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Abstract: Large-flow waste gas generated from the pharmaceutical and chemical industry usually
contains low concentrations of VOCs (volatile organic compounds), and it is also the key factor that
presents challenges in terms of disposal. To date, due to the limitations of mass transfer rate and
microbial degradation ability, the degradation performance of VOCs using the biological method
has not been ideal. Therefore, in this study, the sludge from a chlorobenzene-containing wastewater
treatment plant was inoculated into our experimental bio-trickling filter (BTF) to explore the feasibil-
ity of domestication and degradation of gaseous chlorobenzene by highly active microorganisms.
The kinetics of its mass transfer reaction and microbial community dynamics were also discussed.
Moreover, the main process parameters of BTF for chlorobenzene degradation were optimized. The
results showed that the degradation effect of chlorobenzene reached more than 85% at an inlet con-
centration of chlorobenzene 700 mg-m_S, oxygen concentration of 10%, and an empty bed retention
time (EBRT) of 80 s. The mass transfer kinetic analysis indicated that the process of chlorobenzene
degradation in the BTF occurred between the zero-stage reaction and the first-stage reaction. This
BTF contributed significantly to the biodegradability of chlorobenzene, overcoming the limitation of
gas-to-liquid /solid mass transfer of chlorobenzene. The analysis of the species diversity showed that
Thermomonas, Petrimona, Comana, and Ottowia were typical organic-matter-degrading bacteria that
degraded chlorobenzene efficiently with xylene present.

Keywords: chlorobenzene; bio-trickling filter; mass transfer kinetics; microbial communities;
pharmaceutical and chemical industry

1. Introduction

Volatile organic compounds (VOCs) with complex components are currently the
main pollutants that affect air quality. VOCs not only play an important role in the
formation of ozone and PM;.5, but also cause great harm to human health. According
to the announcement of the Second National Pollution Source Survey by the Ministry of
Ecology and Environment of the People’s Republic of China, 4.82 million tons of VOCs
were emitted in 2017, with the pharmaceutical and chemical industry accounting for 23% of
total havolatile organic emissions. The air pollutants emitted from the pharmaceutical and
chemical industries are mainly volatile organic compounds. Moreover, there are problems
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such as large emissions, complex emission links, and high treatment costs [1]. In 2017,
The Ministry of Ecology and Environment issued the “Plan for Prevention and Control of
Volatile Organic Compounds during 2021-2025”, which required the chemical industry,
including 7100 pharmaceutical companies and 2000 pesticide companies in China, to reduce
VOC emissions by more than 30%.

