
atmosphere

Article

Bioaerosol Emission from Biofilters: Impact of Bed Material
Type and Waste Gas Origin

Katarzyna Affek , Agnieszka Tabernacka , Monika Załęska-Radziwiłł, Nina Doskocz and Adam Muszyński *
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Abstract: Three semi-technical scale biofilters were applied to treat waste gases at different industrial
sites in Poland: a mechanical–biological treatment plant of municipal solid waste, a wastewater
treatment plant and a food industry plant. Two types of materials were used as beds in the biofilters:
stumpwood chips and pine bark, and stumpwood chips, pine bark and compost from green waste.
Both bed materials supported the microbial growth and high numbers (106–108 cfu/g dry mass (DM))
of culturable bacteria, and fungi in beds were observed. There was no correlation between the number
of microorganisms (cfu/g DM) and the respiratory activity in the biofilter beds. However, microbial
respiration activity corresponded with microbial abundance expressed as microbial equivalents (ME),
which was calculated based on adenosine triphosphate (ATP) determination. The biofilters either
reduced or increased bioaerosol emissions from industrial plants, depending on the microbial content
in the waste gases. A high microbial content in the waste gases made the effect of microbial emission
from the biofilter bed negligible. The type of biofilter bed and number of microorganisms in the bed
also influenced the final bioaerosol emission, but these factors were relevant for biofilters that treated
waste gases with low microbial concentrations.

Keywords: waste gas treatment; biofilter bed; microbial respiratory activity; bioaerosol emission

1. Introduction

The use of biofiltration to eliminate chemical pollutants and reduce the emission of
microorganisms from waste gas from industries (as well as alleviate odor nuisance) has
become popular worldwide [1–5]. The main reasons for that are the high efficiency of
volatile organic compounds (VOCs) removal, low financial outlays and operating costs
and minimal secondary waste streams comparing to physicochemical methods (scrub-
bing, adsorption and condensation) [6]. The application of biofiltration also has some
disadvantages, the most important of which are: poor control of environmental conditions,
discharge of drainage from the filter beds and the relatively large surface area required.
Nevertheless, this technology stays in line with emission control legislations and focuses
on climate change and public health.

In the case of biological treatment, one of the key issues is to provide suitable condi-
tions for the growth of microorganisms. In biofilters, waste gas is filtrated through the bed
and the pollutants are transported and sorbed in biofilter media, where they are used by
microorganisms as a carbon and/or energy source [6]. Various bioactive and preferably
organically stable media are used as the beds of biofilters, such as compost, soil and yard
waste. Biofilter media should provide high gas and water permeabilities and a high surface
area for microbial growth [1,6]. In order to increase porosity and to reduce pressure drop,
bulking agents such as wood chips, sawdust, hay, straw, pine wood shavings, cardboard,
leftover cattle feed, wheat residue pellets, leaves, tobacco stalks and others are added to
the active ingredients [1].
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Understanding the physical and chemical properties of the biofilter bed as well as
the microbial community structure and biodiversity depending on the bed material is
crucial for the operation of biofilters. The composition, activity and viability of bacterial
and fungal communities determine the effectiveness of biofiltration units [7]. The choice
of bed material is substantial for biofilm formation, as it can affect oxygen distribution
leading to the formation of anoxic/anaerobic zones within biofilter media [1]. However,
biofilter designers tend to focus more on the sorption properties of the biofilter beds rather
than their optimal colonization by bacteria and fungi [8–11]. Furthermore, only limited
information is available on the performance of systems on a semi-technical and technical
scale, with most of the studies conducted in laboratories on a bench-scale using biogas
mimics [3,5,7,9,12].

Another aspect is that despite the removal of nonbiological suspended particles by
filtration, biofilters can be a source of bioaerosol emissions [13]. A variety of harmful
and infectious organisms has been detected inside the biofilters, depending on the bed
media used [13]. However, little information has been reported about the effects of biofilter
bed materials on bioaerosol emissions characteristics [14]. Although the composition of
bacterial populations was studied using both culture-dependent and culture-independent
approaches, few studies are of an applicational nature and rarely recommend simple
methods and techniques to be used on-site by technical personnel and practitioners as a tool
for monitoring microbial abundance and activity during the operation of biofilters [2,14,15].

