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inlet concentrations (250, 600, 900, and 1200 mg/L) and empty bed residence times (EBRTs;
60, 45, and 32 sec). Batch experiments showed that the promoting effects of Fe3+ /Zn2+ on
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microbial growth and metabolism were highest for 3 mg/L Fe3+ and 2 mg/L Zn2+ , followed
by 2 mg/L Zn2+ , and lowest at 3 mg/L Fe3+ . Compared to BTF in the absence of Fe3+ and
Zn2+ , the average CB elimination capacity and removal efficiency in the presence of Fe3+

Fe3+ /Zn2+

and Zn2+ increased from 61.54 to 65.79 g/(m3 hr) and from 80.93% to 89.37%, respectively, at

Biotrickling filter

an EBRT of 60 sec. The average removal efficiency at EBRTs of 60, 45, and 32 sec increased by

Biofilm

2.89%, 5.63%, and 11.61%, respectively. The chemical composition (proteins (PN), polysaccharides (PS)) and functional groups of the biofilm were analysed at 60, 81, and 95 day. Fe3+ and
Zn2+ significantly enhanced PN and PS secretion, which may have promoted CB adsorption
and biodegradation. High-throughput sequencing revealed the promoting effect of Fe3+ and
Zn2+ on bacterial populations. The combination of Fe3+ and Zn2+ with rhamnolipids was an
efficient method for improving CB biodegradation in BTFs.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Chlorobenzene (CB) is a ubiquitous chlorinated aromatic
volatile organic compound (VOC) that is used as solvent and
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intermediate in the synthesis of dyes, plastics, perfumes,
and pesticides (Field and Sierra-Alvarez, 2008). As a highly
volatile compound, CB is released into the atmosphere in large
amounts during its storage, transportation, and manufacture.
Atmospheric contamination with CB has raised significant
concerns in terms of environmental and human health because of its high toxicity, bioaccumulation, and persistence
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(Brahushi et al., 2017; Dai et al., 2018). CB is regarded as a priority pollutant by the United States Environmental Protection
Agency (Zhou et al., 2016). Consequently, CB-contaminated air
should be trapped and treated using appropriate purification
techniques.
Compared to conventional physicochemical methods, biological approaches, including biofilters, bioscrubbers, and
biotrickling filters (BTFs), have proven to be economical, efficient, environmentally sustainable, and eco-friendly for CB
biodegradation (Wu et al., 2018). BTFs are particularly suitable
for treating VOCs because of their efficient treatment capacity
for acidic and alkaline compounds and long-term operation
(Seignez et al., 2004). Even though the trickling liquid in BTFs
is more complicated in manufacturing and operation, the pH
and moisture of these filters can be easily controlled. However,
the purification of hydrophobic CB in BTFs is limited because
of their low gas–liquid mass transfer and microbial activity,
the latter being more significant at high inlet loading rates
(ILRs) (Ferdowsi et al., 2017; Li et al., 2020, 2014; Rezaei et al.,
2020).
CB biodegradation is commonly limited by a low gas–liquid
mass transfer rate related to its low solubility, bioavailability, and toxicity in BTFs (Li et al., 2020; Wang et al., 2013,
2018). Surfactants have been used as additives to improve
the mass transfer rate of hydrophobic VOCs, as they can decrease surface and interfacial tension between gas and liquid
phases, thus improving the apparent solubility of hydrophobic substances (Zeng et al., 2018). Moreover, surfactants can
disperse hydrophobic substances into the aqueous phase by
forming micelles, thereby increasing their bioavailability to
bacteria. Surfactants for application to BTFs include chemical surfactants (e.g. sodium dodecyl sulfate (Cheng et al., 2016;
Liu et al., 2007), non-ionic surfactant p–tert–octyl-phenoxy (9.5)
polyethylene ether (Triton X-100) (Cheng et al., 2016), polyoxyethylene sorbitan monolaurate (Tween 20) (Cheng et al.,
2016; Wang et al., 2014b), and Tween 80 (Hajizadeh et al., 2018))
and biosurfactants (rhamnolipid (RLs) (Mokhtari et al., 2019;
Sun et al., 2018) and saponins (Qian et al., 2018; Tu et al., 2015)).
Liu et al. (2007) reported that the application of sodium dodecyl sulfate (25 mg/L) to a BTF achieved a high CB elimination
capacity (EC) of up to 234 g/(m3 hr) at an ILR of 241 g/(m3 hr),
and the CB removal efficiency (RE) increased by 18%. Compared to chemical surfactants, biosurfactants are less toxic,
more biodegradable and eco-friendly (Zeng et al., 2018). They
are widely used to promote the water solubility of hydrophobic VOCs in BTFs.
RLs, produced by Pseudomonas sp. bacteria, are the best
known anionic biosurfactant in bioremediation. RLs can be
used as carbon sources for microbial metabolism and growth
(Hassan et al., 2016). Mokhtari et al. (2019) reported that RL
(300 mg/L) increased n-hexane removal from 46% to 86% in
BTFs. Sun et al. (2018) found that the RE of 1,3-dichlorobenzene
in a BTF with RL (170 mg/L) and Mg2+ (2 mg/L) increased
by 29.13%. Thus, adding biosurfactants (e.g. RLs) to BTFs is a
promising strategy for improving CB biodegradation.
CB biodegradation is further limited by microbial activity. Microorganisms play an important role in bioreactors
(Ferdowsi et al., 2017). High exhaust concentrations and longterm operation lead to low activity and even death of microorganisms, impacting the CB biodegradation efficiency. Addi-