Chlorinated volatile organic compounds (CVOCs) are highly toxic by-products that
are difficult to degrade and complex in their formation [2]. Chlorobenzene is a typical rep-
resentative of CVOCs and aromatic hydrocarbon compounds, and is often used as organic
solvent in the chemical industry. The removal of chlorobenzene is currently difficult in
the field of air pollution control. At present, the technologies for CVOC treatment include
two main types of recycling and direct degradation. It is reported that low concentrations
of organic pollutants (<1000 mg-m~2) in the pharmaceutical and chemical industries are
mainly degraded directly. Combustion produces dioxins that are toxic and difficult to
degrade. The plasma cannot achieve high VOC removal efficiency, but readily releases sec-
ondary pollutants, such as ozone. However, the biological treatment process is a method in
which microorganisms can utilize VOCs as carbon source and energy, therefore degrading
VOCs through their own metabolism [3,4]. Compared with other technologies, it has the
potential advantage of saving energy, and is especially suitable for dealing with the low
concentrations of VOCs in exhaust gas. Thus, the biological treatment process can solve the
problems of low degradation efficiency and the risk of by-products of the existing VOCs
treatment technologies for the pharmaceutical and chemical industries. The bio-trickling
filter (BTF) was introduced for the removal of odorous gases and soluble volatile organic
compounds from exhaust gas in the mid-1980s. Coutu et al. found that the biological
method achieved a removal efficiency of 69% with 1,2-dichlorobenzene [5]. Rahul et al.
found that the maximum BTEX (benzene, toluene, ethylbenzene, and xylene) removal rate
reached 99.85% when corn-cob was used with an inlet BTEX concentration of 97 mg-m 3
and an EHRT (equilibrium hydraulic retention time) of 3.06 min [6]. Compared with other
reported methods of VOC removal, the biological method has more advantages in dealing
with low concentrations of VOCs and high volumes of exhaust gas. However, the solubility
of VOCs in the liquid phase is limited (the solubility of VOCs in water is no more than 5% in
general), which has a negative influence on VOC removal from exhaust gas. Some studies
improved the mass transfer of pollutants during the gas-liquid phase by changing the type
of packing and the rate of liquid recirculation [7]. It was reported that good performance
was obtained by introducing PDMS (polydimethylsiloxane) hydrophobic coating and ad-
justing the flow rate [8], so that the efficiency of removal of toluene reached more than 90%
after a 3-day operation. In addition, some studies showed that surfactant also improved the
treatment efficiency of hydrophobic chlorobenzene [9,10]. Moreover, few studies have im-
proved the degradation performance of hydrophobic VOCs in BTF by optimizing bacterial
strains [11]. Zhang et al. isolated and identified a new strain, Mycobacterium Cosmeticum
Byf-4, which can simultaneously degrade BTEX compounds [12]. Compared with bacteria,
fungi are more suitable for treating hydrophobic VOCs because of the advantages of aerial
hyphae [13]. The Cladophialophora fungus has proved to be effective in degrading toluene
to carbon dioxide completely [14]. However, since the metabolic rate of fungi is generally
lower than that of bacteria, there is the problem that BTF, which is dominated by fungi,
would require a long period for starting up. Furthermore, multi-component VOCs usually
perform unpredictably in the biological degradation process [15]. Zhang et al. found that
the carbon recovery in multi- substrate exceeded 91%, while the values of carbon recovery in
other multi-substrate compositions containing o-xylene ranged from 79-81% [12]. O-xylene
was found to have negative effect, but the microbial diversity had a better performance
with mixed carbon sources. Due to the complex multiphase flow and multi-scale charac-
teristics of BTFs, the mass transfer and biodegradation kinetics of BTFs are still unclear. A
large number of simulation experiments have been conducted to study gas-liquid—biomass
transfer in BFTs [4,16,17]. Moreover, Yang et al. found that the structure of the microbial
communities changed with the differences in VOC components, which also determined
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the degradation performance of the BTF [18]. Thus, the high-efficiency degrading strains
are vital for the stability of BTFs and removal performance. In particular, high-throughput
sequencing allows rapid, detailed, and comprehensive analysis of the transcriptome and
genome of a species or microbial community. A number of microorganisms have shown
degradation activities on chlorobenzene, such as Shewanella decolorationis S12 [19], Ralstonia
pickettii L2 [20], Escherichia hermanii [21], and Microbacterium [22]. It was reported that the
addition of xylene as another kind of carbon source was proved to increase the removal rate
of CS; by high-throughput sequencing method [23]. Therefore, it is of great significance to
improve the key process parameters of mass transfer affecting the degradation performance
of VOCs.

The objective of this study is to evaluate the crucial process parameters of mass
transfer in the removal of chlorobenzene from the exhaust gas of the pharmaceutical and
chemical industries. A BTF was designed and inoculated with sludge from the sewage
treatment plant of a pharmaceutical factory in Henan province, CHN. The biochemical
reaction kinetics were explored to further optimized and gain insight into these processes
of chlorobenzene removal from exhaust gas with low investment and operating costs.

2. Materials and Methods
2.1. Materials

Chlorobenzene (AR) and xylene (AR) were obtained from Zhengzhou PAINI Chemical
Reagent of Chemistry Co., China. The basal medium was made up of the following com-
positions (per liter): 0.04 g-L~! Zn?*,0.004 g-L~! Cu?*, 100 g-L~! NH4*, 0.02 g-L~! Ca?*,
0.008g-L~! Co?*,0.002 g-L~! Mn?*,32 g-L~! HPO42~, 16 g-L~! H,PO,~ [24]. All reagents
were of analytical reagent grade. The gases (O; (99.999%), N3 (99.999%), CO; (99.999%))
were supplied by Zhengzhou Yuan-Zhen Gas Products Co., Zhengzhou, China. Oxygen-
free distilled water was used throughout the experiments.

2.2. Apparatus

The schematic diagram of the apparatus is shown in Figure 1. The gases were gener-
ated and controlled by gas cylinders (1-3), mixing tank, and mass flowmeter (4), (25 °C,
101.325 kP), and the total flow was 2 L-min~!. The volume fractions of Ny, O,, and CO,
were 89.96%, 10%, and 0.04%. Chlorobenzene (8) was placed in a water bath at 35° C, and
the total concentration of chlorobenzene and xylene was no more than 800 mg-m 2 before
mixing. During the 3—4 weeks of the experiment, a fluctuation of +4% was detected when
a certain concentration of chlorobenzene was set. The four layers of the cylindrical BTF (10)
were made of a polymethylmethacrylate (PMMA) column (total volume/height/diameter:
4L/0.8m/79.8 mm) (10), and a degassed desiccator was set on top of the BTF to eliminate
the effect of water vapors on the gas flow rate. Some raschig-ring fillers ($10 x 10, about
2400 m?-m 2 in total specific surface area) were filled up to half of the reactor volume, and
were regularly packed in the reactor. A tank (11) for liquid storage was set up at the bottom
of the BTFE. The inlet and outlet of liquid flow were controlled by a circulating pump (6)
and the circulating flow rate was maintained at 5.17 m3-m~2-h~! at room temperature. Gas
detection was mainly accomplished online by gas chromatography (12).

