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Abstract: A combined system of a biotrickling filter and a non-thermal plasma (NTP) in a downstream
airflow was operated for 1220 days for treatment of emissions of styrene and secondary emissions
of germs formed in the biological process. The biotrickling filter was operated at variable inlet
concentrations, empty bed residence times (EBRT), type and dosage of fertilizers, irrigation densities,
and starvation periods, while dielectric barrier discharge and corona discharge were operated at
different specific input energy levels to achieve optimal conditions. Under these conditions, efficiencies
in the removal of volatile organic compounds (VOCs), germs and styrene of 96-98%, 1-4 log units
and 24.7-50.1 g C m~3 h™! were achieved, respectively. Fluid simulations of the NTP and a germ
emission-based clocking of the discharge reveal further energy saving potentials of more than 90%.
The aim of an energy-efficient elimination of VOCs through a biotrickling filter and of secondary
germ emissions by a NTP stage in a downstream airflow for potential re-use of purified waste gas as
process gas for industrial application was successfully accomplished.

Keywords: styrene; biotrickling filter; non-thermal plasma; dielectric barrier discharge; demister;
bioaerosols; waste air treatment; VOC; sterilization

1. Introduction

Styrene is one of the most hazardous lipophilic volatile organic compounds (VOCs), causing
irritations of eyes, skin, and the respiratory system. It may cause neurotoxic, hematological, cytogenetic,
and carcinogenic effects in humans and was classified as a group IIb compound by the International
Agency on Research on Cancer (IARC) [1,2]. Styrene is widely used in the industrial production of
plastics, polymers, latex paints, gelcoats, rubber, and solvents, but also in drip processes and coatings in
the automobile industry. The global production capacity of styrene monomers was about 14 million tons
in 1992, but reached 36.7 million tons in 2018 [3,4], equivalent to a market volume of USD 48.8 billion
in 2017 and USD 43.3 billion in 2019 owing to declining prices. Due to its multiple applications and
high vapor pressure, styrene is predominantly released into the environment by gaseous emissions,
typically in the range of 50-1800 mg m~> ([5-8] as well as results from the authors’ own measurements
at two fibre-reinforced plastics manufacturers and a drip process). These gas streams may be treated
by waste gas treatment techniques such as incineration, adsorption, or biological processes, where the
latter has revealed significant advantages in construction and operational costs.

The microbial metabolism of styrene has been the subject of intensive research and was previously
described in [9-14]. However, biodegradability is severely limited by the transition of gaseous styrene
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into the aqueous phase and subsequently into the biological phase. Hence, various studies deal with
biodegradation of styrene in biotrickling filters and biofilters with the optional addition of solubilizers,
as exemplarily listed in Table 1.

In summary, it can be stated that, depending on the existing crude gas concentration and empty
bed residence time (EBRT), styrene can be degraded with elimination rates of between 1.6-120 g'm=3-h ™!
in biofilters and 7.3-336 g:'m~3-h~! in biotrickling filters. The degradation capacity can be further
increased by adding suitable fertilizers [15], inductors (e.g., H>O;) [1] or solubilizers (silicone oil,
Triton X-100) [1,16-19].

Plasma is a gaseous state in which atoms or molecules are completely or partially ionized.
In technical applications, plasmas are formed by the acceleration of electrons as reactants in electrical
fields, where the method of a dielectric barrier discharge (DBD) is mainly favored due to its process
stability and adaptability to high volume flows. During dielectric discharge, reactive radicals, cations,
anions and metastable molecules are formed, which are capable of reducing VOC emissions, odors and
bioaerosols through oxidative reaction mechanisms. At first, environmental application NTPs were
used for the treatment of military waste in 1984-1986 [20,21]. The application of NTPs has been
investigated for a wide range of VOCs and inorganic air pollutants both on a laboratory scale [22]
and a pilot scale [23]. However, the main disadvantage of NTP processes is a correlation between
energy demand and the concentration of contaminants. Hence, energy demand and operating costs
of the NTP increase with concentrations. Considering energy-efficient operation, NTP processes are
mainly used for partial oxidation and hydrophilization of lipophilic and, thus, hardly biodegradable
contaminants [24-26]. For odor treatment and bioaerosols, however, they are very cost-effective [27-32].
Besides strain-specific aspects, the efficiency strongly depends on the growth conditions of the
organisms as well as the properties of the adherent surface [33,34].

Despite their desirability in terms of energy efficiency, sustainability and operating costs,
combinations of NTP and biological treatment have been sparsely investigated. There are two
options for combining both technologies. By using NTP as a pre-treatment, waste gas compounds are
transformed into components of higher bioavailability. Hence, more compact designs of biofiltration
processes at higher treatment efficiencies are possible. In contrast, NTP as a post-treatment technique
is used for finishing off residual VOC, odors, and the sterilization of the clean gas out of the
biofiltration process.

NTP upstream processes in combination with biofilters were investigated for treatments of
limonene [35], mixtures of terpenes, chlorobenzene, trichloromethane, phenol and odor [36], mixtures
of ethanol, ethyl acetate, benzene, toluene and octane [37], as well as mixtures of toluene, n-heptane,
p-xylene, ethylbenzene, and benzene [26]. Combinations of NTP and a biotrickling filter were used in the
treatment of dimethyl disulfide (DMDS) [38], chlorobenzene [39], 1,2-dichloroethane [40], butanone [41],
3-pentanone [41], benzene [41], toluene [41], ethylbenzene [41], n-hexane [41], methyl tert-butyl ether
(MTBE) [41], mixtures of 1,2-dichloroethane and n-hexane [40], mixtures of toluene, p-xylene and
ethylene [42], mixtures of styrene and o-xylene [43] or mixtures of n-butanol, 2-butoxyethanol and
odor [22]. This process combination was also proposed by Zhu et al. [44] for chlorobenzene.

The approach of NTP-supported sterilization of biologically pre-treated exhaust air has so far
only been investigated for a biofilter treating mixtures of limonene, butanone, DMDS, toluene and
ethyl acetate [45], or a mixture of dimethyl sulfide, carbonyl sulfide, DMDS, methane and odor [46].
A combination of biotrickling filter and downstream NTP stage has not yet been tested.

