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Abstract The secondary effluent from biological treatment
process in chemical industrial plant often contains refractory
organic matter, which deserves to be further treated in order to
meet the increasingly stringent environmental regulations. In
this study, the key role of biogenic manganese oxides
(BioMnOx) in enhanced removal of highly recalcitrant
1,2,4-triazole from bio-treated chemical industrial wastewater
was investigated. BioMnOx production by acclimated
manganese-oxidizing bacterium (MOB) consortium was con-
firmed through scanning electronic microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD) analysis. Pseudomonas and Bacillus were found to
be the most predominant species in acclimated MOB consor-
tium. Mn2+ could be oxidized optimally at neutral pH and
initial Mn2+ concentration below 33 mg L−1. However,
1,2,4-triazole removal by BioMnOx produced occurred opti-
mally at slightly acidic pH. High dosage of both Mn2+ and
1,2,4-triazole resulted in decreased 1,2,4-triazole removal. In a
biological aerated filter (BAF) coupled with manganese oxi-
dation, 1,2,4-triazole and total organic carbon removal could
be significantly enhanced compared to the control system

without the participation of manganese oxidation, confirming
the key role of BioMnOx in the removal of highly recalcitrant
1,2,4-triazole. This study demonstrated that the biosystem
coupled with manganese oxidation had a potential for the
removal of various recalcitrant contaminants from bio-
treated chemical industrial wastewater.

Keywords Biogenicmanganese oxide . 1,2,4-Triazole .

Manganese-oxidizing bacterium . Biological aerated filter .

Biodegradation . Secondary effluent

Introduction

1,2,4-Triazole is a frequently prescribed N-heterocyclic com-
pound (NHC) widely used in pesticide products (e.g., insecti-
cides, herbicides, and plant growth regulators) and medicine
products (e.g., fungicides, antitumor, antivirus, and antibacte-
rial agents) (Wang et al. 2011; Fan et al. 2010; Tang et al.
2013). The widespread application of 1,2,4-triazole has raised
serious concerns because 1,2,4-triazole and its derivatives
may pose threats to human health by inducing carcinogenesis
and chromatic aberration and do harm to ecosystem by caus-
ing bacterial resistance development due to their recalcitrant,
persistent, and toxic nature (Kinnberg et al. 2007; Wu et al.
2016; Liu et al. 2015). Conventional biological wastewater
treatment processes based on activated sludge often aim at
removing biodegradable contaminants and nutrients; howev-
er, various recalcitrant contaminants such as 1,2,4-triazole are
often resistant to mineralize in conventional biological sys-
tems (Terners et al. 2004; Wu et al. 2016). As a result, 1,2,4-
triazole can penetrate through biological wastewater treatment
systems, with abundant 1,2,4-triazole remaining in the
effluent.
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Over the past decades, various technologies including ad-
sorption (Jia et al. 2007), chemical oxidation (Schulze and
Schubert 2014), electrochemical oxidation (Han et al. 2014),
and membrane separation (Zimmermann et al. 2011) have
been developed for the abatement of pollution caused by re-
calcitrant organic pollutants such as 1,2,4-triazole and its de-
rivatives. However, these physicochemical methods have
been proven to be costly and have the inherent drawbacks
due to the tendency of the formation of secondary toxic ma-
terials (Benner and Ternes 2009; Watanabe et al. 2005). Thus,
it is of great emergency to develop a cost-effective method to
remove 1,2,4-triazole and its derivatives from wastewater.

Manganese oxide (MnOx) has been extensively studied as
the strongest oxidants naturally found in a wide range of en-
vironment settings (Tebo et al. 2004; Spiro et al. 2009).
Numerous studies demonstrated that MnOx is processed in
biogeochemical cycles, and it has been found to be capable
of oxidizing a wide range of recalcitrant compounds, includ-
ing antibacterials and related compounds with phenolic and
fluoroquinolonic moieties, aromatic N-oxides, triclosan, and
estrogenic compounds such as the synthetic hormone 17α-
ethinylestradiol (Zhang and Huang 2003; Forrez et al. 2010;
Jiang et al. 2014). MnOx may act as an electron acceptor in
the presence of various micropollutants, resulting in the reduc-
tion of MnOx to Mn2+ and the oxidation of various
micropollutants (de Rudder et al. 2004). Manganese-
oxidizing bacteria (MOB), which can oxidizeMn2+ to biogen-
ic manganese oxides (BioMnOx), are widely distributed in
nature (Cowen et al. 1986; Fuller and Harvey 2000; Kay
et al. 2001). The mechanism for Mn2+ oxidation by microor-
ganisms involves the oxidation of Mn2+ to Mn(IV) by
multicopper oxidase-like enzymes through one-electron trans-
fer reaction (Tebo et al. 2004; Webb et al. 2005). In addition,
this process is often accompanied by the occurrence of soluble
or enzyme-complexed Mn(III) intermediates (Webb et al.
2005; Van Wassbergen et al. 1996). Both Mn(III) and
Mn(IV) oxides are often embedded in the biofilms or bacterial
sheaths formed by extracellular polymeric substances (Tebo
et al. 2004). Both Mn(III) and Mn(IV) oxides as nanoscale
particles have excellent sorption and oxidation properties due
to their high specific surface area and high number of Mn(IV)
vacancies (Villalobos et al. 2003). A number of studies have
been pursued to clarify the structure of BioMnOx in recent
years. According to Bargar et al. (2005) and Villalobos et al.
(2003), the structures of BioMnOx produced by
Pseudomonas putida strain MnB1 and Bacillus sp. strain
SG-1 were mixed-valent layered Mn(III/IV)Ox compounds.
The mineral structure of BioMnOx is poorly crystalline, most-
ly similar to δ-MnO2 or acid birnessite in terms of the rela-
tively high Mn oxidation state and the relatively low defect
levels in the octahedral Mn layer (Tebo et al. 2004).

Compared to chemically syntheticMnOx, BioMnOx can po-
tentiallybeutilizedtoremoverecalcitrantorganicmicropollutants

inwater treatmentprocesses,duetotheirhighspecificsurfacearea
and high catalytic reactivity (Villalobos et al. 2006; Zhang et al.
2008). Biofilter coupled with BioMnOx has been employed for
the removal of pollutants such as 17α-ethinylestradiol (Forrez
et al. 2009), pharmaceuticals (Zhang et al. 2015) and biocides
(Forrez et al. 2011). It was reported by Forrez et al. (2009) that a
flow-through reactorwithMnOxshowed its efficiency in remov-
al of 17α-ethinylestradiol from the effluent of wastewater treat-
ment plant. Zhang et al. (2015) reported that the addition ofMn2+

