Journal of Environmental Management 287 (2021) 112297

Contents lists available at ScienceDirect

Journal of Environmental Management
journal homepage: http://www.elsevier.com/locate/jenvman

Research article

Evaluating the effect of fenton pretreated pyridine wastewater under
different biological conditions: Microbial diversity and
biotransformation pathways
Awoke Guadie a, b, Jing-Long Han c, *, Wenzong Liu a, c, Yang-Cheng Ding a, Mengist Minale d,
Fidelis O. Ajibade a, Siyuan Zhai a, Hong-Cheng Wang a, Haoyi Cheng a, Nanqi Ren c,
Aijie Wang a, c
a

Key Laboratory of Environmental Biotechnology Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China
Department of Biology, College of Natural Sciences, Arba Minch University, Arba Minch 21, Ethiopia
c
School of Civil & Environmental Engineering, Harbin Institute of Technology, Shenzhen, 518055, China
d
UNEP-Tongji Institute of Environment for Sustainable Development, College of Environmental Science and Engineering, Tongji University, Shanghai, 200092, China
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Pyridine
Microbial community
Fenton pretreatment
Mineralization
Biodegradation

Pyridine contamination poses a significant threat to human and environmental health. Due to the presence of
nitrogen atom in the pyridine ring, the pi bond electrons are attracted toward it and make difficult for pyridine
treatment with biological and chemical methods. In this study, coupling Fenton treatment with different bio
logical process was designed to enhance pyridine biotransformation and further mineralization. After Fenton
oxidation process optimized, pretreated pyridine was evaluated under three biological (anaerobic, aerobic and
microaerobic) operating conditions. Under optimum Fenton oxidation, pyridine (30–75%) and TOC (5–25%)
removal efficiencies were poor. Biological process alone also showed insignificant removal efficiency, particu
larly anaerobic (pyridine = 8.2%; TOC = 5.3%) culturing condition. However, combining Fenton pretreatment
with biological process increased pyridine (93–99%) and TOC (87–93%) removals, suggesting that hydroxyl
radical generated during Fenton oxidation enhanced pyridine hydroxylation and further mineralization in the
biological (aerobic > microaerobic > anaerobic) process. Intermediates were analyzed with UPLC-MS and
showed presence of maleic acid, pyruvic acid, glutaric dialdehyde, succinic semialdehyde and 4-formylaminobutyric acid. High-throughput sequencing analysis also indicated that Proteobacteria (35–43%) followed by
Chloroflexi (10.6–24.3%) and Acidobacteria (8.0–29%) were the dominant phyla detected in the three biological
treatment conditions. Co-existence of dominant genera under aerobic/microaerobic (Nitrospira > Dokdonella >
Caldilinea) and anaerobic (Nitrospira > Caldilinea > Longilinea) systems most probably play significant role in
biotransformation of pyridine and its intermediate products. Overall, integrating Fenton pretreatment with
different biological process is a promising technology for pyridine treatment, especially the combined system
enhanced anaerobic (>10 times) microbial pyridine biotransformation activity.

1. Introduction

contamination poses a significant threat to human health (toxic, tera
togenic and carcinogenic properties) and ecological systems (Kaiser
et al., 1996; Mudliar et al., 2008). Based on this fact, it is a priority
hazardous compound registered in the United States Environmental
Protection Agency (Padoley et al., 2011). Therefore, pyridine discharged
from industrial wastewater should be treated efficiently before its
release into the receiving water bodies (Wang et al., 2018a).
Numerous physicochemical and biological technologies were rec

Pyridine (C5H5N) is heterocyclic aromatic compound that contain a
nitrogen atom in its ring structure. It has more potential applications
including in the manufacturing of dyes, drugs, explosives and herbicides
(Jiang et al., 2018; Kaiser et al., 1996). As a result, finding pyridine in
our environment is unavoidable (Chu et al., 2018) with a concentration
ranging from 20 to 500 mg/L (Shen et al., 2015a). Pyridine
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ommended to remove hazardous compound from wastewater (Begum
et al., 2017; Hou et al., 2018; Rajput and Mishra, 2019; Wang et al.,
2018a). Currently, biological treatment methods are becoming the
choice to deal with various contaminants from wastewater due to its low
cost and eco-friendly nature of the treatment (Li et al., 2017; Mudliar
et al., 2008; Padoley et al., 2006; Wang et al., 2018b). However,
applying this technology to treat pyridine is challenging due to the
unique structural nature of the pyridine. Compared to other aromatic
compounds (like benzene), pyridine rings are electron deficient due to a
more electronegative nature of nitrogen that withdraw electrons from
the ring at different positions [particularly at ortho-position (C2) and
para-position (C4)] (Li et al., 2017; Wang et al., 2018a). As a result,
attacking pyridine rings with biological methods has been reported to be
difficult (Padoley et al., 2011). Recently, there are many attempts to
ameliorate the recalcitrant compound degradation by combining bio
logical treatment systems with other influent wastewater pretreatment
methods. Integrating the advanced oxidation processes (AOPs) with
biological method is the most promising and effective technique re
ported so far (Bautista et al., 2008; Begum et al., 2017). Among the
various AOPs, Fenton oxidation is considered as a potential technique to
remove recalcitrant contaminants (like pyridine) and improve the
biodegradability of wastewater (Bautista et al., 2008). Fenton oxidation
is the most widely used and studied catalytic process based on the
electron transfer between hydrogen peroxide (H2O2) and a metal (iron
and copper salt) acting as a homogeneous catalyst for the treatment of
both organic and inorganic contaminants (Chiro et al., 1999). The H2O2
is a precursor to form hydroxyl radicals (HO•), a strong oxidant that able
to treat recalcitrant and toxic compounds (Begum et al., 2017; Chan
gotra et al., 2019). During Fenton’s reaction, considering the effect of
pH, H2O2 dose and iron concentration are very crucial factors (Bautista
et al., 2008; Begum et al., 2017; Jin et al., 2018; Padoley et al., 2011). As
depicted in Eq. (1), the Fenton process is a formation of hydroxide and
HO• by a reaction between H2O2 and Iron (II) (Fe2+) (Ishak and Mala
kahmad, 2013). The Fe2+ regeneration [Eqs. (2) and (4)], intermediate
organic radicals [Eqs. (3)–(5)], and other competitive reactions that
occur during Fenton oxidation are shown in Eqs. (6)–(9) (Bautista et al.,
2008).
H2 O2 + Fe2+ →Fe3+ + HO⋅ + HO−

(1)

H2 O2 + Fe3+ →Fe2+ + HO2 ⋅ + H +

(2)

ArH + HO ⋅ → Ar ⋅ + H2 O(ArH = Aromaticsubstrate)

(3)

Ar ⋅ + Fe3+ →Ar+ + Fe2+

(4)

Ar+ + HO− →Ar+ − OH

(5)

HO ⋅ + H2 O2 →HO2⋅ + H2 O

(6)

HO ⋅ + Fe2+ →Fe3+ + HO−

(7)

HO ⋅ + HO2 ⋅→O2 + H2 O

(8)