The aim of this study was, in a first step, to quantitatively treat styrene as an exhaust air pollutant
through a biotrickling filter and to determine the operating parameters relevant for process optimization,
such as contact time, irrigation density, fertilizer type, and fertilizer dosage. In a second step, the effect
of operating parameters on germ emissions and sterilization efficiency of the NTP stage was tested.
The anticipation of an upcoming introduction of limit values regarding bioaerosol emissions in German
federal law and the requirement for disinfection, if the treated air was to be re-used in ventilation of
workplaces, will make the secondary treatment stage mandatory for biological waste air treatment.
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Additionally, the NTP stage can be used for VOC-abatement. Synergistic effects from the combined
treatment steps are aspired and to be quantified.

Table 1. Recent examples of styrene removal by biotrickling filter (BTF) and biofilter (BF) processes. Cjy:
inlet concentration; EBRT: empty bed residence time (s); RE: removal efficiency (%); EC: elimination
capacity (g~m’3-h’1); index C: listed as styrene-C.

Bioreactor Cin EBRT RE EC Reference
BTF 0.2-1.0 gm™3 41-62 78-94 26.1-70.7 [47]
BTF 55-312 mg C-m~3 15-30 ~90 7.0-31.7¢ [48]
BTF 2-4 gm™3 30-70 27.2-61.8 63.6-130.6 [49]
BTF without silicon oil 15 18-64 8.3-32.3¢
BTF with silicon oil 55-323 mg C-m~3 15 57-89 11.643.9¢ [18]
BTF without silicon oil 30 87-97 19.4-21.6¢
BTF 195-2112 mg:m~3 28-113 72.3-100 26.8-48.6 [50]
BTF 161-2390 mg-m~3 21 83-98.7 170-300 [51]
BTF 107 mg-m=2 31 93 11.6 [52]
= = L
BTF with solubilizer 120-760 ppm 60 72-100 30.7-139 [1]
BTF without H,O, 260 ppm 15 11 28 [1]
BTF with H,O, 263 ppm 15 94 250
T e ew BE 5O
BTF 0.13-14 gm™3 20-91 50-90 83-336 [53]
R R R - S
BTF 0.24-1.99 grm 3 40-135 9.4-100 36.8-85 [54]
BTF witlTlout. s.ilicon .oil 1.7-8.0 g-m’_3 20-91 24-100 0-172.8 [55]
BTF with silicon oil 0.8-23.8 g¢m™3 41-100 0-670
g wammen o B 3% b
BTF with nitrate 50-330 ppm 45-121 57-100 9.80-24.5 [57]
BF with ammonia 840-920 mg-m™3 63.6 95.6-98.6 52.4-58.2
BF w%th ammon'%a 840-920 mg-m3 424 80.5-89.9 91.2-103.5 [15]
BF with ammonia 920-1020 mg-m~3 21.2 88.9-62.3 73.6-116.2
BF with nitrate 500-3390 mg~m_3 127 65.1-100 14.5-50.4
BF 0.1-0.9 gm=3 9-18 90 22-27 [58]
BF 678 mg:m~> 30 96-98 79 [59]
BF 50-1200 mg-m~3 58-108 20-98 3-30 [60]
BF 100-600 mg-m 3 27-108 - <50 [61]
BF 700-3600 mg-m~3 22-100 50-100 10-120 [62]
BF 55-550 mg-m~> 30 95-100 6.6-63 [63]
BF 45 mg-m3 10 >80 12.8-16 [64]
]

BF 0.1-2.4 gm™3 25-93 9.4-100 17.3-76 [65
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2. Materials and Methods

2.1. Design of the Pilot-Scale Waste Air Treatment Plant

The waste air treatment plant consisted of two treatment stages in three configurations,
a biotrickling filter (BTF) and a consecutive dielectric barrier discharge non-thermal plasma (DBD)
in (a) inline mode, (b) by-pass mode, or (c) a corona plasma in inline mode, as shown in Figure 1.
The BTF column was equipped with Hiflow rings as a filling bed and operated for 1220 days with
a crude gas of styrene monomer at final concentration levels of 100-400 mg C m~ with repeated
inoculation until day 89. The treatment plant was set up in a non-heated indoor area with ambient
temperatures of 20 + 4 °C throughout the years. Temperature-related effects on the biocoenosis and
analytics are hence negligible.

(@)
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T

6

Figure 1. Flow chart of pilot-scale waste air treatment plant. Secondary stage configuration: (a) dielectric
barrier discharge (DBD) in inline mode with (9) providing the diluting auxiliary air stream; (b) DBD in
by-pass mode with (9) providing the plasma-activated air stream; (c) corona plasma in inline mode.
(1) First lateral channel blower; (2) first F9 folded filter; (3) gaseous styrene generation; (4) BTF column;
(5) regenerator basin; (6) recirculation pump; (7) demister; (8) DBD; (9) second lateral channel blower;
(10) second F9 folded filter; (11) activated charcoal filter; (12) corona plasma (I-1) to (I-3) measurement
points for volatile organic compounds (VOCs) and aerosols.

The column (material: polyethylene (PE); height, 2000 mm; inner diameter, 500 mm) was filled

with 1700 mm of Hiflow rings (diameter, 25 mm; material, PE; specific surface 214 m2m3;

