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Biofiltration of hydrophobic and recalcitrant volatile organic compounds faces

challenges, and the bioaerosols sourced from the biofiltration might cause

secondary pollution. In this study, the combination of ultraviolet

photodegradation and biotrickling filtration (UV-BTF) was designed to treat

gaseous cyclohexane, and UV post-treatment (post-UV) was further utilized for

the bioaerosol emissions management. Results showed that the combined UV-

BTF permitted faster biofilm formation and had better removal efficiencies (REs)

than the single biotrickling filter (BTF). The maximum elimination capacity (EC)

of UV-BTF and single BTF was 4.4 and 1.32 g m−3 h−1, respectively. Carbon

balance for the bioreactor showed that both BTF and UV-BTF could convert

more than 50% of the initial cyclohexane into microbial biomass. High-

throughput sequencing analysis showed that UV-BTF had a richer and more

diversemicrobial community compared with the single one. The post-UV had a

good inactivation effect on the bioaerosols. Not solely the concentrations

additionally the particle sizes of the bioaerosols from the post-UV became

lower and smaller than those from the single BTF. Microbial analysis showed

that UV had a greater impact on the species and quantity of both bacteria and

fungi, but mainly on the number of bacteria. Such results suggested that UV

could be used as the pretreatment for the enhancement of hydrophobic and

recalcitrant VOCs removal in the subsequent biopurification, and also as the

post-treatment for the inactivation of some harmful bioaerosols.
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1 Introduction

Cyclohexane is commonly used as a solvent and production

material in industry. Because of its highly volatility (saturated

vapor pressure at 20°C is 12.7 kPa), it is easy to emit into the

surroundings during industrial usage (Hwang and Sagadevan,

2014). It is a low-toxic organic substance but is mildly irritating

to the skin, eyes, and respiratory tract (Campbell, 2011). At

present, the common removal technologies for cyclohexane

emission are mostly adsorption and photocatalysis (Andrade

et al., 2020; Hao et al., 2021). With the characteristics of poor

stability and high recycling cost (refer to adsorption), lower

natural light utilization efficiency, and catalyst poisoning,

these treatments have limited applications in industry.

The biopurification of VOCs has attracted an extensive

attention due to its advantages of low cost, simple operation,

green process, and harmless products (Estrada et al., 2011;

Salamanca et al., 2021). Some literatures about the biological

treatment of cyclohexane emissions have been reported. The first

reported bacteria that had the biodegradability for cyclohexane

was isolated by Tausz J (1919) in 1919, and more cyclohexane

degrading bacteria have been reported recently. Salamanca and

Engesser (2014) isolated two cyclohexane-degrading strains from

the sludge sourced from the sewage treatment plant, studying

their biodegradabilities and applying a BTF for the treatment of

cyclohexane emission (Salamanca et al., 2017). BTF is widely

used in the treatment of hydrophilic and biodegradable VOCs,

but its removal for hydrophobic VOCs is poor, mainly due to the

mass transfer problem caused by the low solubility of the gaseous

compound. Several researchers used pretreatment to convert

hydrophobic VOCs into easily soluble intermediates, which

were easily mass transferred into liquid phase, and thus

facilitated the subsequent biopurification operating normally

(Wang et al., 2009b; Wei et al., 2010; Wu et al., 2018). UV

photooxidation is a simple and common technology, and usually

selected as the pretreatment before BTF for the conversion of

hydrophobic and recalcitrant pollutants (Moussavi andMohseni,

2007; Cheng et al., 2011b). Den et al. (2006) used ultraviolet light

(UV) as the pretreatment to convert trichloroethylene and

tetrachloroethylene into more water-soluble intermediates, and

the combined system UV-BTF had better removal effects. Zhu

et al. (2015) found that UV converted styrene into readily

biodegradable compounds such as benzoate, phenol, and

isopropanol, which were completely removed and mineralized

in the subsequent biofilter. Although related bacteria with the

ability to degrade cyclohexane have been reported, due to its

highly hydrophobic and highly volatility, its removal in biofilter

was poor. Therefore, it is a necessity for the utilization of the

combined system UV-BTF treating cyclohexane emission.

BTF relies on the microbial activity to degrade gaseous

pollutants, and the microorganisms on the packing materials

are also prone to form microbial aerosols with the exhaust

discharging from BTF (Ghosh et al., 2015; Pearson et al.,

2015). Bioaerosols pose potential hazards and risks to human

health due to the presence of some inhalable pathogenic

microorganisms. Waste gas biological treatment facilities are

not only the “sink” of microbial aerosols but also the “source”

of microbial aerosols. The control and health risk assessment of

microbial aerosols produced by bioreactors has attracted more

and more attentions from researchers. Sun et al. (2018) studied

the microbial aerosol characteristics in tail gas emissions of sulfur

dioxide and ortho-xylene treated by biofilters. Results showed

that the average concentration of bioaerosol released by

biofiltration was 318 CFU m−3, and the bioaerosol contained

some potential pathogenic bacteria. Hu et al. (2020) studied

the effect of biofiltration on bioaerosol emissions, and the results

showed that factors such as biomass, air intake velocity, and

water content had significant effects on bioaerosol emissions. In

recent years, various technologies, such as heat treatment,

ultraviolet sterilization, microwave radiation, etc. have been

developed to control the microbial aerosols, among which UV

is the most commonly used inactivation method (Kujundzic

et al., 2007; Wang et al., 2019b). Wang et al. (2019b) studied

the relationship between UV irradiation dose and microbial

inactivation efficiency, and in-depth analyzed the endotoxin

changes during the bioaerosols inactivation process. Wang

et al. (2009a) found that ozone produced by UV pretreatment,

had an effective technique for reducing bioaerosol emissions

from biofilters. However, most biofilter studies focused only on

bioaerosol concentration, and rarely assessed the bioaerosol

hazards from particle size and microbial community,

especially the effects of inactivation technologies (e.g., UV) on

various microbial populations belonging to the biological

aerosols. Therefore, it is necessary to carry out the researches

about microbial analysis. Such results will provide useful

information for the accurate control of the concentration and

harm of bioaerosol in the exhaust of bioreactor.