into the feed facilitated the growth of iron/MOBand the removal
of diclofenac and sulfamethoxazole. The enhanced contaminant
removal could be attributed to the participation of MOB, which
wasquiteessential for theoxidativeremovalofvariouspollutants.
Meerburg et al. (2012) further found that diclofenac removal ef-
ficiency as high as 96 ± 2% within 44 h could be achieved in a
manganese-bio-oxidizing system inoculated byP. putidaMnB6;
however, inactivationof thismanganese-bio-oxidizingsystemby
heat resulted in thecomplete failure in termsofdiclofenac remov-
al. As reported by Forrez et al. (2010), the addition of either sodi-
um azide or cell lysis agent to the manganese-bio-oxidizing sys-
tem resulted in a significant inhibition of diclofenac oxidation.
Therefore, other mechanisms might coexist to promote the pol-
lutant removal, which occurred with the participation of active
MOB.However,continuousadditionor regenerationofMnOxor
BioMnOx is quite essential in order to achieve practical applica-
tion of chemical MnOx or BioMnOx. The ability of MOB to
regenerateBioMnOxwithin thebiosystemmakes the application
of BioMnOx sustainable and cost-effective, compared with the
addition of MnOx produced abiotically (Forrez et al. 2010; De
Rudder et al. 2004). Thus, the manganese-bio-oxidizing system
based on BioMnOx is showing wide prospect in the field of
wastewater treatment (Karolina et al. 2015).

However, many problems deserve to be further resolved in
order to achieve field application, especially for the polishing
of chemical industrial wastewater. For example, the adaptabil-
ity of pure cultures for manganese bio-oxidization is question-
able when they are applied in real wastewater treatment sys-
tem. The use of a natural bacterial consortium containing
MOBmay be more practical in the remediation of wastewater
or soil, compared with pure MOB strains (Zhou et al. 2016).
However, by far, most studies were mainly focused on
BioMnOx produced by pure bacteria. The available informa-
tion is still very limited on BioMnOx generation by bacterial
consortium in the manganese-bio-oxidizing system for the
remediation of various recalcitrant contaminants such as
1,2,4-triazole. In addition, the improved contaminant removal
in the manganese-bio-oxidizing system is closely related with
the specific microbial community structure in it. However,
limited information in terms of the microbial community
structure in the manganese-bio-oxidizing system is now
available.

Therefore, this study was performed to obtain an acclimat-
ed microbial consortium and investigate the potential of
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BioMnOx to remove 1,2,4-triazole. The BioMnOx produced
through Mn2+ oxidation was characterized through XRD, X-
ray photoelectron spectroscopy (XPS), and SEM. The bacte-
rial community of MOB was characterized by high-
throughput sequencing analysis. The effect of various param-
eters on BioMnOx production and 1,2,4-triazole removal was
studied. The key role of BioMnOx in the polishing of bio-
treated chemical industrial wastewater was investigated in bi-
ological aerated filters (BAFs).

Materials and methods

Soil sampling, growth conditions, and acclimation

Soil samples taken near the scenic spot of Sun Yat-sen
Mausoleum in Nanjing, China (32° 03′ N, 118° 50′ E), were
used for the cultivation of Mn2+ oxidation bacteria consortium.
Thirty samples were randomly collected in sterile containers
from 5 cm below the land surface. Soil samples were air-dried
and then mixed and ground in an agate mortar to pass through a
2-mm nylon sieve. About 2-g ground soil sample described
earlier was inoculated into 100-mL modified Leptothrix medi-
um supplemented with MnCl2 at an initial Mn2+ concentration
of 11 mg L−1. Per liter modified Leptothrix medium contained
0.125 g yeast extract, 0.25 g casamino acids, 0.125 g glucose,
2.38 g N-2-hydroxyethylpiperazine-N′-2-ethanesulfonicacid
(HEPES), 0.05 g CaCl2, 0.20 g MgSO4, 0.6 mg FeCl3, and
1-mL trace element solution. The pH was adjusted to 7.0
through the addition of NaOH and HCl. Per liter trace element
solution contained 10 mg CuSO4·5H2O, 44 mg ZnSO4·7H2O,
20 mg CoCl2·6H2O, and 13 mg Na2MoO4·2H2O. In order to
enrich MOB consortium, the mixture was incubated on a rotary
shaker at 180 rpm and 30 °C. A series of 250-mL Erlenmeyer
flask were used as batch reactors, and each flask contained a
100-mLmedium described earlier. About 2months later, a color
change from pale yellow to dark brown was observed in one of
the flasks, indicating the formation of BioMnOx. For the accli-
mation and enrichment ofMOB consortium, 10-mL dark brown
media were transferred into a 90-mL fresh modified Leptothrix
medium containing 22 mg L−1 Mn2+ and incubated under iden-
tical conditions. Thereafter, the cultures were transferred succes-
sively to fresh medium. Five months later, the bacteria consor-
tiumwith stableMn2+ oxidation abilitywas obtained and named
after C-S1, which was used as inocula in further study.

Mn2+ oxidation and 1,2,4-triazole removal in batch tests

Batch tests were performed in a series of 250-mL Erlenmeyer
flasks on a rotary shaker at 180 rpm and 30 °C in order to inves-
tigate the optimal Mn2+ oxidation conditions, i.e., pH and Mn2+

dosage. In order to investigate the effect of pH, the pH values of
the media with 22.0 mg L−1 Mn2+ were adjusted to 5.0, 6.0, 6.5,

7.0, 7.5, 8.0, and9.0byaddingNaOHorHCl into themedium. In
order to investigate the effect of initial Mn2+ concentration, the
initial Mn2+ concentration of the medium varied from 11.0 to
121.0 mg L−1, with initial pH maintained at 7.0. The inoculum,
i.e., C-S1, was inoculated at an inoculum size of 10%.

In order to investigate the effect of various conditions on
1,2,4-triazole removal by BioMnOx in batch reactors, a 1,2,4-
triazole stock solution was added into the batch reactors at
desired concentrations after the formation of BioMnOx. The
incubation was carried out on a rotary shaker at 180 rpm and
30 °C. The effect of pH on 1,2,4-triazole removal by
BioMnOx was firstly investigated. The pH values of the me-
dia after the formation of BioMnOx were adjusted to 5.0, 6.0,
7.0, and 8.0 while 5.0 mg L−1 1,2,4-triazole was added into
every batch reactor. BioMnOx was produced with an initial
Mn2+ concentration of 33.0 mg L−1. The effect of initial Mn2+

concentration on 1,2,4-triazole removal was investigated
within an initial Mn2+ concentration range of 11.0–
121.0 mg L−1 and at an initial 1,2,4-triazole concentration of
5.0 mg L−1, with initial pH maintained at 5.0. In order to
investigate the effect of 1,2,4-triazole concentration on 1,2,4-
triazole removal, the initial 1,2,4-triazole concentration varied
from 1.0 to 20.0 mg L−1 and initial Mn2+ concentration was
controlled at 33.0 mg L−1, with initial pH maintained at 5.0.