HO ⋅ + HO⋅→H2 O2

(9)

processes, other researchers also made an effort to combine biological
treatment with different techniques. For instance, integrating biological
process with electrical stimulation (Jiang et al., 2018; Li et al., 2017),
zeolite (Bai et al., 2010), dynamic membrane bioreactor (Hou et al.,
2018), and Fe3O4@Cu/polyurethane (Shi et al., 2019) were carried out
to enhance pyridine removal from wastewater. In this study, the effect of
coupling Fenton oxidation with different biological (anaerobic, micro
aerobic and aerobic) processes were evaluated. The specific objectives
are to answer (i) Does Fenton pretreatment enhance biological treat
ment of pyridine? (ii) What is the biotransformation potential of pyri
dine under different biological culturing conditions? (iii) What are the
possible transformation intermediates and end products? (iv) Which
microbes are involved in the biotransformation of pyridine? This
research provides insights and promising technology for biodegradation
of wastewater contaminated with pyridine and its intermediate
compounds.
2. Materials and methods
2.1. Chemicals
Pyridine (99%) and FeSO4 (ACS reagent, 99.0%) were bought from
Aladdin (Shanghai, China). Hydrogen peroxide (30%, v/v), NaOH
(96%) and H2SO4 (98%) were also bought from Shanghai (Sinopharm
Chemical Reagent Co., Ltd). High-performance liquid chromatography
(HPLC)-grade methanol and acetonitrile were purchased from Fisher
Chemical (USA). All other chemicals used in this study for media
preparation were also analytical grade obtained from commercial
sources. All solutions were also prepared with 18.2 MΩ cm− 1 Milli-Q
water (Millipore, Billerica, MA, USA).
2.2. Wastewater characteristics
The chemical constituents of the feed used in the current study were
synthetically prepared (Table S1). The synthetic wastewater containing
pyridine (0.25–6.33 mM), Na2HPO4.12H2O, KH2PO4, CaCl2 and
MgSO4.7H2O were prepared and used to evaluate Fenton oxidation
followed by biological processes. The Na2HPO4.12H2O and KH2PO4 help
to maintain the neutral pH value of the systems. Trace mineral solution
containing: MnCl2.4H2O, H3BO3, CoCl2.6H2O, CuCl2.2H2O, NiCl2.6H2O,
ZnSO4.7H2O, FeSO4.7H2O and Na2MoO4.2H2O were also prepared
separately and stored at 4 ◦ C (Liu et al., 2019). Whenever fresh feed is
prepared, 10 mL of the trace solution per liter was added.
2.3. Experimental procedures
The overall experimental treatment of this study was classified into
two-step process (Fig. 1). The first step was conducted to optimize the
effect of pH (Experiment-1), H2O2: pyridine (Experiment-2), H2O2:
FeSO4 (Experiment-3) and contact time (Experiment-4) for the pre
treatment of pyridine containing wastewater. The studies were carried
out using 100 mL container. During pH optimization, H2O2 and FeSO4
doses were kept constant, but the pH was varied from 2 to 7 (Table 1).
The H2O2 and FeSO4 dose optimization studies were also carried out, in
the same manner, by varying one parameter at a time and keeping others
constant. Under each pretreatment experimental setup, the wastewater
having an average pyridine initial concentration of 0.63 mM were pre
pared and subjected to Fenton oxidation.
After the optimum pretreatment operating conditions were identi
fied with Fenton’s reagent, the pretreated pyridine effluent (low pH)
was adjusted [pH ≥ 7.5 and H2O2 scavenger added] and feed to
anaerobic, microaerobic and aerobic batch treatment systems for further
pyridine biodegradation purpose. The experiments were carried out
using 200 mL ceramic bottle (Table 1). Initially, activated sludge
collected from sedimentation tank of Gao Bei Dian wastewater treat
ment plant, Beijing, China (pH = 6.8 ± 0.2, NH4–N = 0.5 ± 0.1 mg/L,

If organic substrate (RH) like pyridine is subjected to Fenton treat
ment, R–OH [Eq. (5)] is formed and become liable for further
biotransformation process. Considering this biotransformation poten
tial, Padoley et al. (2011) recently combined Fenton oxidation as a
pretreatment option for improved biological treatment of pyridine
wastewater. Although the authors achieved efficient pyridine removal
from the combined process, the study did not address the role of mi
crobial community in the biological system and the subsequent
biotransformation products/pathways. Their study also failed to address
various culturing conditions except for aerobic condition. Considering
the unique recalcitrant nature of pyridine stated above for biological
2
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Fig. 1. Experimental steps for the control and combined (Fenton + biological) process (a) aerobic culturing condition, (b) microaerobic culturing condition, (c)
anaerobic culturing condition.

untreated pyridine containing wastewater. All experiments were con
ducted more than three times independently in triplicate, and the
average value (±SD) is reported.

Table 1
Operating conditions for Fenton pretreatment and biological process for pyri
dine removal.
Operating
conditions

Experiments
Fenton
1
(pH)

Reactor volume
(mL)
Stirring speed
(rpm)
Temperature
(◦ C)
Culturing
conditions
Inoculum size
(%)
Effect of pH
Effect of H2O2:
pyridine
Effect of H2O2:
FeSO4
Contact time (h)
FentonBiological
experiment

2.4. Analytic methods

Biological
2
(H2O2:
pyr)

3 (H2O2:
FeSO4)

Samples (influent and effluent) were collected from the feeds and
reactors at different time for chemical analysis. Before the chemical
analysis, samples taken from the reactor was immediately filtered
through a membrane with a 0.2 μm aperture and stored at 4 ◦ C in the
dark prior to quantification. The constituents of ammonium-nitrogen
(NH4–N), nitrite-nitrogen (NO2–N) and nitrate-nitrogen (NO3–N) were
analyzed using a UV–visible spectrophotometer (HACH, DR6000)
following standard methods (APHA, 2005). The NH4–N formation effi
ciency (FENH4-N) was calculated using Eq. (10) (Jiang et al., 2018). Total
organic carbon (TOC) was measured using a TOC analyzer (TOC-L CPH,
Shimadzu, Japan). The level of DO and pH were measured using DO and
pH meters (Five Easy Plus, Mettler Toledo), respectively. Mixed liquor
suspended solids (MLSS) were also measured following standard
methods (APHA, 2005).

4
(Time/
h)

100

200

300

160

25±2

30

NR

An, Ar, Mr

NR

25

2–7
15:1

3
1–30:1

3
5:1

3
5:1

NR
NR

10:1

10:1

0.5–20:1

10:1

NR

1
~7.5

1
5:1

1
10:1

0.5–4
96

NR
Acclimatization

FENH4−

N

=

CNH4− N
× 100
Cpyridine

(10)

where CNH4–N = effluent ammonia concentration in mM, Cpyridine =
influent pyridine concentration in mM.
The pyridine concentration was quantified by HPLC (DGU 20A3R,
Shimadzu, Japan) fitted with a reversed-phase C18 analytical column (5
μm d, 4.6 × 250 mm, Waters, Ireland) maintained at 35 ◦ C. The mobile
phases were methanol: water (60:40%) and the detection wavelengths
were adjusted at 254 nm. Enough volume (10 μL) of sample was injec
tion that flows 1.0 mL/min. The mineralization degree of pyridine
during the Fenton oxidation and biological process has been determined
by considering the measurement of TOC and NH4–N.
The identification of intermediate products/metabolites from pyri
dine degradation was carried out using ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) system (ACQUITY,
Waters, USA) equipped with a waters quadrupole-time-of-flight (QTOF)

NR=Not relevant, An = Anaerobic, Ar = Aerobic, Mr = Microaerobic, rpm =
Revolution per minute. Reactor volume, stirring speed and temperature is the
same for Fenton experiment 1–4.

TOC = 12.8 ± 2.2 mg/L and MLSS = 5.0 ± 0.4 g/L) was filled to 25% of
the volume. The synthetic wastewater containing pretreated pyridine
was prepared and feed to fill the remaining space of the bottles. For
aerobic biodegradation, dissolved oxygen (DO) was bubbled to the
bottle placed in a shaker. For the microaerobic system, DO was not
bubbled rather put in a shaker. For anaerobic biodegradation, nitrogen
gas was initially bubbling and tightly covered to avoid air entrance. The
control experiments were also run parallel with feeding Fenton
3
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(Xevo G2 QTOF, Waters) detector in both positive and negative ion scan
modes. The separation of analytes was carried out on a reverse phase
C18 column (ACQUITY BEH 1.7 μm, 2.1 × 50 mm, Waters, Ireland) in
gradient elution mode with a flow rate of 0.2 mL/min. Ultrapure water
was used as solution A, while acetonitrile was used as solution B. The
samples were eluted with a gradient of 10–50% B (0–2.0 min), 50–100%
B (2.0–11.0 min), 100‒10% B (11.0–11.5 min) and 10% B (11.5–13.0
min). The QTOF detector operating parameters were adjusted to be
desolvation temperature, 280 ◦ C; gas flow, 500 L/h and capillary
voltage, 3 kV. The nebulizer and collision gas were both nitrogen. The
accurate mass and elemental composition for fragment and precursor
ions for pyridine parent compounds and their biodegradation products
were analyzes with MassLynx 4.1.

