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ABSTRACT

Mn oxides could realize persistent organic pollutants (POPs) removal through the cycle of Mn between Mn(II)
and biogenic Mn oxides in constructed wetlands (CWs) filled with Mn oxides. However, the inefficient cycle of
Mn caused by the limited oxidation ability of Mn oxides inhibited its effective degradation of POPs. Ruthenium
(Ru) and 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS) could act as electron shuttles in catalytic
Mn oxides oxidation process. In this study, phenanthrene (PHE) was selected as a typical POP and biochar
(BC) supported Ru (Ru/BC) and ABTS (ABTS/BC) were induced in CWs with Mn oxides (birnessite). The
removal efficiencies of PHE in CWs with Ru/BC and ABTS/BC reached 94.61% and 95.51%, higher than
the control (79.91%). ABTS performed best for enhancing Mn cycle based on the results of highest oxidation
removal ca-pacity and relative abundance of Mn-oxidizing bacteria. What’s more, the addition of Ru/BC
contributed to the best adsorption ability and highest relative abundance of PHE degrading bacteria.

1. Introduction

With the increasing anthropogenic inputs of pollutants, such as
vehicle exhausts and coal combustion, some organic pollutants were
introduced in aquatic environments coming from atmospheric deposi-
tion, industrial discharge and urban runoff [1]. Constructed wetlands
(CWs) as a sustainable eco-treatment system have been widely used for
wastewater treatment worldwide due to its easy operation and main-
tenance, low operating costs, and good purification capacity [2]. These
organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) in
aquatic environments have caused serious environmental issue due to
the hyper toxicity and carcinogenic properties, which posing a serious
threat to the surrounding ecological environment and human health [2].
PAHs in water tend to be set by wetland substrates due to high hydro-
phobicity [3]. However, most reported research only focused on
adsorption and immobilization, ignoring the following degradation and
removing ability of pollutants on substrates [4]. Thus, there is an urgent
need for enhancing the adsorption capacity and especially the oxidation
removal ability of wetland substrates as well as the synergistic effects
between the chemical, physical, and biological processes, which would

be extremely important for the sustainable application of CW [4].

Manganese (Mn) oxides, as a kind of common oxidants with
adsorptive capability in nature, has been reported to removal clari-
thromycin, chlorophene, diclofenac, and triclosan in membrane bio-
reactors and column reactors at the lab scale water treatment processes
[5]. Application of Mn oxides as a type of wetland substrate could
enhance the performance of triclosan removal [6]. Accompanied with
the oxidation of pollutants, Mn oxides (mostly MnO,) were reduced to
Mn(II) with or without microbial reactions [7]. Mn(II) can be further
oxidized to biogenic Mn oxides by many kinds of microbes under oxygen
rich conditions. This cycle of Mn between Mn (II) and biogenic Mn ox-
ides was the crucial process for pollutants removal [8]. In addition, there
are limiting factors in the process of removing organic matters from CWs
with Mn oxides: (1) the weak adsorption capacity of the substrate cannot
provide sufficient support for microbial degradation and oxidation of
Mn oxides [9]; (2) inefficient cycle of Mn as well as the weak oxidation
ability of Mn oxides for POPs which depend greatly on the surrounding
conditions impedes the effective degradation of PAHs by oxidized con-
structed wetlands [10].

Catalyzing process of oxidation is a common method for achieving
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high removal of organic matters with weak oxidation ability of oxidants.
Heterogeneous catalysts could be synthesized by supporting materials
and catalysts [11]. Biochar (BC) was picked as catalysts supports due to
the high surface areas and large amounts of pore structures as well as the
widely application for pollutants removal in CWs [12]. Among the cat-
alysts which have potential for use in selective oxidations, ruthenium
(Ru) takes a special position owing to its versatility. Ru can catalyze the
oxidation of alkanes, alkenes, alcohols amines and phenols [10]. What’s
more, Ru could act as electron shuttle in catalytic permanganate
oxidation process by the mutual transformation between high and low
valences of Ru [11]. Similarly, as a simple synthetic electron shuttle,
ABTS has also been widely used. For instance, several groups reported
that ABTS could serve as an electron shuttle to enhance the oxidation of
substituted phenols by aqueous permanganate [13]. Hence, it seems
likely that Ru and ABTS can also serve as electron shuttles in the cata-
lytic Mn oxides oxidation of POPs through the transformation of electron
pairs. Electron shuttles supported on BC are expected to realized effec-
tive fixed adsorption and catalytic oxidation by solving the stability
problems [14]. What’s more, the synergistic effects between the chem-
ical, physical, and biological processes are meaningful to be explored for
the guidance of overall promotion of oxidized constructed wetlands
[15].