Previous studies showed that UV-BTF had an attenuating

effect on bioaerosol concentrations in biofilters, and further

consideration would be given to design a separate UV placed

behind the combined device to enhance its inactivation effects. In

this study, the performance of a UV-BTF to treat gaseous

cyclohexane and the inactivation impact of UV on bioaerosol

were evaluated. The effects of initial cyclohexane concentration,

empty bed residence time (EBRTs), and inlet loading were

investigated by the comparison with the single BTF.

Investigation of carbon distribution in both systems provided

valuable information on their own performance in cyclohexane

removal and carbon conversion. High-throughput sequencing

assessed the differences between microbial communities in the

BTFs. In addition, data on bioaerosol concentration, particle size,

and microbial diversity at the three sampling sites was evaluated

to discuss the bioaerosol control effect by UV. Some relevant

results will further expand the application of the coupling

technology in industrial waste gas treatment and bioaerosol

control.
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2 Materials and methods

2.1 Experimental setup

The mixed flora used in this experiment was acclimated from

the sludge of a sewage treatment plant in Hangzhou.

Polyurethane foam (PUF) was selected as the packings, with

the characteristics of good mechanical strength, high porosity, no

toxic, and low cost. The required culture medium is shown in

Supplementary Table S1.

BTF was constructed of two cylindrical glass sections with an

internal diameter of 8.0 cm and an effective length of 80.0 cm.

Figure 1 is the schematic diagram of BTF used in this study,

which was mainly composed of four parts: a gas circuit, a

recirculating nutrient solution, a UV irradiation equipment,

and a filter. A certain proportion of cyclohexane and air was

passed through the gas mixing tank into single BTF and

combined UV-BTF systems, the gas velocity was controlled by

a rotameter to adjust the proper EBRTs. The mineral salt nutrient

solution was pumped and sprayed from the top of BTF through a

circulating pump, forming a countercurrent with the exhaust gas.

Both BTFs were equipped with two sampling ports including the

inlet and outlet, each of which for the measurement of VOCs and

CO2 concentrations. Besides, the biofilters had openings for

microbial samples used for the analysis of microbial diversity.

2.2 Reactor operation and analysis
methods

16 L PU packing (8 L per tower on average) in mineral salt

nutrient solution (sludge volume: nutrient solution volume = 1:3,

in which nutrient solution was 10 L) was left to stand for 48 h and

then the packing was put into BTF. Discharged 2 L of nutrient

solution every day, and supplemented the same amount of

nutrient solution. The pH of the nutrient solution was

maintained at 7.0, and the temperature of the nutrient

solution was maintained at 30°C.

The pre-experiment determined the inlet concentration to be

50, 100, and 200 mg m−3, the EBRT of BTF was determined to be

100, 168, and 200 s, and the UV residence time was determined to

be 10 s. The biofilter operation was divided into four periods: a

start-up and three steady-state operation periods with different

EBRTs. The combined UV-BTF and the single BTF systems

operated for about 80 days under the same conditions

(Supplementary Table S2; Supplementary Table S3). The

control conditions in the start-up period were as follows: the

inlet concentration was 100 mg m−3, the nutrient solution

spraying volume was 30 L h−1, and the gas flow rate was

0.25 m3 h−1. In the steady-state operation periods, under the

conditions of different inlet concentrations and residence

times illustrated before, the effect of process parameters on

FIGURE 1
Schematic diagram of the bio-trickling filter (1. cyclohexane reagent; 2. U-tube; 3. air mixed tank; 4. nutrient tank; 5. BTF; 6. UV photoreactor; 7.
air pump; 8. rotameter; 9. circulating pump; 10. sampling port; 11. bioaerosols sampling site).
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the pollutant removal by the single BTF and combined UV-BTF

were investigated. REs in the start-up and steady-state operation

periods, as well as the elimination capacity (EC), and CO2

production of the single BTF and combined system were

compared to assess their removal characteristics. The

intermediates of UV photolysis in the combined UV-BTF

system were analyzed. Further, the carbon distribution of the

two systems was analyzed from the perspective of carbon

balance, which was mainly analyzed into four parts: carbon in

cyclohexane, carbon in CO2, carbon converted into cellular

biomass, and carbon dissolved in the nutrient solution.

The concentration of cyclohexane in the gas phase was

detected by a Fury 9790 II gas chromatograph equipped with

a flame ionization detector (FID). Carbon dioxide concentration

was detected by a Fore 9790 II gas chromatograph equipped with

a Thermal Conductivity Detector (TCD). Total organic carbon

(TOC) was measured using Thermo Fisher Vario TOC. The

intermediates were analyzed by Agilent 7890A GC/MS. The

ozone concentrations of the system were detected by the

Shenzhen Pulitong Ozone detector. The above analysis

methods and equipment are detailed in Supplementary Table S4.

