 
methods. However, the silver nanofibers showed slightly 
higher activity than the nanoparticles, which cannot be 
attributed to inconsistent mass loading of the silver between 
the filter media, as the coating process was monitored 
rigorously with a wide range of instruments to prevent
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Fig. 6. Images of all four test cases: (a) E. coli (24 h), (b) E. coli (48 h), (c) S. aureus (24 h) and (d) S. aureus (48 h), which 
show the bacterial growths for the reference filter (F1) and the two antibacterial filters (F2 and F3).  
 

 
Fig. 7. The overall antibacterial activity of the prepared filter materials. 

 
such a discrepancy. Regardless, with either method, the 
resultant antibacterial filters can be tuned to specific needs 
by adjusting the thickness of the filter or the mass fraction 
of added ACF or silver. Furthermore, the coating process 
can be applied to existing filters that are already in use, for 
example, in HVAC systems, which would be the next 
logical step. 
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