109

tional nutrients introduced into the solution circulation can
enhance microbial activity and growth; trace elements (e.g.
Fe3+ , Zn2+ , Mg2+ , and Mn2+ ), N, P, and S are usually used as
nutrients to this end (Khabiri et al., 2020; Saralaya et al., 2004).
Trace elements can also enhance bacterial metabolism by participating in the production of metal ion–containing enzymes
as a cofactor (Karlsson et al., 2012; Qin et al., 2019; Sun et al.,
2018).
In particular, Fe3+ can be assimilated in and boost the activities of Fe-containing enzymes involved in electron transfer
to establish a robust biofilm matrix (Qin et al., 2019). Zn2+ is
an essential trace element for growth and a cofactor for hydratase enzymes. Hydratases are important divalent cation–
dependant enzymes involved in bacterial aromatic degradation pathways (Mazurkewich et al., 2016). Zn2+ can participate in the synthesis of divalent cation–dependant hydratases
and improve the biodegradation rate of aromatic compounds
(Wang and Seah, 2005).
Moreover, trace elements can improve the hydrophobicity
of the microbial surface by changing the chemical compositions (e.g. in terms of proteins (PN) and polysaccharides (PS))
and functional groups of extracellular polymeric substances
(EPSs), increasing the absorption of hydrophobic VOCs and
mass transfer between microorganisms and the liquid phase
(Ding et al., 2018). However, excessive metal ions could be toxic
to microorganisms due to the lethal disruption of protein, diminishing microbial activity and BTF performance. To date,
the application of Fe3+ and Zn2+ to BTFs in combination with
RL has not been reported. The variation in chemical composition, functional groups, and microbial community diversity
should therefore be investigated in the presence of Fe3+ and
Zn2+ .
In this study, the effect of Fe3+ /Zn2+ with RL solubilisation on BTF performance under different inlet concentrations and empty bed residence times (EBRTs) were evaluated.
The changes in the EPS components and functional groups
in the biofilm after the addition of Fe3+ and Zn2+ were investigated. Additionally, variations in microbial structure before and after the addition of Fe3+ and Zn2+ were continuously tracked. Based on these results, the mechanisms of
metal ions in improving the microbial degradation of CB were
inferred.

1.

Materials and methods

1.1.

Chemicals, mineral salt medium, and sludge source

CB was purchased from Macklin Biochemical Technology Co.,
Ltd (Shanghai, China). RL was obtained from Zijin Biotechnology (Zhejiang, China), and other chemicals were ordered
from Yien Chemical Technology Co., Ltd (Shanghai, China). All
chemicals used in this study were of analytical grade.
The applied mineral salt medium compositions (1 L) were
as follows: 2.0 g NH4 Cl, 2.5 g KH2 PO4 , 0.5 g K2 HPO4 , 1.0 g
MgSO4 7H2 O, 50 mg H3 BO3 , 10 mg KI, 10 mg CuSO4 5H2 O,
45 mg MnSO4 H2 O, 20 mg NaMoO4 , 50 mg CoCl2 , 20 mg
AlK(SO4 )2 12H2 O, and 13.25 mg CaC12 2H2 O. Finally, 0.15 g CB
was added as the sole carbon source.
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RE, ILR (g/(m3 hr)), and EBRT (sec) were calculated using the
following equations:
EC =

Q (Cin − C out )
V

(1)

RE =

Cin − Cout
Cin

(2)

ILR =

QCin
V

(3)

EBRT =3.6 × 103 ×

V
Q

(4)

where Q (m3 /hr) is the airflow rate, V (m3 ) is the packing volume, and Cin (g/m3 ) and Cout (g/m3 ) are the inlet and outlet
concentrations of CB, respectively.

Fig. 1 – Schematic of the biotrickling filter (BTF) system. CB:
chlorobenzene.

Activated sludge from coking wastewater from Xuzhou
Qiangsheng City Gas Co., Ltd. in China was used as an inoculum source for the BTF. To reduce the required adaptation time
in the packing material, microorganisms in activated sludge
were domesticated for 30 day (Appendix A Table S1). The concentration of mixed liquid suspended solids increased from
2.258 to 4.735 mg/L during the domestication process. The domestic sludge was then inoculated into the BTF.

1.2.