Paul Rauschert GmbH & Co. KG, Schlefilitz, Germany), equivalent to an effective filter bed volume of
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330 L. The packed column was directly attached to a regenerator basin, sized 500 mm x 500 mm x 800 mm.
The volume of the swamp phase was kept in the range of 120-140 L and was continuously aerated.
pH conditions in the swamp phase were repeatedly checked, but no change occurred during the
operation time. The package material was discontinuously sprayed by two full-cone nozzles (type TF-6;
BETE Deutschland GmbH, Bochum, Germany), installed in the head space of the column, for 1 min
per 5 min and 1 min per 20 min with 53.3 L min™' of recirculated aqueous phase out of the regenerator
(irrigation density: 8.18 and 0.82 m3 m~2 h™!). The artificial waste air was generated by purging a
carrier gas flow through liquid styrene at room temperature via a washing flask. Aerosols were held
back by a fuel filter with a metal plate (type 18151, Hans Pfeffer Vertriebs mbH, Bodenwerder, Germany).
The gaseous styrene was then mixed with clean air in a 5 m mixing path before entering the BTF.
The clean air was provided by a lateral channel blower, prefiltered by an F9 folded filter (type minipleat;
EMW filtertechnik GmbH, Diez, Germany). Crude gas concentration could be adjusted by regulating
the carrier gas pressure via a membrane valve, and was varied between 100400 mg C m~>. This range
reflects real applications, where styrene represents at least 99% of the occurring VOC load at comparable
concentration levels [5-8]. The volume flow was set by another membrane valve. Volume flows
and resulting empty bed residence times (EBRT) can be seen in Figure 2. Fertilizer was added as
NPK 7-3-5 solution (1.5% NH4"-N, 2.3% NOs™-N, 3.2% urea, 3% P as P,Os, 5% K as K,O), solution
(CMI Blumendyiinger, terrasan Haus + Gartenbedarf GmbH, Rain am Lech, Germany), or urea (Piagran,
BayWa AG, Munich, Germany), as seen in Figure 2.

2.2. Plasma Generators

The DBD was set up and powered as described previously (lab-scale NTP, [23]), without the
drawer and mineral adsorber. The ozone concentration could be varied by the tuning of the electrical
power input.

(a) DBD inline mode: The air stream from the outlet of the biotrickling filter was converged with
a diluting auxiliary air stream, provided by a second lateral channel blower, and prefiltered by
an F9 folded filter (see above). The combined gas flow was connected via polypropylene (PP)
piping (DN110) to the top flange of the DBD casing. A demister (type, PGM-4; length, 160 mm;
material, PP knitted fabric; Anselm GmbH & Co. KG, Weifienburg, Germany) was installed
in the piping, directly at the outlet of the BTF. The lateral channel blower, and therefore the
auxiliary gas flow, could be regulated by a frequency converter. This strand could be shut off
with a stop valve. The diluting gas stream was necessary to decrease humidity and secure stable
plasma operation. This configuration created an inline mode of operation, where bioaerosols were
conducted through the plasma generator, exposing microorganisms to the plasma, and emitted
UV radiation.

(b) DBD by-pass mode: The air stream from the outlet of the biotrickling filter was connected via
PP piping (DN110) to a bottom flange of the DBD casing. The now-separate auxiliary gas flow
was connected to the top flange of the DBD casing. This configuration created a by-pass mode of
operation, by mixing ozone into the gas stream coming from the BTE. This prevented flashovers
in the DBD itself, which may have been caused by wet air at a relative humidity of 35 and above.

(c) Corona inline mode: The corona plasma generator was built in a square flow channel (diameter,
250 mm; length, 700 mm) with flanges, allowing it to be directly connected to the piping after the
demister. This configuration created an inline mode of operation. By the nature of the plasma
generation, higher relative humidity is tolerated. The generator was powered by a 400 W fixed
output power supply; thus, the ozone output was fixed. In contrast to the large surface discharge
of the DBD, the corona plasma occurs only at four spikes, arranged in a circle on an electrode ring.

The treatment plant was equipped with analytics as described below.
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Figure 2. Crude and clean gas concentrations of total carbon, removal efficiency, pressure loss, volumetric flow rates and EBRT, irrigation density, time points of
inoculation, time points of fertilizer dosage, and clogging events from selected periods of the operating time of the BTF for operating days (a) 51-241 and (b) 873-919.
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2.3. Microbiology

The BTF was inoculated with a liquid culture containing 17 different environmental isolates from
the internal strain database (all risk group 1 according to Technical Rules for Biological Agents (TRBA)
466), capable of using styrene as a sole source of carbon and energy. The isolates were originally
enriched from forest soil, agricultural soil, and activated sludge. The bacteria were cultivated in
fed-batch cultures on a mineral salts medium (MM [66]) with styrene in the gas phase. Points of
inoculation are depicted in Figure 2. Activated sludge may contain strains from risk groups 2 and
above, and was therefore not suitable as inoculum, as it would have required an additional sterilization
step to securely eliminate health risks for the researchers.

With a slit-to-agar impactor (see Section 2.4. Analytics), bioaerosol monitoring was conducted,
where total colony forming units (CFU) of bacteria and total fungi were captured on nutrient broth
(NB, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and dichloran-glycerol (DG18, Merck KGaA,
Darmstadt, Germany) agar plates, respectively. Plates were incubated in the dark at 30 °C for 3-5 days.

2.4. Analytics and Calculations

For VOC levels in both crude (sample point I-1) and clean (I-2) gas flame ionization detectors
(FID) (2010T, Testa GmbH, Munich, Germany) equipped with heated sample gas lines at 180 °C,
polytetrafluoroethylene (PTFE) tubing 6 mm inner diameter (Testa GmbH), and fuel filters (see above)
for aerosol and dust protection of the FIDs were installed. FIDs were calibrated every month with
artificial air, each with 0 ppm and 200 ppm n-propane (both basi Schoberl GmbH & Co. KG, Rastatt,
Germany). Removal efficiency (RE) of the BTF was calculated as follows:

RE[%] = 100 - 1= Cou 1)
Cin
where: Cj,, = inlet concentration [mg carbon m3]; Cout = outlet concentration [mg carbon m3].

Two slit-to-agar impactors (FH6, Klotz GmbH & Co. KG, Bad Liebenzell, Germany) with internal
regulating suction pumps (Q = 100 L min~!, sampling time 10 min per plate) and rotary discs
allowed time-resolved sampling of bioaerosols on different agar media (see Section 2.3. Microbiology).
The impactors were connected to the PP piping in a horizontal position at I-2 and I-3.

Aerosols were monitored with a scatter light photometer (DustTrak DRX Aerosol Monitor
8533, TSI GmbH, Aachen, Germany) for simultaneous measuring of size-segregated mass fraction
concentrations corresponding to particulate matter total size fractions PM1, PM2.5, PM4, PM10 and
PM. Isokinetic sampling was conducted at I-2 with a defined nozzle on a gooseneck curve (both Paul
Gothe GmbH, Bochum, Germany), connected via an anti-static pipe (PTFE, inner diameter 8 mm,
outer diameter 10 mm, 10 cm length) to the photometer. An external regulating suction pump provided
a constant volume flow of 3 L min~!. The nozzle width was calculated according to VDI guideline
no. 2066 [67].