communities DNA from the samples were extracted using the Nucleo
Spin Soil Kit (Macherey-Nagel, Germany) following the manufacturer’s
instructions. DNA was quantified with a Qubit Fluorometer by using
Qubitds DNA BR Assay kit (Invitrogen, USA) and the quality was
checked by running the sample on 1% agarose gel electrophoresis.
For library construction, the extracted DNA sample was amplified at
the V3–V4 regions with degenerate PCR primers, 341 F (5′ -ACTCC
TACGGGAGGCAGCAG-3′ ) and 806 R (5′ -GGACTACHVGGGTWTC
TAAT-3′ ). The primers (forward and reverse) were tagged with Illumina
adapter, pad and linker sequences. The PCR enrichment was performed
in a 50 μL reaction containing 2 μL templates DNA (25–30 ng), 2 μL (10
μM) of each primer, 25 μL PCR master mixes and 19 μL distilled water.
The PCR cycling conditions were as follows: an initial denaturation at
94 ◦ C for 5 min, followed by 30 cycles of denaturation at 94 ◦ C for 30 s,
annealing at 56 ◦ C for 45 s and extension at 72 ◦ C for 2 min, and a final
extension at 72 ◦ C for 10 min prior to cooling at 4 ◦ C. The PCR products
were purified with AmpureXP beads and eluted in the elution buffer.
Libraries were qualified by the Agilent 2100 Bioanalyzer (Agilent, USA).
The validated libraries were used for sequencing on the Illumina HiSeq
platform (BGI, Shenzhen, China) following the standard pipelines of

2.5. Genomics DNA extraction
For microbial community analysis, samples were collected from the
three culturing conditions fed with Fenton pretreated and untreated
pyridine. The microbial source sample collected from the Gao Bei Dian
wastewater treatment plant was also analyzed. The microbial
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Fig. 2. Effect of different Fenton oxidation operating conditions on pyridine and total organic carbon. (TOC) (a) pH, (b) H2O2:pyridine molar ratio (c) H2O2:FeSO4
molar ratio and (d) contact time.
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Illumina, and generating 2 × 300 bp paired-end reads (Wang et al.,
2020).

pyridine removal efficiency (21.2 ± 4.4%) indicates the presence of
lower oxidant in the reaction system. Consistent with this study, at very
low H2O2 dose, the amount of HO• generated was also reported to be
minimal (Ishak and Malakahmad, 2013).

2.6. Data analysis

3.1.3. Effect of Fe2+ dosage on fenton oxidation
The effect of Fe2+ on pyridine removal was evaluated by varying the
concentration of FeSO4 under constant pH and H2O2 dose (Fig. 2c).
When the concentration of H2O2:Fe increased from 20:1 (lower ferrous
iron) to 10:1 (higher ferrous iron), the pyridine removal efficiency also
increased from 28.7 ± 7.0 to 75.8 ± 6.2%. This indicates that higher
Fe2+ amount enhanced sufficient HO• production that helps Fenton
process to efficiently oxidize pyridine (Bautista et al., 2008; Begum
et al., 2017; Ishak and Malakahmad, 2013; Padoley et al., 2011).
Removal efficiency at 10:1 and 5:1 is almost the same (Fig. 2c) and
optimum was considered at lower FeSO4 dose (i.e, 10:1). The pyridine
removal efficiency was decreased when H2O2:Fe ratio increased beyond
5:1, suggesting that excess Fe2+ most likely scavenged the HO• [Eq. (7)]
that led to the generation of more Fe3+, which in turn also reacts with
H2O2 to produce HO2•. Similar to the current study, another study also
reported lower organic contaminant or COD removal efficiency at
higher FeSO4 concentration (Ishak and Malakahmad, 2013).

To assess the significance of each independent variable on pyridine
removal, analysis of variance was applied. The statistical significance
level was established at p ≤ 0.05.
3. Results and discussion
3.1. Fenton oxidation
3.1.1. Effect of pH on fenton oxidation
As shown in Fig. 2a, the effect of initial pH (2–7) on the Fenton
oxidation process was evaluated at a constant Fe2+ and H2O2 concen
tration (Table 1). The pyridine removal efficiency showed relatively
better results at acidic pH (3–5) range. The optimal pH was found to be 3
with 73.7 ± 6.3% pyridine and 12.1 ± 3.2% TOC removal efficiencies.
Compared to TOC, pyridine removal efficiencies were better indicating
that degradation of pyridine with Fenton process which generates HO•
[Eq. (1)] a strong oxidizing agent that attacks the pyridine ring (Eqs.
(3)–(5)) and change in structure that cannot be absorbed at 254 nm, but
mineralization was found to be difficult.
Pyridine (<20%) and TOC(10%) removal efficiencies were low at pH
2, most likely due to HO• scavenged by H+ (which has higher concen
tration at lower pH) to produce water (Padoley et al., 2011). Moreover,
the reaction between Fe3+ and H2O2 [Eq. (2)] was inhibited by an
increased concentration of H+ in the aqueous solution, which results in
the reduction of Fe2+ production from the reaction mixture (Bautista
et al., 2008). Likewise, at higher pH value from the optimum, the pyr
idine and TOC removal efficiencies were dropped gradually (e.g, 25.3 ±
2.6 and 8.9 ± 3.4%, respectively at pH 7). This is mainly due to
self-decomposition of H2O2 (into O2 and H2O) and Fe2+ get easily con
verted to Fe3+ (which in turn have a tendency to generate ferric hy
droxide [Fe(OH)3] complexes with H2O2) at higher pH (Bautista et al.,
2008; Begum et al., 2017). Since both conditions influence the
involvement of H2O2 and Fe2+ [Eq. (1)] as a reactant for HO• produc
tion, decreased pyridine and TOC removal efficiencies (Fig. 2a) observed
in the current study at higher pH is evident for low HO• in the reaction
solution.

3.1.4. Effect of contact time on fenton oxidation
At constant pH, H2O2:Fe and H2O2:pyridine molar ratio, samples
were taken at different times and results are shown in Fig. 2d. During 30
and 60 min of Fenton reaction, removal efficiencies were found to be
60.2 ± 4.3 and 71.4 ± 1.0% for pyridine and 4.3 ± 2.6 and 9.5 ± 2.6%
for TOC, respectively. After 60 min of Fenton oxidation, the pyridine
(72–85%) and TOC (12–15%) removal efficiencies have shown a slight
change, implying that once sufficient amount of HO• is available in the
reaction solution, degradation of organic contaminants with Fenton
process is rapid. Others also reported a similar slight change in organic
matter removal results with increasing reaction time (Ishak and Mala
kahmad, 2013; Jin et al., 2018; Padoley et al., 2011).
The residual intermediate products were characterized through time
and under different optimization conditions using UPLC-MS (which will
be later discussed in detail) and results were found to be hydroxylation
form of pyridine which is not the concern for carrying out further bio
logical process. Since pyridine has a unique future of pi-bond electron
density in the ring, it is a hazardous contaminant that challenges the
biological wastewater treatment. However, the presence of strong oxi
dants like HO• as an initial activation step is crucial for biological pyr
idine degradation (Kaiser et al., 1996; Li et al., 2017; Padoley et al.,
2011; Wang et al., 2018a), which is in line with the next part of this
study.