In this study, an innovative method modified with Ru and ABTS
embedded carbon (Ru/BC and ABTS/BC) is proposed to explore the
removal and degradation pathways of phenanthrene (PHE) as the
typical PAH. The objectives of this work were to: (1) elucidate whether
catalysts embedded carbon, by incorporation of Ru and ABTS into bio-
char, could enhance the PHE removal in CWs with Mn oxides; (2)
examine the performance of Ru/BC and ABTS/BC for catalyzing of bir-
nessite oxidation and accelerating of the Mn cycle in CWs; (3) reveal the
role of Ru/BC and ABTS/BC as substrate and the synergistic effects with
plants and microbes in CWs.

2. Materials and methods
2.1. Chemicals and reagents

The phenanthrene and phenanthrene-d10 (>99.5% purity) used in
this experiment were purchased from Aladdin Reagent (Shanghai,
China). The standard substitute (p-Terphenyl-d14 and 2-fluorobiphenyl)
and other chemicals of analytical grade or higher was obtained from
ANPEL Laboratory Technologies (Shanghai) Inc.

Birnessite-coated sand was synthesized in batch by adding 300 g acid
washed sand in 2.5 L boiling solution of 1 mol potassium permanganate.
Then, 2 mol of concentrated hydrochloric acid was dropped onto the
solution with vigorously stirred. After boiling for a further 10 min, the
precipitate was filtered and washed with Milli-Q water. Then, 6 L
birnessite-coated sand was prepared according to the above method and
collected by centrifugation and dried by freeze-drying for later use [16].

2.2. Preparation and characterization of modified carbon materials

Biochar was prepared according to the previous study [17]. After-
wards, catalyst synthesis was carried out following the impregnation
method reported in previous literatures [16]. For Ru/BC, a fix amount of
BC was fully soaked in a saturated ruthenium chloride at a given ratio (g
RuCls/g carbon; 0.05) and then dried at 105 °C for 10 h. The mixed
samples were heated to 400 °C and maintained for 3 h in a muffle
furnace under pure N5 conditions. For ABTS/BC, the same impregnation
ratio was implemented and the post treatment process was operated
based on the method of Katarzyna Karnicka et al [18].

X-ray photoelectron spectrometer (XPS) measured by Thermo
ESCALAB 250XI served to analyze elemental speciation of the biochar.
All data were calibrated to the Cls peak of 283.9 eV [19]. X-ray
diffraction (XRD) was carried out by Bruker D8 Advance to identify the
structural features and the mineralogy of the catalysts. XRD data were

recorded at ambient temperature on a Bruker D8 Advance powder
diffractometer, in the angular range 5-70° (20), collected with a step of
0.02° and a step time of 8 s [5].

To validate the presence and role of catalysts served as electrons
mediators, electrochemical measurements were carried out with a
CS310H electrochemical workstation. A standard three-electrode cell
was used. The working electrode was a glassy carbon electrode (3-mm
diameter) modified with ABTS/BC. The counter electrode was made
from Pt wire, and all potentials were expressed versus the Ag/AgCl
(3MKC) reference electrode (Mineral). The electrolyte solution used for
these experiments was Mcllvain buffer at a pH of 5.2. Prior to modifi-
cation, the working electrode was polished (on a cloth) with aqueous
alumina slurries (grain size, 0.5 mm) [20].