The main purpose of this work was to assess the potential of two bed materials to
prevent bioaerosol emissions from various types of industrial plants. The tested media
(a mix of stumpwood chips with pine bark and a mix of stumpwood chips with pine
bark with green waste compost) were used in semi-technical scale biofilters, which were
installed in three various industrial facilities. The specific objectives were to compare the
biofilter media in the view of:

1. Colonization by bacteria and fungi measured by culture-dependent and independent
methods that may be easy to apply on-site;

2. Activity of microorganisms inhabiting the biofilters beds;
3. Bioaerosol emissions from the biofilters.

2. Materials and Methods
2.1. Test Sites and Biofilters

The semi-technical scale research was conducted in three different industrial sites
located in Poland: a mechanical–biological treatment plant (MBTP), which treated munici-
pal solid waste in aerobic conditions; a wastewater treatment plant (WWTP); and a food
industry plant (FIP), which manufactured high-quality lard and vegetable fats. The tested
three biofilters were identical and were connected to installations for the extraction of
process gases from the aerobic stabilization hall at MBTP, the sludge drying hall at WWTP,
and the production hall at FIP. The biofilters were operated to alleviate the odor nuisance
and to eliminate main pollutants from the waste gases, such as VOCs, hydrogen sulfide
and ammonia, as described in detail by Rolewicz–Kalińska et al. [16]. The main operational
parameters are listed in Table 1.

Each biofilter was equipped with a fan, a scrubber, automatic regulation and mea-
surement of gas flow, temperature and humidity control systems, and an installation for
the distribution of waste gas and leachate drainage (Figures 1a and 2a,b). The dimensions
of the active surface of the biofilters were 1.32 m × 3.00 m and the depth of the bed was
1.1–1.2 m.
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Table 1. Operational parameters of semi-technical scale biofilters used to treat waste gases from mechanical–biological
treatment plant (MBTP), wastewater treatment plant (WWTP) and food industry plant (FIP). Bed materials: CB—mix of
stumpwood chips and pine bark; CBC—mix of stumpwood chips, pine bark, and compost from green waste.

Test
Site

Bed
Material

Water
Content

[%]

Average Inlet Concentrations ± SD
(Range)

Average
Flow

Rate ± SD
[m3/h]

Average
Surface

Load ± SD
[m3/(m2 × h)]

Average
Volumetric
Load ± SD

[m3/(m3 × h)]

Average
Pressure

Drop ± SD
[Pa]

VOCs
[ppb]

NH3
[ppm]

H2S
[ppm]

MBTP
CB 55 ± 4 938 ± 372 5 ± 1 1.5 ± 0.4 379 ± 14 95.8 ± 3.5 83.2 ± 2.9 372 ± 9

CBC 27 ± 2 (405–1820) (4–6) (0.9–2.3) 381 ± 12 96.1 ± 3.0 83.6 ± 2.6 542 ± 9

WWTP
CB 62 ± 5 2258 ± 955 26 ± 14 4.8 ± 0.1 380 ± 11 96.1 ± 2.8 83.5 ± 2.4 375 ± 15

CBC 45 ± 4 (140–3980) (6–59) (4.6–5.0) 385 ± 16 97.1 ± 1.6 84.4 ± 1.4 510 ± 26

FIP
CB 61 ± 5 3478 ± 3119 10 ± 4 7.5 ± 3.9 382 ± 24 96.5 ± 6.1 84.0 ± 5.3 379 ± 13

CBC 51 ± 5 (480–9400) (4–15) (2.1–14.3) 322 ± 86 81.3 ± 21.7 70.7 ± 18.9 596 ± 84
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Figure 1. (a) Scheme of the pilot-scale biofilter equipped with a fan, a scrubber, an automatic regulation and control unit,
and an installation for the distribution of waste gas and leachate drainage. Biofilter bed materials (CB—mix of stumpwood
chips and pine bark; CBC—mix of stumpwood chips, pine bark and compost from green waste) were tested alternatively.
(b) Location of sampling points (1, 2, 3) for bed material and treated gases—top view.

Two types of materials were used as beds in the biofilters: stumpwood chips and pine
bark (CB), and stumpwood chips, pine bark and compost from green waste (CBC). CB was
a 1:1 mix of pine bark and stumpwood chips with a grain diameter of 20–80 mm, whereas
CBC was a mix of stumpwood chips with pine bark (50%, 1:1 ratio) with compost (50%)
(Figure 2c,d). For more detailed description of biofilter bed materials, as well as operational
parameters of the biofiltration process, please refer to Lelicińska–Serafin et al. [17] and
Rolewicz–Kalińska et al. [16].
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Figure 2. Pilot-scale biofilters tested for the treatment of waste gases from: (a) a wastewater treatment plant (WWTP) and
(b) a food industry plant (FIP). (c) CB medium (mix of stumpwood chips and pine bark) in the pilot-scale biofilter tested for
the treatment of waste gases from a mechanical–biological treatment plant (MBTP). (d) CBC medium (mix of stumpwood
chips, pine bark and compost from green waste) in the pilot-scale biofilter at FIP.