Air samples were taken at sample points I-2 and I-3. Styrene metabolites were analyzed by GC-MS,
as previously described [23].

Ozone is produced in plasma by direct electron impact dissociation of the O, molecule. The ozone
concentrations in the exhaust gas were measured by absorption spectroscopy. Ozone has no electronic
emission bands as such, but shows a strong absorption band around the wavelength of 254 nm [68].
The concentration c for the produced ozone is then calculated from the absorbance value at 254 nm
using Beer Lambert law, with the following correlation [68]:

100-T Iy

273-p k18T @

cOs[ppm] =

where: T = temperature (K); p = total pressure; k = extinction coefficient of ozone = 135 cm~! atm™! [68];
I = path length; I = intensity with carrier gas only (air); I = intensity with O3 present.
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An optical absorption arrangement with a UV light source and an optical spectrometer was set up to
measure the built-up ozone in the exhaust stream. The UV light was produced by a deuterium lamp.
Deuterium shows a very strong and wide emission spectrum in between the wavelengths of 180 nm to
300 nm. These wavelengths are also emitted from the sun and absorbed by the ozone layer before they
reach the earth. By using the deuterium lamp as the UV source on one side of the duct, and the optical
probe on the other side, the absorption values across the outlet duct were measured for varying operating
parameters. The scheme of the setup for this ozone absorption measurement is shown in Figure 3. Quartz
lenses and quartz windows were used for this purpose, because glass would block most of the UV light
below 300 nm, while quartz has good transparency for wavelengths down to 165 nm.

collecting lense

exhaust air of discharge [
| light fibre
® Cozon e —
1
deuterium lamp ] [
quartz window collecting lense

Figure 3. Scheme of the setup for the ozone absorption measurement. The absorption of the UV light
from a deuterium lamp is determined using a spectrometer.

The beam path is sketched in the drawing. The UV light is parallelized via a quartz lens and
radiated into the exhaust air area of the DBD discharge via a quartz coupling window. The parallel
light beam is weakened by absorption when it passes through the exhaust air. On the opposite side,
the parallelized beam is collected again by a quartz lens and focused on the entry point of the light
guide. To obtain the best resolution from the system, the optical probe had to be placed at the focal
point of the lens for 254 nm, to collect the maximum amount of light.

The specific input energy (SIE) value allows for the comparison of different plasma processes.
It describes the energy per unit volume supplied to the gas, standardized to a volume of 1000 m?,
and was calculated accordingly:

P
Q3,6

SIE[kWh 1000 m ™3| = ©)

where: P = power (W); Q = volume flow (L s71).

2.5. Simulation Software

3D-CAD models were drawn with SolidWorks 2016 and corresponding fluid simulations were
carried out with SolidWorks Flow Simulation 2016. Flow Simulation employs the k-€ model for the
turbulent kinetic energy and its dissipation rate.

2.6. Chemicals

Technical grade styrene was supplied by Scharr (Friedrich Scharr KG, Stuttgart, Germany).
Urea, as Piagran, was purchased from BayWa (BayWa AG, Munich, Germany).

3. Results and Discussion

3.1. BTF

The BTF was operated for 1220 days in total. Operating days of interest are shown in Figure 3.
EBRT, nitrogen source and amount, as well as irrigation density were varied to investigate the effects
on the treatment plant operation and removal efficiency (RE).
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Styrene tends to polymerize to a pale yellow solid when exposed to oxygen (polystyrene, PS).
This form of the molecule is considered to be biologically inert. During the entire test period, no traces
of the styrene polymer were found in laboratory cultures or in the treatment plant. Thus, on the one
hand, the biological degradation is guaranteed and on the other hand, there is no danger of deposits
forming in the treatment plant, which would result in a growing pressure loss. A polymerization in
the plasma stage would be particularly critical, because here the discharge would be prevented.

3.1.1. Influence of EBRT, Nitrogen Addition, Irrigation Density on Removal Efficiency, and
Starvation Period

The empty bed residence time of the biotrickling filter was changed to investigate the effect on
RE. From day 1 to 75, EBRT was 34 s. To increase RE, EBRT was increased to 50 s for days 75 to
125. From day 125 until the end, EBRT was lowered to the final value of 24 s in order to test the
performance of the system. With day 51, RE became quantitatively visible and started to rise steadily
but moderately at a rate of 0.0125% per day. An increase in EBRT from day 75 onwards showed
minor effects on degradation rates (0.015% vs. 0.0125% per day). Although the addition of fertilizer
(further to the nitrogen coming from the inoculation medium) during the first 51 days showed no
effect (data not shown), probably owing to a low total biomass, additions from day 85 onwards had a
major impact on RE. In just one and a half day, RE increased from 65% to almost 100% with a single
dose of fertilizer (10.5 g Niota1). Further decreases in RE could always be countered with the addition
of fertilizer. The amount of nitrogen needed could be calculated as a mean value from days 110-125
and 157-172 (RE > 90%, pressure loss < 250 Pa, stable styrene dosing) as 9.2 g N1 d7! at a freight
rate of 12.46 g C h™!, resulting in a C:N ratio of 32.28:1. Once more, it is shown that, contrary to the
common belief that nitrogen stays in the system and is recycled from dead biomass, it has to be fed
in constantly. Denitrification in anoxic zones of the filling bed might deplete nitrogen as a source for
biomass production and release molecular nitrogen via the exhaust air. Single isolates as well as mixed
cultures have been reported to be able to consume styrene under anoxic conditions, although not much
is known about the degradation pathways [69,70]. Six of the initial 17 styrene degrading strains used
as inocula for the pilot-scale plant were found to be able to grow anaerobically on styrene. Their role in
nitrogen consumption is subject of further research.

A change in irrigation density was undertaken at day 99 from 1.020m®* m2h~1t00.153 m®> m2 h~L.
This action had no visible effect on RE, but decreased energy costs for the circulation pump as well as
evaporation losses, and therefore decreased water consumption (not quantified).