2.3. Lab-scale constructed wetland setup and operation

Eight vertical flow constructed wetlands (VFCWs) divided into two
parallel groups with different application of substrates were located at
Shandong University in Jinan, China (116.1°E, 36.5°N). The VFCWs
reactors consisted of organic glass (60 cm in height, 20 cm in diameter).
Profile and photo of experimental microcosms were shown in Fig. S1.
Gravel layer (1-3 cm in diameter) was placed in the bottom layer to a
height of 10 cm. The main substrate consisted of washed quartz grains
(3-5 mm) to a height of 50 cm, which varied for different CW systems.
Different modified biochar combined with or without birnessite-coated
sand were mixed in the modified layer at the height of 20-40 cm from
the bottom. The adding capacities of biochar and birnessite-coated sand
were both 3 L. The 8 CW units were divided into 4 groups consisting of
two pairs; units were named as follows: (1) C-CW (filled only with
quartz); (2) BC-B-CW (filled with birnessite and biochar); (3) Ru/BC-B-
CW (filled with birnessite and Ru-modified biochar); (4) ABTS/BC-B-CW
(filled with birnessite and ABTS-modified biochar). Iris pseudacorus was
planted with an initial density of 6 plants/unit.

VFCWs units were seeded with activated sludge collected from
Everbright Water Wastewater Treatment Plant (located in Jinan, Shan-
dong 117.0°E, 36.7°N, China) for one month before it was formally
operated. After that, synthetic wastewater diluted with tap water was
added to the top of the microcosm. The wastewater contained glucose,
(NH4)2S04, KNO3, KHyPO4, MgS0y4, CaCl,, and FeSO4m7H30. A solution
of PHE (1 g) dissolved in dichloromethane (1000 mL) was prepared.
During the operational period certain amounts of these stock solution
was added and the final concentration of PHE in the wastewater was
around 0.73 pg/mL. The hydraulic retention time (HRT) lasted 3 days
during the experiment period.

2.4. Sampling and analysis

Influent and effluent wastewater was collected before and after each
cycle. The Chemical oxygen demand (COD), ammonia nitrogen (NH4 -
N), nitrate nitrogen (NO3-N), and the Total phosphorus (TP) of the ef-
fluents were measured by standard methods [21]. The concentration of
PHE was measured by Gas chromatography/mass spectrometry (GC/
MS) using the internal standard method. The pretreatment and
measuring methods are described in detail in our previous research [17].

In each CW unit, substrate samples of different depths (0-10 cm,
10-20 cm, 20-30 cm, 30-40 cm and 40-50 cm depth) were collected at
the end of experiment for three months. Five-point sampling method
was used to obtain the substrate in each depth. The plant residues were
removed by sieving and the substrate samples were freeze dried for 72 h.
PHE in substrate was extracted by accelerated solvent extraction with
dichloromethane-methanol mixture (1:1) according to a standard
method (HJ 783-2016). The plants were harvested at the end of the
experimental and were separated to leaves, stems and roots. These plant
samples were cut into pieces and freeze dried at — 60 °C for 72 h, after
which the PHE in 10 g plant samples was extracted into 20 mL of
dichloromethane and methanol at a volume ratio of 1:1 using an



accelerated solvent extraction. The extraction methods were based on
the literature and standard methods [15]. Silica gel columns containing
of neutral chlorine dioxide, silica gel, and Na;SO4 were used to purify
the solution before detecting. Then the residue was reduced to the final
volume of 1 mL using the vacuum concentrator (Vortex 600). GC/MS
was used for the detecting of the final volume.

The microbes around the control layer and modified layer were
further analyzed. Community DNA was extracted using MOBIO Power-
Sand™ DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA).
DNA purity was measured using a Nanodrop ND-1000 UV-vis spectro-
photometer (Nano-DropTechnologies, Wilmington, DE, USA). To obtain
the desired microbial community for each substrate, Illumina high-
throughput sequencing was done.