2.2. Bed Material Sampling

Two series of sampling with an interval of 2–3 weeks were performed for each bed
material (CB and CBC) and for each biofilter. In each series, the bed material was collected
at three sampling points (Figure 1b):

• Point 1 was located symmetrically (centrally) in relation to the longer walls of the
biofilter, but 0.5 m from the shorter wall of the biofilter;

• Point 2 was located in the center of the biofilter;
• Point 3 was located symmetrically (centrally) in relation to the longer walls of the

biofilter, but 2.50 m from the shorter wall of the biofilter.

From each sampling point, 250 g of bed material was collected and mixed thoroughly
to average the sample. Then 10 g of the bed material was shaken for 30 min in 90 mL of
sterile 0.85% NaCl at 120 rpm and the obtained suspension was used for enumeration of
culturable bacteria and fungi separately in each sampling point. The final result for each
series was calculated as a mean value from three sampling points.
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2.3. Gas Sampling

For each bed material (CB and CBC) and for each biofilter, two series of sampling
were performed with an interval of 2–3 weeks, each series of sampling was carried out
in seven replications. Three types of gas samples (waste gas, treated gas and ambient air)
were collected using MAS-100 (Merck) and SAS Super ISO (VWR) impactors following
the manufacturers’ instructions. Waste gas samples (gas entering the biofilter) were taken
at the inlet to the biofilters. Treated gas samples were taken from three sampling points
located directly above the biofilter bed (CB and CBC configurations) (see Section 2.2 and
Figure 1b). The samples of treated gases were collected with the application of a shield
that eliminated the interfering effects of environmental conditions (flow of ambient air), as
described previously [18]. Ambient air samples (the test background) were collected 5 m
from the biofilter and 1.5 m above the ground level upwind.

2.4. Quantification of the Number of Microorganisms

Enumeration of culturable bacteria and fungi was performed using standard culture-
dependent techniques using tryptone–soya agar (TSA) and rose bengal chloramphenicol
agar (RBC) after 48 h and 6 days incubation at 26 ◦C, respectively. The numbers of
microorganisms in bed materials and treated gases in each series were calculated as mean
values from three sampling points, and the results are expressed as CFU/g DM (biofilter
bed samples) or CFU/m3 (gas samples).

The assessment of total live biomass (both culturable and unculturable microorgan-
isms) in biofilter bed samples was carried out based on ATP determination in Deltatox II
portable device (Modern Water, Sand Hutton, York, UK), following the manufacturer’s
manual, and calculated from the Equation (1):

cATP = tATP − fATP (1)

where:

cATP—intracellular ATP, reflecting total live biomass;
tATP—total ATP;
fATP—free-available ATP.

The final result for each series was calculated as a mean value from three sampling
points. To relate the obtained results of ATP measurements to culture-dependent methods,
cATP was converted to microbial equivalents (ME), based on the assumption that 1 cell of
Escherichia coli size contains 0.001 pg (1 fg) ATP.

2.5. Determination of Microbial Activity

Determination of respiratory activity in the biofilter bed materials was performed in
accordance with ISO 16072 [19] using the LOVIBOND BSB/BOD-Sensors system, following
the manufacturer’s manual. Based on the measurement of consumed oxygen, the amount
of produced CO2 was calculated, assuming the molar ratio of consumed O2 to produced
CO2 as 1:1. The mean microbial respiration activity was determined by the linear regression
method (least squares) from the results obtained during the first 72 h and expressed as mg
CO2/(kg DM × h). Microbial activity in bed materials in each series was calculated as a
mean value from three sampling points, the measurement of consumed oxygen in each
sampling point was carried out in three replications.

2.6. Statistical Measures and Methods

Standard statistical comparisons and graphing were made in Microsoft Excel. Results
of standard culture-dependent methods are presented in box and whiskers charts. The
bottom and top of each box are the first and third quartiles, the band inside the box and
the cross marker are the median and the mean, respectively, the whiskers represent the
minimum and maximum values of each data set. Results that are numerically distant from
the rest of the data (outside of 1.5 times the interquartile range above the third quartile and
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below the first quartile) are presented as outliers. As the outliers had a large impact on the
mean values, the results of the different stages of the experiment (biofilter configurations)
are compared based of the median values. Relationships between the quantified microbial
populations and between these populations and microbial respiration activity were tested
using correlation analyses with Pearson’s product moment correlation coefficient and
Spearman’s rank correlation coefficient.