2.3. The Method of Biofilm Formation in the BTF

In this study, chlorobenzene was added as the sole carbon source to culture the biofilm
accelerated by the method of rapid mud discharge domestication [25]; that is, the activated
sludge was cultivated over a three-day period, then transferred into the BTF after removing
the supernatant. This method was able to quickly remove the non-related bacteria and
harmful substances of the original inoculated sewage, which was derived from the sewage
treatment plant of a pharmaceutical factory in the Henan province, CHN.
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Figure 1. Schematic diagram of the bio-trickling filter: 1. Np; 2. Op; 3. COy; 4. Gas flowmeter; 5. Fluid
flowmeter; 6. Circulating water pump; 7. Gas flowmeter; 8. Chlorobenzene; 9. Valve; 10. BTF;
11. Water tank; 12. Gas chromatography.

2.4. Study of Key Factors for Chlorobenzene Removal

The experiments were designed to investigate the removal of chlorobenzene under
different initial chlorobenzene concentrations. The medium was replaced in the reactor
every day. The chlorobenzene-degrading bacteria were cultured and gradually attached
to the raschig-ring fillers. The influences of inlet degradation loadings on the biological
activities in the BTF were observed by adjusting the concentrations of inlet chlorobenzene.
The EBRT (empty bed retention time) of exhaust gas in BTF was changed by adjusting the
rates of inlet flow gas. The interactions between the multiple organic components were
explored by adding xylene.

Samples were taken at regular intervals for the measurement of the inlet and outlet
concentrations of chlorobenzene. The operation of the BTF was described and studied in
terms of the chlorobenzene removal efficiency (1) and the removal loading (4.), which were
evaluated using the following equation.

n= @ x 100% 1)
m
_3.60Q(C;, — Cout)
Je = v
where C;;,, and C,,; denote the inlet and outlet chlorobenzene concentrations (mg-m’3) in
the gas phase, respectively. Q is the flue gas flow (m®-s~!) and V is the volume of empty
column of BTF (m?).

@)

2.5. Biological Kinetics and Biological Community Analysis
2.5.1. Analysis of Biological Kinetics

Since the reduction of chlorobenzene and xylene is a relatively stable process, the
metabolic rates of the single-component and multi-component substrates were analyzed by
Michaelis—-Menten equation [26].

_ ,umux[s]

K=Kt [S] ®)
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Ky 1
Hmax
= = + 4
U Hmax [S] [S] Hmax ( )

where Ky, (g-m™3) is the apparent semi-saturation constant, [S] (g-m~3), which represents the ra-
tio of substrate concentration in the liquid /solid phase and that in the gas phase. j (gm~3-s71)is
the reduction rate, and pmqy (g'm~3s~!) is the maximum apparent generation rate. Equation (4)
expresses the apparent kinetic parameters of the chlorobenzene reduction.

However, mass transfer in the biological phase is a key factor affecting the efficiency
of removal of chlorobenzene in the BTF. It is reported that the rate of VOC mass transfer (R)
per unit in a uniformly mixed liquid phase can be expressed as follows:

Q
V

1 Kpu+[S]

R = =B (Cin — mwCy) = (Cip — Cout) /t (5)

where Cyy (mg-m~3) is concentration of VOCs in the liquid /solid phase; V, (m?) is effective
volume of reactor; m,, is Henry coefficient of VOCs in the liquid phase (water); ¢ (h) is time;
Bs is the maximum fraction of VOCs from the gas phase to the liquid phase (water), and
the B% should be equal to 1(dimensionless) in an idealized BTF. The 8} can be obtained as
follows [27,28]:

Cin — Cout
Cin — MwCo

Bs = (6)

Furthermore, macro-kinetic biodegradation was also discussed. The degradation of
VOCs by BTF can be regarded as a combined process of mass transfer and biodegradation.
The transport and diffusion of VOCs occurs in the gas phase, while the process of biodegra-
dation occurs in the liquid film and biofilm [26]. Based on the experimental results and
theoretical analysis, the amount of oxygen consumption by microorganism was only 3% in
total, that is, the oxygen was supplied in excess. Therefore, the O, concentration in the gas
phase can be regarded as constant. The material balance of VOCs in the liquid/solid phase
of the BTF is described as follows:

aC * *

—; = K(C, = Cw) = bC;, @
where b is the biodegradation rate constant; # is the order of reaction; K (h’l) is the transfer
coefficient; C}, (mg-m~3) is the Concentration of contaminants in the liquid /solid phase
at equilibrium.