A control experiment regarding 1,2,4-triazole removal by
the same bacterial consortium suspension but without the pre-
cipitation of Mn2+ was used to evaluate the degradation or
sorption of 1,2,4-triazole by bacterial consortium. In addition,
1,2,4-triazole removal by BioMnOx suspension autoclaved at
121 °C for 40 min was evaluated in order to investigate the
chemical degradation or adsorption of 1,2,4-triazole by
BioMnOx. In order to evaluate the degradation of 1,2,4-tri-
azole by chemical MnO2, batch experiments with chemical
MnO2 (δ-MnO2) were initiated by adding 50.0 mg L−1 chem-
ical MnO2 and 5.0 mg L−1 1,2,4-triazole to 100 mL of the
modified Leptothrix medium. To distinguish 1,2,4-triazole re-
moval through adsorption or catalytic degradation by
BioMnOx, BioMnOx was solubilized by 10 mg mL−1 ascor-
bic acid to release 1,2,4-triazole adsorbed by BioMnOx before
the determination of 1,2,4-triazole concentration.

1,2,4-Triazole removal in BAFs

In this study,Mn2+ oxidation and 1,2,4-triazole removalwas test-
ed in continuousBAFs,whichwasoftenused for thepolishingof
bio-treated chemical industrial wastewater. As illustrated in
Fig. S1, two BAFs, named after R1 (with Mn2+ in the influent)
and R0 (without Mn2+ in the influent), respectively, consisted of
polymethyl methacrylate column (inner diameter 8 cm, effective
height 120 cm, packed height 80 cm). The porous ceramic parti-
cles were used to pack these two BAFs, reaching an effective
volume of 1.5 L and a headspace of 1.5 L. The parameters of the
ceramic particles can be described as follows: 2.0–4.0 mm in
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diameter, 1.6–1.8 g cm−3 in true density, 800–900 kgm−3 in bulk
density, 4.11m2 g−1 in specific surface area, <2% in solubility in
HCl, >30% in inner porosity, and >42% in outer porosity.

The bio-treated chemical industrial wastewater was
pumped into the base of BAFs through two peristaltic pumps
at desired influent rate. Both BAFs were aerated through a
fine-bubble membrane diffuser at the bottom. The aeration
rate was regulated with a needle valve at approximately
150 L h−1. The bio-treated chemical industrial wastewater
was sampled from the secondary sedimentation tank after ac-
tivated sludge tank in a pesticide factory located in Jiangsu
Province, China. The characteristic of the bio-treated chemical
industrial wastewater could be described as follows: 90–
110 mg L−1 1,2,4-triazole, 60–70 mg L−1 total organic carbon
(TOC), and pH 6.5–7.0. In addition, desired Mn2+ was added
into the feedings of R1 to promote the growth of MOB.

Both BAFs were initially inoculated with 250 mL C-S1
consortium. In addition, 500 mL activated sludge (MLSS at
15 mg L−1) was added as supplementary inocula. In order to
increase the biomass attachment onto ceramic particles, 1.5 L
bio-treated chemical industrial wastewater was added into
these two BAFs on the first day, with aeration turned on but
with influent and effluent stream turned off. After 2 days, the
rectors were continuously fed with the bio-treated chemical
industrial wastewater at a hydraulic retention time (HRT) of
1.5 days, with the treatment performance evaluated.
Considering the low organic compound concentration in the
influent, biomass increase in both R0 and R1 was insignifi-
cant. Therefore, frequency backwashing of the BAFs was un-
necessary. Periodic backwashing through the loosening of ce-
ramic packing bymeans of air was carried out every 3 months,
with the backwashing sludge produced discharged directly.

Analysis and characterization methods

The determination of dissolved manganese was performed by
centrifuging 5-mL samples of bacteria suspension (15 min at
8000 rpm) to remove the biomass and particulate manganese.
The supernatants were collected, acidified with 1% HNO3

(7 M), and stored at 4 °C prior to measurement with atomic
absorption spectrometry (AAS, PinAAcle 900T, PerkinElmer,
USA). To determine the sorption of Mn2+ to BioMnOx in op-
posite to formation of particulate MnOx, the previously men-
tioned particulate manganese was washed twice in deionized
water and resuspended in 50 mM CuSO4 for 12 h to extract
the Cu(II)-exchangeable Mn2+ (Tani et al. 2003). The total
unoxidized Mn2+ was determined as the sum of the adsorbed
and dissolved Mn2+. BioMnOx yield was calculated as equiva-
lent MnO2 concentration. Briefly, the concentration of
BioMnOx was measured colorimetrically with the Leco
Berbelin blue (LBB) assay, and 1-mL pre-blended BioMnOx
media were added to 5mL of 0.04%LBB in 45mMacetic acid.
The samples were then stored in the dark for 30 min, and the

absorbance was determined at 620 nm using a UV-vis spectro-
photometry (Lambda 25, PerkinElmer, USA). KMnO4 was
used to plot the standard curve (Francis et al. 2001). Any cells
present in the samples were removed by centrifugation prior to
measurement of the absorbance. Adsorption of 1,2,4-triazole
onto BioMnOx surface under different pH values was evaluated
by comparing the measured 1,2,4-triazole concentrations from
two different reaction quenching methods (i.e., ascorbic acid
addition vs centrifugation). By adding ascorbic acid (0.1 mM),
BioMnOx was reductively dissolved yielding Mn2+ ions; thus,
the adsorbed or unreacted 1,2,4-triazole could be released and
measured. Besides, control tests were also conducted to verify
the stability of 1,2,4-triazole in the presence of ascorbic acid
(Zhang and Huang 2003).

After incubation of the acclimated C-S1 for 2 weeks, the
flasks were allowed to stand for 30 min to allow the settling of
BioMnOx. About 80% of the liquid was decanted, and the
mixture was centrifuged to precipitate the particles. The col-
lected solid samples were washed three times with deionized
water and stored at 4 °C before analysis. For X-ray diffraction
(XRD, D8 Advance, Bruker, Germany) analysis, these sam-
ples were vacuum-dried at 25 °C, crushed using a mortar and
pestle, and mounted on an Al sample holder. XRD recorded in
the 2θ range from 20° to 80° was obtained with a Philips X-
Pert diffractometer using Cu Kα radiation. The surface of the
BioMnOx was observed by scanning electronic microscopy
(SEM, JSM-6380, JEOL, Japan) equipped with an energy-
dispersive spectrometer (EDS) system at an accelerating volt-
age of 30 kVand a spot of 3.5. XPS (PHI, USA) analysis was
acquired using a Thermo ESCALAB 250 instrument.

For reactor operation, water samples were withdrawn at
preset time points and filtered through a 0.22 μm membrane
and stored at 4 °C before analysis. 1,2,4-Triazole concentra-
tion was quantified by high-performance liquid chromatogra-
phy (HPLC, Waters 2996, Waters Incorporation, USA) with a
Inertsil® ODS-SP column (5 μm, 4.6 × 250 mm) and a diode
array detector through authentic standard. The mobile phase
was a mixture of 10% methanol and 90% ultrapure water
pumped at a flow rate of 1.00 mLmin−1. The sample injection
volume was 10 μL. The analysis was performed at 195 nm,
with a column temperature of 40 °C. Total organic carbon
(TOC) was quantified by a TOC tester (Vario TOC,
Elementar, Germany). DNA extraction, PCR, high-
throughput sequencing, and data analysis were carried out
according to Ou et al. (2016) and Jiang et al. (2016).