3.1.2. Effect of H2O2 dosage on fenton oxidation
The effect of H2O2 on pyridine wastewaters degradation was con
ducted by considering the different concentrations of H2O2: pyridine
ratio (1–30:1) under a constant dose of Fe2+ and pH value (Table 1). The
TOC removal efficiencies were insignificant (Fig. 2b) as observed for pH
(Fig. 2a). The maximum pyridine removal efficiency was found to be
85.5 ± 2.2% at H2O2:pyridine ratio of 10:1. This can be as a result of
increase in the production of HO• with an increasing H2O2 concentra
tion in solution (Bautista et al., 2008), which effectively plays an
important role in the reduction of pyridine in a Fenton’s oxidation
process. Compared with 5:1 (74.1 ± 4.7%) and 10:1 M ratio, the removal
efficiency difference is minimal (~10%), however, the changes were
significant in terms of cost (decrease cost by half). As a result, 5:1 M ratio
of H2O2:pyridine was considered as the optimum for further biological
treatment. At a higher H2O2 dose (>10:1 M ratio), the pyridine removal
efficiencies were progressively declined, suggesting that the HO• pref
erentially reacted with excess H2O2 [Eq. (6)] in the solution and
decreased the reaction among organic compounds and HO• (Ishak and
Malakahmad, 2013). Moreover, excess H2O2 might have been
auto-decomposed into O2 and H2O and react with Fe3+ (Ishak and
Malakahmad, 2013; Padoley et al., 2011). Under excess H2O2, the
product of Fe2+ becomes more and initiates a reaction with H2O2 to form
hydroperoxyl radical (HO2•) that have less organic matter degradation
potential than HO• (Bautista et al., 2008). In the current study, lower

3.2. Biodegradation of fenton pretreated wastewater
Once the Fenton operational conditions are optimized (pH = 3,
H2O2:pyridine = 5:1, H2O2:Fe = 10:1 and contact time 60 min), pyridine
biodegradation was further evaluated. Table 2 results showed the
average value of DO, pH, MLSS, different forms of nitrogen produced
from pyridine ring opening, and TOC removal efficiencies achieved
under the operation of 60 min Fenton oxidation and 48 h biological
culturing conditions. Three biological conditions were considered under
different DO conditions including aerobic (4.0–5.0 mg/L), microaerobic
(0.5–1.0 mg/L) and anaerobic (≤0.05 mg/L) (Table 2). The presence or
absence of oxygen determines the diversity and function of microbial
communities in a given ecology (Muller et al., 2002). Similar to the
current study, pharmaceutical wastewater treatment mechanism by
considering the level of DO in a system to host aerobic, anaerobic and
microaerobic microorganisms were also previously investigated (Liu
et al., 2020).
The pH values were found to significantly differ between the aerobic
(p = 0.007) and anaerobic (p = 0.012) controls and their corresponding
5
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Table 2
Pyridine treatment using Fenton for 1 h oxidation and different biological system results operated for 48 h.
Parameters

Unit

Fenton

pH-effluent
DO-reactor
MLSS
Pyridine-removal
TOC-removal
NH4–N-effluent
NO3–N-effluent
NO2–N-effluent

–
mg/L
g/L
%
%
%
%
%

2.8 ± 0.3
–
–
30–75
5–25
–
–
–

Non-combined (without Fenton)

Combined (with Fenton)

Con-An

Con-Ar

Con-Mr

Fen-An

Fen-Ar

Fen-Mr

7.4 ± 0.1
<0.05
2.1 ± 0.2
8.2 ± 1.1
5.3 ± 2.8
4.6 ± 1.3
<0.05
4.8 ± 1.4

7.3 ± 0.2
4.5 ± 0.4
7.8 ± 0.5
72.5 ± 14.6
66.2 ± 18.7
62.6 ± 3.2
9.3 ± 1.3
1.9 ± 1.5

7.2 ± 0.2
0.6 ± 0.3
6.0 ± 0.5
68.4 ± 7.8
52.4 ± 17.8
64.6 ± 2.7
8.4 ± 2.3
3.0 ± 0.7

7.1 ± 0.2
<0.05
4.7 ± 0.2
93.0 ± 2.1
86.8 ± 2.1
67.0 ± 4.1
12.0 ± 1.2
4.1 ± 2.2

6.8 ± 0.3
4.3 ± 0.2
8.5 ± 3.7
99.3 ± 1.3
93.4 ± 2.5
48.8 ± 4.8
16.8 ± 1.4
2.7 ± 1.1

7.0 ± 0.4
0.5 ± 0.3
6.2 ± 0.5
98.6 ± 1.0
91.7 ± 4.5
61.1 ± 1.0
14.1 ± 0.7
3.3 ± 1.2

- = Not considered, DO = Dissolved oxygen, MLSS = Mixed liquor suspended solid, TOC = Total organic carbon, Fen- and Con-followed by culturing conditions (An =
Anaerobic, Ar = Aerobic and Mr = Microaerobic) indicates Fenton pretreated feed and control (without Fenton treatment), respectively.

Fenton oxidation hybrid processes, but the difference was insignificant
(p = 0.513) for microaerobic control and its combined process. Although
others reported an increase in pH during pyridine degradation with pure
isolate as a result of ammonia production from the ring opening process
(Shen et al., 2015b; Wang et al., 2018a), our results did not show an
increasing trend. A slight decrease from an initial pH ≥ 7.5 to 7.0–7.5 for
the control and 6.5–7.5 for the combined process were observed
(Table 2). This discrepancy most likely due to microbial samples used for
biodegradation purpose and the types of metabolites present in the re
actors. Since we used microbial consortia (not pure isolate), the
co-existence of different microorganisms might have played a coopera
tive activity of breaking down the pyridine ring and produce different
short-chain metabolites or organic acids that lower the pH of the solu
tion. Comparing culture conditions, the pH of anaerobic > microaerobic
> aerobic, indicating the presence of different pyridine transformation
metabolites in different culturing conditions (will be discussed later in
detail).
Under optimum Fenton reaction, the pyridine and TOC removal ef
ficiencies were varied from 30 to 75% and 5–25%, respectively. Noncombined (biological control) showed pyridine and TOC removal effi
ciencies follow the order of aerobic > microaerobic > anaerobic
culturing conditions (Table 2). Compared to control aerobic and
microaerobic conditions, the control pyridine treatment under anaer
obic conditions has been found relatively low (8.2 ± 1.1%). This is
consistent with the results of MLSS that showed a lower value for
anaerobic samples than aerobic and microaerobic cultures. It is also
consistent with lower microbial diversity detected from anaerobic
culturing condition (the detail will be discussed later). However, the
Fenton oxidation significantly enhanced its pyridine (93.0 ± 2.1%, p =
1.00844E-10) and TOC (86.8 ± 2.1%, p = 6.92287E-13) removal effi
ciencies, suggesting that the microbes were able to metabolize easily the
Fenton pretreated pyridine as carbon and nitrogen source for their
biomass growth (2.1 ± 0.2 g/L for control and 4.7 ± 0.2 g/L for the
combined process with p = 3.16124E-10). Fenton oxidation also
significantly enhanced the pyridine and TOC removal efficiency of
aerobic (p = 0.0148 for pyridine and p = 0.0092 for TOC) and micro
aerobic (p = 0.0003 for pyridine and p = 0.0095 for TOC) culturing
conditions (Table 2). Comparing with the control (that showed lower
TOC removal), the majority of pyridine removal in the combined system
has been found due to microbial biotransformation of the pyridine to
other forms (will be discussed in later section). However, the pyridine
removal observed in the control might be either the contribution of
microbial degradation or adsorption onto microorganism biomass.
Particularly, the lowest TOC results observed under control-anaerobic
(Table 2) suggests that adsorption onto biomass governed the
observed pyridine removal efficiency. Similar to this study, pyridine
biodegradation under sequential anaerobic-anoxic-aerobic also revealed
poor removal efficiency of pyridine under anaerobic conditions than
anoxic and aerobic conditions (Sahariah et al., 2018).
In the system of Fenton pretreated pyridine (0.44–0.63 mM) waste
water that is fed to the biological reactors, the theoretical concentration