3. Results

The effects of two types of bed materials on bioaerosol emission from biofilters were
estimated on the basis of microbial abundance in gases and beds. Microbial activity was
measured as the respiratory activity of the bed materials.

3.1. Microbial Abundance in Gases
3.1.1. CB Beds

The analysis of the number of bacteria in the waste and treated gases showed that CB
bed in the MBTP biofilter effectively eliminated these microorganisms from the treated
gases (the median number of bacteria was twice lower than in the inlet gases) (Figure 3).
However, CB bed caused a small bacterial emission from the WWTP biofilter and con-
tributed substantially to the emission from the FIP biofilter (the median number of bacteria
in gases treated by these biofilters increased from 1600 cfu/m3 to 2430 cfu/m3 and from
240 cfu/m3 to 1640 cfu/m3, respectively). For all analyzed biofilters the numbers of bacte-
ria in treated gases were higher than in ambient air.
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CB beds turned out to be emitters of fungi from each biofilter, regardless of the type of
treated waste gases (Figure 4). Some results for the MBTP biofilter suggest the possibility
of fungal retention in the bed in some cases of two series of sampling; however, the median
number of fungi in the treated gases (4360 cfu/m3) is higher than in the waste gases
(3100 cfu/m3). Higher variability of the fungal number was also observed.
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3.1.2. CBC Beds

Despite the highest median number of bacteria in waste gases at MBTP (7100 cfu/m3),
neither elimination nor increased emission of these microorganisms from CBC bed was
observed (Figure 5). On the other hand, the same bed material used in the biofilter at
WWTP reduced the median number of bacteria in treated gases from 4600 cfu/m3 to
3300 cfu/m3. On the contrary, the CBC bed at FIP to some extent emitted bacteria, but it
should be emphasized that the content of these microbes in the waste gases at this plant
was the lowest (520 cfu/m3).
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Contrary to CB bed when median number of fungal colony forming units was much
lower (median equaled 3100 cfu/m3 in case of CB and 12,850 cfu/m3 in case of CBC), CBC
bed worked at MBTP as a filter retaining fungi (Figure 6). The median number of fungi
lowered from 12,850 cfu/m3 to 8150 cfu/m3. However, CBC beds worked as emitter in
case of WWTP and, to a greater extent, at FIP, where contents of fungi was much lower in
waste gases (200 cfu/m3 and 174 cfu/m3, respectively).
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3.2. Microbial Abundance in Biofilters’ Bed Materials
3.2.1. CB Beds

Analysis of the microbial abundance in the bed materials of the biofilters revealed
a comparable growth of bacteria in the CB beds at MBTP and WWTP (median number
of bacteria 101 and 129 million cfu/g DM, respectively) (Figure 7). Considerably higher
numbers of culturable bacteria were detected in the CB bed at FIP (341 million cfu/g DM),
which probably contributed subsequently to the higher bacterial emission from the biofilter
bed (see Section 3.1.1). Figure 7 also displays the greater dispersion of the data for the FIP
biofilter compared to the two other plants, which reveals higher variability of the bacterial
number in this biofilter.

A comparable development of fungi (Figure 8) was observed in the CB beds of the
biofilters at MBTP and FIP (medians were 4.1 and 4.9 million cfu/g DM, respectively)
with slightly lower fungal numbers in the biofilter bed at WWTP (1.9 million cfu/g DM).
However, the variability of the fungal number both in time and in sampling points at FIP
was higher than in two other plants.



Atmosphere 2021, 12, 1574 9 of 18Atmosphere 2021, 12, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 7. Total number of bacteria (million cfu/g DM) in CB beds (mix of stumpwood chips and 
pine bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment 
plant (WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers. 

A comparable development of fungi (Figure 8) was observed in the CB beds of the 
biofilters at MBTP and FIP (medians were 4.1 and 4.9 million cfu/g DM, respectively) with 
slightly lower fungal numbers in the biofilter bed at WWTP (1.9 million cfu/g DM). How-
ever, the variability of the fungal number both in time and in sampling points at FIP was 
higher than in two other plants. 

 
Figure 8. Total number of fungi (million cfu/g DM) in CB beds (mix of stumpwood chips and pine 
bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment plant 
(WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers. 

Figure 7. Total number of bacteria (million cfu/g DM) in CB beds (mix of stumpwood chips and
pine bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment plant
(WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers.

Atmosphere 2021, 12, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 7. Total number of bacteria (million cfu/g DM) in CB beds (mix of stumpwood chips and 
pine bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment 
plant (WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers. 