BTF operating conditions

The BTF is illustrated in Fig. 1. The BTF column consisted of
a Plexiglas pipe with an inner diameter of 8 cm and total
height of 150 cm and was packed with polyurethane sponge.
The packed beds and packing volume of the BTF were 80 cm
and 4.02 L, respectively. The BTF was operated in two-way-flow
mode with upward airflow and downward liquid solution flow.
The inner temperature of the biofilter was maintained at 25–
30°C by wrapping a heater around the entire BTF column.
The nutrient solution was applied at a rate of 3.5 L/day. The
ammonium (NH4 Cl) in the nutrient solution was replaced by
nitrate nitrogen (e.g. NaNO3 ) with the same quality to prevent excessive biofilm growth (Wang et al., 2009). The nutrient solution composition was the same as that described by
Yang et al. (2017). The nutrient solution was changed every
four days. Furthermore, 150 mg/L RLs was added to the nutrient solution every two days to promote CB dissolution (the
critical micelle concentration of RL was 74.98 mg/L; Appendix
A Fig. S1).
The BTF was operated for 95 days under different operating
conditions (with and without Fe3+ and Zn2+ ). After the startup phase, the steady-state performance of the BTF was evaluated under various CB inlet concentrations (250–1200 mg/m3 )
and EBRTs (60, 45, and 32 sec). The BTF was fed with 3 mg/L
Fe3+ and 2 mg/L Zn2+ since day 61. The operating conditions
of each stage are summarised in Table 1.
The BTF was operated under reference conditions at an
EBRT of 60 sec during the start-up period. The BTF performance was evaluated using EC (g/(m3 hr)) and RE (%). The EC,

1.3.

Microbial growth and biological degradation test

Batch experiments on microbial growth and CB degradation
were carried out, and 0, 7.5, 15, 22.5, 30, 60, and 120 mg RL were
mixed with microorganisms sampled from the packing material (5%) and 190 mL (95%) mineral salt medium in 250 mL
conical flasks. Batch experiments on microbial growth were
carried out, and 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg Fe3+ and 0, 0.1,
0.2, 0.4, 0.8, and 1.2 mg Zn2+ were mixed with microorganisms (5%), 30 mg RL (150 mg/L), and 190 mL (95%) mineral salt
medium in 250 mL conical flasks. The temperature, pH, and CB
concentration were maintained at favourable levels. The initial optical density at 600 nm (OD600 ) in the culture bottles was
approximately 0.2. The sealed bottles were placed in a shaking bath (30°C, 160 r/min) and sampled every 12 hr up to 72 hr
to determine the OD600 and CB concentrations.

1.4.

EPS extraction

Activated sludge samples in the BTF were collected in the
absence and presence of 3 mg/L Fe3+ and 2 mg/L Zn2+ on
days 81 and 95, respectively. The soluble EPS (S-EPS), loosely
bound EPS (LB-EPS), and tightly bound EPS (TB-EPS) from the
activated sludge granules were extracted using the modified
heat method according to previous research (Morgan et al.,
1990; Sun et al., 2009). In brief, 2 mL fresh biofilm collected
from the BTF was placed in a high-speed freezing centrifuge at
3000 r/min and 4°C for 15 min. The supernatant was extracted
using a syringe and passed through a 0.45 μm mixed cellulose ester microporous membrane, and the supernatant fluids
were collected as S-EPS. Subsequently, the sediments were resuspended to 2 mL and horizontally vibrated in a thermostat
incubator at 100 r/min for 1 hr and centrifuged at 6000 r/min
and 4°C for 15 min; the supernatant fluids were considered
LB-EPS. The sediments were then re-suspended to 2 mL with
deionised water, heated to 80°C for 40 min, and centrifuged at
12,000 r/min and 4°C for 15 min to obtain TB-EPS.
After the sequential EPS extraction process, the PS content in the EPS was measured using the phenol sulfuric acid
method (Rover et al., 2013) with glucose as standard carbon
source. The PN content in the EPS was determined using the
modified Lowry method (Zhao et al., 2016) with serum protein
as standard substance. All samples were taken in triplicate.
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Table 1 – Operation stage and experimental conditions of the BTF.

Stage

Duration (day)

CB concentration
(mg/m3 )
EBRT (sec)

Q (m3 /hr)

Temperature ( °C)

ILR (g/(m3 hr))

Fe3+ and Zn2+
addition

Start-up
Stage-Ⅰ
Stage-Ⅱ
Stage-Ⅲ
Stage-Ⅳ

0–25
26–45
46–60
61–80
81–95

616
186–1302
625
237–1257
625

0.24
0.24
0.24–0.45
0.24
0.24–0.45

25
25
25
25
25

36.8
11.1–77.7
37.1–73.8
14.1–75
37.4–70.1

NO
NO
NO
YES
YES

60
60
60–32
60
60–32

EBRT: empty bed residence time; ILR: inlet loading rate; Q: airflow rate. Stage-Ⅰ: inlet concentration from 186 to 1303 mg/m3 and without 3 mg/L
Fe3+ and 2 mg/L Zn2+ at an EBRT of 60 sec; Stage-Ⅱ: inlet concentration approximately to 600 mg/ m3 and without Fe3+ and Zn2+ under EBRT
from 60 to 32 sec; Stage-Ⅲ: inlet concentration from 237 to 1257 mg/m3 with 3 mg/L Fe3+ and 2 mg/L Zn2+ at an EBRT of 60 sec; Stage-Ⅳ: inlet
concentration approximately to 600 mg/ m3 and without 3 mg/L Fe3+ and 2 mg/L Zn2+ under EBRT from 60 to 32 sec.