In the present study, the volume change due to chemical

reactions was negligible; thus, the cyclohexane RE was defined as

follows:

RE of cyclohexane(%) � Cin − Cout

Cin
× 100% (1)

EC (gm−3 h−1) was defined as the cyclohexane mass removed

per unit volume of medium per unit time.

EC � Cin − Cout

V
× Q (2)

Mineralization efficiency (%) was defined as the proportion

of carbon in the effluent CO2 to the carbon mass in the entry

cyclohexane.

In these above formulas, Cin and Cout are the initial and final

cyclohexane concentrations (mg m−3), respectively. Q is the gas

flow rate (m3 h−1), and V is the flow rate (L min−1).

2.3 Bioaerosol sampling and analysis
methods

In order to study the effect of biofilter operating

conditions and post-UV on combined UV-BTF tail gas

bioaerosol, three bioaerosol sampling points were set up

(Figure 1) and named as: Inlet Bioaerosols (IB), the single

BTF Bioaerosols (SBB), and post-UV Bioaerosols (UVB). The

sampling time was 10 min, and the sampling flow rate was

28.3 L min−1. The sampling instrument was Anderson six-

stage microbial sampler from Changzhou YiTong Analytical

Instrument Manufacturing Co., Ltd. Bioaerosols were divided

into six stages according to the size distribution, 0.65–1.1 µm,

1.1–2.1 µm, 2.1–3.3 µm, 3.3–4.7 µm, 4.7–7.0 µm, and >7.0 µm
(Andersen, 1958). The above-mentioned particulate matter

represents the deposition sites in the respiratory system.

Collected bacterial samples were incubated at 30°C for

48 h, and fungal samples were incubated at 37°C for 120 h.

Colony count concentrations were corrected by the Positive-

hole correction method. The calculation formula is as follows:

C � 1000N
QT

(3)

N is the total number of colonies on the Petri dish, CFU;Q is

the flow rate of the sampling pump, 28.3 L min−1; T is the

sampling time, 10 min.

Bioaerosol particle size distribution which is expressed as the

percentage of colonies at all levels to the total colonies, the

calculation formula is as follows:

The number of microbial particles at each level (%) = the

number of colonies at this level/the total number of

colonies × 100%.

The count median diameter (CMD) refers to the particle size

of bioaerosol particles when the number of particles distributed

above and below the particle size accounts for 50% of a certain

value. Calculate according to the following formula (Finlay and

Darquenne, 2020):

yx � a + blnx CMD � e
50−a
b (4)

yxis the cumulative percentage of all levels smaller than a certain

graded particle size (x), %; x is certain graded particle size, μm; a

is the intercept; b is the slope.

2.4 Microbial diversity analysis

Microbial and aerosol samples for UV-BTF and the single

BTF systems were analyzed. Select the genus whose relative

abundance accounts for more than 2% of all samples, retain

the relative abundance, and analyze the combined UV-BTF

system respectively relative abundance of species.

Microbial DNA was extracted using the E.Z.N.A. Soil

DNA Kit (Omega Bio-tek, Norcross, GA, United States)

according to manufacturer s protocols. The V3-V4 region

of the bacteria 16S ribosomal RNA gene were amplified by

PCR (95°C for 2 min, followed by 25 cycles at 95°C for 30 s,

55°C for 30 s, and 72°C for 30 s and a final extension at 72°C

for 5 min) using primers 341F 5-barcode-

CCTAYGGGRBGCASCAG-3′ and 806R 5′-
GGACTACNNGGGTATCTAAT-3′, where barcode was an

eight-base sequence unique to each sample. PCR reactions

were performed in triplicate 20 μl mixture containing 4 μl of

5 × FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each

primer (5 μM), 0.4 μl of FastPfu Polymerase, and 10 ng of

template DNA. Amplicons were extracted from 2% agarose
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gels and purified using the AxyPrepDNA Gel Extraction Kit

(Axygen Biosciences, Union City, CA, United States)

according to the manufacturer’s instructions and

quantified using QuantiFluor™ -ST (Promega,

United States). Purified amplicons were pooled in

equimolar and paired-end sequenced (2,250 bp) on an

Illumina MiSeq at Mingke Biotechnology (Hangzhou) Co.,

Ltd., Zhejiang province, China.

Reads obtained by Illumina Miseq sequencing were first

spliced according to overlap, and sequence quality was

controlled and filtered at the same time. After

distinguishing the samples, OTU clustering analysis and

species taxonomy analysis were performed. Based on the

results of OTU clustering analysis, multiple

diversity indices could be analyzed for OTUs. Based on

taxonomic information, statistical analysis of

community structure could be performed at various

taxonomic levels.

2.5 Statistical analysis

Data analysis and graphing were performed using Excel 2016,

Origin 2021, and R studio software.