On day 130, a controlled depletion of the substrate and consecutive break in dosing for 2.5 days
were conducted to simulate, e.g., a break in production from the emitting factory. Oxygen supply
through irrigation and air flow was set as before. After substrate reinitialization, it took the biocoenosis
just 10 h to rise from 35% to 100% RE. This showed the resilience of the biocoenosis, and suggests
that production breaks during weekends could be tolerated without a breakdown of the waste air
treatment plant.

3.1.2. Influence of Nitrogen Source on Removal Efficiency

In this study, NPK 7-3-5 solution and urea solubilized in demineralized water were tested and
used as the nitrogen source. As mentioned above, NPK was sufficient to meet the uptake requirements
of the biocoenosis. On days 902 and 905, and twice on day 909, 10.5 g Nita1 as urea was added to
the regenerator basin. The mean values from days 901-915 (mean RE 71%, pressure loss ~100 Pa,
stable styrene dosing, change of EBRT at day 909 from 30 s to 20 s) were 3 g Nioa1 d~! at a freight rate
of 10.85 g C h™!, resulting in a C:N ratio of 86.64:1. On the one hand, compared to NPK, nitrogen
demand for urea was three times lower. On the other hand, RE during urea dosing (71%, decrease
from 73% to 68% after decrease in EBRT at day 909) was 26% lower than during reference periods of
NPK dosing (97%). It can be assumed, that the bioavailability for NPK is higher, due to the reduced
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need for urea hydrolysis. Table 2 summarizes REs and elimination capacities of representative time
periods with stable operation with respect to inlet concentration, EBRT and nitrogen source.

Table 2. Results of styrene removal by the biotrickling filter (BTF) process as mean values over
respective time periods with stable operation. Cy: inlet concentration (mg C-m~3); EBRT: empty bed
residence time (s); RE: removal efficiency (%); EC: elimination capacity (g C-m~3h~1); NPK: fertilizer
7-3-5 solution.

Cin EBRT RE EC Bioreactor/N-Source Reference
361 50 98 259 BTF/NPK this study
344 24 96 50.1 BTF/NPK this study
252 30 78 23.8 BTF/urea this study
195 20 70 247  BTF/urea and subsequent NPK this study

Costs for NPK were at 28 € kg_1 Niotal, while urea was significantly cheaper at 1 € kg_1 Niotal
(both prices might be lower for bulk purchases). This clearly favors urea to be the nitrogen source of
choice, but if legal limit values are not met with this nitrogen source, additional sources or substitutes
would have to be considered. For instance, these could be NH4-N or NO3-N, as found in ASS
(18.5-7.5), SSA (21-0), or KAS (13.5-13.5) fertilizers, although NO3-N is likely to yield lower REs than
NH4-N [15,56].

If urea were to be used as sole nitrogen source, further supplementing of a phosphorous source
would be necessary. No tests were undertaken to measure the demand, as no limiting effects became
obvious during urea dosing. There was probably enough phosphorous present in the system from the
NPK fertilizer. An estimated demand from both NPK dosing periods would be 13 mg Py, per g C
or lower.

3.1.3. Pressure Loss and Clogging Events

A disadvantage of biological treatment is the possibility of clogging events, which require elaborate
and time-consuming maintenance [71]. Two clogging events in the BTF occurred. The first event
(day 154) was resolved with anti-clogging measures after reaching 480 Pa pressure loss. Manual mixing
of the Hiflow rings and purging of the filling bed with high-pressured water removed enough biomass
to half the pressure loss. However, a desired pressure loss of 100 Pa and below could not be reached
despite these measures. The second clogging event was allowed to develop to full extent to simulate
an exemplary crash caused by neglectful operation. It took just another 84 days (day 238) to reach
960 Pa pressure loss. Here, the biomass was too dense to proceed as before, even when continuously
washed with 1 M NaOH for 6 h. The package as a whole had to be removed from the column and the
Hiflow rings were mechanically washed before reinserted.

3.1.4. Trickling Filter Fly Infestation

During days 267-813, an infestation of Psychoda alternta larvae and adult flies (so called trickling
filter fly) used the biofilm as a habitat and food source. Consequently, the performance dropped
to almost zero within approx. 24 days. Biocoenosis and flies roughly followed the Lotka—Volterra
predator—prey model. Several attempts in pest control were tried, namely: adding 2-chlorotoluene
to the crude gas (~50 mg C m~3) to poison adults and larvae; adding acetamiprid (15 mg L) to the
circulation water to poison adults and larvae; adding tensides to the regenerator basin to decrease
surface tension and subsequently drown adults; and adding the juvenile hormone analog S-hydroprene
(3 ng L71) to the circulation water in order to prevent the maturation of the larvae and subsequently
breaking the life cycle. All measures failed (data not shown). In the end, the complete packing material
and circulation water had to be changed, column and piping cleaned and the BTF as a whole system
was restarted with fresh inoculum at day 814.
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3.2. DBD-Plasma Operation

The DBD—plasma generator could be operated in inline as well as in by-pass mode. Therefore,
it was important to measure ozone output, because in by-pass mode short-lifetime OH-radicals and
UV light do not contribute to VOC abatement or sterilization. Furthermore, hydraulic properties inside
the plasma casing were assessed to identify specific input energy (SIE)-decreasing potential.

3.2.1. Ozone Output

Ozone in the exhaust air was measured as described above. In Figure 4, the spectrum of the pure
air and the spectrum of ozone-containing air are shown. The intensity curves with pure air and air
enriched with ozone are recorded with the spectrometer and mathematically calculated.

7x10*

6x10°

5x10* |

4x10*

3x10*
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—— deuterium lamp
—— with plasma

)

X

=)
|

1x10*
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150 200 250 300 350 400 450 500 550
wavelength [nm]

Figure 4. The deuterium lamp emits a spectrally wide UV light. The intensity curves with pure air and
air enriched with ozone differ due to the absorption of ozone, with a broad band around 254 nm.