3. Results and discussion
3.1. PHE removal performance of different CWs

The concentrations of the main pollutants in the effluent reached a
steady state after stabilization (Fig. 1 and S2). Throughout the experi-
mental stage, the influent COD, NH;"-N, NO3™-N, TP and PHE were
approximately 69.08 mg/L, 8.23 mg/L, 12.91 mg/L, 1.55 mg/L and
0.73 mg/L, respectively. The removalrate of theNO3™-N (96.59%) in BC-
B-CW was significantly higher than that (79.41%) in C-CW. It has been
demonstrated that the process of anaerobic Mn(II) oxidation coupled to
nitrate reduction could enhance the denitrification [22]. The removal
rates of the COD, NH;"-N and TP in BC-B-CW were approximately
82.99%, 83.75% and 75.34%, respectively, and in the C-CW were
approximately 54.78%, 55.16%, and 14.84%, respectively. The adding
of Mn oxides remarkably facilitated the pollutant removal performance
of wetland microcosms. It was easy to understand that Mn oxides in a
substrate could improve nitrification processes and organic carbon
transformation due to their strong oxidizing properties [23]. Mean-
while, the wonderful fixation and positive effects of biochar and bir-
nessite on plants growth and microbial compositions could also facilitate
the performance of BC-B-CW [24].

Electron shuttles realized better removal performance of not only
PAH but also normal pollutants. The removal of PHE in Ru/BC-B-CW
and ABTS/BC-B-CW reached 94.61% and 95.51%, higher than the
control (79.91%), which may be attributed to enhanced oxidizing
properties of Mn oxides. Dramatically promotion of TP removal was also
observed (Fig. S2d). The removal rates of TP in Ru/BC-B-CW (92.90%)
and ABTS/BC-B-CW (94.45%) was significantly higher than that
(75.48%) in BC-B-CW system. The predominant form of P in wastewater
effluent is anionic [25]. Immobilized particles of a metal cation in
substrates typically form the polymer exchange base, termed a

polymeric ligand exchanger, by which P anions in wastewater could be
easier selected than other “competing” ions, such as sulfates or chlorides
[26]. Interestingly, the introduction of electrons mediators facilitated
the biological P removal according to the results of high-throughput
sequencing: the relative abundances of Candidatus Accumulibacter
phosphatis (Accumulibacter), the most widely studied phosphorus-
accumulating organisms (PAO) [25], in Ru/BC-B-CW and ABTS/BC-B-
CW were 2.52 times and 3 times respectively more than that of BC-B-
CW. More available electron acceptors of modified biochar are consid-
ered key contributors due to the enhanced metabolic pathways of PAO
in the aerobic phase. They could oxidize carbon source and the subse-
quent energy release is used for the uptake of P (with stabilizing cations)
[27].

3.2. The role of substrate for PHE removal

Based on the settling characteristics of PAHs, the concentrations of
PHE at different depths of the substrate (0-10 cm, 10-20 cm, 20-30 cm,
30-40 cm and 40-50 cm depth) were studied at the end of the experi-
ment (Fig. 1b). The PHE accumulated in the substrate in the CWs in the
following order: C-CW (2.84 + 0.14 pg/g) > BC-B-CW (2.19 + 0.08 pg/
g) > Ru/BC-B-CW (0.79 £ 0.05 pg/g) > ABTS/BC-B-CW (0.70 & 0.05
ng/g). Different matrix compositions caused variation of pollutant dis-
tribution. Among the different substrate depths, C-CW performed the
highest PHE contents at 0-10 cm depth, i.e., 0.82 + 0.03 pg/g, indi-
cating that the PHE in CWs could remain in the superficial substrate
instead of undergoing precipitation in the deep layer. By contrast, it
indicated that birnessite could contribute to the migration of PHE to the
deep substrate, especially the modified layer, and promote the integral
pollutants removal efficiency of vertical flow constructed wetlands. It
could be found that birnessite also contributed to the remove of PHE. C-
CW has the highest PHE contents in each depth of substrate layer. The
amounts of PHE in 0-10 cm depth of BC-B-CW, Ru/BC-B-CW and ABTS/
BC-B-CW were 75.74%, 85.78% and 89.34% respectively lower than
that of C-CW. This significant decrease can be related to the birnessite,
which can enhance pollutant accumulation in plants and thus decrease
the PHE contents in the rhizosphere substrate. Similarly, in deeper
depth, BC-B-CW, Ru/BC-B-CW and ABTS/BC-B-CW performed obvi-
ously lower accumulation of PHE due to the oxidation of Mn oxides.