3 Results and discussion

3.1 Reactor operating characteristics

For the single BTF (Figure 2A), at the startup period, when

the concentration of cyclohexane was constant at 100 mg m−3,

the REs rose slowly in the first 20 days, only 25.6%, which was

considered to be the adaptation of microorganisms to

cyclohexane, and the formation of biofilm was not yet

complete; during 20–30 days, when the microorganisms grew

in large numbers, REs increased and fluctuated with the changes

in the activity of the microorganisms. After 30 days, the biofilm

gradually stabilized, but REs were only about 40%. UV-BTF

approach permitted faster biofilm formation than the single BTF

(Figure 2B), and had a greater improvement in the overall RE. At

the same inlet concentration, the REs had increased to 53% on

12 days, UV photodegradation produced less toxic biodegradable

intermediates, which reduced the inlet cyclohexane loading and

enabled rapid biofilm formation. From 12 to 32 days, a large

number of microorganisms accumulated, and REs further

increased to more than 95%. Moussavi and Mohseni (2007)

indicated that UV pretreatment as a buffer could reduce the

transient effects and durations of higher toluene and o-xylene

loading, thereby improving the overall performance of BTF. Zhu

FIGURE 2
Overall performance of the single BTF (A) and the combined UV-BTF (B) during the start-up and stable operational periods. Performances (C)
and CO2 productions (D) at different inlet loads and EBRTs during the whole operation.
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et al. (2015) found that the pretreatment UV converted styrene

into some easily biodegradable intermediates (benzoate, phenol,

isopropyl alcohol, etc.), making styrene inlet load into the

biofilter lower. As a result, the rapid formation of combined

UV-BTF biofilms could be achieved.

From Figure 2C, when the EBRTs were 200 s and the inlet

concentration was increased from 50 to 200 mg m−3, the REs of

the single BTF decreased from 60% to 30%, and the maximum

EC was 2.1 g m−3 h−1. For UV-BTF system, the RE decreased

from 100% to 60%, and the maximum EC was 4.4 g m−3 h−1.

When the EBRTs were 100 s and the inlet load increased to

12 g m−3 h−1, the maximum EC of the single BTF was

1.32 g m−3 h−1, while the maximum EC of combined UV-BTF

was 4.4 g m−3 h−1. UV-BTF had a higher EC, and when the inlet

load increased, the EC was relatively stable, showing better

resistance to shock loading. According to the preliminary

experiments about UV photodegradation of cyclohexane

(Supplementary Figure S1), some intermediates with better

water solubility and weaker biological toxicity were detected,

such as n-butanol, cyclohexanone, and 2-methylcyclopentanone.

The production of these intermediates not only enabled the

continuous growth of biofilms by virtue of more abundant

carbon sources, but also worked as the solvent enhancing the

mass transfer of cyclohexane from gas to liquid. Previous studies

(Rene et al., 2009) showed that the presence of hydrophilic

compounds (alcohols, aldehydes, and ketones) in BTF

enhanced the absorption and removal of hydrophobic VOCs.

The destruction of photodegradable intermediates in BTF was

caused by a combination of hydrolysis, adsorption and microbial

degradation. On the one hand, the production of these

intermediates improved the mass transfer effect (Cheng et al.,

2020) and reduced the inlet load of cyclohexane; on the other

hand, a variety of biodegradable compounds enriched the carbon

source required by microorganisms and promoted the

occurrence of the whole process of microbial degradation

(Den et al., 2006). Therefore, the combined UV-BTF system

had higher REs and EC than the single BTF. With the shorter

EBRTs, the combined UV-BTF and the single BTF showed

varying degrees of reduction in REs, and the reduction in

removal capacity might be due to the metabolic sluggishness

caused by insufficient contact time of pollutants with biofilms

(Kennes et al., 2009). Salamanca et al. (2017) used a biofilter

packed with PUF to treat cyclohexane, with REs and EC of 80%–

99% and 5.4–38 g m−3 h−1, respectively. Compared with previous

studies on the treatment of hydrophobic VOCs by BTF, the

removal performance of present study was similar to that

reported by Wu et al. (2016), the performance of which was

Res of 40%–100% and EC < 8.39 g m−3 h−1 under EBRT of

200–400 s. Although the performance was slightly lower than

that of some common VOCs, but much higher than that of

chlorinated VOCs such as trichloroethylene (Quan et al., 2017).

It is ideal to convert VOCs into harmless product CO2, so the

production of CO2 was further used to evaluate the performance

of BTF. In theory, the linear relationship between the generation

of CO2 and the removal of cyclohexane was y = 3.143x. In the

present study, the linear relationships of the single and combined

BTF were y = 0.97x and y = 1.302x, respectively, indicating that

the mineralization efficiencies were 30.9% and 41.4%. The

mineralization efficiency of both were low, and there was a

certain gap between the theoretical and actual value.

Nonetheless, as EC increased, the CO2 production efficiency

was quite constant. It can be seen from Figure 2D that the

mineralization efficiency of combined UV-BTF system was

higher than the single BTF. The reason for this result might

be that UV pretreatment could convert cyclohexane to some

compounds, which the microorganisms could easily use them for

their growths (Yu et al., 2014). In order to further clarify the fate

of carbon in the reactor, an analysis of carbon balance was carried

out in Section 3.2.

3.2 Carbon balance analysis for rector

Under the function of microorganisms inhabiting in single

and combined BTF, the carbon contained by the initial

cyclohexane was mainly converted into three parts: carbon

contained by CO2 (remarked as C-CO2); carbon contained by

residual cyclohexane in the outlet gas phase (C-C6H12); carbon

contained by the growing microbial biomass (C-biomass); and

total carbon dissolved in the circulating solution (TOC) (Li et al.,

2019). When the residence time was 200 s, the mineralization

efficiencies of the single BTF and UV-BTF systems in the present

study were low. Therefore, the investigation of the fate of carbon

other than CO2 was particularly important. Carbon distribution

in different biofilters is shown in Table 1 below.