A comparable development of fungi (Figure 8) was observed in the CB beds of the 
biofilters at MBTP and FIP (medians were 4.1 and 4.9 million cfu/g DM, respectively) with 
slightly lower fungal numbers in the biofilter bed at WWTP (1.9 million cfu/g DM). How-
ever, the variability of the fungal number both in time and in sampling points at FIP was 
higher than in two other plants. 

 
Figure 8. Total number of fungi (million cfu/g DM) in CB beds (mix of stumpwood chips and pine 
bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment plant 
(WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers. 

Figure 8. Total number of fungi (million cfu/g DM) in CB beds (mix of stumpwood chips and pine
bark) of biofilters at mechanical–biological treatment plant (MBTP), wastewater treatment plant
(WWTP) and food industry plant (FIP). The band inside the box—median; ◦—outliers.

3.2.2. CBC Beds

Higher numbers of culturable bacteria were detected in the CBC bed at MBTP
(median was 574 million cfu/g DM) than at WWTP and FIP (medians were 122 and
118 million cfu/g DM, respectively) (Figure 9).
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Similarly to CB beds, comparable fungal development was observed in CBC beds at
MBTP and FIP (medians 4.4 and 4.1 million cfu/g DM, respectively), with slightly lower
growth of fungi in the biofilter bed at WWTP (0.1 million cfu/g DM) (Figure 10).
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3.3. Relationships between Microbial Abundance and Microbial Respiration Activity

In order to find relationships between microbial abundance and microbial activity,
the results from each of the two series for each biofilter were considered separately. There
was no general correlation between the number of microorganisms (expressed either as cfu
or ME) and the respiratory activity in the biofilter bed materials (Pearson coefficient was
0.18 and 0.008, Spearman coefficient was 0.03 and 0.23 for CB and CBC beds, respectively).
However, the trends of the microbial activity and microbial abundance, expressed as ME
based on intracellular ATP determination, were consistent in each biofilter and both beds
when considered separately (Figures 11 and 12).
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Figure 11. Microbial abundance (million ME/g DM) (left panel) and microbial activity expressed
as respiration (mg CO2/(kg DM × h)) (right panel) in CB beds (mix of stumpwood chips and
pine bark) in each of two sampling series for biofilters at mechanical–biological treatment plant
(MBTP), wastewater treatment plant (WWTP) and food industry plant (FIP). Error bars illustrate
standard errors.
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Figure 12. Microbial abundance (million ME/g DM) (left panel) and microbial activity expressed as
respiration (mg CO2/(kg DM × h)) (right panel) in CBC beds (mix of stumpwood chips, pine bark,
and compost from green waste) in each of two sampling series for biofilters at mechanical–biological
treatment plant (MBTP), wastewater treatment plant (WWTP) and food industry plant (FIP). Error
bars illustrate standard errors.
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4. Discussion
4.1. Relationships between Microbial Abundance in Gases and Biofilters’ Bed Materials

The microbial abundance in process gases from the aerobic stabilization hall at MBTP,
the sludge drying hall at WWTP, and the production hall at FIP differed significantly
depending on the type of industry. The lowest concentrations of bacteria and fungi were
observed in waste gases from FIP and the highest were observed in waste gases from MBTP.
It should be noted that the microbial content in waste gas from FIP (101–103 cfu/m3) was
significantly lower than in waste gases from dairy, piggery or poultry food processing
(104–106 cfu/m3) presented in literature [20–22]. Waste gas from the sludge drying hall at
WWTP contained 103 cfu/m3 of bacteria and 101–102 cfu/m3 of fungi, which is similar
to bioaerosols usually emitted from WWTPs (101–105 cfu/m3) [23–26]. Concentrations
of bacteria and fungi in waste gas from MBTP observed in our study (103–104 cfu/m3)
were also in the same range as those reported by Pearson et al. [27] and Pahari et al. [28]
(101–107 cfu/m3 and 103–104 cfu/m3, respectively).

The comparison of microbial abundance in waste and treated gases demonstrated
that both CB and CBC beds used in biofilters can reduce substantially bioaerosol emissions
(MBTP), but they can also emit both bacteria and fungi (WWTP and FIP). The final effect
depended mostly on the concentrations of microorganisms in inlet waste gases, although
the type of biofilter bed, and number of microorganisms in the biofilter bed, also affected
the final outcome to some extent. Similarly, Schlegelmilch et al. [29] stated that biofilters
designed for odor removal could act both as a source for microbial emissions originating
from the filter bed and as emission reduction point. The number of bacteria in treated
gases varied from 1.0 × 103 cfu/m3 to 4.0 × 107 cfu/m3 and the final result (bioaerosol
reduction or increased emission) depended on the system configuration (including the
type of a biofilter bed) and operation.