Results and discussion

Acclimation of MOB

After the inoculation of sampled soil for about 2 months, a
color change of the modified Leptothrix media from pale
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yellow to dark brown was firstly observed, indicating the pos-
sibility for BioMnOx formation. Thereafter, Mn2+ oxidation
and BioMnOx formation performance of microbial consor-
tium was firstly assayed, as illustrated in Fig. 1. During the
first batch of acclimation period, Mn2+ concentration de-
creased from initial 21.8 to 4.9 mg L−1 after 20 days.
Correspondingly, BioMnOx concentration, which was
assessed based on MnO2, increased from initial 1.5 to
26.9 mg L−1 after 20 days. However, after acclimation for
about 130 days, the rate for both Mn2+ oxidation and
BioMnOx formation increased obviously. As indicated in
Fig. 1, from batch 12 to batch 14, Mn2+ could be always
removed completely after about 10 days, and the concentra-
tion of generated BioMnOx always reached peak values after
10 days. The stable Mn2+ removal and BioMnOx formation
after 150-day acclimation suggested that stable MOB consor-
tium was obtained, which was named after C-S1 and used as
inocula in further study.

Characterization of BioMnOx produced

The generated BioMnOx and MOB consortium was character-
ized through SEM observations, as shown in Fig. S2. TheMOB
consortium cultivated in modified Leptothrix media without
Mn2+ mainly appeared as rod shaped, with the surface turned
out to be smooth (Fig. S2a, b). From Fig. S2c, d, it could be seen
that MOB consortium still sustained their cell morphotypes, but
with something like collapsed ropes adhering tightly onto the
bacterial capsular. Furgal et al. (2015) observed that BioMnOx
types formed accumulated on the surface of MOB cells. As
reported by Tebo et al. (2004), extracellular polymeric sub-
stances could be produced by MOB to generate biofilms or
bacterial sheaths, which coated on or trapped BioMnOx.
Similar morphology was also observed in this study;

BioMnOx produced by C-S1 appeared to be encased by the
biofilm, which appeared as collapsed ropes owing to desiccation
of the samples. From EDS analysis in the inset of Fig. S2c, it
could be inferred that C, O, N, Mn, and Fe were present on the
cell surface, indicating the possible formation of Mn oxides.

In order to characterize the BioMnOx types formed, XPS
analysis of the sediment formed after incubation was carried
out, as presented in Fig. S3. According to Zou et al. (2009),
binding energies (BE) of Mn 2P3/2 for MnO2, Mn2O3, and
MnO were 642.4, 641.8, and 640.9 eV, respectively. Peaks
for both Mn(IV) and Mn(III) were clearly visible in
Fig. S3a; however, the peaks for Mn(II) were not pronounced.
The presence of Mn(III) in the BioMnOx samples indicated
that two sequential one-step electron transfer processes oc-
curred for the oxidation of Mn2+ to Mn(III) and Mn(III) to
Mn(IV), which was also proved by a Mn(III) intermediate
occurring in the oxidation of Mn2+ by Bacillus sp. strain
SG-1 (Webb et al. 2005). The important role of Mn(III) as
an intermediate during the oxidation of Mn2+ to Mn(IV) by
microorganism was also proposed by Tebo et al. (2004). Both
Mn(III) and Mn(IV) oxides are powerful oxidants, which can
oxidize a wide range of organic compounds and are ubiqui-
tous in a wide range of environmental settings (Remucal and
Ginder-Vogel 2014). From Fig. S3b, the obtained Mn 3s mul-
tiplet spitting values (ΔE) were calculated to be 4.5. The av-
erage oxidation state (AOS) of Mn in the sediment was calcu-
lated to be 3.9 through the relationship AOS = 8.956–1.126
(ΔE) (Tu et al. 2014). From XPS analysis, it could be inferred
that BioMnOx with high valance Mn could be successfully
obtained through the acclimation of MOB consortium.

The crystalline structure of the sediment generated by C-S1
consortium was further characterized by XRD. As presented
in Fig. 2, for the diffraction pattern of the sediment formed in

Fig. 1 Mn2+ oxidation performance in batch reactors during acclimation
at initial Mn2+ concentration of 22 mg L−1 Fig. 2 XRD patterns of sediment formed in incubation system
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incubation system without the addition of Mn2+, no additional
peak other than the peak at 2θ = 19.3° was observed.
However, another two peaks at 36.6° and 65.7° appeared in
the sediment formed in the incubation system with the addi-
tion of Mn2+. Tu et al. (2014) indicated that the peak at around
2θ = 19° could be attributed to the organic and biological
media, whereas the two peaks at around 2θ = 37° and 66°
could be ascribed to the (100) crystal planes of δ-MnO2 or
birnessite composite of discrete or poorly ordered stacking of
adjacent layers, respectively. The basic unit of birnessite is
MnO6 octahedra, which is normally organized into either lay-
er or tunnel structures. The tunnel structures are generally
composed of single, double, or triple chains of edge-sharing
MnO6 octahedra, and the tunnels of square or rectangular
cross section are formed by chains of MnO6 octahedra
through sharing corners (Tebo et al. 2004). It was probably
that δ-MnO2 has the similar structural unit (Miyata et al.
2007). The primary Mn oxides generated via enzyme catalyz-
ing are most similar to δ-MnO2 or acid birnessite (Tebo et al.
2004). As reported byMcKeown and Post (2001), natural Mn
oxides often are poorly crystalline solids. For example,
Acremonium sp. KR21-2 and other aquatic ascomycetes
formed Mn(IV) oxides similar to δ-MnO2 in liquid cultures,
and a birnessite-like phase was also reported in aquatic
Paraconiothyrium sp. (Miyata et al. 2006; Sasaki et al.
2006). The XRD analysis suggested that poorly crystalline
BioMnOx was formed through Mn2+ oxidation by C-S1
consortium.

Composition shift in the microbial community
during acclimation

The microbial community structure of both soil sample and
MOB consortium at phylum and genus levels was profiled
using high-throughput sequencing technology. As shown in
Fig. 3a, the phylum with the highest relative abundance in
initial soil sample was Protebacteria (56.05%), followed by

Firmicu te s (20 .69%) , Bac te ro ide t e s (14 .76%) ,
Verrucomicrobia (1.65%), Gemmatimonadetes (1.62%),
Acidobacteria (1.45%), and Actinobacteria (0.12%). The
MOB consortium named C-S1 with stable Mn2+ oxidation
ability was obtained after 150-day acclimation. It could be
clearly seen that the relative abundance of Protebacteria,
Bacteroidetes, and Actinobacteria in C-S1 increased to
65.13, 19.74, and 3.86%, respectively. However,
Acidobacteria,Gemmatimonadetes, and Verrucomicrobia dis-
appeared completely, whereas the abundance of Firmicutes
decreased to 6.57%. The dominance of Protebacteria in both
initial soil sample and C-S1 was similar to a manganese re-
mediation system aiming at coal mine drainage treatment
(Chaput et al. 2015). In addition, it was reported by Zhou
et al. (2016) that after acclimation of a marine microbial con-
sortium named PJ-1-2mM with excellent Mn2+ oxidation ca-
pacity, Protebacteria and Bacteroidetes accounted for 76.12
and 21.64%, respectively. Tebo et al. (2004) indicated that
MOB were primarily identified in the phylum of Firmicutes,
Protebacteria, and Actinobacteria. The dominance of
Protebacteria at the phylum level indicated the richness of
MOB in the C-S1 after 150-day acclimation.