2.5.2. Analysis of Biological Community

Microbial samples were collected from the biofilm during the period of biofilm for-
mation and steady stage. Metagenomics analysis was performed by 16S rDNA high-
throughput sequencing [29]. The main steps were as follows: Sample preparation —
DNA extraction — PCR amplification — Gene library preparation and detection — Miseq
sequencing [30]. The sequencing data were processed by obtaining a valid sequence for
cluster analysis after the removal of the chimeric sequence, and the representative sequence
of each cluster was determined within the species distribution of each sample by taxonomic
analysis [31]. The diversity of species was analyzed based on the results of ACE, Chaol,
and Shannon index, and the community structure was analyzed at each classification level
based on taxonomic information.

2.6. Analytical Methods

The concentrations of chlorobenzene and xylene were both determined by gas chro-
matography (Agilent 7820A, Palo Alto, CA, USA, HP-Innowax, column temperature
160 °C). A field environmental scan electron Microscope (FESEM, Philips Model XL30,
Eindhoven, The Netherlands) was used to observe the formed biofilm and the surface of
the fillers. All data shown in this paper were the mean values of duplicate or triplicate
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experiments were analyzed by Origin 8.0. Confidence level used in this article was 95%,
while probability of different results was determined by t-distribution.

3. Results and Discussion
3.1. Biofilm Formation in the BTF

Batch experiments were conducted with a solution containing the ratio of chloroben-
zene and glucose 1:1 for the startup of the BTE. After 600 h cultivation, the degradation
efficiency of chlorobenzene stabilized to about 70% (Figure 2) under the maximum inlet
concentration of chlorobenzene 1000 mg-m_3, and a biofilm became visible on the surface
of the fillers.

100
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time, h

Figure 2. Reduction efficiency of chlorobenzene during biofilm formation. Inlet concentration of
chlorobenzene = 50-1000 mg~m*3, liquid rate = 5.17 m3m~2h~1, EBRT = 9%, pH = 6.5-7.0, oxygen
concentration = 10%. M Reduction efficiency of chlorobenzene.

The biofilm had already formed, as shown in Figure 3. In this study, the volume load
of chlorobenzene increased significantly at 25 d. Compared with the previous study [20],
the loading of chlorobenzene was 700 mg-m 3 after 35 d. Therefore, a higher loading and
more stability could be achieved by the method of rapid mud discharge in a short time.

Further, we can see from Figure 3 that the biofilm on the lower fillers was much thicker
than that on the upper ones after 600 h operation. The reason is that the upper fillers were
suffered by the spraying impulse damaged by the spraying. On the other hand, the biofilm
was mainly made by the kinds of aerobic microorganisms, while the microorganisms on
the lower fillers were more likely to maintain the activities by using oxygen passed through
from the bottom of the biofilter.

3.2. Optimization of the Operating Parameters of the BTF
3.2.1. Influence of Inlet Concentration of Chlorobenzene

The effect of inlet concentration of chlorobenzene on the operation of the BTF is shown
in Figure 4. When the inlet concentration of chlorobenzene was raised from 50 mg-m~3 to
300 mg-m~3, the available carbon source for microorganisms gradually increased, so the
degradation of chlorobenzene was raised from 85% to 88%. It remained at about 78% when
the inlet concentration of chlorobenzene was between 400-700 mg~m’3. Moreover, the
degradation efficiency was maintained at 60% at 1500 mg-m 3. It can be deduced that the
massive inlet concentration of chlorobenzene was toxic toward the activity of the bacteria,
leading to a gradual decline in degradation efficiency. Padhi et al. also found a negative
correlation between VOC concentration and degradation efficiency when treating organic
waste gas with BTF [32]. This indicates that the inhibition of effective biomass and gas—
liquid mass transfer occurred in the system under a high inlet loading of chlorobenzene, so
the capacity of substrate conversion per volume of biomass was close to the maximum. If
the loading of chlorobenzene further increased, the biological activity in the system was
inhibited, and then the substrate conversion capacity also reduced.
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Figure 3. (a) SEM image of biofilm at the top; (b) SEM image of biofilm at the bottom.
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Figure 4. The degradation efficiency of chlorobenzene under different chlorobenzene concentra-
tions. Liquid Rate = 5.17 m3m~2-h~! EBRT = 48 s, pH = 6.5-7.0, Oxygen Concentration = 10%.
B Degradation efficiency M Inlet concentration e Outlet concentration.