of nitrogen exists in a pyridine ring expected to be in the range of
0.079–0.112 mM. However, the experimental results demonstrated a
total concentration of 0.076–0.093 mM (i.e, 0.076, 0.088 and 0.093 mM
for aerobic, microaerobic and anaerobic, respectively) nitrogen pro
duced in different forms (NH4–N, NO2–N and NO3–N). This experi
mental maximum nitrogen concentration detected in the solution
corresponds to 68.2 ± 7.3% for aerobic, 78.5 ± 2.8% for microaerobic
and 83.1 ± 7.5% for anaerobic culturing conditions that received Fenton
treated pyridine, while the pyridine removal efficiency was 93–98%
(Table 2, Fig. 3). From this result, it is clear that about 10–40% of ni
trogen could not be detected in the combined (Fenton + biological)
process, rather it might be incorporated into the biomass (Padoley et al.,
2006). Since no nitrogen and carbon sources added in the synthetic
wastewater, higher biomass (MLSS) observed for aerobic culturing
condition followed by microaerobic and anaerobic cultures has been
evident for microbial growth using pyridine as nitrogen and carbon
sources. Samples collected at a different time from aerobic, anaerobic
and microaerobic conditions clearly showed that pyridine progressively
declined, while the NH4–N concentration showed a progressive increase
depending on the biological culturing conditions (Fig. 3a and b).
Compared with aerobic and microaerobic cultures, the pyridine removal
was lower for anaerobic culture in the first 12 h (Fig. 3a). For example,
the pyridine concentration was reduced from the initial (0.651 ± 0.036
mM) to 0.109 ± 0.028 and 0.368 ± 0.006 mM at 12 h and <0.005 and
0.0630 ± 0.040 mM at 96 h for aerobic and anaerobic cultures,
respectively. However, NH4–N formation has shown lower values for
aerobic culture than anaerobic condition, suggesting that the NH4–N
once released from the pyridine ring opening and converted into other
forms of nitrogen in the aerobic culture than anaerobic cultures
(Fig. 3c). It is obvious that in the presence of sufficient DO in the system,
different bacteria are involved in converting NH4–N into NO2–N and
then to NO3–N (Guadie et al., 2014). The general trend of NH4–N and
NO3–N formations at different times were found to be anaerobic >
microaerobic > aerobic cultures, and aerobic > microaerobic > anaer
obic cultures, respectively (Fig. 3c). As shown in Fig. 3b (the control that
didn’t receive Fenton pretreated pyridine), the NH4–N formation rates
were insignificantly lower for anaerobic culture. However, for aerobic
and microaerobic cultures, the NH4–N, NO2–N, and NO3–N formation
were progressively increased through time (Fig. 3d). For instance, the
NH4–N and NO3–N formations were increased from 23 to 1.4% at 12 h to
61 and 21% at 96 h under aerobic conditions, and 12 and 1.6% at 12 h to
73 and 16% at 96 h under microaerobic conditions, respectively. For
anaerobic conditions, the formation of NH4–N and NO3–N were below
5% during the entire time (Fig. 3d). For all the combined and the control
culturing conditions, NO2–N formation results were also below 5%,
indicating that NO2–N is the unstable compound that could be sponta
neously converted into NO3–N (forward reaction) or back to NH4–N
(Guadie et al., 2021). For the control (Table 2), poor biomass growth
(2.5 g/L) and pyridine removal efficiency (8.9%) were also observed for
anaerobic culture, supporting that pyridine ring opening and used for
biomass growth didn’t occur. Other studies also reported that pyridine
6
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Fig. 3. Pyridine treatment under different conditions (a), (c) and (e) Fenton-Biological process and (b), (d) and (f) Biological process alone that shows NH4–N and
pyridine concentrations, percentage of different nitrogen forms and removal percentage of TOC and pyridine, respectively.
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ring opening and proportion of different nitrogen forms detected in the
solution and incorporated in biomass, which is consistent with this study
(Mudliar et al., 2008; Padoley et al., 2006). For instance, Mudliar et al.
(2008) have reported 78% of nitrogen (NH4–N, NO2–N and NO3–N)
detected in the solution and 22% of nitrogen incorporated in biomass.
The reduction of TOC was almost stoichiometrically proportional to
pyridine removal (86.8 ± 2.1–93.4 ± 2.5) (Table 2), suggesting that the
carbon atom of pyridine ring is efficiently catabolized into either simple
organic acids or water and carbon dioxide. As shown in Fig. 3e and f, the
TOC removal efficiencies progressively increased as the pyridine
oxidation time proceeds. For Fenton pretreated fed aerobic, micro
aerobic, and anaerobic cultures, the TOC removals were 77.4 ± 2.6,
44.0 ± 2.7, and 40.2 ± 5.4% at 12 h and 96.8 ± 0.4, 92.7 ± 0.1 and 87.1
± 1.4% at 96 h, respectively (Fig. 3e). For the control, the TOC removals
were 46.7 ± 6.6 and 81.3 ± 0.4% for aerobic culture and 3.2 ± 0.4 and
6.9 ± 1.3% for anaerobic culture at 12 and 96 h, respectively (Fig. 3f).
All these TOC results are strongly correlated with pyridine oxidation.
For example, the association (R2) between TOC and pyridine removals
were 0.999 and 0.976 for Fenton pretreated fed aerobic and micro
aerobic cultures, respectively (Table S2). For the control, the R2 values
were ≥0.992 for the three (aerobic > microaerobic > anaerobic)
culturing conditions. Generally, biodegradation of pyridine with and
without pretreatment clearly showed that the pyridine ring opening and
further biotransformation (the detail will be discussed later) has been
enhanced under Fenton pretreatment, particularly for anaerobic culture.

reverse is true for individual read [aerobic (39838) > microaerobic
(38545) > anaerobic (34381)] (Table 3). For the control, the OTUs or
ders were microaerobic > aerobic > anaerobic culturing conditions,
suggesting that pyridine anaerobic treatment was significantly influ
enced by Fenton pretreatment than aerobic and microaerobic
conditions.
The higher number of Shannon indexes showed more diverse mi
crobial communities in the reactor where it is sampled. The Shannon
diversity of Fenton treated samples followed the orders of anaerobic
(5.24) > microaerobic (4.52) > aerobic (4.46), but the vice-versa was
true for the control treatment (Table 3). The co-existence of highly
diversified bacterial populations in the combined (Fenton + biological)
process most likely gives a broad range of bacterial metabolic process
which could play a significant role in treating various wastewater con
taminants (Table 2). This result is consistent with previous Shannon
diversity index (3.58–4.28) reports investigated on pyridine containing
wastewater treatment (Shi et al., 2019). Except for the anaerobic control
(index = 806.97), the Chao1 indexes results were found to be > 1000
(Table 3). Chao1 index was used to evaluate the richness of the micro
bial structure in the system. Higher Simpson index compared with other
samples for anaerobic control was also an indication for less diversity (in
other words, more similarity) (Table 3).
Fig. 4 (phyla and class levels) and Fig. S1 (family and genus levels)
shows the microbial community composition of aerobic, microaerobic
and anaerobic samples. The initial sample was dominated by four phyla
(10–45%) including Proteobacteria (44%), Chloroflexi (15%), Acid
obacteria (14%) and Bacteroidetes (11%). The microbial community of
all samples collected from the biological processes showed more di
versity (7–9 phyla covered 93–98%) than their corresponding control
(Fig. 4a). Proteobacteria [anaerobic (43%) > microaerobic (37%) >
aerobic (35%)] was the highest phylum detected in the three pyridine
biological treatment conditions. In this phylum, the bacteria can be
classified as aerobic and anaerobic (based on DO requirement), auto
trophic and heterotrophic (based on carbon source), and phototrophic
and chemotrophic (based on energy source) bacteria (Liu et al., 2020;
Muller et al., 2002). The dominant classes of this phylum detected from
Fenton pretreated feed reactors were Gammaproteobacteria
(14.9–22.0%), Betaproteobacteria (5.7–10.6%), Alphaproteobacteria
(4.3–7.5%) and Deltaproteobacteria (2.9–5.4%) (Fig. 4b). Gammapro
teobacteria and Betaproteobacteria belong to a group of ammonia and
nitrite oxidizing bacteria that can significantly improve the removal
efficiency of nitrogen during pyridine ring opening and further ammonia
oxidation. For instance, Dokdonella, Pseudomonas, Enterobacter, Xantho
monas and Acinetobacter belong to Gammaproteobacteria identified as
genus level (Fig. S1b). Higher abundance of Dokdonella was observed
under aerobic (5.3%) and microaerobic (5.0%) culturing conditions
than anaerobic condition (0.03%) most likely due to variation of DO
levels present in the three reactors (Table 2). Dokdonella in this study is
supposed to degrade pyridine under aerobic and microaerobic condi
tions, as proposed in another study (Jiang et al., 2018). Pseudomonas,
Enterobacter and Acinetobacter (Bai et al., 2010; Shi et al., 2019) were
also previously reported to be pyridine degrading bacteria. In another
study, Pseudomonas and Acinetobacter were also reported as a nitrate
respiring organism in the presence of molecular oxygen (Guadie et al.,
2021).
The second dominant phylum detected in the biological reactors was
Chloroflexi with a proportion of 24.3, 11.7 and 10.6% for anaerobic,
aerobic and microaerobic reactors (Fig. 4a). Phylum Chloroflexi con
tains facultative anaerobe that can degrade carbohydrates and proteins
and played a significant role in carbon and nitrogen (nitrification and
denitrification processes) cycles (Liu et al., 2020). In this phylum,
Anaerolineae (7.7–19.0%) was found to be the dominant class (anaer
obic > microaerobic > aerobic) detected (Fig. 4b). From this class, two
relatively dominant genera called Longilinea (0.4–2.4%) and Caldilinea
(2.2–3.0%) (higher proportion for anaerobic reactor than microaerobic
and aerobic reactors) were identified (Fig. S1b). Indeed, Longilinea was