The initial soil sample and C-S1 also exhibited significant
difference in the genus level, as shown in Fig. 3b. The dom-
inant genera in initial soil sample wereCupriavidus (22.35%),
Lysobacter (11.75%), Janthinobacterium (10.33%),
Flavihumibacter (8.90%), and Pseudomonas (7.75%). For
C-S1, Lysobacter, Janthinobacterium, Flavihumibacter, and
Flavobacteriumwere found to disappear completely while the
relative abundance of Cupriavidus decreased to 1.42%.
However, after 150-day acclimation, the abundance of
Pseudomonas, Bacillus, Bdellovibrio, and Pedobacter in-
creased to 27.24, 15.96, 15.23, and 7.80%, respectively. It
has been extensively reported that Bacillus such as Bacillus
sp. strain SG-1 and Bacillus sp. PL-2 and Pseudomonas such
as P. putida strains MnB1 and P. putida strains GB-1 have
strong Mn2+-oxidizing capacity (Villalobos et al. 2003; de

Fig. 3 Microbial community
structure shift during acclimation
process: bacterial community at
phylum level (a) and bacterial
community at genus level (b)
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Vrind et al. 2003; Dick et al. 2008). The dominance of
Pseudomonas and Bacillus in C-S1 indicated the probability
of this MOB consortium to oxidize Mn2+. Besides, the in-
crease of the relative abundance of Bdellovibrio ,
Pedobacter, and Sediminibacterium after the acclimation pro-
cess indicated their potential role in Mn2+ oxidation or 1,2,4-
triazole biodegradation.

Effect of various operation conditions on BioMnOx
generation

As indicated by Boogerd and de Vrind (1986), pH values play
an important role in Mn2+ oxidation because Mn2+ oxidation
activity of MOB was strongly pH dependent. As shown in
Fig. 4a, with the increase of pH from 5.0 to 7.0, Mn2+ oxidation
efficiency and BioMnOx generation increased from 1.2% and
1.3 mg L−1 to 99.3% and 34.1 mg L−1, respectively. However,
with the further increase of pH to 9.0, Mn2+ oxidation efficiency
and BioMnOx generation decreased sharply to 1.4% and
0.4 mg L−1, respectively. From this result, it could be inferred
that the optimal Mn2+ oxidation efficiency and BioMnOx gen-
eration occurred at neutral condition. However, poor Mn2+ ox-
idation was found at both acidic and alkaline conditions, prob-
ably due to the inhibitory effect on the activity of intracellular
enzyme of the bacteria caused by acidity or alkalinity. This result
was in good accordance with the previous studies, where pure
MOB was used for Mn2+ oxidation (Villalobos et al. 2003).

Furthermore, Mn2+ concentration in influent was another
significant factor affecting Mn2+ oxidation and BioMnOx gen-
eration. As shown in Fig. 4b, with the initial Mn2+ concentration
increased from 11.0 to 33.0 mg L−1, BioMnOx production in-
creased gradually from 17.2 to 51.3 mg L−1, but with residual
Mn2+ always lower than 0.5 mg L−1. However, with the further
increase of initial Mn2+ concentration from 33.0 to 77.0 mg L−1,
BioMnOx production appeared to stop increasing; meanwhile,
the incremental concentrations of residual Mn2+ from 1.1 to
46.5 mg L−1 were observed. The phenomenon observed earlier

was probably due to the toxicity of high Mn2+ concentration,
which significantly inhibited the overall growth of microbes.
Poor Mn2+ oxidation rate by a marine microbial consortium at
high Mn2+ concentration was also observed by Zhou et al.
(2016). Subsequently, pH was controlled at 7.0 and the initial
Mn2+ concentration was set as 33.0 mg L−1 for achieving opti-
mal Mn2+ oxidation performance.

Figure 5 demonstrates the time course for Mn2+ oxidation,
BioMnOx generation, and biomass growth under the optimal
condition within 10 days. The OD600 of the C-S1 consortium
quickly grew up to 1.1 within 2 days and then gradually de-
creased to 0.7 on day 10. However, Mn2+ oxidation and
BioMnOx generation were unremarkable within 2 days, but
with obvious Mn2+ oxidation observed after 2 days. Mn2+

oxidation efficiency and BioMnOx generation quickly in-
creased from 9.9% and 5.1 mg L−1 on day 2 to 99.9% and
51.3 mg L−1 on day 10. Similar phenomenon regarding Mn2+

oxidation was also observed in a previous work (Villalobos
et al. 2003), where the cell growth reached the stationary
phase after 24 h, and then, the cells aggregated, accompanied
by Mn2+ oxidation after approximately 36 h. In this study, the
optimal Mn2+ oxidation capacity of the MOB consortium,
namely C-S1, was found to be better than some pure cultured
MOB strains. For example, Wang et al. (2009) found that
Brachybacterium sp. strain Mn32 was failed to oxidize
Mn2+ at a concentration higher than 7.2 mg L−1, even with
incubation time more than 9 days. In addition, Francis et al.
(2001) discovered that a marine proteobacterium namely
Erythrobacter sp. strain SD-21 could only convert
4.4 mg L−1 Mn2+ into BioMnOx within 160 h in the dark.

1,2,4-Triazole removal in batch tests

The effect of pH

The pH values of the media after the formation of BioMnOx
were adjusted to 5.0, 6.0, 7.0, and 8.0 while 5.00 mg L−1

Fig. 4 Mn2+ oxidation
performance of C-S1 at different
conditions after incubation for
10 days. a Different pH values at
initial Mn2+ of 22 mg L−1. b
Different initial Mn2+

concentrations at pH of 7.0
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1,2,4-triazole was added into every batch reactor. As shown in
Fig. 6a, with the pH of the BioMnOx culture increased from
5.0 to 8.0, 1,2,4-triazole removal seemed to be decelerated,
which was rather interesting. At initial pH of 5.0, 1,2,4-tri-
azole concentration decreased sharply to 0.89 mg L−1 within
the first 2 h and then decreased slowly to 0.12 mg L−1 within
160 h. However, at initial pH of 8.0, 1,2,4-triazole concentra-
tion decreased slowly during 160 h, with residual 1,2,4-tri-
azole concentration as high as 4.77 mg L−1 after 160 h.
Similarly, the degradation of 1,2,4-triazole mediated by chem-
ical MnO2 was also pH depended. 1,2,4-Triazole removal by

chemical MnO2 at pH 5.0 was obviously greater than that at
pH 7.0. The pH dependence of the oxidation of selected or-
ganic compounds by MnO2 or BioMnOx has been compre-
hensively reported (Forrez et al. 2010; Jiang et al. 2009).
According to Remucal and Ginder-Vogel (2014), the redox
potentials of MnO2 decreased linearly from 0.99 V at pH 4
to 0.76 Vat pH 8. Besides, electron transfer was facilitated at
lower pH values because protons were required for the reduc-
tion of MnO2. In this study, 1,2,4-triazole removal by
BioMnOx was also considered to be a surface reaction, which
depended strongly on surface charge of BioMnOx. According