1.5.
Fourier transform infrared and X-ray photoelectron
spectroscopy
The biofilm surface samples (including bacteria and total EPS)
were extracted from the packing material in the BTF on days
60, 81, and 95. Before the analysis, the samples were freeze for
24 hr at −80°C. The KBr pellets prepared by mixing 1 mg dry
powdered sample and 100 mg spectrometry-grade KBr under
a vacuum were analysed using via Fourier transform infrared
spectroscopy (VERTEX 80v, Bruker, Germany), with a scanning
wavelength range of 4000–500 cm−1 .
The biofilm surfaces with Fe3+ and Zn2+ were analysed
via X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi,
Thermo Fisher, USA) with an Al KR X-ray source. EPS extracted
from mixed bacteria was first scanned using a broad spectrum, and narrow spectra of C, O, N, Fe, and Zn were also analysed. All binding energies were referenced to the neutral C1s
peak at 284.8 eV to compensate for surface charging effects.
The XPS spectral peaks were fit and analysed using XPS peak
4.1.

1.6.
DNA extraction, polymerase chain reaction
amplification, and MiSeq sequencing
Biofilm on the packing material on days 60 and 95 were collected for DNA extraction, polymerase chain reaction amplification, and MiSeq sequencing. Genomic DNA was extracted
from the biofilm samples and determined via 1% agarose gel
electrophoresis. The V3–V4 region of bacterial 16S rRNA was
amplified using primers 338F (5 -ACTCCTACGGGAGGCAGCAG3 ) and 806R (5 -GGACTACHVGGGTWTCTAAT-3 ) with sampleidentifying barcodes. The polymerase chain reaction products
were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA). The purified products were then quantified using QuantiFluorTM -ST (Promega, USA) according to protocol. The amplicons from each sample were obtained using
the Illumine MiSeq PE300 platform.
The MiSeq sequence data were demultiplexed, quality filtered using Trimmomatic and merged using FLASH (version
1.2.11) according overlapping relationships. The criteria for
quality filtering and merging were as follows: (1) The reads
with average quality scores of < 20 over a 50 base pairs (bp)
sliding window were truncated, and N-base reads were removed. (2) Primers were merged, allowing two nucleotides to

mismatch. (3) Sequences with an overlap of longer than 10 bp
were merged. (4) The sequence direction was adjusted according to the first and last barcodes; the number of mismatches
allowed by the barcode was 0, and the number of primer mismatches was lower than 2.
The sequencing data were processed using the Quantitative Insights Into Microbial Ecology (1.6.0) Pipeline. Operational taxonomic units at a 97% similarity level were clustered
using Usearch (version 7.0; http://drive5.com/uparse/). Ribosomal Database Project (RDP) Classifier (version 2.2; http://
sourceforge.net/projects/rdp-classifier/) in the SILVA database
(release 128; http://www.arb-silva.de) was used to perform
taxonomic assignment using a confidence threshold of 97%
similarity for operational taxonomic unit representative sequences and to analyse the community composition of the
samples at the genus level.

1.7.

Analytical methods

The growth and total count of microorganisms in suspension were estimated using OD600 . A UV–Vis spectrophotometer (UV 1800, Shanghai Jinghua Scientific Instrument Co., Ltd.,
China) was used to determine the absorbence of the bacterial suspension, and the OD600 was used to characterise microbial growth. The CB concentration was analysed using gas
chromatography (6890 N, Agilent Technologies, USA) equipped
with an HP-VOC capillary column (with a film thickness of
30 m × 0.32 mm × 0.25 μm) and a flame ionisation detector.
Gas chromatography was operated with a split ratio of 1:50
(V/V). Nitrogen (purity ≥ 99.99%) was used as the carrier gas at
a pressure of 70 kPa. The temperature of the chromatographic
column was set at 80°C, and the temperatures of the detector
and vaporisation chamber were both set at 300°C.

2.

Results and discussion

2.1.
Optimal concentrations of RL, Fe3+ , and Zn2+ to
mixed microorganisms
Fig. 2 shows the OD600 and CB removal under different RL
and Fe3+ /Zn2+ concentrations in the batch experiments. The
OD600 and the CB removal rate reached in Fig. 2a and b stable state after 36 and 60 hr, respectively. When RL is 150 mg/L,
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Fig. 2 – Effect of (a) rhamnolipid (RL) and (c) Fe3+ /Zn2+ on microbial growth and effect of (b) RL and (d) Fe3+ /Zn2+ on residual
concentration of CB. Experimental conditions of (a) and (b): [OD600 ]0 = 0.2, [CB]0 = 150 mg/L, pH = 7, temperature (T) = 30°C.
Experimental conditions of (c) and (d): [OD600 ]0 = 0.2, [CB]0 = 150 mg/L, [RL] = 150 mg/L, pH = 7, T = 30°C. OD600 : optical
density at 600 nm; RE: removal efficiency; [X]0 : initial concentration of species X; [X]: concentration of species X.