Various frequencies were tested in combination with various power outputs from the generator,
and the absorption spectra were recorded for each of the variations. In Figure 5, the measured data
with respect to frequency and power input is plotted against the calculated ozone concentrations in
ppm. The ozone concentrations are not seen to be changing with varying frequencies, but only increase
proportionally to power input. The experiments produced a peak ozone yield of ca. 45 g kWh™!,
which is in accordance with values reported for dry air (15-22 kWh kg~!, [72]).
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Figure 5. The ozone concentration in ppm is plotted against the power input for different frequencies.
Concentrations of ozone are not seen to be changing with varying frequencies, but only increase
proportionally to power input.



Sustainability 2020, 12, 9240 12 of 22

3.2.2. Hydraulic Flow Assessment of the Plasma Module

A hydraulic flow simulation was conducted in order to identify SIE-decreasing potential. Figure 6
shows (a) inline and (b) by-pass modes of operation at maximum volumetric flow rates as used for

sterilization in this study.
l|||\

(a)

)

r

gas velocity inm s’

3.656
l 3.395
3.134

- 2872
- 2611
- 2.350
2.089
1.828
1.867
- 1.306
- 1.045

0.783
0.522
0.261
0

Figure 6. Hydraulic flow in plasma casing. Inline mode: diluted air stream from BTF passes through the

DBD (top to bottom left) with actual (a) basket-supporting plate, and simulated reduced (c) outlet cross
section. By-pass mode: Auxiliary air stream passes through the DBD (top) and mixes with the air
stream from the BTF (bottom right to left) with actual (b) basket-supporting plate, and simulated
reduced (d) outlet cross section. (e) 3D model of casing with DBD module.

Parameters were set as follows: adiabatic walls with a roughness of 0; volumetric flow rates at
30 °C and 80 m?® h™! for inline and 60 m® h™! with 8.9 m3 h~! auxiliary flow for by-pass operation;
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and outlets at atmospheric pressure. The simulations illustrate streams around the sides of the DBD
(inline: 1.0-1.3 m s7!; by-pass: 0.15-0.25 m s7!), as the pressure loss over the stack of dielectric barriers
and electrodes (distance 2 mm) is higher than between outer electrodes and basket walls (distance
22 mm). A smaller hole in the basket-supporting plate would force the air stream coming from the top
inlet almost entirely through the DBD, resulting in more microorganisms coming into contact with
the plasma in inline mode (c), or yielding more ozone from the auxiliary stream in by-pass mode (d),
therefore increasing sterilization efficiency at lower SIE values. However, the opening cannot be cut
too small, or unwanted discharges may occur between the upper electrodes and the plasma casing.
The optimum distances must be assessed empirically.

3.2.3. DBD for VOC Abatement

Application for VOC abatement was not necessary when the BTF ran on maximum RE. Therefore,
continuous operation of DBD should be avoided in terms of operational costs. Nevertheless, metabolite
analysis via GC-MS was performed at higher styrene levels, showing a transformation of styrene both
to CO, and organic metabolites, and prevalent benzaldehyde, hexane aldehyde, heptane aldehyde [22].
At the tested crude gas concentrations, styrene was also transformed to these metabolites, showing
lower toxicity than the educt. Therefore, emissions of these metabolites are less critical. Formaldehyde,
as a decomposition product from the styrene ozonide formed by a Criegee reaction, could not
be identified.

3.3. Bioaerosols: Monitoring and Reduction

Bioaerosols came into focus as a source of potential health risk. The recent amendment to the 42nd
BImSchV and the planned incorporation of a mandatory reduction plan for bioaerosol emissions into the
next version of the German Technical Instructions on Air Quality Control (TA-Luft) show its relevance.
This will result in considerable increases in investment for existing and planned biological treatment
plants, as additional treatment steps become necessary. Here, we investigated bioaerosol emissions
from the BTF and possible reduction methods, namely a demister, DBD plasma, and corona plasma.

3.3.1. Demister

Aerosols were measured with a scatter light photometer (see Section 2.4. Analytics) at sampling
point I-2. Over a period of one hour (operating day 120), the irrigation activity of the circulation pump
could be mapped as particulate matter (PM total) (Figure 7a). During this time, irrigation was set to
one minute on, 20 min off (gas velocity in headspace of the BTF column was 0.034 m s~} and 0.78 m s~}
in the piping, crude gas concentration 360 mg C m~3, RE = 98%). Aerosols could be detected instantly
after switching on the pump, for a time span of about 95 s. This indicates that aerosols were still
present in the headspace of the column half a minute after the circulation pump stopped and were
released later. During the remaining 19.5 min, no particulate matter could be detected, therefore no
aerosols were released. The photometer enabled simultaneous measuring of size-segregated mass
fraction concentrations. Taking a closer look at the second irrigation interval (Figure 7b), it can be seen
that a major part of PM total was comprised of the PM1 fraction, where the mean mass fraction over all
three peaks was 81.5%. Bacteria typically have a diameter of 1 pm and therefore can be attributed to
PM1. It was expected that recorded aerosols would be bioaerosols.

This could be corroborated with results of the slit-to-agar impactor (see Section 2.4. Analytics)
measurements. Figure 8a shows an NB agar plate used at sample point I-2. With the time resolved
capturing it was possible to align the results of both measurement techniques. The impactor turned the
plate one time per 10 min, where 95 s are equal to a segment of 57°. Here, the colonies are distributed
more densely. Sparse colonies outside the section can be assigned to impacts from lateral gas flow.
It can be concluded that the retention of bioaerosols or their sterilization only has to take place during
the irrigation interval and a buffer time shortly afterwards.
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Figure 7. (a) Particulate matter (PM) total during irrigation intervals at BTF clean air outlet (I-2)
without demister. (b) Magnification of second irrigation interval from (a) with a focus on PM total and
PMI1 fractions.