Fig. 5 Mn2+ oxidation profile (a)
and biomass growth profile (b) of
C-S1 with 33 mg L−1 Mn2+ at
pH 7.0

Fig. 6 The effect of pH (a),
initial Mn2+ concentration (b),
and initial 1,2,4-triazole
concentration (c) on 1,2,4-triazole
removal; 1,2,4-triazole desorbed
after 1 and 160 h at various
incubation pHs (d)
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to Xu et al. (2008), at pH of 4.0, the surface of MnO2 was
presumed to bear a negative charge, which increases with
increased pH. The increased charge would make the MnO2

surface more hydrophilic, which would result in the blockage
of the surface sites and thus limitation of the surface reaction.

It was interesting to found that in the control system of
Mn2+-free C-S1 consortium culture at pH 7.0 (without
BioMnOx), only a slight removal of 1,2,4-triazole was ob-
served after 160 h, indicating the key role of BioMnOx in
1,2,4-triazole removal. Therefore, the slight decrease of
1,2,4-triazole in the Mn2+-free C-S1 consortium culture might
be related to the role of MOB consortium, which was likely to
absorb 1,2,4-triazole slightly. The adsorption properties of the
bacteria cells were illustrated by Tebo et al. (2004), and the
study demonstrated that the sorption was even more extensive
when it occurred during the Mn(II) oxidation by bacteria.
Compared to the BioMnOx system at pH 5.0, a slight decrease
of 1,2,4-triazole removal was observed in the control
BioMnOx system lacking of C-S1 consortium due to auto-
clave, indicating that the participation of active MOB was
beneficial for 1,2,4-triazole removal. The important role of
MOB involved in the removal of various organic pollutants
was also elucidated in previous works. For example, an obvi-
ous inhibition of diclofenac oxidation by BioMnOx was ob-
served by Forrez et al. (2010), which could be attributed to the
inhibition of MOB through the addition of either lysozyme or
sodium azide. The key role of BioMnOx in the degradation of
1,2,4-triazole was also supported by the relatively slight re-
moval of 1,2,4-triazole by chemical MnO2 at pH 5.0. As in-
dicated in Fig. 6a, in the oxidation system by chemical MnO2,
1,2,4-triazole concentration decreased from 5.00 to
1.46 mg L−1 within 160 h, with residual 1,2,4-triazole concen-
tration higher than that in oxidation system by BioMnOx.
Relatively slight decrease of 1,2,4-triazole removal by chem-
ical MnO2 compared with that by BioMnOx illustrated the
advantage of BioMnOx over chemical MnO2.

The effect of initial Mn2+ concentration

The removal of 1,2,4-triazole by BioMnOx at initial Mn2+

concentration ranged from 11.0 to 121.0 mg L−1 was investi-
gated, as shown in Fig. 6b.With the initial Mn2+ concentration
increased from 11.0 to 33.0 mg L−1, 1,2,4-triazole removal
seemed to be accelerated. However, with the further increase
of initial Mn2+ concentration to 121.0 mg L−1, 1,2,4-triazole
removal seemed to be decelerated and even stopped at
121.0 mg L−1. At initial Mn2+ concentration of 33.0 mg L−1,
1,2,4-triazole concentration decreased sharply to 1.22 mg L−1

within the first 2 h and then decreased slowly to 0.10 mg L−1

within 160 h. However, at initial Mn2+ concentration of
121.0 mg L−1, 1,2,4-triazole concentration decreased slowly
during 160 h, with residual 1,2,4-triazole concentration as
high as 4.60 mg L−1 after 160 h. As shown in Fig. 4b,

BioMnOx production increased significantly from 17.2 to
51.3 mg L−1 with the Mn2+ concentration increased from
11.0 to 33.0 mg L−1, resulting in more surface sites of
BioMnOx provided for 1,2,4-triazole removal. Although
BioMnOx production in the media containing 55.0 or
77.0 mg L−1 Mn2+ was close to that in the media containing
33.0 mg L−1 Mn2+, 1,2,4-triazole removal efficiency in the
media with initial Mn2+ concentration of 55.0 or
77.0mgL−1 was much lower than that in the media with initial
Mn2+ concentration of 33.0 mg L−1. As reported by Barrett
and McBride (2005), metal ions could inhibit the decomposi-
tion of reactants by complexing with both dissolved and
adsorbed reactants or by occupying reactive surface sites of
the oxides. Compared to Zn2+ and Cu2+, Mn2+ could be
adsorbed more strongly onto the surface of MnO2 (Xu et al.
2008). The suppressive role of Mn2+ at high initial concentra-
tion was especially interesting, suggesting that the residual
Mn2+ blocked on the surface of BioMnOx might lead to the
reduced reaction efficiency of 1,2,4-triazole. In addition, the
decreased 1,2,4-triazole removal could be attributed to the
toxicity of Mn2+ towards microorganisms involved in 1,2,4-
triazole removal, especially at high initial Mn2+ concentration
(Tu et al. 2014; Xu et al. 2008). Mn oxides were well known
for their cation exchange behavior, metal sorption, and redox
properties. However, metal sorptions by BioMnOx and syn-
thetic Mn oxides are significantly different due to that the
former are often actively growing in the presence of contam-
inant metal ions, which effectively removes or decreases the
activation barrier required to incorporate metals intoMn oxide
structures (Post 1999; Tebo et al. 2004). MOB can produce
extracellular polymeric substances that form biofilms or bac-
terial sheaths. These materials coat or trap the BioMnOx,
which likely affect the sorptive properties (Tebo et al. 2004).
From the results of SEM in this study, BioMnOx produced by
C-S1 was most likely to be trapped by the biofilm, the
BioMnOx and biofilm had formed a whole system, and thus,
it was most likely that the whole BioMnOx system took effect.
The results of the control tests in 3.5.1 also illustrated the
important role of the whole BioMnOx system.