3.2.2. Influence of EBRT

The EBRT of simulated waste gas in the BTF has a great influence on the performance
of chlorobenzene degradation [33-35]. The experiment analyzed the influence of different
EBRT on the chlorobenzene degradation of the BTF; results are shown in Figure 5. With
the EBRT increasing, the degradation of chlorobenzene showed a trend of increment. The
maximum degradation reached 96% when the EBRT was 160 s. It also can be seen from
Figure 5 that the removal loading improved with the increase in the EBRT. The removal
loading reached 38 g-m~3-h~! when the EBRT was 80 s. After the EBRT exceeded 80 s,
there was no obvious impact on the removal loading, which remained at 40 g-m—3-h~L.
This was due to the limitation of effective biomass and gas-liquid mass transfer in the
system, and the capacity of substrate conversion per volume of biomass was close to the
maximum. Li et al. found that the removal loading reached 35 g-m~3-h~! with an inlet
chlorobenzene concentration of 1670 mg-m*3 and an EBRT of 90 s, which was, however,
lower than our result [36]. If the inlet concentration of chlorobenzene or the EBRT further
increased, the microbial activity might be inhibited in the system. The degradation effect of
chlorobenzene declined [37,38]. Therefore, an EBRT of no more than 80 s was determined
to be sufficient in this system.
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Figure 5. (a) The degradation efficiency of chlorobenzene under different EBRTs. (b) The removal

loading of chlorobenzene under different EBRTs. Inlet concentration of chlorobenzene = 700 mg-m~3,

liquid rate = 5.17 m3m~2-h"1, pH = 6.5-7.0, oxygen concentration = 10%. M Degradation efficiency
Inlet concentration e Export concentration.

3.2.3. Influence of Xylene Concentration on Chlorobenzene Degradation

BTFs often deal with multi-component organic gas, and different organic compounds
often inhibit each other in the biodegradation process. Therefore, it is of great significance
to study the interaction between different organic compounds [23,39,40]. Figure 6 shows
the degradation efficiencies of xylene and chlorobenzene at different concentration ratios.
The degradation efficiencies of chlorobenzene were observed by changing different concen-
tration ratios of chlorobenzene and xylene in organic waste gas. When the concentration
ratio of chlorobenzene and xylene was 1:1, the degradation efficiencies of chlorobenzene
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reached a maximum of 87.6%. The degradation efficiency is 14.1% higher than that of 14.1%
result achieved with an inlet chlorobenzene concentration of 800 mg-m~2 in Figure 4. How-
ever, when the concentration ratio of chlorobenzene and xylene was 1:5 or 5:1, the average
degradation efficiencies declined to 62.26% and 68.52%, respectively. Therefore, regardless
of which organic compound had a higher concentration, the overall degradation efficiency
was reduced, which may have been caused by the influence of the degradation pathway of
chlorine and methyl groups on microorganism activities. Above all, the chlorobenzene and
xylene both had a better removal efficiency under the ratio of 1:1.

I
I I
1 21 1-1 1-2 1-5

Substrate ratio

100

= o] [ols]
o o el
T

Degradation efficiency, %
=]
<

5

Figure 6. The degradation efficiency of chlorobenzene with different mixed waste gas concentrations. Inlet
concentration of mixed waste gas = 800 mg-m~3, liquid rate = 5.17 m3>-m~2-h~!, pH = 6.5-7.0, oxygen
concentration = 10%. M Xylene degradation efficiency =~ Chlorobenzene degradation efficiency.

3.3. Dynamics Analysis of Biodegradation
3.3.1. Kinetic Analysis of Enzymatic Reaction

In the process of biological treatment of organic waste gas, the mass transferred
simultaneously with the degradation of organic waste gas by microorganisms. Organic
waste was degraded by microorganisms mainly in the liquid film or biofilm [33]. Assuming
that the oxygen is sufficient for the aerobic respiration of microorganisms, the degradation
process of organic wastes and the activity of microorganism enzymes in the BTF can be
expressed by the Michaelis—-Menten equation.

1 K + [S] Ky, 1 1
- = = e — 8
M Vmax[s] Wmax [S] Wmax ®

Meanwhile, [S] can be expressed as:
[S] = Cin % B; )