In the gas phase, the residual cyclohexane in the single BTF

and UV-BTF was 7.6% and 5.1% (Supplementary Figure S2),

respectively, indicating that the UV-BTF system produced less

second pollution to the environment. Although UV pretreatment

generated more hydrophilic intermediates, less TOC and total

inorganic carbon (TIC) contents of the liquid phase were

detected in the case of UV-BTF. These intermediates were

more hydrophilic and easier to be degraded by

microorganisms without flowing out with the nutrient

solution. They constituted a variety of carbon sources for the

microorganisms’ growths in the UV-BTF system, reflecting a

better overall removal performance. The carbon used for

microbial biomass growth accounted for 51.3% and 58.9%,

respectively. The biomass produced by UV-BTF was slightly

lower than the single BTF, which was attributed to the effect of

UV-generated ozone on microorganisms, and the ozone

concentration in the present study is shown in Supplementary

Figure S3. Yeung et al. (2021) showed that low doses of ozone can

significantly improve the overall performance of biofilters by

forming a stronger microbiome and improving clogging

problems. Therefore, the amount of biomass alone was not

Frontiers in Environmental Science frontiersin.org06

Sun et al. 10.3389/fenvs.2022.1010980

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1010980


enough to describe the role of microorganisms in the system, and

information on the structure of the microbial community was

also needed. In addition, the deviation between the inlet and

outlet of carbon flow might be the soluble microbial products in

the circulating solution, extracellular polymeric substances

generated by bacteria, and so on (Jiang et al., 2010).

In the context of “dual carbon,” the efficient management of

VOCs must take into account the reduction of carbon emissions.

Previous studies on the removal of VOCs by UV-BTF had high

mineralization efficiency. Jiang et al. (2016) showed that the

mineralization efficiency of the single BTF and UV-BTF systems

for chlorobenzene removal were 87.6% and 92.7%, respectively.

Cheng et al. (2011a) found that the mineralization efficiency of α-

pinene removal were 61.4% and 84.6%, respectively. Most studies

about the biofiltration of VOCs showed that the proportions of

C-CO2 by the bio-reactor was nearly >60% (Bester et al., 2011).

Although CO2 might the proper endpoints in the past years, it

was not popular endpoints in recent years. That meant it should

minimize the production of CO2 while removing pollutants

(Bordoloi and Gostomski, 2019). In the present study, the

mineralization efficiency of the two BTF systems was low,

more than 50% of carbon was converted into nutrients

required for the growth and reproduction of microorganisms

through assimilation, which had a certain carbon sequestration

and emission reduction potential. Compared with the

photocatalytic and thermocatalytic treatment of cyclohexane,

the biological method had milder conditions and lower

operating costs. The application of the biocatalytic route in

recent years has improved the problems of high

mineralization efficiency and poor reaction selectivity in

biological methods. Salamanca et al. (2021) made an

Acidovorax sp. mutant whole-cell biocatalyst by deleting the

downstream enzymes of the bacteria, and 98% of cyclohexane

was converted into omega hydroxycarboxylic acids with

industrial value. The use of enzymes or whole cells to catalyze

the conversion of cyclohexane and cyclohexanol to caprolactone

has been extensively reported (Mallin et al., 2013; Staudt et al.,

2013). Biological methods have potential in carbon emission

reduction in the process of VOCs treatment. Reduce microbial

respiration in different stages to increase the assimilated carbon

sequestration process or selectively convert pollutants into

valuable products; effectively utilize the chemical energy

generated in the process of microbial degradation of VOCs,

all of which will be important directions for biological

removal of VOCs under the context of “dual carbon.”

3.3 The effect of UV post-treatment on
bioaerosols in the tail gas

3.3.1 Bioaerosol emission concentration
The gas velocity determines the shear force between the

biofilm and the gas flow, thereby affecting the emission of

bioaerosols. From Figure 3A, the increase in gas velocity leads

to an increase in the concentration of bioaerosols. At a gas

velocity of 0.25 m3 h−1 (residence time is 200 s), the total

bioaerosol concentration of the SBB and UVB was

578 CFU m−3 and 84 CFU m−3, which suggested that the post-

UV had excellent inactivation effect on bioaerosol. When the gas

velocity increased to 0.3 m3 h−1, the bioaerosol concentration of

both increased, and the inactivation effect by UV decreased. The

wavelength of the ultraviolet lamp used in this study was 185 nm,

and its radiation dose was 8 J m−2 (10 s). The UV wavelength and

exposure time in the study were similar to those of previous

studies, but the lower UV intensity and radiation dose resulted in

poor removal of aerosol microorganisms. Wang et al. (2019a)

found that with the same UV exposure time (0–25 s), the E. coli

inactivation efficiencies by different wavelengths were 185 nm >
254 nm > 365 nm, and they further proposed that 254 and

365 nm UV could act on microbial DNA fragments to cause

their inactivation, but this damage could be repaired by itself;

185 nm UV inactivation was attributed to the reactive oxygen

species by the photolysis. The study by King et al. (2011) showed

that under a certain humidity, for 90% inactivation of the three

bacteria B.atrophaeus, P. agglomerans and Y. ruckeri in the

atmosphere, the required UV irradiation doses were 70.3,

73.3, and 18.3 J m−2, respectively. Studies have shown that UV

inactivation of bioaerosols was related to the irradiation intensity

and irradiation time of UV lamps (Ko et al., 2000). Therefore, it is

necessary to increase the UV intensity to determine the

appropriate irradiation dose. Ko et al. (2000) found that,

unlike bioaerosols emitted in solids, bioaerosols produced in

TABLE 1 Distribution of carbon in the single BTF and UV-BTF systems.