microorganisms reach their highest OD600 (0.344, 36 hr), and
the lowest CB residual concentration (52.6 mg/L, 60 hr), compared with those of other experimental groups. Therefore, microbial growth and CB removal rate were increased the most
by 150 mg/L RL. This could be explained by RL accumulation
at the interface of CB and the aqueous phase to promote CB
solubility and bioavailability (Zeng et al., 2018).
When RL was higher than 300 mg/L, its role in promoting
microbial growth was reduced because of the higher RL carbon load for microorganisms. Moreover, RL is less toxic to microorganisms than CB is and can be preferentially used as a
carbon source for microbial growth at higher RL concentrations (Hassan et al., 2016; Maslin and Maier, 2000). When the
RL concentration exceeded 300 mg/L, the residual CB content
was higher than that of the control, indicating that excess
RL had been competing with CB in this system, thereby reducing the CB removal rate. Thus, 150 mg/L RL was added as
an optimal dosage to enhance CB solubilisation and bioavailability. Sun et al. (2018) reported a similar concentration of
RL (170 mg/L) as the optimal concentration for purifying 1,3dichlorobenzene.
Fe3+ and Zn2+ played an important role in promoting microbial growth. Batch experiments (Appendix A Fig. S2) revealed that the optimum Fe3+ and Zn2+ concentrations for
microbial activity were 3 and 2 mg/L, respectively. Higher
concentrations (5 mg/L Fe3+ or 6 mg/L Zn2+ ) inhibited mi-

crobial growth compared with the control (Appendix A Fig.
S2). This might be because a high concentration of metal
ions can lethally disrupt functional proteins (Singhal and
Rathore, 2001). Wang et al. (2013) reported that a lower Zn2+
concentration (< 1.0 mg/L) promoted microbial growth and
ethylbenzene degradation better than a higher concentration
(> 5.0 mg/L) did.
As shown in Fig. 2, the OD600 (0.377) and RE (69%) of
CB at 3 mg/L Fe3+ were lower than those at 2 mg/L Zn2+
(0.386 and 69.2%, respectively) but higher than those of the
control (0.335 and 53.6%, respectively) after 60 hr. Moreover,
the combination of 3 mg/L Fe3+ and 2 mg/L Zn2+ showed
the best results (OD600 of 0.416 and RE of 74.4%; Fig. 2) because the interaction between divalent and trivalent cations
could stimulated microbial growth and CB bioavailability by
increasing the microbial aggregation and surface hydrophobicity (Alias et al., 2016). Fe3+ and Zn2+ participating in the
production of ferric- and zinc-containing enzymes, including
oxidoreductases, hydrolases, transferases, lyases, isomerases,
and ligases (Dedyukhina and Eroshin, 1991).
Monooxygenases are important enzymes involved in CB
biodegradation. These critical enzymes (e.g. alkane monooxygenase) might be preferentially expressed in high microbial densities (Pimviriyakul et al., 2020). Thus, microbial
metabolism for assimilating CB might be enhanced by additional monooxygenase secretion after the addition of the
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Fig. 3 – Performance of BTF during various phases of operation. Cin : inlet concentration; Cout : outlet concentration.

metal ions. Microbial growth and activity were increased the
most by 3 mg/L Fe3+ and 2 mg/L Zn2+ , followed by 2 mg/L Zn2+
and 3 mg/L Fe3+ , and the least by the control. Therefore, the
combination of 3 mg/L Fe3+ and 2 mg/L Zn2+ was selected as
the optimal condition in the following experiment.

2.2.

CB removal performance in BTF

2.2.1.

Start-up period

The performance of the BTF in the start-up period is illustrated in Fig. 3. During this period, the experiment was conducted with an average CB concentration of 239 mg/m3 (corresponding to an average ILR of 14.3 g/(m3 hr)) and an EBRT of
60 sec. The RE of CB in the BTF was very low (< 50%) during the
first four days. BTF performance gradually increased with RE
> 70% on day 13, showing that CB-degrading microorganisms
were well acclimated and at a suitable development stage in
the BTF. On day 20, the RE of CB increased to 94.50%, corresponding to an EC of 14.68 g/(m3 hr). Over the next few days,
the RE stabilised at around 97%, which indicated the completion of biofilm hanging and successful start-up of the BTF. The
entire process lasted 25 day. Zhou et al. (2016) reported that
the start-up period for a BTF inoculated with sludge lasted 35
day and maintained a maximum RE of 88% for CB removal.
This difference in start-up time might have been because the
domestic sludge inoculated into the BTF in our study was
well adapted to CB, and the addition of RL increased microbial growth and CB biodegradation efficiency compared to the
control group (Fig. 2b), thus shortening biofilm hanging time.

2.2.2. Effect of inlet concentration on BTF performance
with/without Fe3+ and Zn2+
After the BTF was successfully started, its steady-state performance was evaluated for 70 day. The BTF was fed with 3 mg/L
Fe3+ and 2 mg/L Zn2+ from day 61. The BTF performance at
different CB concentrations is shown in Fig. 3. When the inlet
CB concentration was increased from 186 to 1303 mg/m3 , the