The B value of chlorobenzene was determined and fitted by Formula (6). According to
the results of this experiment, the B value reached 0.86, which was significantly increased
compared with results from a traditional bioreactor. Therefore, it is speculated that this
BTF reactor has a higher effect on gas-biomass transfer.
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The relationships between 1/u and 1/[S] from the Michaelis—-Menten equation are
shown in Figure 7, respectively. The R? value is 0.97, indicating that this process can be
well described by the Michaelis—Menten equation. When the carbon source was a substrate
with a single component, the K, values of chlorobenzene and xylene were 4.37 g-m > and
4.99 g-m~3, respectively. When the carbon source was a substrate with mixed components,
the K, values of chlorobenzene and xylene were 5.69 g-m 2 and 4.87 g-m 3, respectively.
The physical meaning of K, is similar to enzyme kinetics; that is, the higher of K;,; value,
the lower the affinity between pollutant and enzyme [41]. The K}, value of chlorobenzene
under the mixed carbon source was higher than that of chlorobenzene as the sole carbon
source. This means that the removal rate of chlorobenzene under the mixed carbon source
was lower than that under the solo carbon source. K;; can also be regarded as a saturation
constant of volume in the BTF. Zhou [20] et al. also studied the treatment of CB by BTF,
and the results showed that the K;, value of the BTF system was 0.08 g-m 3, and with the
BTF strengthened by Ralstonia Pickettil L2, the K, value of the BTF system was 0.23 g-m 3.
However, the K;;; shown in this paper was much higher. However, we can draw the opposite
conclusion regarding the removal rate of xylene due to the difference in the K, values of
xylene with mixed and single carbon sources. It can also be seen from Figure 6 that the
removal rate of chlorobenzene was increasing, even though the K;;, value of chlorobenzene
under mixed carbon source was higher, because the inlet concentration of chlorobenzene
decreased when xylene was added into the reactor. The removal rate of xylene also
increased, since the K, value of xylene under the mixed carbon source was lower, which is
consistent with the conclusion obtained from the Michaelis—Menten equation. When the inlet
concentrations of chlorobenzene and xylene were equal, better removal efficiency with both
chlorobenzene and xylene was obtained. With the continuous increase in xylene, removal
efficiency with both chlorobenzene and xylene decreased. A possible reason for this is
that a large amount of xylene inhibited the activity of chlorobenzene-degrading bacteria,
resulting in a decreased removal rate of chlorobenzene. In the meantime, the activity of
xylene-degrading bacteria in the reactor was also insufficient to support the degradation of
excess xylene.
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Figure 7. Kinetics of the biodegradation process. (a) Biodegradation of chlorobenzene; (b) biodegra-
dation of chlorobenzene with mixed components substrate of chlorobenzene and xylene; (c) biodegra-
dation of xylene; (d) biodegradation of xylene with mixed-component substrate of chlorobenzene
and xylene.
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In general, the K, value also can reflect the reaction order [42]. It is speculated that
when [S] was less than 0.01 K,;;, [S] was less than 0.044 g-m’3, and p was equal to (#ax/Kin)
[S], the reaction was a kind of first-order reaction. The reaction rate was proportional to
the substrate concentration. While 0.01 K,;; < [S] < 100 K,;;, the substrate [S] was between
0.044 g-m 3 to 437 g'm 3, and the reaction was between the zero-stage reaction and the
first-stage reaction with the solo carbon source of chlorobenzene, which was consistent
with the conclusion from Figure 4. When [S] was more than 100 K;;;, 4 was equal to pyay-
That is, while the substrate [S] was over 437 g-m’?’, the reaction rate was close to a constant
value, and the enzyme was almost saturated with the substrate. The reaction rate had
nothing to do with the concentration of substrates. It is recognized as a zero-order reaction,
that is, % = L A ey =11628 gm3.s7L.

- Wmax

3.3.2. Macro-Dynamics Analysis of Biodegradation

The VOC transfer process is the main inflow, diffusion inflow, interphase transfer,
and interphase transfer amount that will eventually be used by microorganisms. A micro
element on the main flow direction can be selected and calculated by material balance, so a
simplified model is obtained as follows:

oC ’C  aC 1-0 .
5 =Pz vy - (G)K(Cw —Cuw) (10)

where C;, (mg-m~2) is concentration of VOCs in the gas-phase main body; D is axial
diffusion coefficient in gas phase; z (m) is the effective height of reactor; 6 is the porosity of
raschig-ring fillers; v is the interstitial velocity. Thus, combined with Equations (7) and (10):

ac_Daic_ ac_(1—9)<acw

= Trw n
ot 02 ot 6 ot +bcw> (1

when the system is in equilibrium, Cjj, = K}, x Cyy and the situation of diffusion can be
ignored. Kj, is the ratio of the pollutant concentration in the liquid/solid phase and that in

the gas phase, Ky = K}, (%) , Kyy is the ratio of the pollutant mass in the liquid /solid
phase and that in the gas phase. The range of v is 0 to inlet flow rate of VOCs. At the

ideal status, £ can be deemed as nr?-z ; that is, teprr. Moreover, if the BTF kept stable, the
boundary conditions of Equation (11) were z =0 ~ zand C = C;; ~ C. When the n is
equal to 1 and 0, Equation (11) is integrated as follows:

InC;,, — InC = bKytgBRT (12)
b
Cin—C= 5(1 — 0)teBrT (13)

where tgprr (s) is empty bed retention time. When the system was stable, the quantity
of pollutants adsorbed by the biofilm was equal to the amount of biofilm biochemically
removed. Therefore, according to the Langmuir adsorption formula, the reciprocal of the
degree of adsorption of pollutants was linearly related to the reciprocal of the concentrations
of pollutants. The intercept is expressed as the reciprocal of adsorption constant (1/b), so
the parameter of b can be determined as 69.4 by experimental data. Taken into Equation (12)
for fitting from Figure 8, R? value was 0.91, indicating that this process can be well described.
Kyw was calculated as 0.00034. The quantity of pollutants transferred into biofilm per unit
time was small, so the Ky value was not ideal. However, the flow rate of chlorobenzene
in the gas phase was 1.4 mg-min~!, while the microbial degradation rate reached up to
16.66 mg-min~!, which was much higher than the flow rate of chlorobenzene. Once the
chlorobenzene was absorbed by the biofilm, it decomposed promptly. Thus, the C,,¢ can be
expressed as follows:

Cout = e*0~0237tEBRT -Cin (14)
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Figure 8. The relationship between outlet concentration of chlorobenzene and EBRT.

(Liquid rate = 5.17 m3-m~2-h~1, pH = 6.5-7.0, oxygen concentration = 10%).

As is shown in Figure 5, the removal loading did not increase noticeably when the
EBRT exceeded 80 s. The relationship between outlet concentration of chlorobenzene by
biodegradation and time of long-term run under different inlet concentrations of chloroben-
zene is shown in Figure 9, and it can be expressed as Formula (15).

InC;,, — InC = bKytgr (15)

600 -
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E
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Figure 9. The relationship between outlet concentration of chlorobenzene and time of long-term run
under different inlet concentrations of chlorobenzene. Liquid rate = 5.17 m®*m~2-h~!, pH = 6.5-7.0,
oxygen concentration = 10%. Bl 100 mg-m~3 A 400 mg-m~3 e 800 mg-m~3.

These macro-dynamic models can satisfactorily predict the operation at different time
scales, and both R? are beyond 0.92. With the increase in long-term run time, the values of
adsorption constant (b) in the experiment remained stable, and the degradation capacity of
biofilm was close to the maximum value. Ky was calculated as 0.00043; that is, almost the
same as the value of Ky with different EBRTs. When the time of run increased, the activity
of the biofilm was inhibited by VOC concentration, which is the same as the conclusion
from Figure 5. Therefore, the process of chlorobenzene degradation was regarded as a
first-stage reaction. Furthermore, when the t was less than 80 s, the degree of degradation
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of the chlorobenzene was related to Kyy. When the t was over 80 s, chlorobenzene was fully
exposed to microorganisms.

3.4. Evaluation of the Microbial Communities in the BTF

In order to better understand the diversification of microbial communities and abun-
dance characteristics of microorganisms under long-term operation of the BTF, high-
throughput sequencing was utilized. Samples were collected at different operating steps.
The conditions of collecting samples are shown in Table 1.

Table 1. Samples under different sampling conditions.

Seq. Sample Substrate
1 C-1 chlorobenzene as sole carbon source with the BTF operated stably
2 X-1 xylene as sole carbon source
3 C+X chlorobenzene and xylene as mixed carbon source
4 C-2 chlorobenzene as sole carbon source maintained under acidic conditions

3.4.1. x-Diversification

a-diversification is a sign of species diversity, which can precisely reflect the number
of species in a microbial community. The statistics of a-diversification are shown in Table 2.
The total number of species are expressed as ACE and Chao indexes. The Shannon and
Simpson indexes reflect the diversity and distribution of microbial species; the Coverage
index represents the coverage rate. All the coverage values in the table are 1, indicating
that the sample could be well detected.

Table 2. Statistics of a-diversification of species.

Sample ACE Chao Shannon Simpson Good’s Coverage
C-1 159 159 6.275 0.981 1
X-1 35 34 3.518 0.831 1
C+X 174 174 5.890 0.971 1
C-2 48 48 4.564 0.906 1

It can be seen from Table 2 that the ACE and Chao indexes of sample C+X were both
larger than that of sample C-1 and sample X-1. This is because the microbial communities
in the BTF were abundant. Both chlorobenzene and xylene could be used as carbon source
by bacteria, so the total number of species was relatively high. However, the Shannon and
Simpson indexes of sample C+X were lower than those of sample C-1, but higher than those
of sample X-1, which indicated that removal efficiency with chlorobenzene and xylene
(Figure 6) was in accordance with the diversity and distribution of microbial species under
a different carbon source. Meanwhile, all the «-diversification indexes (Table 2) of C-2 were
higher than those of X-1. Therefore, it was speculated that an increase in the concentration
of xylene not only inhibited the activity of chlorobenzene-degrading bacteria in the BTF,
but reduced the diversity and distribution of chlorobenzene-degrading bacteria, leading to
a decrease in the efficiency of removal of chlorobenzene.