Investigations of the biofilters used to treat toluene vapors [30] and waste gases from a
composting facility [31] showed that biofilters can be quite efficient in reducing bioaerosols
emissions—removal efficiencies varied between studies from 11% to >90% for bacteria
and from 49% to 100% for fungi. In our study, in the case of MBTP, where large number
of bacteria and fungi were present in waste gas, the application of CB bed was effective
in reducing the number of bacteria in the treated gas by around 50%, and the application
of CBC bed resulted in over 30% reduction of fungi in treated gases. On the other hand,
the use of both CB and CBC beds may result in an increase in the concentration of bacteria
and fungi in the treated gases, but mainly in those cases where the microbial content in
waste gases is low, as demonstrated with the biofilters tested at WWTP and FIP. Ottengraf
and Konnings [32] tested full scale biofilters filled with compost-polystyrene particles
and compost to treat waste gases from oriental food processing, flavor and fragrance
production, and domestic wastewater treatment plant. None of the tested biofilters reduced
the concentration of bacteria and molds, and these microorganisms were even emitted from
biofilter beds despite they were not detected before filtration in waste gas from oriental
food processing and domestic wastewater treatment plant. Similar effects were observed
also in our study for the biofilter treating process gases from the production hall at FIP;
high emission of fungal bioaerosol from both CB and CBC beds (medians 1580 cfu/m3 and
4800 cfu/m3) was detected despite very low content of these microorganism in waste gases
(medians 20 cfu/m3 and 174 cfu/m3). Chmielowiec–Korzeniowska et al. [33] reported an
analogous increase in the concentration of airborne bacteria in the treated gas from the
biofilter compared to process gases from the hatchery.

Many authors, reviewed by [31], stated that biofilters could be a source of bioaerosol
emission, and it was generally assumed that the emission was caused by the high abun-
dance of the microorganisms in the biofilter bed. Our study shows that the final concen-
trations of microbes in the treated gases also depended on a type of biofilter bed and its
microbial content. In the case of biofilter at MBTP, which treated process gases with high
content of bacteria (over 14,000 cfu/m3), 50% reduction of bioaerosol was noted for the
CB bed. On the other hand, neither elimination nor increased emission of bacteria from
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CBC bed was observed for this biofilter, despite the two times lower initial concentration
of these microorganisms in the waste gas. However, it should be noted that the median
bacterial content in the CBC bed (5.7 × 108 cfu/g DM) was almost six times higher than
in the CB bed (1.0 × 108 cfu/g DM), which could have affected the biofilter performance.
Notwithstanding, in some cases the CBC bed generated higher microbial emissions than
the CB bed, even though the median numbers of bacteria and fungi were similar in both
beds of biofilters examined at WWTP and FIP, respectively. This means that not only
the high abundance of the microorganisms in the biofilter bed (as reviewed by [31]), but
also other factors play a decisive role in determining whether the biofilter is an emitter of
microorganism into the ambient air. Frederickson et al. [31] showed that the final microbial
concentrations in the treated gases differed depending on the biofilter bed—perlite gener-
ated lower bioaerosol emission (up to 7 × 107 cells/m3) than tezontle (1.3 × 108 cells/m3),
but higher than pine chips and wood chips (104 cfu/m3). Zilli et al. [34] indicated that the
mechanism of bioaerosols reduction in biofilters is based on inertial impaction of particles,
and they are liberated by shear stress. It should be noted that the properties of both bed
materials and the hydraulic parameters of the biofilters examined in our study differed
significantly, as discussed previously [16,17]. The average values of the equivalent diame-
ter and specific surface of the CB and CBC packing grains were 31.08 mm and 6.66 mm,
and 0.71 m2/g and 1.60 m2/g, respectively [16]. As a result, the CBC bed was densely
packed (which is reflected in approximately 1.5 times the pressure drop compared to the
CB bed). Lelicińska–Serafin et al. [17] observed the higher efficiency of pollutants removal
from gases for the CBC bed, which was characterized by the larger specific surface and
the smaller hydraulic diameter, but it is not always accompanied by lower emission of
microbes from the biofilter bed, as demonstrated in this study. Water content in biofilter
beds can also affect the bioaerosol emission from the biofilter, because dryness usually
favors sporulation and cell emission. In this study, water content in CB beds was 10–25%
higher than in CBC beds in all tested biofilters. However, lower fungal emission from the
CBC bed has been reported for WWTP biofilters, which shows that the water content in
the biofilter bed may have a substantially lesser impact on bioaerosol emissions than other
factors such as microbial abundance in the waste gas and/or in the biofilter bed.