(e)

Figure 8. (a) Nutrient broth (NB) agar plate with bacterial colonies measured at I-2 with a slit-to-agar
impactor. One minute of sampling equals a section of 36°, rotation ccw. Indicated sections show the
irrigation interval (60 s) and consecutive aerosol release (35 s). Colonies outside the sections can be
assigned to impacts from lateral gas flow; (b) NB agar plate with bacterial colonies measured at I-2
with a slit-to-agar impactor, capturing the emissions of a two-week-old demister. The diameter of the
dense “ring” of colonies indicates the width of the slit of the impactor; (c) NB agar plates without
(left) and with (right) DBD-plasma treatment in by-pass mode of operation at specific input energy
(SIE) = 8.18 kWh 1000 m~3; (d) Dichloran-glycerol (DG18) agar plates without (left) and with (right)
DBD-plasma treatment in inline mode of operation at SIE = 20.7 kWh 1000 m~3; (e) NB and DG18 (f)
agar plates for capturing of bacteria and fungi without (left) and with (right) corona plasma treatment
at SIE = 8 kWh 1000 m 3.
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A common and easy-to-implement (bio)aerosol reduction method would be a demister. A knitted
fabric of PP fibers (see Section 2.2. Plasma Generators) was inserted into the piping, directly above
the top lid of the BTF column. Neither particulate matter nor CFU could be measured afterwards
(data not shown). However, without maintenance, a demister serves as just another filling material
with high specific surface and perfect moistening. Inevitably, microorganisms started to settle and
grow, changing the hydraulic properties of the demister, and transforming it into a permanent source
of bioaerosols. This can be seen in Figure 8b, where a slit-to-agar measurement captured the emission
of a demister which was two weeks into its use. Colonies, densely packed, spread evenly among the
NB agar plate. Therefore, a cleaning or change of demisters on a regular basis must be implemented
into the maintenance protocol, or a different method for eliminating bioaerosols has to be installed.

3.3.2. Sterilization: DBD-Plasma

Sterilization with DBD plasma was tested in inline and by-pass configuration (see Figure 1a,b).
For inline configuration, a diluting auxiliary gas stream of clean air, that was mixed pre-plasma with
the air stream from the BTF was necessary to secure stable plasma operation. For by-pass configuration,
an auxiliary gas stream of clean air was also treated by the plasma and brought reactive species
into the air stream from the BTFE. Results for inline operation are shown in Table 3, and results for
by-pass operation are shown in Table 4. CFU numbers are mean values from 2—4 samples per day
at 3-5 different days during a variable period of the same volume flow Q; (for time frames compare
respective columns of Tables 3 and 4 with Figure 3). Dilution factors (auxiliary flow and sampling)
and losses through adhesion of cells on the ducts were considered.

It can be deduced from the results from inline and by-pass operation mode, that with increasing SIE
value the sterilization efficiency increases as well, as is to be expected. A reduction in germ emissions
by 1-4 log units for inline mode could be achieved, while under comparable operating conditions,
the sterilization efficiency in by-pass operation was about 0.9-1.5 log stages lower. This leads to the
assumption, that ozone is the main sterilization agent.

As shown in Figure 5, an increase in SIE resulted in an increased ozone output. The increase in the
diluting volume flow (Q,) in by-pass mode of operation had no detectable influence on sterilization
efficiency. It can be assumed that there was no increase in ozone generation from more educt oxygen
available from the air, or less ozone generation from the decreased EBRT of oxygen in the plasma.
Further research needs to be carried out to elucidate the prevalent effect.

Table 3. Sterilization of bacteria and fungi with DBD plasma in inline mode at a given SIE (kWh
1000 m~3); EBRT (s) in plasma; Q;: flow from BTF (m3 h™1); Qy: auxiliary flow (m® h™1); calculated O3
output (mg m~3); mean number of colonies at respective sample points (CFU m~2 + SD); 1: sterilization
efficiency (%). SD: standard deviation, n > 6. * Dilution factorization cannot be applied, therefore value

might be higher.
Qi Q, SIE EBRT O3;Output PreDBDI-2 Post DBDI-3 n
bacteria
50 23.5 59 0.46 74 6209 + 452 723 + 48 88.34
60 23.5 8.4 0.40 166 7986 + 481 254 + 26 96.82
50 235 104 0.46 184 6180 + 546 123 £12 98.01
50 235 207 0.46 443 6125 + 431 0* 100
fungi
50 235 104 0.46 184 3801 + 242 81+13 97.86

50 235 207 0.46 443 3626 + 255 0* 100
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Table 4. Sterilization of bacteria and fungi with DBD plasma in by-pass mode at a given SIE (kWh
1000 m~3); Q;: flow from BTF (m> h~1); Q,: auxiliary flow (m3 h™1); calculated O3 output of 74 mg
m~3 for all tests; mean number of colonies at respective sample points (CFU m~3 + SD); n: sterilization
efficiency (%). SD: standard deviation, n > 6.

Q4 Q> SIE Pre DBD I-2 Post DBD 1-3 n
bacteria
40 8.9 8.18 4383 + 458 1027 + 24 76.57
50 8.9 6.79 6357 + 482 2578 + 61 59.44
60 8.9 5.81 8188 + 490 4610+ 73 43.70
40 114 7.78 4616 + 483 1159 + 20 74.89
60 114 5.60 8071 + 533 4308 + 81 46.62
fungi
50 8.9 6.79 4975 + 290 1915 + 47 61.50

Furthermore, pre-DBD CFU data for bacteria in by-pass operation mode increased with increasing
volume flow. With increasing kinetic energy, more aerosols and therefore more microorganisms can be
carried by the air stream.

The sterilization efficiency for fungi was expected to be lower than the efficiency for bacteria,
due to the fungal trait of being able to form durable spores. Overall, more experiments have to be
conducted to see statistical trends.

3.3.3. Sterilization: Corona Plasma

Sterilization with corona plasma was tested in the inline configuration at a flow rate of 50 m® h™!
(see Figure 1c). Output power was fixed at 400 W, resulting in an SIE of 8 kWh 1000 m~3. Due to a short
period of availability of the corona plasma generator, only limited numbers of tests were carried out.
Exemplary results can be seen in Figure 8 for bacteria (e) and fungi (f). Corona plasma sterilization
efficiency was lower than DBD—plasma, although corona SIE value resided in the range of the tested
DBD SIE values. The lower performance can be traced back to a much lower plasma homogeneity and
hence lower ozone output, compared to the electrode plates from the DBD—plasma.