Mn oxides have oxidation ability and adsorptive capability as well as
biochar primarily due to their large specific surface areas and small
particle sizes [23]. To reveal the mechanism of enhanced pollutants
removal with birnessite catalyzed by redox mediators embedded carbon,
decay of PHE (5 uM) by matrix with different compositions were per-
formed in well-closed, light-resistant reaction systems with microbial
inactivation to avoid the effects of photolyzes, volatilization and

C-CW BC-B-CW Ru/BC-B-CW  ABTS/BC-B-CW
a 08 1 l b 00-
T —A— influent T 1
—2—C-CW  —©S—RwBC-B-CW
54— BC-B-CW —~@— ABTS/BC-B-CW
0.8
0.15

=
= =
',_':) (=]
E} £

2 2 164
g g
8 O
- =
z . -

= 2.4 4 g .
o -.».;.;cm substrate ’
0.00 v T T T T T T T
0 19 38 57 76 95 3.2

time (d)
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microorganisms. As shown in Fig. 2, the removal of PHE by matrix
consisted of oxidation-reduction and physical absorption. At the initial
stage, the contents of PHE fixation on matrix dramatically increased.
The substrates of Ru/BC-B performed highest fixed capacity of 9.92 nug/
g, which was 2.86 times and 2.95 times respectively more than that of
BC-B and ABTS/BC-B. The loading of metal ions on the surface of the
biochar could maximize the PAH adsorption ability by complexation
complex absorption, hydrophobic adsorption, and electrostatic attrac-
tion [28]. The fixing contents of PHE on substrates reduced as the re-
action progress, which was attributed to the chemical degradation by
Mn oxides. What’s more, it could be concluded that the pollutants
removal by substrates with Mn oxides was mainly dependent on oxi-
dation-reduction. Both redox mediators realized chemical catalytic ac-
tion for Mn oxidation. Among these three different substrates
compositions, ABTS/BC-B performed the best oxidation-reduction
ability with oxidation removal capacity of 5.47 mg, 29.31% and 17.38%
higher than that of BC-B and Ru/BC-B.

3.3. Electrons transformation on biochar settled with electrons shuttles

To explore the catalytic process of Ru/BC catalyst systems, chemical
state information was obtained by XPS analysis of both the Ru(3d) and
the lesser-studied Ru(3p) core levels because of the overlap of the C(1s)
and Ru(3d) core levels [29]. For the used catalysts, there is a clear shift
in the binding energies toward lower energy which may be caused by an
increase in the mean particle size. The final Ru(3p) energy of 464.9 eV
revealed the formation of metallic ruthenium or RuOx/Ru and further
supported by the Ru(3d) value of 282 eV (Fig. 3a and b) [30]. The multi-
valent Ru species (Ru and RuOs) on used BC confirmed the excellent
reversible redox transition performance based on the fast transformation
of Ru and promote redox reactions of Ru (Ru-RuO,) with Mn oxides. As
shown in Fig. 3c, the Ru**/Ru® atomic ratios have an obvious reduction
after the test, indicating that the amount of oxygen vacancies decreases.