The effect of initial 1,2,4-triazole concentration

1,2,4-Triazole removal at initial 1,2,4-triazole concentration
ranging from 1.00 to 20.00 mg L−1 was also investigated, as
illustrated in Fig. 6c. It could be observed clearly that when
the initial 1,2,4-triazole concentration was lower than
5.00mg L−1, 1,2,4-triazole could be completely removed after
160 h. However, with the further increase of initial 1,2,4-tri-
azole concentration to 10.00 mg L−1 and finally to
20.00 mg L−1, the curve appeared to level off, resembling
Langmuir-type surface saturation effect in the presence of
higher concentration of 1,2,4-triazole. This phenomenon was
similar to the observation in previous studies (Zhang and
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Huang 2003, 2005), where an increase in the removal of
carbadox or triclosan at a fixed loading of MnO2 quickly
tapered off with the increase of contaminant concentration.
In this study, 1,2,4-triazole removal was obviously decreased
when 1,2,4-triazole concentration was above 5.00 mg L−1

with BioMnOx produced at 33.0 mg L−1 Mn2+. As reported
by Klausen et al. (1997), the organic compound removal by
MnOxwas a surface-controlled process, which was controlled
by the accessibility of the surface to organic matter. The oxi-
dation rates decreased as the reaction proceeds due to the
accumulation of reaction products on the surface, and thus,
less reactive sites could be available for organic compounds
(Furgal et al. 2015). In this study, a surface reaction regarding
1,2,4-triazole removal by BioMnOx was proposed. The for-
mation of surface complex, which was probably the first step
of the 1,2,4-triazole removal by BioMnOx, was dependent on
the number of active surface sites. However, the transforma-
tion products of 1,2,4-triazole and the newly formed Mn2+

might occupy the oxide surface, and thus, greater reaction
inhibition effect could be observed as the reaction proceeds.
In addition, the high toxicity nature of 1,2,4-triazole at higher
concentrations might inhibit the activities of microorganisms
involved in both manganese oxidation and 1,2,4-triazole re-
moval, resulting in the poor 1,2,4-triazole removal at higher
concentrations (Kinnberg et al. 2007).

The mechanisms involved in 1,2,4-triazole removal

At the initial incubation stage, the fast removal of 1,2,4-tri-
azole could be due to the adsorption of 1,2,4-triazole by
BioMnOx. In order to assess the adsorption of 1,2,4-triazole
by BioMnOx, the adsorbed 1,2,4-triazole was quantified after
desorption by ascorbic acid. As indicated in Fig. 6d, the ad-
sorption of 1,2,4-triazole to BioMnOx surface after 1 h de-
creased with the increasing of pH. With the increase of incu-
bation pH from 5.0 to 8.0, the adsorbed ratio of 1,2,4-triazole
onto BioMnOx decreased from 42.3 ± 2.6 to 6.1 ± 1.5%,
which was consistent with the results from Fig. 6a, where
1,2,4-triazole could be removed efficiently at low pH values
during the initial incubation stage. However, it was worth
noting that desorbed 1,2,4-triazole was negligible at the end
of 160-h incubation, suggesting that 1,2,4-triazole adsorbed at
the initial incubation stage was probably removed through the
degradation by BioMnOx. In view of the results achieved in
this study, it was proposed that the mechanisms involved in
1,2,4-triazole removal in manganese oxidation system might
follow two steps. Firstly, 1,2,4-triazole was adsorbed rapidly
byBioMnOx, whichwas produced byMOB at the early stage.
Then, the adsorbed 1,2,4-triazole was directly oxidized by
BioMnOx, with the easily biodegradable intermediates
formed. During the batch experiment, the breakdown interme-
diates of 1,2,4-triazole were investigated through HPLC-MS
and GC-MS; however, no breakdown intermediates of 1,2,4-

triazole could be observed, probably due to the low concen-
tration of 1,2,4-triazole in the influent.

Based on the results of 1,2,4-triazole removal in batch tests
and the literature on the oxidation of other organic substances
such as triclosan, hydroquinone, and substituted phenols by
MnO2 (Stone 1987; Laha and Luthy 1990; Zhang and Huang
2005; Jiang et al. 2009), a surface reaction mechanism involv-
ing MnOx proposed by Stone (1987) seems likely suitable to
elaborate the removal of 1,2,4-triazole by BioMnOx. In sum-
mary, the occurrence of redox reaction could be initiated by
generating a surface complex between 1,2,4-triazole and
BioMnOx. Electron transfer occurred at the closely associated
surface complex followed by release of the organic oxidation
products and Mn2+ from the oxide. The surface complex
formation and electron transfer were believed to be rate
limiting. The properties of organic reductant and MnOx
might also affect the precursor complex formation and
electron transfer reactions. Zhang and Huang (2003) indicated
that the tendency of surface complex formation might be
assessed by adsorption of the organic substrate to BioMnOx.
Higher adsorption of the oxidizable organic substrate onto
BioMnOx could lead to the formation of more surface com-
plexes to undergo redox transformation, resulting into higher
reactivity of the substrate. In this study, when the incubation
pH was decreased, 1,2,4-triazole removal by BioMnOx in-
creased as the adsorption of 1,2,4-triazole onto BioMnOx in-
creased (Fig. 6d), which was well agreed with the previous
expectation. The surface mechanism was also reported by
Zhang and Huang (2005), where the rate of ciprofloxacin
oxidation by MnO2 increased with the increase of ciprofloxa-
cin adsorption by MnO2 when the pH was varied. However,
the fact that lomefloxacin and pipemidic acid adsorbed by
MnO2 were obviously weaker than ciprofloxacin might also
contribute partially to the observed lower reactivity of these
two compounds. Furthermore, the surface complex formation
was also affected by the relative concentration of organic re-
ductant and MnOx (Zhang and Huang 2003). As observed in
this study, at a fixed amount of 1,2,4-triazole, the removal
of 1,2,4-triazole increased as expected with increasing
amount of BioMnOx due to the increased number of ac-
tive surface sites and consequently increased precursor
complex formation. Similarly, the removal of 1,2,4-tri-
azole increased with increasing of 1,2,4-triazole concen-
tration (1–5 mg L−1) at a fixed amount of BioMnOx.
However, once the surface sites were saturated by or-
ganics, additional organic reductant would not increase
the formation of surface complex. The actual number of
active surface sites on the BioMnOx was unknown; how-
ever, the slow reaction rate of 1,2,4-triazole even with an
excess amount of BioMnOx indicated that number of ac-
tive surface sites was relatively rare, which was well
agreed with the fact that high initial 1,2,4-triazole concen-
tration often resulted in poor removal.
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Fate of 1,2,4-triazole in BioMnOx biofilter

The variation of Mn2+, 1,2,4-triazole, and TOC in R1 and R0
fed with bio-treated chemical industrial wastewater is illustrat-
ed in Fig. 7.Mn2+ concentration of R1 effluent decreased from
32.6 mg L−1 on day 1 to 12.7 mg L−1 on day 18, probably due
to the adsorption of Mn2+ by sludge and ceramic particles.
Meanwhile, adsorption of 1,2,4-triazole and TOC also oc-
curred in both R1 and R0 at the initial stage, as indicated by
the significant decrease of 1,2,4-triazole and TOC concentra-
tion in the effluent from both reactors of R1 and R0 from day 1
to day 30. Thereafter, Mn2+ concentration of R1 effluent slow-
ly increased from 12.8 mg L−1 on day 18 to 23.0 mg L−1 on
day 46. 1,2,4-Triazole and TOC concentration of R1 effluent
increased from 66.70 and 36.87 mg L−1 on day 30 to 94.20
and 57.50 mg L−1 on day 50, respectively, probably due to the
saturation of adsorption by sludge and ceramic particles. The

similar variations of 1,2,4-triazole and TOC concentration of
R0 effluent were also observed at the same period.