Summarizing, the results presented in this study showed that the abundance of
bacteria and fungi in the waste gas is the decisive factor determining the emission from
the biofilter. Both CB and CBC beds can reduce the emissions of bacteria and fungi
from industrial plants when a large number of these microorganisms are present in the
waste gases. It means that the high microbial content in the inlet gases may make the
effect of microbial emission from the biofilter bed negligible. The type of biofilter bed
also plays a role in the final bioaerosol emission; however, it has a much smaller impact,
although to some extent it is relevant for biofilters that treat waste gases with very low
microbial concentrations.

It should be noted that culture-dependent methods have been demonstrated to un-
derestimate the concentration of microorganisms from bioaerosol emissions—only 17%
of the known fungal spores and approximately 1% of bacteria can be cultivable [35–37].
Therefore, the total content of microorganisms in bioaerosol was certainly much higher
than the levels presented in this study. Several techniques to measure or characterize
bioaerosols (such as PCR, DGGE, epifluorescence microscopy, real-time bioparticle sensing,
next-generation sequencing and immunoassays) have been proposed as an alternative to
the culture-depending methods. However, culture-based methods are still used routinely
by researchers and most of the threshold values or guidelines for assessing exposure to
biological factors were established using these techniques.

High numbers of culturable bacteria and fungi (~108 cfu/g DM and ~106 cfu/g
DM, respectively) were detected in both CB and CBC beds. Growth of microorganisms
inhabiting biofilter beds and substrate utilization rates depend on the type of gas pollutants,
the bed composition, and on the operational parameters such as the substrate mass loading
rate, volumetric loading rate, waste gas temperature, pH, moisture. As a result, microbial
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communities in the biofilter beds may differ even in very similar biofilter configurations
and waste gases with the same main pollutants [38,39]. It should be noted that in this
study the beds of biofilters were not inoculated prior to their application and similar
operating parameters were maintained in all biofilters [16]. The only differences were the
pollutant loadings and type of pollutants. Therefore, the number of microorganisms in
the bed materials can be explained by the type of biofilter bed selected in our study and
to some extent by the waste gas characteristics. All process gases mostly contained easily
biodegradable compounds. However, their concentrations in waste gases (measured as
VOCs) were very low (Table 1). While there were variations in average VOCs concentrations
(from <1 ppm at MBTP to 3.5 ppm at FIP), the maximum overall substrate mass loading
rates were slightly higher than 1 g/(m3 × h), which is quite low and may not support the
biomass growth. The literature data indicate that in order to obtain efficient biofiltration, the
concentration of VOCs in waste gases should be at least 10 ppm [17,40], and the elimination
capacity of typical biofilters treating gases with easily biodegradable compounds could
be even 250 times higher [41]. In this study, both of the examined bed materials were
organic and contained additional sources of carbon, nitrogen and phosphorus which were
easily available for microorganisms. We believe that this could explain the large number of
microorganisms in the biofilter beds. Sakuma et al. [40] observed that the biofilter beds that
are rich in organic matter, nitrogen, and phosphorus were more favorable for the microbial
growth and contained more microorganisms than inorganic bed materials used under the
same operating conditions.