For ABTS/BC catalyst systems, the cyclic voltametric response was
used to demonstrate the performance of catalyst. For comparison, cyclic
voltammograms of ABTS adsorbate on bare glassy carbon and ABTS
dissolved in solution (Fig. 3d) are provided. A pair of highly reversible
redox peaks of ABTS centering at 0.443 V was observed at the bare GC
electrode, which should be correlated with the reversible redox between
ABTS? and ABTS’ [20]. The presence of adsorbed ABTS on BC is evident
from cyclic voltametric responses of ABTS-modified BC deposited on
glassy carbon (Fig. 3e). A pair of well-defined redox peaks for ABTS
attached to BC was also observed at 0.462 V. A slightly negative po-
tential shift (~19 mV) has been observed for ABTS adsorbed on BC and
dissolved in solution due to some specific (oxidative) interactions of

ABTS with BC surfaces.

The peak currents were proportional to scan rate (n) up to 400 mV/s
(Fig. 3f), consistent with the surface-type behavior of the system, which
also indicates that the electron transfer here is fast. The immobilized
ABTS can be quantified from the slope of the curve. The interfacial
population of ABTS in the case of ABTS/BC modified GC electrode the
interfacial population of ABTS is 2.89 x 10 mol/cm? We have also
checked the stability of the film of ABTS/BC modified GC electrode. As
shown in Fig. 4b, the long-term potential cycling at 50 mV/s for 500
cycles barely resulted in any changes in the voltametric characteristics
of the system. Based on the above findings, superior PHE removal per-
formance of stable mediating system with ABTS/BC was contributed to
charge propagation capabilities of ABTS/BC.

3.4. Enhanced Mn cycle

To reveal the positive role and catalytic process of electron shuttles
for PHE removal, the proposed catalytic process of Mn cycle was illus-
trated as the conceptual model in Fig. S3. The enhanced reversible
electron transformation process of electron shuttles has been confirmed
above, providing better reaction condition for the Mn oxidation. XRD
and XPS analyses were used to demonstrate the process of Mn cycle.
Compared with substrate before experiment, peaks of XRD pattern were
appeared differently at substrate modified layer in CWs, which were
related to changed composition of manganese compounds (Fig. S4). In
order to illuminate Mn redox cycles in different CW units, comparison of
contents of various Mn species, average Mn oxidation states and the
binding energy of electron energy levels (i.e., Mn2p and Mn3s) were
tease out in Fig. 4 based on XPS analyses (Fig. 4a—d). According to the
comparison with literature data, Mn oxides has been synthesized in
three different main oxidation states, as MnO (MnlII), MnyO3 (MnlIII),
and MnO, (MnlV) [31]. The variations of Mn(II), Mn(III), and Mn(IV)
relative amounts were detected and a common approach was used to
determine the average oxidation state of Mn oxides by evaluating the
peak binding energy distance in the multiplet split Mn 3 s region (Fig. S5
and Table S2). It could be found that composition ratio of highly-
charged components Mn(IV) and Mn(IIl) intermediates increased in all
CW units after experiment. Highly-charged components increased most
in CWs with electron shuttles. The induce of electrons shuttles enhanced
the average Mn oxidation state, which was positively correlated with the
rate of chemical reaction. Compared with oxidation of organic pollut-
ants, the oxidation of electron shuttles was much easier, decreasing the
consumption of highly-charged Mn components. Meanwhile, removing
of pollutants was enhanced by electron shuttles with higher reactivity
[32]. What’s more, as a kind of controlling specifications of water
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quality, Mn?" concentrations in finally effluents were also measured. All
of the Mn2+(aq) concentrations below 0.05 mg/L, bellowing the US EPA
water quality criteria (0.05 mg/L) [33].

Mn-oxidizing bacteria play an important role in the process of Mn
cycle (the electron transfer process e in Fig. S3). Besides, the synergistic
effects between substrates of different components and wetland micro-
organisms were also essential for the performance of wetland. The
[lumina high-throughput results for 16S rRNA gene sequencing data
were used to evaluate the microbial community in control layer and
modified layer. There was little difference on microbial species richness
between modified layers of different CW units as well as the control
layer in the same unit (Table S3). However, it could be found that the
main metabolic process and function of microbe in different CW units
were very different. Tax4Fun was used to predict the functional content
of microorganism and the heatmap of metabolic functional diversity was
given in Fig. 4e. The metabolic function of wetland substrate bacteria
was mainly clustered to the chemoheterotrophy, nitrate reduction, ni-
trate respiration, nitrogen respiration, nitrite respiration and aromatic
hydrocarbon degradation, indicating to chemoheterotrophy process and
the removal of NO3™-N and PHE. What’s more, iron respiration was also
found in CWs with electron shuttles, which indicated the formation of Fe
cycle with the iron ions in synthetic wastewater. This result explained
the phenomenon of additional Fe on the surface of birnessite after the
experiment (Table S1). Fe cycle is also an important element cycle
process in nature, and it could also realize pollutants removal just like
Mn cycle.