3.3. Microbial diversity under different biological culturing conditions
The abundance and diversity of microbial communities in the three
culturing conditions were analyzed based on the 16 S rRNA gene se
quences generated by Illumina high-throughput sequencing. At 97%
similarity cutoff, the number of quality sequence reads was 32752 for
the original sample, while for anaerobic, aerobic and microaerobic
conditions range between 34381-37842, 33880-39838, and 3821938545, respectively (Table 3). A total of 1947 operational taxonomic
units (OTUs) were also observed at 97% similarity cutoff, which can
represent the real situation of microorganisms in the sample with the
coverage indexes for all samples above 0.99. The original sample
showed higher OTUs (1134) than anaerobic (660–1057), aerobic
(924–989) and microaerobic (985–1036) culturing conditions feed with
pretreated and untreated pyridine effluent. This indicates that the initial
microbial community collected from the Gao Bei Dian wastewater
treatment plant was influenced by the level of DO (culturing conditions)
and the effluent nature of the wastewater (Fenton pretreated and nonpretreated). Comparing the OTUs, the microbial community of all
samples collected from the combined process showed more diversity
than their corresponding controls. Fenton treated samples showed the
following order of OTUs: anaerobic > microaerobic > aerobic, but the
Table 3
Microbial diversity of the control and combined (Fenton + biological) process.
Sample

Tag
number

OTU
number

Index at 97%

Coverage

Shannon

Simpson

Chao1

Sl-Wwt
ConAn
Fen-An
Con-Ar
Fen-Ar
ConMr
Fen-Mr

32752
37842

1134
660

5.43
3.59

0.011
0.105

1259.77
806.97

0.9937
0.9954

34381
33880
39838
38219

1057
924
989
1036

5.24
4.29
4.46
4.50

0.024
0.063
0.052
0.047

1190.64
1109.36
1140.03
1245.73

0.9939
0.9933
0.9947
0.9935

38545

985

4.52

0.045

1137.65

0.9947

Sl-Www = Sludge from wastewater treatment plant, Fen- and Con-followed by
culturing conditions (An = Anaerobic, Ar = Aerobic and Mr = Microaerobic)
indicates Fenton pretreated feed and control (Fenton non-treated feed),
respectively.
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Fig. 4. Microbial community composition of aerobic, anaerobic and microaerobic conditions at different taxa level (a) phylum and (b) class. Sl-Wwt indicates initial
sludge microorganism from wastewater treatment plant; Fen- and Con-followed by culturing conditions (An = Anaerobic, Ar = Aerobic and Mr = Microaerobic)
indicates Fenton pretreated feed and control (without Fenton treatment), respectively.

reported as strictly anaerobic, filamentous bacteria isolated from
methanogenic propionate-degrading consortia (Yamada et al., 2007).
Shi et al. (2019) also studied an enhanced anaerobic biodegradation
efficiency and mechanism of pyridine, quinolone and indole in coal
gasification wastewater and detected Longilinea in the three reactors and
proposed its role as heterocyclic compound degrader. In this study,
Longilinea supposedly to play a major role of pyridine degradation under
anaerobic condition. Caldilinea also expected to play a major role of
pyridine degradation under anaerobic, aerobic and microaerobic con
ditions, as it had been reported in another study that utilized glucose and
other carbon sources as electron donors and oxygen, nitrate and nitrite
as electron acceptors (Kragelund et al., 2011). Like Longilinea and Cal
dilinea, which is abundantly found in all reactors and derive energy
under different DO conditions, Azoarcus (Strain pF6) as a new deni
trifying bacterium that could degrade pyridine under both aerobic and
anaerobic conditions were also isolated from industrial wastewater by
other scholar (Rhee et al., 1997).
Acidobacteria was another dominant phylum detected for aerobic
(29%) and microaerobic (27%), but it was low under anaerobic (8%)

reactor as also found in other pyridine biodegradation experiment
(Jiang et al., 2018). The phylum Bacteroidetes, a chemoheterotrophic
bacteria used to degrade complex organic matter (Liu et al., 2020), were
also detected in the three culturing conditions of this study with almost
in relatively equal proportion (8.5–10.0%). Nitrospirae > Chlorobi >
Planctomycetes (with a range of 1–7%) were also the identified phyla
from the three reactors that feed Fenton pretreated pyridine. It is
interesting to have detected the phylum Planctomycetes which plays a
role in the N-cycle by changing NH3 to nitrogen using NO2 as an electron
acceptor (Guadie et al., 2014). Nitrospira was detected higher in aerobic
(6.8%) reactor followed by microaerobic (6.5%) and anaerobic (3.2%)
conditions. However, Nitrospira was not detected under anaerobic
control condition and it was low for aerobic (0.73%) and microaerobic
(0.80%) control samples. Compared to the anaerobic control, enhanced
pyridine and TOC removal efficiencies observed for Fenton pretreated
pyridine under anaerobic condition (Table 2) most likely related to the
presence and absence of Nitrospira and other groups of bacteria in the
system.
Nitrospira plays a significant role in nitrification that oxidizes nitrite
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of nitrogen for the cell biomass growth or could be oxidized to nitrite by
ammonia oxidizing bacteria (Betaproteobacteria, Gammaproteobacteria
and Alphaproteobacteria), which in turn further oxidized to nitrate by
Nitrospira. Under DO stress (anaerobic and microaerobic) conditions,
the produced nitrate by Nitrospira might have served as the terminal
electron acceptor, and hence enhanced pyridine biodegradation in the
system to produce N2, CO2 and H2O. In recent times, some members of
Nitrospira catalyze both nitrification steps (oxidation of NH3 to NO2 and

to nitrate (Guadie et al., 2014). It has been reported that these bacteria
often found in close association with ammonia-oxidizers (that convert
NH3 to NO2), which further oxidized NO2 to NO3 by Nitrospira (Guadie
et al., 2014; Hou et al., 2018). The ammonia-nitrogen along with nitrite
and nitrate with different magnitude were observed under different
culturing conditions from pyridine catabolism, which is originated from
the pyridine ring opening, because there is no nitrogen source supple
mented in the system (Table S1). The ammonia could be used as a source

Table 4
Intermediate products identified by UPLS-MS during pyridine oxidation using Fenton and biological processes
Mass

Formula

Obs

Cal

78.96

79.09

C5H5N

Intermediate compounds

Proposed structure

Pyridine

80.05

Degradation conditions
Fenp

F-Anp

C-Arn

F-Arn

C-Mrn

F-Mrp

+

-

+

-

+

-

+

-

-

-

-

87.03
89.09

88.06

C3H4O3

Pyruvic acid

-

+

-

+
-

-

-

91.01

90.07

C3H6O3

2,3-dihydroxypropanal

-

-

-

-

-

+

95.03
97.92

96.10

C5H6NO

Pyridin-2-ol

+

-

-

+
-

-

-

96.96

97.12

C5H7NO

1,2-dihydropyridin-2-ol

+

-

+

+

+

-

99.05

100.12

C5H8O2

Glutaric dialdehyde

-

-

-

+

+

+

102.04

101.15

C5H11NO

Piperidine-2-ol

+

-

-

-

-

-

103.98

102.09

C4H6O3

Succinic semialdehyde

-

-

-

-

-

+

112.98
113.97
114.11

113.11

C5H7NO2

2,3-dihydropyridine-2,3-diol
2,4-dihydropyridine-2,4-diol

+
-

+

+
-

+
-

+
-

+

115.03
116.10

116.07

C4H4O4

Maleic acid

+

+

+

+
-

+

-

126.97

127.10

C5H5NO3

N-(1,4-oxo-but-1-enyl)-formamide

-

-

-

+

-

-

2,4-dihydroxy-2H-pyridine-3-one

-

-

-

-

-

+

127.03

129.98
130.13

129.11

C5H7NO3

[4-(N-formyl)-amino-but-3-en-1-al]
[4-(N-formyl)-amino-but-3-enoic acid]