As mentioned earlier, the high microbial abundance in the beds of biofilters also had
a certain impact on the final bioaerosol concentrations in the treated gases. The range of
bioaerosol concentrations emitted from biofilters can be remarkably wide and may vary
between 103 cfu/m3 and 108 cfu/m3 [15,29,42]. While threshold values for bioaerosols
have not been officially established by the WHO, various governmental and private or-
ganizations have proposed quantitative guidelines [43]. In accordance with the guidance
of the Environment Agency for bioaerosols at open windrow compost sites [31], the per-
missible values are 1000 cfu/m3 for bacteria and 500 cfu/m3 for fungi. In our research
the limit of bacterial concentration in treated gases was exceeded in all tested biofilters
with both bed materials (1400–7200 cfu/m3). The concentrations of fungi in the treated
gases were also higher for all tested biofilters (1580–8150 cfu/m3) but one with the CBC
bed tested at WWTP. Such concentrations could be potentially harmful to humans and
considering that activated sludge and compost, which are often used as inoculation sources
for biofilters, may contain a large number of pathogenic bacteria, fungi and viruses, it
should be noted that this may result in the release of bioaerosols containing pathogenic
microorganisms during biofiltration, posing a threat on both occupational health as well
as on society in the vicinity of such facilities [13,44]. The solution to this problem could
be the application of a technology to control the bioaerosol emissions released from the
biofilter. Up to date several techniques to inactivate and remove microorganisms from air
have been studied and used for air disinfection: ultraviolet light (UV), O3 and H2O2 (as
strong oxidizing agents), microwave, plasma technology and photocatalysis disinfection
(PCD) [15,45]. The possibility of application of those technologies to control the bioaerosols
emission from biofilters has been studied by several authors [35,36,46,47]. Wang et al. [48]
proved that application of UV as a pre-treatment method in a combined UV-biofiltration
process effectively reduced the emission of bioaerosol from a biofilter treating waste gas
contaminated with chlorobenzene. Saucedo–Lucero et al. [47] successfully applied pho-
tolytic and photocatalytic post-treatment processes to reduce the bioaerosol emission from
biofilter treating waste gas polluted with hexane. Studies of Valdez–Castillo et al. [35,36]
demonstrated that PCD could be successfully used as a post-treatment technology and the
inactivation efficiency of bioaerosol by this method was 70–78% with an active catalyst.
Muszyński et al. [18] showed that the application of membranes designed as a second-step
treatment of waste gases from food industry in combined biofilter could be also a very
efficient tool in bioaerosol removal from treated gases.
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4.2. Relationships between Microbial Abundance and Microbial Respiration Activity

Microbial abundance in the biofilter beds was examined using both culture-dependent
and culture-independent methods, but in most literature studies only one of these methods
has been used [3,48]. However, the analysis of the results obtained in our research showed
no correlations between cfu/g DM and ME/g DM, respectively (statistical data not shown).
It should be stated that the conversion of cATP to ME is based on the assumption that all
microorganisms contain 1 fg of ATP in the cell. Taking into consideration the differences
in microbial consortia inhabiting the biofilter beds, this assumption may not be accurate.
Anet et al. [49] analyzed several bed materials (pines barks, composted wood mulch and
expanded schist) used for biofiltration of odorous emissions. The initial concentrations of
bacteria and cATP were 29.1 × 1013 cfu/m3 and 93 g ATP/m3 of biofilter bed, respectively,
which corresponded to 320 fg ATP/1 cfu. It confirms that probably more than 99% of
bacterial cells were not recovered using microbiological media and the ATP concentration
may also vary depending on the microbial genera [49,50].

It is worth noting that in our study microbial respiration activity corresponds with
microbial abundance expressed as cATP/ME in contrast to the traditional approach (cfu),
although no general correlation could be found. Theoretically, more cATP means that cells
are more active, probably also displaying higher respiratory activity. In turn, more cfu
does not necessarily mean higher respiration level. A large number of cells may be present,
but not necessarily highly active, and this may be the reason for the lack of cfu-respiration
correlation. This indicates that ATP measurement can be used to determine microbial
activity in a biofilter bed but may not always be considered as a measurement of microbial
abundance in biofilters. This thesis was confirmed by the research of Estrada et al. [51],
who also reported a correlation between ATP content and microbial activity measured as
the toluene elimination capacity.

It should be noted that in a specific biotope (the same bed in the same biofilter), similar
abiotic conditions affect the microbial community structure and comparable trends in
activity changes (respiration) and ATP content are observed (Figures 11 and 12). However,
in a different biotope, other groups of microorganisms with different intracellular ATP
content may develop. These findings suggest that cATP-based monitoring of microbial
activity cannot be reliably used when comparing different biofilters with completely differ-
ent microbial communities. However, it is possible to use it for on-site monitoring of one
specific biofilter with a stable microbial community structure.

5. Conclusions

Biofilters used to treat waste gases from mechanical–biological treatment plant, wastew-
ater treatment plant and food industry may reduce bioaerosol emissions from industrial
plant, but they can be also emitters of both bacteria and fungi. The final effect depends
mostly on the content of microorganisms in waste gases, although the type of biofilter bed,
and number of microorganisms inhabiting the biofilter bed also affect the final outcome.
The microbial concentrations in treated gases far exceeded the microbial abundance in am-
bient air. It may result in the release of bioaerosols containing pathogenic microorganisms
during biofiltration, causing hazard for human health.

Microbial respiration activities corresponded with microbial abundance expressed as
ME, which was calculated based on intracellular ATP determination. This indicates that
ATP measurement could be used to determine microbial activity, rather than microbial
abundance in biofilter beds. However, its application may be limited when different
biofilters are compared with completely different microbial communities.
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