System inlet System outlet Biofilm

Systems C-cyclohexane (mg) Gas phase (mg) Liquid phase (mg) C-biomass (mg) Deviation (%)

C-CO2 C-Cyclohexane Organic C Inorganic C

The single BTF 1,797.3 531.4 ± 0.5 132.9 ± 0.8 49.1 ± 0.9 3.5 ± 0.2 1,026.5 ± 0.5 3.01

UV-BTF 1,773.3 730.3 ± 0.6 86.4 ± 0.5 32.1 ± 0.7 4.2 ± 0.3 875.6 ± 0.4 2.52
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liquid phase were usually covered with a water film that resisted

the inactivation of UV light. In the present study, the bioaerosol

of the biofilter tail gas had a certain humidity, which might

weaken the subsequent UV inactivation to a certain extent.

Figure 3A shows the mean concentrations of bacteria and

fungi at different gas velocities detected at individual sampling

sites. With the increasing in gas velocity, the bioaerosol

concentrations of three sampling sites increased. When the

gas velocity was 0.25 m3 h−1, the bioaerosol concentrations of

bacterial and fungal in SBB site were 360 CFU m−3 and

219 CFU m−3. As the gas velocities increased gradually to

0.3 m3 h−1, the bacterial and fungal concentrations in SBB site

increased to 547 CFU m−3 and 301 CFU m−3, respectively. Fungal

and bacterial concentrations in UVB site also increased, from

53 CFU m−3 and 33 CFU m−3 to 246 CFU m−3 and 152 CFU m−3,

respectively, UV still played an important role in inactivation.

Airflow disturbance would have played an important role in the

spread and transport of microorganisms in BTF-packed biofilms.

Relevant studies (Lighthart and Shaffer, 1997) showed that wind

speed was positively correlated with the concentration of

microorganisms in the air, and the increase in wind speed

caused the disturbances between the gas and liquid to spread

the microorganisms in the liquid into the atmosphere (Montero

et al., 2016). Wang et al. (2019b) found that, in sewage treatment

plants, the increase in aeration rate increased the number and

diversity of microorganisms. Higher gas velocity created strong

shear forces on BTF biofilms, making it easy for microorganisms

to spread into the gas phase. At a gas velocity of 0.50 m3 h−1, the

bioaerosol concentrations of the three sampling sites were lower

than those at the previous two gas velocities, and the proportion

of fungi, unlike before, was greater than that of bacteria. When

the gas velocity increased to a certain extent, although the

bioaerosol was more likely to be brought out, the volume of

the mixed gas also increased, so the dilution effect was dominant.

Hu et al. (2020) showed that when the gas was increased to a

certain flow rate, the bioaerosol emission concentration

decreased due to dilution. In addition, the fungi were more

hydrophobic and spore-producing, and thus accounted for a

larger proportion of bioaerosols than bacteria (Spigno et al.,

2003).

According to China’s “Indoor Air Quality Standards” (GB/T

18883-2002), the bioaerosol concentrations of the three sampling

sites at each airspeed belonged to the “clean level” (the total

bioaerosols <3,000 CFU m−3, bacteria <1,000 CFU m−3,

fungi <500 CFU m−3). Hu et al. (2020) showed that the

concentration of bioaerosols emitted from bioreactors ranges

from 103 to 106 CFU m−3. Zhang et al. (2017) detected that the

average annual bacterial concentration of airborne bioaerosols in

the Beijing-Tianjin-Hebei region was 1,380–3020 CFU m−3 and

fungi were 89–2270 CFU m−3. It can be seen that the

concentration of bioaerosol discharged in this study was low,

and at an approximate gas velocity, it was close to the

FIGURE 3
(A) Bioaerosol concentration at different gas velocities, (B) Particle size distribution of bacteria and fungi.
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concentration of the biochemical reaction tank for wastewater

treatment reported by Wang et al. (2019b).

3.3.2 Particle size distribution
The particle size distributions of bacteria and fungi in

aerosols from the three sampling sites is shown in Figure 3B.

UV radiation resulted in a greater overall reduction in

particles >4.7 μm than particles <4.7 μm. After UV control,

the proportion of 1.1–4.7 μm bioaerosol was relatively high.

Combined with the previous studies (Li et al., 2021b), the

bioaerosols with larger particle size were easily settled back

into BTF systems after inactivation, while bioaerosols in

particles <1.1 μm were more easily inactivated by UV. Studies

showed that fine particles with a particle size <4.7 μm were more

likely to deposit in the respiratory tract and alveoli, especially

microbial aerosols that carried pathogenic bacteria and

pollutants, which were more harmful to the human body.

Near 41% (IB) and 38% (SBB) bacteria were attached to

particles larger than 4.7 μm; as for UVB, bacteria aerosols

smaller than 4.7 μm accounted for nearly 86%, in which

2.1–3.3 μm dominated. Ferguson and Dumbrell (2017)

reported that live bacterial bioaerosols existed in the form

of single cells and cell aggregates, in which single cells

attached to small particles (<3.3 μm), and cell aggregates

attached to larger particles (>3.3 μm). In this study, due to

the natural sedimentation of particles larger than 4.7 μm after

inactivation, the proportion of bioaerosols of 3.3–4.7 μm in

the outlet from UVB increased, and the single-cell bacterial

aerosols of <3.3 μm were dominated in general. Li et al.