-

-

-

-

+
-

+

130.00

131.13

C5H9NO3

4-formylamino-butyric acid

-

-

+

-

-

-

133.10

132.07

C4H4O5

2-carbonyl-succinic acid

-

+

-

-

-

-

133.06

134.08

C4H6O5

2-hydroxy succinic acid

-

-

-

+

-

-

6

5

5

8

6

6

Total intermediate compounds detected

Obs=Observed, Cal= Calculated, +=Detected, -=Not detected, p=positive scan mode, n=negative scan mode, Fen=Fenton, F- and C-followed by culturing conditions
(An=Anaerobic, Ar=Aerobic and Mr=Microaerobic) indicates Fenton pretreated feed and control (Fenton non-treated feed), respectively.
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then NO3) alone and identified as complete ammonia oxidizers (Liu
et al., 2020). Some members of Nitrospira consume alternative sub
strates (including hydrogen and formate), using molecular oxygen or
NO3 as final electron acceptor, and can use these energy sources
simultaneously with aerobic NO2 oxidation (Daims and Wagner, 2018).
This metabolic versatility helps Nitrospira to colonize a wide-ranging
range of habitats and to withstand shifts in environmental conditions
(changing oxygen concentrations). In this study, the relative abundance
of Nitrospira follows this order; aerobic > microaerobic > anaerobic,
indicating that pyridine ring opening and efficient utilization of nitrogen
released from the ring might be as a result of this functional bacteria.
3.4. Identification of pyridine degradation metabolites
During the pyridine metabolism by combined process, different
metabolites were identified using UPLC-MS analysis (Figs. S2a-f). Except
for the Control-Anaerobic (which did not show metabolite product and
data not shown here), a total of 6 for Fenton oxidation, 5 for FentonAnaerobic, 5 for Control-Aerobic, 8 for Fenton-Aerobic and 6 (each)
for Fenton/Control-Microaerobic major transformation pyridine me
tabolites were identified (Table 4). The m/z results reported is either in
the form of positive (Fenton oxidation, Fenton-Anaerobic and FentonMicroaerobic) or negative (Control-Aerobic, Fenton-Aerobic and
Control-Microaerobic) ion scan modes. Among the fragments, m/z
113.11 was detected in all (six) samples (Table 4, Figs. S2a-f). Struc
turally, two arrangement of atoms of this fragment could be possible
with the name of 2,3-dihydropyridine-2,3-diol and 2,4-dihydropyridine2,4-diol as described in other study (Wang et al., 2018a). The second
most commonly detected (in five samples) metabolite fragment was m/z
116.07 and its chemical formula matched with C4H4O4 (Table 4,
Figs. S2a-e). Under Fenton oxidation (Fig. S2a), Fenton-Anaerobic
(Fig. S2b) and Controlled-Aerobic/Microaerobic (Figs. S2c and S2e)
samples, the parent compound/pyridine (m/z = 79.09) was detected (in
four samples) and proved the lower removal efficiency of pyridine for
the control samples observed during chemical analysis (Table 2). In
termediate product m/z 97.12 was also detected in four samples
(Figs. S2a and S2c-e). Metabolite fragment identified at m/z 100.12
which matched with a formula C5H8O2 were exist in three samples
(Figs. S2d-f).
Intermediate product m/z 127.10 was identified in Fenton-Aerobic
(Fig. S2d) and Fenton-Microaerobic (Fig. S2f) samples. Two stereo
chemistry structures, namely N-(1,4-oxo-but-1-enyl)-formamide and 2,
4-dihydroxy-2H-pyridine-3-one were proposed for m/z 127.10
(Table 4). Metabolite fragment detected at m/z 129.11 also identified
from Control-Microaerobic (Fig. S2e) and Fenton-Microaerobic
(Fig. S2f) samples. Fragment m/z 129.11 has two stereochemistry
structures including [4-(N-formyl)-amino-but-3-en-1-al] and [4-(Nformyl)-amino-but-3-enoic acid], as reported in other study (Kaiser
et al., 1996). Similarly, intermediate products at m/z 88.06 (Table 4,
Figs. S2b and S2d) and 96.10 (Table 4, Figs. S2a and S2d) were also
detected in two samples each. The metabolite product with m/z 101.15,
102.09, 131.13, 132.07 and 134.08 were also detected from Fenton
oxidation, Fenton-Microaerobic, Control-Aerobic, Fenton-Anaerobic
and Fenton-Aerobic, respectively (Fig. S2).

Fig. 5. Proposed pyridine biodegradation pathways (a) Combined (Fenton +
biological) processes, (b) Fenton oxidation and biological process.

3.5. Pyridine biotransformation pathways

atom. Compared to other aromatic compound (like benzene in which the
electron density is equally distributed), the pi-bond in pyridine rings are
relatively electron deficient because of more electronegativity behavior
of nitrogen atom that withdraws electron from the ring, particularly at
the ortho (C-2) and counter position (C-6) in the pyridine ring (Li et al.,
2017). This structural nature of pyridine makes it less susceptible to
chemical reaction than other aromatic rings. This is the reason why
pyridine biodegradation under normal circumstance become difficult
(Kaiser et al., 1996; Padoley et al., 2011; Shi et al., 2019). To initiate

There are a number of hypotheses concerning the pyridine oxidation
pathways (Hou et al., 2018; Kaiser et al., 1996; Li et al., 2017; Liu et al.,
2018; Shi et al., 2019; Wang et al., 2018a). Based on the physico
chemical analysis (pH, TOC, NH4–N, NO3–N and NO2–N), UPLC-MS
mass spectra analysis, HPLC peak shift analysis, and previous studies,
different possible pyridine degradation pathways were proposed for the
three culturing conditions that received Fenton pretreated effluent and
the control (Fig. 5). Pyridine is an aromatic heterocyclic compound in
which structurally one of the carbon atoms is substituted by nitrogen
11
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pyridine ring reaction, a strong oxidizing agent is very important
(Bautista et al., 2008; Begum et al., 2017; Ishak and Malakahmad, 2013;
Padoley et al., 2011). Hydroxyl radical is highly powerful oxidizing
agent having an oxidation potential of 2.8 V, which can undergo quick
and non-selective reaction with most organic and inorganic compounds
(Begum et al., 2017).
In this study, the Fenton pretreated pyridine effluent was fed to the
bioreactors that operate at different DO levels (Table 2) aiming to
generate free HO• that oxidized it. Hydroxylation of pyridine ring as
initial step for further biodegradation was observed (Fig. 5a), which is
consistent with other studies (Li et al., 2017; Padoley et al., 2011; Wang
et al., 2018a), where pyridine was oxidized by hydrogen peroxide using
FeSO4 as the catalyst. As shown in Fig. 5a and Fig. S2, pyridine Fenton
oxidation produced intermediate with m/z of 96.10 and 113.11 well
matched with elemental formula C5H6NO (hydroxypridine) and
C5H7NO2 (dihydroxypyridine), respectively. The resonance of pi-bond
electron in the pyridine ring forms a positive charge (that leads lower
electron cloud) at the ortho- or para-position (Wang et al., 2018a),
where the HO• attack of pyridine ring most likely occur and generate
hydroxylate pyridine (Fig. 5, Fig. S2).
Once pyridine ring activated with HO• generated from Fenton
oxidation, it is supposed to be liable for further breakdown/minerali
zation (Fig. 5). The TOC reduction, nitrogen formation in different forms
and a drop of pH by 0.2–1.0 unit from an initial pH (7.5) (Table 2),
suggesting that the possible occurrence of pyridine ring opening and
further oxidation process. The disappearance of peak observed from the
control and appearance of new peaks in the treated samples during
HPLC analysis also suggests the possible pyridine biodegradation and
formation of new intermediate products (Fig. S3). For instance, the
parent compound analyzed from the control showed a retention time of
3.899 min, while the new highest peaks were observed at 2.510 and
2.445 min for microaerobic and aerobic samples, respectively. For the
anaerobic sample, the peak appeared almost at the control retention
time, but at a lower intensity and with a smaller new peak at the
retention time of 2.687 min. According to Liu et al. (1998), hydrox
ypyridine at C-2, C-3, or C-4 positions of the pyridine ring are more
susceptible to biotransformation in the anoxic estuarine sediment slur
ries under sulfidogenic conditions. In the current study, the breakdown
of C–C bond at C-2 and C-3 position for C5H7NO2 (2,3-dihydropyridine2,3-diol) most likely led to the formation of 2-carbonyl-succinic acid
with a formula of C4H4O5 (Fig. 5a, Table 4) for Fenton-Anaerobic con
dition, which further breakdown to maleic acid (C4H4O4) and pyruvic
acid (C3H4O3). Under Fenton-Aerobic condition, pyridin-2-ol (C5H6NO)
changed into 1,2-dihydropyridin-2-ol that could be further catabolized
into glutaric dialdehyde (C5H8O2) and pyruvic acid (Fig. 5a). Under
Fenton-Aerobic and Fenton-Microaerobic conditions, 2,3-dihydropyri
dine-2,3-diol also cleaved at C–C bond at C2-3 and form N-(1,4-oxobut-1-enyl)-formamide (C5H5NO), which further breakdown into maleic
acid (C4H4O4) and pyruvic acid for Fenton-Aerobic culture and glutaric
dialdehyde and 2,3-dihydroxy propanal (C3H6O3) for FentonMicroaerobic culturing condition (Fig. 5a). Under the same aerobic
and microaerobic culturing conditions, the intermediate compound of
2,4-dihydropyridine-2,4-diol were also breakdown into 2,4-dihydroxy2H-pyridine-3-one (C5H5NO3), which further catabolized into 2-hy
droxy succinic acid (C4H6O5) and pyruvic acid for Fenton-Aerobic cul
ture, and isomers of C5H7NO3 (Table 4), succinic semialdehyde
(C4H6O3) and 2,3-dihydroxy propanal for Fenton-Microaerobic
culturing conditions (Fig. 5a).
The mechanisms of the Fenton oxidation process (Fig. S2a) and the
control (reactors that received Fenton untreated pyridine feed)
(Figs. S2c and S2e) were shown in Fig. 5b. Compared to the control
(Fig. 5b), the Fenton hybridized biological samples (Fig. 5a) showed
various smaller organic acid intermediate products, particularly higher
for sample collected from Fenton-Aerobic culturing condition. In terms
of product variation, the Fenton-Aerobic > Fenton-Microaerobic =
Control-Microaerobic > Fenton-Anaerobic = Control-Aerobic (Table 4).