RE decreased from 98.01% to 79.87% in stage Ⅰ (without Fe3+
and Zn2+ ), and the EC increased from 10.87 to 62.12 g/(m3 hr).
Generally, the EC increased with CB inlet concentration, while
whereas RE decreased.
As shown in Fig. 4, higher CB ILR increased the EC from
14.14 to 61.54 and 14.75 to 65.79 g/(m3 hr) in the absence and
presence of Fe3+ and Zn2+ , respectively. For low ILRs, the relation between ILR and EC was nearly linear in stage Ⅰ, indicating CB removal of almost 100%. However, when the CB concentration was increased, the EC curve and its slope gradually
decreased. Finally, the CB EC reached 61.54 g/(m3 hr) (Fig. 4a),
corresponding to an ILR of 76.05 g/(m3 hr). The increased EC
at an ILR of 14.21–36.88 g/(m3 hr) showed a mass transfer limitation of CB from the gas to the liquid phase, which plays a
critical role in CB elimination.
Some biofilms might not participate in CB biodegradation. Increasing ILR enhanced the probability of CB coming
into contact with microorganisms, increasing the EC at higher
ILRs. For an ILR of 36.88–55.57 g/(m3 hr), the EC increased
moderately, indicating that the biofilm was fully active in
the kinetic-limited regime, in which the biodegradation rate
and mass transfer were limiting factors (Moreno-Casas et al.,
2020). Compared to that in Fig. 4a, the EC curve in Fig. 4b
rapidly increased when the ILR was 55.57–76.05 g/(m3 hr), and
it was observed that the growth of EC was not impeded, indicating that the biodegradation ability of the microorganisms
was not substantially inhibited. The enhancement of EC likely
occurred because the addition of Fe3+ and Zn2+ promoted the
biodegradation rate by stimulating microbial growth and activity, resulting in greater CB removal.
The average RE with CB inlet concentrations of 250, 600,
900, and 1200 mg/m3 during stage Ⅲ increased by 1.77%, 1.82%,
5.10%, and 8.44%, respectively, compared to the corresponding
average RE in stage Ⅰ. This indicated that CB biodegradation in
the BTF was improved by the introduction of Fe3+ and Zn2+ .
Fe3+ and Zn2+ likely acted as nutrients that promote the activity and metabolism of CB-degrading bacteria. Other studies
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Fig. 4 – CB elimination capacities in the BTF at different ILRs based on the change in CB inlet concentration in BTF in the (a)
absence and (b) presence of Fe3+ and Zn2+ during stage Ⅰ and Ⅲ, respectively. EC: elimination capacity.

have also demonstrated that the addition of surfactants and
trace elements enhanced VOC biodegradation. For instance,
Wang et al. (2013) showed that the addition of Zn2+ increased
the RE of ethylbenzene from 86% to 90% with the solubilisation of Tween-20 in a BTF. Sun et al. (2018) reported that the RE
and EC of a BTF with RL and Mg2+ were higher than those of
the control BTF for treating 1,3-dichlorobenzene.

in stage Ⅳ was equivalent to the RE value (92.24%) at an EBRT
of 60 sec in stage Ⅱ. This indicated that the BTF maintained
a higher RE at a lower EBRT (45 sec) after the addition of Fe3+
and Zn2+ , which can render CB treatment in the industry more
economical and efficient.

2.2.3. Effect of EBRTs on BTF performance with and without
Fe3+ and Zn2+

EPS plays an important role in the integrity and stability of
biofilms. PN and PS are the major components of EPS. The
composition of EPS may influence biofilm function in terms
of hydrophobicity and surface roughness through variations
in surface functional groups (Qian et al., 2018; Saralaya et al.,
2004).

One possible way of curbing the cost of industrial-scale CB
treatment is to reduce the bioreactor volume and maintain
an acceptable RE. Reducing the EBRT in the BTF is also crucial. Fig. 3 shows the BTF performance at EBRTs of 60, 45,
and 32 sec in the absence (stage Ⅱ) and presence (stage Ⅳ)
of Fe3+ and Zn2+ with a CB inlet concentration of approximately 600 mg/m3 . CB removal decreased with decreasing
EBRT. The average CB removal under steady-state conditions
at an EBRT of 60 sec was 92.24%. The BTF operation at an EBRT
of 45 sec reduced the average RE to 86.59%. Further decreasing EBRT to 32 sec diminished the BTF performance, and the
RE dropped to 77.34%. This could be explained by the fact that
low contact time between the biofilm and CB gas phase reduced the probability of CB being used by microorganisms and
could have decreased the biodegradation efficiency (VergaraFernández et al., 2012). Similar results have been reported in
other studies (Li et al., 2014; Liu et al., 2007; Zhou et al., 2016) .
After the addition of Fe3+ and Zn2+ in stage Ⅳ, the average RE decreased from 95.14% to 92.22% when EBRT was decreased from 60 to 45 sec. Finally, the average RE with Fe3+
and Zn2+ at an ILR of 70 g/(m3 hr) and EBRT of 32 sec was
88.96%, which was higher than that without Fe3+ and Zn2+ at
the same EBRT (77.34%). The difference of 11.62% in RE at the
same EBRT showed that the addition of Fe3+ and Zn2+ could
promote CB biodegradation, since microbial growth and activity were promoted (Dedyukhina and Eroshin, 1991). Furthermore, Fig. 3 shows that the RE (92.22%) at an EBRT of 45 sec

2.3.

2.3.1.