3.4.2. Analysis of the Microbial Communities

Table 3 shows the number of species at different classification levels for four different
samples. It can be seen from Table 3 that the number of species in sample C-1 was greater
than that of samples X-1 and C-2, indicating that the tolerance of chlorobenzene to microor-
ganisms was greater than that of xylene. The abundance of species in sample C+X was
greater than that of the other three sample, so it had enough microorganisms to effectively
degrade chlorobenzene and xylene in the system. During the period of stable operation, the
number of microbial species in the samples with only chlorobenzene under acid conditions
was greater than that with xylene as the sole carbon source. It was also found that xylene is
toxic to microorganisms.
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Table 3. The number of species under different classification levels in each sample.

Sample Phyla Outline Section Family Genera Species
C-1 12 18 34 53 60 6
X-1 9 13 15 17 17 1
C+X 17 22 45 71 84 43
C-2 9 12 20 25 29 17

Figure 10 shows the distribution of the microbial communities of the four samples
at genus level. It can be seen that the dominant flora was Thermomonas and Petrimona
in the sample C-1; Ottowia, Comamonas, and Chryseobacterium in the sample C-2; Ottowia
in the sample C+X, and Lentimicrobium in the sample C-2. Thermomonas and Petrimona
accounted for 5.74% and 5.51% of the total amount of bacteria with chlorobenzene as
the sole carbon source. Grabowski et al. [43] found that Petrimonas had strong ability
to degrade complex organic compounds. Zhu et al. [44] found that Thermomonas could
degrade aromatic compounds effectively under anaerobic condition. Ottowia, Comamonas,
and Chryseobacterium accounted for 74.27% in total, and Ottowia accounted for 54.02%
with xylene as the sole carbon source. Dafale et al. [45] observed that Ottowia was an
aroma-degrading bacteria accumulated in UASB and SBR bioreactors. Compared with
xylene as the sole carbon source, microorganisms in the system were much more abundant
with mixed carbon sources. Under acid conditions with chlorobenzene as the sole carbon
source, Lentimicrobium, which mainly treats high concentrations of organic compounds [46],
accounted for 5.63%, while unnamed microorganisms accounted for a relatively high
proportion of more than 50%. In general, the fluctuation of the operating conditions had
a great impact on the microbial communities. Above all, the dominant bacteria in the
system degrading chlorobenzene were Thermomonas, Petrimona, and Comamona, while the
dominant bacteria degrading xylene was Ottowia.
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Figure 10. The distribution of microbial communities at genus level.

4. Conclusions

This study revealed the key factors and corresponding gas-biomass kinetic mecha-
nisms of chlorobenzene treatment from simulated flue waste gas in BTE. During the stable
operation of the BTF, when an inlet concentration of chlorobenzene 700 mg-m 3, the oxygen
concentration of 10%, and an EBRT of 80 s, the removal loading reached 38 g-m’3~h’1.
The mass transfer kinetic analysis indicated that the process of chlorobenzene degrada-
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tion in BTF was between the zero-stage reaction and the first-stage reaction. The BTF
achieved a maximum biodegradability of chlorobenzene at an EBRT of 80 s under these
experimental conditions. Therefore, the BTF appeared to achieve a higher biodegradability
of chlorobenzene, overcoming the limitation of gas-liquid/solid mass transfer. The high-
throughput sequencing results showed that Thermomonas, Petrimona, Comana, and Ottowia
are typical organic-matter-degrading bacteria that degraded chlorobenzene efficiently with
xylene present.
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Nomenclature

b Rate constant of biodegradation

Cin Inlet concentration of VOCs, mg-m*3

Cout Outlet concentration of VOCs, mg-m’3

Cuw Concentration of contaminants in liquid/solid phase, mg-m~3

Cs Concentration of contaminants in the liquid/solid phase at equilibrium, mg-m~3
D Axial diffusion coefficient in gas phase

K Transfer coefficient, h !

Ky, Ratio of pollutant concentration in liquid /solid phase and that in gas phase
Kin Apparent semi-saturation constant, g-m~3

Ky Ratio of pollutant mass in liquid/solid phase and that in gas phase
My Henry coefficient of VOCs in liquid phase

n The order of reaction

Q Flue gas flow, m3.s~1

e Removal loading, g-m=3-h~1

r Radius of BTFE, m

R Transfer rate of VOCs, mg-m 3.1

[S] Concentration of the substrate, g~m’3

tEBRT Empty Bed Retention Time, s

tr Time of run, h

v Interstitial velocity, g'm3-s71

1% Volume of the BTE, m®

Vv, Effective volume of reactor, m>

z Effective height of reactor, m

Bs" Maximum mass fraction of VOCs from gas to liquid phase

1 Removal efficiency with chlorobenzene, %

0 Porosity of raschig-ring fillers

U Reduction rate, grm=3-s7!

Minax Maximum apparent reduction rate, g-m—3-s7!
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