Indeed, this result supports the lower pH value recorded under FentonAerobic culturing condition (Table 2). It is obvious that the presence of
more organic acid (like pyruvic acid, maleic acid and succinic acid) in a
solution causes a drop of pH in a system.
In general, the fate of final pyridine biodegradation intermediates
such as pyruvic acid and 2,3-dihydroxypropanal detected from UPLCMS most likely enters into tricarboxylic acid cycle for aerobic and
microaerobic conditions to generate NADH, FADH2 and CO2 (Fig. 5a,
Fig. S4). The reduction of NADH and FADH2 to NAD+ and FAD+
2 through
electron transport chain systems using oxygen as final electron acceptor
produces ATP molecules for the cell energy currency and H2O as byproduct. The fate of ammonia in the three culturing conditions could
be either used as a source of nitrogen for the cell biomass growth or
could be oxidized to nitrite by ammonia oxidizing bacteria (phylum
Proteobacteria), which in turn further oxidized to nitrate by Nitrospira.
Under DO stress (anaerobic and sometimes microaerobic) conditions,
the produced nitrite and nitrate might have served as a terminal electron
acceptor and get reduced in the reaction by receiving electron from
pyridine (as electron donor) in the system. Similar to this study, a typical
denitrification activity were observed in anoxic environments, where
the concentration of dissolved and freely available oxygen is depleted
(Hou et al., 2018). Denitrification is a critical process regulating the
removal of bioavailable nitrogen from natural and human-altered sys
tems. In the current study, the lower ammonia identified in Table 2 also
suggested that ammonium might be dentitrified under aerobic culturing
conditions with bacterial groups that belong mainly to Alpha-, Beta- and
Gamma-Proteobacteria (Fig. 4b), as it was studied and identified to have
occurred in oxic environments (Chen and Strous, 2013). For instance,
bacterial species like Pseudomonas and Paracoccus engaged in denitrifi
cation activity under aerobic conditions (Chen and Strous, 2013; Hou
et al., 2018; Qiao and Wang, 2010). Azoarcus species (strain pF6) as a
new denitrifying bacterium that could degrade pyridine under aerobic
and anaerobic conditions were also previously isolated from industrial
wastewater (Rhee et al., 1997).
Microbial breakdown of pyridine ring under aerobic and anoxic
conditions were also previously identified using pure culture bacterial
isolates and microbial consortia (Chen and Strous, 2013; Hou et al.,
2018; Mudliar et al., 2008; Padoley et al., 2006; Sahariah et al., 2018;
Shen et al., 2015a; Wang et al., 2018a). For instance, pyridine ring
catabolic intermediate products such as succinic semialdehyde, carba
mic acid, 2-carbonylsuccinic acid and N-(1,4-oxo-but-1-enyl)-forma
mide using Paraccous sp. NJUST30 was previously identified (Wang
et al., 2018a), which is in line with this study. The major pyridine
catabolic pathway in this study most likely carried out by dominant
genera identified under aerobic/microaerobic (Dokdonella > Caldilinea)
and anaerobic (Caldilinea > Longilinea) reactors. Further mineralization
of pyridine biodegradation in aerobic reactor using oxygen as final
electron acceptor was evident with almost complete pyridine biodeg
radation and almost stoichiometric TOC removal efficiencies as
observed in Table 2. The same is true for different nitrogen forms
detected in the solution (Table 2), implying that pyridine metabolism
produce ammonia which further oxidized with nitrogen degrading or
ganisms mentioned previously (Section 3.3).
Although many researchers have shown that a number of organisms
are capable of transforming heterocyclic aromatic compounds, the
mechanism of pyridine ring cleavage are also remains unclear (Kaiser
et al., 1996; Petkevicius et al., 2018; Sun et al., 2014; Zhang et al., 2019).
So far, reductive pathway without hydroxylation process (Kaiser et al.,
1996; Xu et al., 2017) and hydroxylation process followed by ring
cleavage (Mudliar et al., 2008; Xu et al., 2017) are the two proposed
mechanisms of microbial pyridine degradation documented from liter
ature. However, the first theory (reductive pathway) has been recently
opposed from many research findings (Petkevicius et al., 2018). We
learned that it is difficult to confirm which hypothesis is right or wrong
using a single culturing condition without integrating the biological
system with chemical process. In the current study, hydroxylation
12
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process has been found to be a crucial rate-limiting step for further
pyridine degradation (Fig. 5, Fig. S2). The hydroxylation process which
could be generated by Fenton oxidation process enhanced the ring
opening and mineralization process in the three culturing conditions
(Fig. 5a). Particularly, the integration process significantly enhanced
(>10 times) the biotransformation activity of anaerobic microbial con
sortia (Fenton-Anaerobic) than the corresponding Control-Anaerobic
culturing condition. Although significant pyridine removal efficient
achieved (Table 2), the Fenton-Anaerobic is not the best choice for
pyridine
treatment,
rather
Fenton-Aerobic
followed
by
Fenton-Microaerobic suggested to be a choice of pyridine treatment.
Under Control-Aerobic and Control-Microaerobic conditions, the pyri
dine biodegradation also followed hydroxylation process and showed
further breakdown (Fig. 5b, Figs. S2c and S2e). However, in the absence
of Fenton oxidation, the biological process for anaerobic (Con
trol-Anaerobic) condition did not carry out hydroxylation process and
unable to transform the parent pyridine. Since no carbon and nitrogen
supplied for growth and energy, incapable to degrade the pyridine in the
Control-Anaerobic significantly hampered biomass growth (Table 2).
This suggests that the HO• produced either using chemical or in the
presence of oxygen, initiates the less reactive pyridine ring for further
chemical reaction. If there is no hydroxylation process (as evident in
Control-Anaerobic sample), pyridine biodegradation would have been
difficult to realize.
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