Effect of Fe3+ and Zn2+ on biofilm in BTF

Changes in EPS ingredients

The PS and PN content in LB-, TB-, and S-EPS on days 60,
81, and 95 are shown in Fig. 5. Total PN and PS (which represent the sum of PN and PS in TB-, LB-, and S-EPS) in the
biofilm EPS in the BTF increased from 268.38 to 390.77 mg/L
and from 268.18 to 532.61 mg/L from day 60 to 81, respectively, followed by a slight increase of 18.56 and 56.28 mg/L,
respectively, from day 81 to 95. After the addition of Fe3+ and
Zn2+ , from day 60 to 81, the microorganisms adapted to the
ions in their surroundings. This indicated that the addition
of Fe3+ and Zn2+ promoted the EPS content of the biofilm.
These trace elements possibly enhanced the biomass of EPSexcreting bacteria, causing more EPS to be secreted. Another
reason might be that the trace elements stimulated biofilm
EPS secretion by their effects on microbial cell characteristics
(e.g. protein synthesis (Dedyukhina and Eroshin, 1991)).
EPS increases the surface area for the adsorption of the target pollutant, and it was strongly related to mass transfer of
the pollutant in the biofilm (Jia et al., 2017; Zhang et al., 2015).
The CB mass transfer was governed by biofilm EPS, particularly by its hydrophobicity. The hydrophobicity of the biofilm
surface might be positively related to the production of PN, in
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Table 2 – Dynamic variation of PN to PS in biofilm.
Time (day)

TB-EPS

LB-EPS

S-EPS

60
81
95

1.7696
1.5308
1.5211

0.6852
0.6096
0.6405

0.8933
0.4392
0.3805

Fig. 5 – Dynamic variation of PN and PS concentration in
S-EPS, LB-EPS and TB-EPS on days 60, 81, and 95. PN:
proteins; PS: polysaccharides; EPS: extracellular polymeric
substances; TB-EPS: tightly bound EPS; LB-EPS: loosely
bound EPS; S-EPS: soluble EPS.

which polar groups (e.g. aromatic lipids) offer bonding sites
for hydrophobic CB and carbohydrates (Zhang et al., 2015).
Fig. 5 shows that the PN content of TB-EPS without Fe3+ and
Zn2+ was approximately 74.64 mg/L, accounting for 31.3% of
total EPS from day 60. The PN content increased to 206.02 and
224.12 mg/L, i.e. with proportions of 52.7% and 54.75%, respectively, from day 81 and 95. This substantial increase indicated
that the addition of Fe3+ and Zn2+ increased the PN content
in TB-EPS compared to that on day 60, which was accompanied by a promotion in BTF performance (Fig. 2). One possible
explanation is that hydrophobic PN in the biofilm enhanced
the mass transfer of CB from the biofilm to the microorganism surface, thereby enhancing CB biodegradation in the BTF.
This result was consistent with those of other research, which
showed that Fe2+ and Cu2+ could induce the production of PN
in EPS, promoting sludge hydrophobicity (Hao et al., 2016).
However, the PN content in S-EPS gradually decreased from
60 to 95 day. We guess that there are two possible reasons.
For one thing, it may be that the microorganisms secrete a
large amount of PS, which reduces the concentration of PN.
For another, it may be that the operation period is long, and
the biofilm is already mature. Decomposing enzymes play a
role in S-EPS to shed mature biofilm and generate new biofilm.
The content of PN decreases as PN decomposed. Few studies
focus on this aspect, and further experiments are needed to
study the reasons for the reduction of PN in S-EPS.
The ratio of PN to PS (Table 2) decreased from 0.6852 and
0.8933 in LB- and S-EPS on day 60 to 0.6405 and 0.3805, respectively, on day 95, indicating increased PS production in
these EPS layers. This result differed from those of other
studies in that the PN/PS value exceeded 1.0 (being even
greater than 5.0) and showed an increasing trend (Cheng et al.,
2015). This difference might be due to the variation in the
source of microorganisms, target pollutant, and packing material (Wu et al., 2018). The increased PS content caused by

Fig. 6 – Fourier transform infrared spectroscopy spectra of
EPS on days (a) 60, (b) 81, and (c) 95.

Zn2+ might have promoted the secretion of PS by bacteria
(Reeslev and Jensen, 1995). Furthermore, PS has a long-chain
backbone and numerous side chains that provide a large number of binding sites for interactions with cells and the packing material. Such interactions can facilitate stronger adhesion and a stable microhabitat, which benefit biofilm stability.
Moreover, the PS were mostly polyanionic due to the presence of organic substituents (e.g. acetate, pyruvate, and succinate), and uronic acids might have bonded with cations to
maintain a stable biofilm structure (Tu et al., 2017). These insights into the impacts of Fe3+ and Zn2+ on biofilm EPS could
improve understanding of the role of trace elements in maintaining stable BTF operation.

2.3.2.

Functional group change of biofilm surface

The changes in the functional groups of the biofilm surface,
including mixed bacteria and total EPS (which is the sum of
LB-, TB-, and S-EPS), before (on day 60) and after the addition
of Fe3+ and Zn2+ (on days 81 and 95, respectively) are shown in
Fig. 6. The broad absorption peak at approximately 3248 cm−1
was related to hydroxyl groups (O–H) stretching and the N–H
groups (Wang et al., 2013). Because the biofilm has a complex
composition, the functional group responsible for the stretching vibration could not be determined. Two sharp peaks (1650
and 1400 cm−1 ) were observed and respectively assigned to
C=O vibration and stretching C–O and COO– groups, namely
amine I and amide Ⅲ from proteins (Wang et al., 2014c). The
broad absorption peak at 1029–1058 cm−1 was indicative of
the characteristics of PS or PS-like substances (Wang et al.,
2008). The Fourier transform infrared spectral data confirmed
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Fig. 7 – Distribution of mixed microorganisms at the genus level on days (a) 60 and (b) 95.