(2021b) found that the overall reduction in coarse particles

was greater than fine particles sourced from a rural

wastewater treatment station.

Compared with bacteria, fungal aerosols accounted for more

small and medium particle sizes, and there were almost no

particles larger than 7 μm. The proportion of each site in the

4.7–7 μm particle size was IB > SBB > UVB; among the particle

size <4.7 μm, the proportion of 1.1–2.1 μm particles increased,

0%, 37%, and 56% for IB, SBB and UVB, respectively. Other

particle size distribution remained roughly unchanged at the

three sampling sites. Fungal aerosols >4.7 μm accounted for 38%

in IB site, which was close to the proportion of fungal aerosols by

Li et al. (2021a). After post-UV inactivation, although the aerosol

concentrations of fungi were reduced, their particle sizes shifted

to smaller ones, which was probably mainly consisted of

unicellular fungi or spores.

It can be seen from Supplementary Figure S4 that the

difference CMD of bacteria and fungi at each sampling site

was basically small, but the overall situation is IB > SBB >
UVB, which was consistent with the results discussed above.

The CMD of bacterial aerosols was larger than that of fungal

aerosols. Such reasons might be that bacteria were mainly

adsorbed on the surface of dust particles, while fungi existed

in the air in the form of single spores.

3.4 Microbial diversity analysis

3.4.1 Comparison of microbial communities
developed in biofilters

To investigate the effect of UV pretreatment on the microbial

structure, the analysis of community diversity was performed on

microbial inoculum (INO) and two BTFs before film hanging. The

diversity index of microbial community in combined UV-BTF and

the single BTF is shown in Supplementary Table S6. Such the

comparison found that combined UV-BTF had more OTUs and

exhibited higher microbial richness. As a result, combined UV-BTF

system had the higher diversity (Shannon = 3.42, Simpson = 0.1076)

than the single BTF (Shannon = 2.97, Simpson = 0.1291).

As shown in Figure 4, the genera such as Alicycliphilus in INO

gradually disappeared after its inoculation into BTF, and other genera

with relative abundance lower than 2% got good growth after

inoculation, which may be the result of natural selection of

superiority and inferiority under long-term stress of contaminants.

The most dominant microorganisms in both BTFs were

Pseudomonas, Ferruginibacter, Hydrogenophaga, Bacillus, and

Acinetobacter. Pseudomonas accounted for 34.5%,

Hydrogenophaga accounted for 7.9%, and Acinetobacter accounted

for 3.7% in the single BTF; while Pseudomonas accounted for 41.2%,

Hydrogenophaga accounted for 13.6%, Bacillus accounted for 12.1%,

and Acinetobacter accounted for 4.1% in combined UV-BTF system.

The increased proportion of these bacteria in UV-BTF and the single

BTFmight be related to the biodegradation of cyclohexane and some

related compounds. Pseudomonas has been shown to be capable of

effectively removing VOCs, and reported to convert cyclohexane to

epsilon-caprolactone or 6-hydroxycaproic acid (Bretschneider et al.,

2022). Acinetobacter was found to be the degrading bacteria of

cyclohexanol and cyclohexanone (Cheng et al., 2000). The UV

FIGURE 4
Hierarchical cluster analysis of INO, the single BTF and
combined UV-BTF bacterial communities.
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photodegradation product n-butanol was also reported to be

degraded by Bacillus (Kuisiene et al., 2008). Figure 4 also shows

that the species diversity of microorganisms was shown as combined

UV-BTF> the single BTF > INO. Because a variety of intermediates

in combinedUV-BTF could be carbon sources formicroorganisms, a

diverse microbial community formed. Compared with the single

BTF, the stronger microbial flora in the combined UV-BTF

improved the removal of cyclohexane and maintained the stability

of the entire reaction system.

3.4.2 Microbial communities in bioaerosols in
biotrickling filter exhaust

The bacterial and fungal aerosol diversity index analysis is shown

in Table 2. Compared to the sample IB, the Chao index of

microorganisms in the sample SBB increased. Higher Shannon

and lower Simpson suggested that microbial diversity were much

richer in bioaerosols. The Chao indices for sample UVB was roughly

the same as the ones for sample IB, indicating that UV inactivation

was efficient. Although as previouslymentioned, theUV-BTF system

had a higher microbial richness and diversity, the abundance of

bacteria and fungi in aerosols reached the inlet level. As for bacteria,

the Shannon index and Simpson index of SBB and UVB were not

much different from IB, and sample SBB was higher. Under UV

inactivation, the bacterial aerosol diversity in the sample UVB was

lower than that in sample IB. Compared to bacteria, the diversity and

richness of fungi were low for three samples, indicated that the fungi

accounted for less in the bioaerosol. Compared with sample IB, the

diversity and richness increased to a certain extent for sample UVB,

and the increase for sample SBB was more obvious. Such results

suggested thatmost fungi weremore likely to enter the gas phasewith

the airflow to becamemicrobial aerosols (Ferdowsi et al., 2017). Since

both BTFs were dominated by bacteria, in general, the abundance

and diversity of bacteria in aerosols were greater than those of fungi,

which was consistent with the previous conclusion about the

proportion of bacterial and fungal aerosol concentrations (Ibanga

et al., 2018). After the fungi were inactivated by UV, the diversity was

slightly higher than that of sample IB but significantly lower than that

of sample SBB.