3.4. Synergistic Effects of the Combined System

BTF and DBD are both versatile systems for VOC abatement, but while a BTF can struggle with
variations in inlet concentration and produces unwanted secondary germ emissions, a DBD is too
costly at high volume flows and permanent operation. The two systems can be combined and operated
in different orders to harness synergistic effects: BTF or DBD first.

When the DBD is put first, parts of the lipophilic waste air component are transformed to more
hydrophilic compounds by the plasma (see Section 3.2.3). Due to a higher bioavailability and easier
degradability of the metabolites in the BTF, a higher overall removal efficiency can be expected.
However, this configuration has a high energy demand from constant DBD uptime, as well as germ
emissions from the BTF preventing a potential re-use of the process air. When the BTF is put first,
the system lacks the potentiating effect in VOC abatement compared to the reverse configuration.
However, this makes sterilization of the waste air possible, which allows for the re-use of processed
air. As shown in Section 3.3.1, the secondary treatment step only has to take place during irrigation.
In addition to energy savings from the re-use, SIE can be decreased by up to 90% from a clocked
operation of the DBD. Advantages and disadvantages of the combined system are summarized in
Table 5.
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Table 5. Advantages of the combined system and limitations of previous technology for the treatment

of styrene-containing waste air and bioaerosols.

Treatment Advantages Disadvantages
Potential accumulation of extended biomass
(Clogging)
Low operational costs Lack of adsorptive effects to increase the
Durability of package material bioavailability of waste gas compounds
Biotrickling fi Ease of process control (pH, salinity, More complex structure (compared to
iotrickling filter

nutrients, absorbed VOC)
Compact construction
Easy elimination of microbial intermediates

biofilter)

Temporary generation of elutriation water
Germ emissions

Remaining contamination of waste gas with
VOCs, odor and germs

Non-thermal plasma (NTP)

High efficiency in germ reduction and odor
abatement

Partial/total oxidation of VOCs

Short start-up/shut-down times

Low pressure loss

Intermittent operation possible

High energy demand
Sensitivity against dust and high moisture
Limited operational stability

Combined process

Low operational costs

Ease of process control

Compact construction

Effective elimination of VOCs, odor and
germ emissions

More complex structure
Increased energy demand

Re-use of processed air
On-demand use of NTP, hence high energy
efficiency

3.5. Summary of Results

At an inlet concentration of about 340-360 mg C m~2, equivalent to 370-390 mg m~3 of styrene,
efficiencies of 96-98% at EBRT of 24-50 s and elimination rates of 25.9-50.1 g C m™ h~!
and 28.1-54.3 g styrene m~> h~! were achieved, respectively. In comparison to the literature
data shown in Table 1, the elimination efficiency in the present study is higher by a factor of
1.5-5.5 than results of other studies handling similar process conditions and the absence of
solubilizers. Only Song et al. (2012) achieved a comparable elimination efficiency of 56.9 g m~>
h~! at 250 mg m~3, an EBRT of 30 s, and RE of 87%.

Variations in the irrigation density in the range of 0.153-1.02 m® m~2 h~!, and thus differences
in the thickness of the aqueous film covering the biofilm, showed no effect on the elimination
efficiencies detected. Therefore, there was no limitation in the transport kinetics, but a limitation

The limitation in the degradation kinetics is also illustrated by an increase in RE after the addition
of nitrogenous fertilizers. As an example, RE increased from 65% to almost 100% at day 85 after
fertilizer application. Furthermore, RE nearly doubled using fertilizers with ammonium as a
nitrogen source compared to urea, since the transformation of urea to ammonia by urease is

Starvation periods due to weekend shutdowns were well tolerated by the system, and the
efficiencies after start-up increased to almost total conversion within a few hours.

During operation of the BTFE, germ emissions occurred almost exclusively during the irrigation
interval and a short after-run phase of approx. 35 s. As expected, the germ emissions increased

1.
2.

in the degradation kinetics.
3.

not necessary.
4.
5.

with increasing gas flows.
6.

The germ emissions can be reduced energy-efficiently by 2-3 log units during irrigation intervals,
or nearly completely during interim phases by using a suitably designed demister. The removal
efficiency of the demister strongly depends on its maintenance condition. Automation in cleaning
can be realized by periodical high-pressure flushing with water, or an exchange of the demister
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unit and ex-situ regeneration for organic polymer models. Demisters made out of stainless steel
might be equipped with a heater to periodically burn off biomass and vaporize locked-in water.

7. As expected, the downstream NTP stage achieved a further reduction in germ emissions by
1-4 log units, depending on the SIE values of the test.

8. Under comparable operating conditions, the sterilization efficiency in by-pass operation was
about 0.9-1.5 log stages lower than at inline operation.

9. Due to the high efficiency of the BTF stage it was not necessary to use the DBD for VOC abatement.

10. At comparable conditions, the efficiency of the corona discharge was significantly lower than that
of the DBD. For example, at an SIE value of 8 kWh 1000 m~ total elimination of fungal emissions
was observed in the DBD, while only 10% of the emissions were removed by corona discharge.

11.  Flow simulations showed optimization potentials for a significant improvement of the contact
between waste gas and plasma discharge, whereby used SIE-values can be lowered considerably
in the future.

12.  SIE can be further decreased by a clocked operation of the DBD set during irrigation and a
limited after-run period. Hence, SIE values can be decreased by 90% at minimum in the present
operational conditions of the BTF.

4. Conclusions

A biotrickling filter for treatment of styrene emissions was operated for 1220 days to show
the effect in variation of relevant process parameters such as inlet concentration, starvation period,
EBRT, type and dosage of fertilizer, and irrigation density on the removal efficiency of the system.
Furthermore, the effect of these process conditions and maintenance intervals of the demister on germ
emissions were monitored. The system was further equipped with an NTP stage in the downstream
airflow to evaluate the sterilization efficiency with regards to NTP technology and SIE value.

In summary, it can be stated that the process combination of BTF and NTP stages has proven
to be an energy-efficient process to eliminate styrene emissions as well as secondary emissions of
microorganisms formed in the biological process, so that a technical recirculation of the treated air into
production processes is possible. This approach allows a significant reduction in the occurring waste
gas flows and the associated energy losses, especially during the heating period.
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