After day 46, Mn2+ in the effluent of R1 decreased from
22.9mg L−1 on day 46 to below 1.0mg L−1 on day 60, probably
due to the biological oxidation of manganese on the surface of
the ceramsite. At this stage, black sediment could be clearly
found on ceramsite in R1. It was found that R1 performed
apparently better than R0 in terms of 1,2,4-triazole and TOC
removal after day 50. 1,2,4-Triazole in R1 effluent decreased
from 94.20 mg L−1 on day 50 to 52.90 mg L−1 on day 86 and
kept stable at around 52.10 mg L−1 from day 86 to day 122.
Similarly, TOC in R1 effluent decreased from 57.60 mg L−1 on
day 50 to 31.20 mg L−1 on day 70 and kept stable at around
31.10 mg L−1 from day 70 to day 122. However, only slight
removal of 1,2,4-triazole and TOCwas observed in R0 after day
50, with residual 1,2,4-triazole and TOC well above 90.15 and
50.20 mg L−1, respectively. The poor performance of R0 in

Fig. 7 The variation of Mn2+,
1,2,4-triazole, and TOC in R1 and
R0 fed with bio-treated chemical
industrial wastewater
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terms of 1,2,4-triazole and TOC removal indicated the slight
role of biodegradation by microorganisms within the activated

sludge or alternative C-S1 culture. It was proposed that the signif-
icant difference of R1 and R0 in the removal of 1,2,4-triazole
and TOC at this phase could be attributed to the formation of
BioMnOx in R1, which played a key role in the removal of both
1,2,4-triazole and TOC. The slight removal of 1,2,4-triazole and
TOC in R0 indicated that the biological activity of some hetero-
trophic bacteria could not act efficiently in pollutant removal.
The results in this study provided an alternative solution for
acclimation of the MOB consortium within a simple biofilter.
As reported by Zhang et al. (2015), after 30-day acclimation,
MOB consortium could be formed in a biofilter fed with waste-
water containing Mn2+, resulting in enhanced sulfamethoxazole
removal in the biofilter, which could be attributed to the oxida-
tion reaction by BioMnOx formed.

However, when Mn2+ concentration in the influent in-
creased to 87.3 mg L−1, the residual Mn2+ in R1 increased
gradually to 49.1 mg L−1 on day 160. Residual 1,2,4-triazole
and TOC in the effluent of R1 increased gradually to 77.90
and 50.20 mg L−1 on day 160, respectively. The failure to
remove Mn2+ completely in R1 indicated the inhibition of
MOB activities at high Mn2+ dosage, which resulted in the
failure of 1,2,4-triazole and TOC removal. It was hypothe-
sized that 1,2,4-triazole was susceptible to be oxidized by
BioMnOx, generating Mn2+ and oxidized intermediates. As
shown in Fig. S4, a new peak with the retention time of
3.6 min appeared in the HPLC chromatogram of BAF efflu-
ent, which was identified as semicarbazide through authentic
standard. As indicated byWu et al. (2016), semicarbazide was
identified as the main intermediate during 1,2,4-triazole biodegra-

dation by Shinella sp. NJUST26 . The detection of
semicarbazide in BAF effluent provided the key evidence
for the cleavage of 1,2,4-triazole ring and the involving of
BioMnOx in 1,2,4-triazole biodegradation.

Implications of this work

As indicated by Hastings and Emerson (1986), MOB could
promote the rate of manganese oxidization compared with
abiotic process. BioMnOx exhibited much higher oxidation
and sorption capacities for various pollutants than synthetic
MnOx (Murray and Tebo 2007). In this study, as illustrated in
Fig. 6a, at the presence of BioMnOx and chemical MnO2 at
pH 5.0, 1,2,4-triazole concentration decreased from 5.00 to
0.12 mg L−1 and 1.46 mg L−1 within 160 h, respectively,
indicating the advantage of BioMnOx over chemical MnO2.
As reported by Forrez et al. (2010), the oxidation removal of
diclofenac by BioMnOx was ten times faster than that by
chemically syntheticMnO2 at neutral pH. Themain advantage
of BioMnOx over chemically synthetic MnO2 could be attrib-
uted to the ability of the bacteria to re-oxidize the formed
Mn2+, which was found to be capable of inhibiting diclofenac

oxidation (Forrez et al. 2010). In addition, the widely distrib-
uted MOB in nature, e.g., in soil, in sediment, and in freshwa-
ter, enhanced the implementation simplicity of the acclimation
of MOB (Tebo et al. 2004). In this study, 33.0 mg L−1 Mn2+

could be completely oxidized within 9 days by the C-S1,
which was superior to some pure cultured bacteria (Francis
et al. 2001; Wang et al. 2009). In both natural and engineered
environments, microbes often lived in multispecies communi-
ties, where interspecific interaction was comprehensive. Thus,
the cooperative Mn2+ oxidation by multispecies communities
was more likely to occur in natural aquatic ecosystems, which
contributed directly to the advantage of multispecies commu-
nities over pure cultured species (Liang et al. 2016).

BAFs have been extensively applied in advanced treatment
of wastewater, due to its lots of advantages, such as small
footprint and excellent performance in terms of the removal
of various contaminants (Wu et al. 2011; Hasan et al. 2015).
Coupling of manganese oxidation into BAFs has turned out to
be a favorable alternative for the removal of various contam-
inants, such as sulfamethoxazole (Zhang et al. 2015).
Particularly, the effective removal of 1,2,4-triazole through a
simple coupling of manganese oxidation with BAFs in this
study highlighted the practical application of microbial con-
sortium containing MOB in BAFs for wastewater treatment.

Conclusion

Enhanced removal of highly recalcitrant 1,2,4-triazole from
bio-treated chemical industrial wastewater by BioMnOx was
achieved in this study. Mn2+ could be effectively oxidized to
BioMnOx byMOB consortium obtained through acclimation.
Pseudomonas and Bacillus were found to be the most pre-
dominant species in acclimated MOB consortium. Mn2+ oxi-
dation occurred optimally at neutral pH and initial Mn2+ con-
centration below 0.6 mM. However, 1,2,4-triazole removal by
BioMnOx produced occurred optimally at slightly acidic pH.
High dosage of both Mn2+ and 1,2,4-triazole resulted in de-
creased 1,2,4-triazole removal. In the BAF coupled with man-
ganese oxidation, the system performance in terms of 1,2,4-
triazole and TOC removal could be significantly enhanced,
confirming the key role of BioMnOx in the removal of highly
recalcitrant 1,2,4-triazole. The BAF coupled with manganese
oxidation was proven to show a potential for the removal of
various highly recalcitrant contaminants from bio-treated
chemical industrial wastewater.
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