The community composition is shown in Figure 5. The genera

with a higher average relative abundance of bacterial aerosols in

sample IB were Acinetobacter (28.5%), Enterobacter (10%), Kocuria

(9.8%), Massilia (8.4%), and Bacillus (2.8%). Acinetobacter and

Enterobacter were reported to be isolated from wastewater

treatment plant aerosols (Uhrbrand et al., 2017; Wang et al.,

2019b). Bacillus sp. was reported to be the most predominant

genus of bacterial bioaerosols generated from the waste treatment

facility and its vicinity (Pahari et al., 2016).For sample SBB, the

bacteria genera with the highest relative abundance were replaced by

Pseudomonas (19.2%), and the relative abundances ofMicrobacterium

(17.5%), Acinetobacter (14%), Lysinibacillus (4.4%), and Roseomonas

(3.4%) were also higher. Pseudomonas is common in sewage

treatment plants and it can biodegrade many organics (Wang

et al., 2018), which was the dominant bacteria in the bacterial

TABLE 2 Diversity Index Analysis of bioaerosols of the single BTF and
UV-BTF at the genus levels.

Sample Chao Shannon Simpson Coverage

Bacterial IB 44 2.29 0.1448 0.999877

SBB 73 2.57 0.1044 0.999959

UVB 46 2.16 0.181 0.999959

Fungal IB 8 0.59 0.6056 0.999956

SBB 13 1.47 0.3029 0.999978

UVB 9 0.83 0.5009 0.999968

FIGURE 5
Distribution of bacterial and fungal population in bioaerosols from three sites.
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aerosols emitting from the BTF in the present study. Compared with

the sample IB, after the community succession process under the

interference of pollutants, the degrading bacteria related to

cyclohexane gradually became the dominant flora. The bacteria in

the aerosol originated from the reactor, and it could be seen that the

same genera with higher abundance were Acinetobacter, Dokdonella,

Enterobacter, and Pseudomonas. These bacterial aerosol particles

carried some microorganisms that posed a potential threat to

human health. Studies have shown that Pseudomonas widely

existed in soil and air, with many species, and contained

opportunistic pathogens closely related to human health

(Uhrbrand et al., 2017). Acinetobacter is a gram-negative bacteria

and is an opportunistic pathogen. After inhalation through the

oropharynx, it may cause endogenous infection, resulting in

respiratory tract inflammation such as bronchitis and bronchitis

(Fracchia et al., 2006). After UV inactivation, the microbial

diversity and bioaerosol concentration decreased, and the genera

with higher relative abundance changed to Pseudomonas (35.9%),

Bacillus (21.1%), Acinetobacter (14.2%), and Microbacterium (6.9%).

It can be seen that UV has a good inactivation effect on some bacteria

such as Microbacterium, the inactivation of the dominant degrading

bacteria (Pseudomonas, Acinetobacter) and bacteria with a special

tolerance to UV (Bacillus) in the system is not complete. The renewal

and shedding of biofilms stabilize the cyclohexane-related degrading

bacteria in both systems, so these bacteria inevitably appeared in the

bioaerosol; the UV intensity mentioned before maymake them easier

to detect at UVB. Bacillus was difficult to inactivate, which was

reported to have UV protecting spore coats and DNA repair

machinery in the endospores (Setlow, 2006).

Compared with bacteria, there were fewer fungal species in the

aerosols, mainly Aspergillus which reached 100% relative abundance

in sample IB. Aspergillus species are pathogens that cause respiratory

or lung infections (Breza-Boruta, 2012). The Shannon index in

sample SBB was 2.49 times higher than that in sample IB, and

the genera with higher relative abundance were Aspergillus (99.8%),

Irpex (22.7%), Trametes (19.4%), and Penicillium (4%). Penicillium

can cause penicillin disease, and can enter the body through the

respiratory tract to cause lung infection or invade blood vessels,

causing tissue necrosis, which seriously threatens the health and

safety of humans and animals (Cruz-Perez et al., 2001). UV wiped

out Irpex and Trametes, but there were some remnants of Aspergillus

and Penicillium. The inactivation effect of post-UV light on fungi was

not as good as that of bacteria. The reasonmight be that the surface of

fungi was less hydrophobic, so it was easier to form a water film and

reduceUVdamage to it (Li et al., 2021c). In conclusion, post-UV had

a greater impact on the species and quantity of both bacteria and

fungi, but mainly on the quantity of bacteria.

4 Conclusion

This paper focused on the comparison of gaseous cyclohexane

treatment by the combined UV-BTF and single BTF, alone with the

evaluation of the inactivation effect on bioaerosols in the tail gas by

UV. Results showed that combined UV-BTF had better REs and

operational performance, which was attributed to UV photolysis to

obtain more biodegradable intermediate products. These abundant

carbon sources allowed the subsequent BTF to have a better microbial

community. UV radiation had a certain inactivation effect on the

bioaerosols sourcing fromBTF, and the gas velocity had an impact on

the concentration and particle distribution of bioaerosols. The particle

size of the residual bioaerosol after inactivation was mainly <4.7 μm.

After UV inactivation, the residual bacteria were mainly related to the

cyclohexane’s degrader and special UV-tolerant bacteria, the fungi

were mainly Penicillium and Aspergillus.
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