the presence of carboxyl, hydroxyl, and amide groups in the
biofilm surface.
As time progressed (days 60, 81, and 95), the peaks at 3248
and 1029–1058 cm−1 became smaller and broader, indicating
that the PN and PS content increased because of the interactions between the functional groups (O–H and –COOR) and
Fe3+ and Zn2+ , which were consistent with the results in Fig. 2.
Likewise, the functional groups on the biofilm surface were
confirmed and extended via XPS (Appendix A Fig. S3). The area
ratios of C–OH and C–OOR respectively increased by 2.2% and
8.2% from day 60 to 95 (Appendix A Table S2).
The binding energies of Zn 2p3/2 at 1022.5 ± 0.1 eV and Fe
2p3/2 at 713 eV (Appendix A Table S3) on day 81 were respectively assigned to the Zn–OH and Fe–OH bonds (Wang et al.,
2014a; Zhuang et al., 2015). This revealed that the interaction
between Fe3+ , Zn2+ , and the microorganisms might have been
influenced by the hydroxyl groups of the EPS. The microbial
cells could attach to each other because of the ion bridge between metal ions and the EPS, which promoted the development of a more robust biofilm through the aggregation and
adsorption of cells (Hu et al., 2016). This interaction in the BTF
might have improved CB mass transfer, thus enhancing CB
elimination.

2.4.

Microbial community analysis

The distribution of bacterial genera in the absence and presence of 3 mg/L Fe3+ and 2 mg/L Zn2+ was determined via
high throughput sequencing (Fig. 7). Samples were collected
on days 60 and 95 to represent the microbial community in the
absence and presence of these trace elements, respectively.
The most striking changes were in the abundances of the following genera: increases in Brevibacterium sp. (from 37.62% to
41.78%) and Gordonia sp. (from 35.13% to 39.38%) and decreases
in Microlunatus sp. (from 7.53% to 4.65%) and Arthrobacter sp.
(from 3.13% to 1.99%).
Brevibacterium, classified as Actinomycetales, was the most
abundant bacterial genus in the BTF in the absence of Fe3+
and Zn2+ (37.62%). This bacteria could degrade aromatic compounds (Isaac et al., 2013) and therefore played a critical
functional role in CB degradation. Gordonia, the second-most

abundant genus, is considered a candidate for bioremediation
because of its capacity to degrade petroleum hydrocarbons,
polycyclic aromatic hydrocarbons, and other widespread
toxic environmental pollutants (Nozhevnikova et al., 2015).
Narancic et al. (2012) isolated Gordonia sp. TN103 and
TN108 as well as Arthrobacter sp. TN221 from petrochemicalcontaminated river sediments and found that the Gordonia sp.
and Arthrobacter sp. could degrade a wide range of aromatic
compounds.
Brevibacterium sp. and Gordonia sp. totalled over 60% in
terms of community composition in the absence of Fe3+
and Zn2+ , suggesting that these species grew vigorously and
played important roles in CB removal. The increased abundance of Brevibacterium sp. and Gordonia sp. in the presence of
Fe3+ and Zn2+ could be explained by the adaptation of these
species to metal ions via a response mechanism, which enabled them to survive in specific niches (Ferhat et al., 2011;
Narancic et al., 2012; Nikel et al., 2013). The stimulation effect
of metal ions induced variations in the microbial community,
as metal ions caused selective pressures for metal-resistant,
organic-degrading microorganisms. These pressures reduced
competition from metal-sensitive, non-degrading microorganisms, thereby enhancing CB biodegradation (Kuo and
Sharak Genthner, 1996; Sandrin and Maier, 2003). Therefore,
the changes in and adaptation of Brevibacterium sp. and Gordonia sp. in response to Fe3+ and Zn2+ could enhance BTF performance.

3.Conclusions
The combination of Fe3+ and Zn2+ with RL solubilisation to
promote CB biodegradation in a BTF was evaluated at different
concentrations and EBRTs. Compared with adding Fe3+ and
Zn2+ alone, microbial growth and activity were increased the
most by 3 mg/L Fe3+ and 2 mg/L Zn2+ . The addition of RL improved the performance of the BTF at low ILRs, because the
gas–liquid mass transfer of CB was enhanced. At high ILRs, CB
biodegradation was inhibited. The addition of Fe3+ and Zn2+
increased the RE and EC of CB compared to those in the absence of these metal ions, thus improving CB biodegradation.

journal of environmental sciences 103 (2021) 108–118

The enhanced CB removal with the addition of Fe3+ and Zn2+
was reflected by the rapid increases in PN, PS, and functional
groups (O–H, –COOR) in the biofilm. Furthermore, the interaction between Fe3+ /Zn2+ and EPS enhanced the mass transfer
of CB. Metal-resistant, organic-degrading microorganisms (e.g.
Brevibacterium and Gordonia) in the BTF were enriched in the
presence of Fe3+ and Zn2+ , which facilitated CB degradation.
These results indicated that the addition of Fe3+ and Zn2+ can
be useful in the treatment of CB and other recalcitrant VOCs.
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