The relative abundance of Mn-oxidizing bacteria, Fe-oxidizing bac-
teria and PAH degradation genera were shown in Fig. 4f-h. There was a
considerable difference of relative abundance of Mn-oxidizing microbes
in modified layers in different CW units. The total relative abundance of
Mn-oxidizing bacteria was highest with the CWs containing ABTS/BC-B,
which was 1.72 and 3.58 times more than Ru/BC-B-CW and BC-B-CW
(Fig. 4f). This result coincides with the enhanced catalytic oxidation of
Mn oxides by ABTS/BC, reflecting that ABTS performed best for PHE

removal by Mn cycle. As shown in Fig. 4g, units with catalysts shown
relatively higher abundance of Fe-oxidizing microbes. The amount of Fe-
oxidizing microbes in ABTS/BC-B-CW was 19.16% and 38.97% higher
than that in Ru/BC-B-CW and BC-B-CW, coinciding with the best cata-
lytic action of ABTS. It could be concluded that ABTS performed best for
enhancing element cycle of Mn and Fe.

Researchers have reported several microorganisms with the poten-
tial to biodegrade PAH such as Acinetobacter, Acidovorax, Nitrosomonas,
Paenibacillus, Alcaligenes, Corynebacterium, Vibrio, Methylobacillus,
Comamonas, Nocardioides, Chryseobacterium, Sphingomonas, Mycobacte-
rium, Staphylococcus, Flavobacterium, Aeromonas, Streptomyces, Pseudox-
anthomonas and Micrococcus [3,34-37]. The total relative abundance of
PAH degrading bacteria in Ru/BC-B-CW accounted for 5.89% of all
detected microbial organisms, which was 106.67% and 180.48% higher
than that of ABTS/BC-B-CW and BC-B-CW. The enhanced adsorption
ability of Ru/BC-B through complex absorption, hydrophobic adsorp-
tion, and electrostatic attraction offered better reaction condition for the
microbial degradation of PAH [37].

3.5. Transformation pathways and removal mechanism of PHE in CWs

Identification products of PHE was performed through GC-MS
analysis to reveal the transformation pathways for the degradation of
PHE. Proposed catabolic pathway of PHE in CW with Mn oxides cata-
lysted by catalysts was given in Fig. 5. In these CW systems, macrophyte,
microflora and substrates with Mn oxides are the characteristic feature
of wetlands. The intensive biological activities in such an ecosystem lead
to a high rate of autotrophic and heterotrophic processes. Mn oxides is
considered as the major oxidizing species, which can preferentially
attack PHE at positions 9 and 10 to yield theoretical products 9, 10-
phenanthrene intermediate (product 1) [38]. Further oxidation leads
to 1-hydroxy-2-naphthoic acid (product 2), which was an intermediate
metabolite in PHE degradation indicating the presence of bacterial
microflora. Then, these intermediates formed trans-2-
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carboxybenzalpyruvic acid (product 3) and were cleared by TCA cycle
based on the observation of phthalic acid (product 4) [39].

The mechanism of pollutant removal in CW with birnessite catalyzed
by electron shuttles on biochar was also proposed. The adding of bir-
nessite realized effective promotion of oxidizing property and boosted
the migration of PHE with high hydrophobicity [40]. In the modified
layer, excellent adsorptive capability of birnessite and biochar enhanced
the fixation of PHE, providing better condition for the following cata-
lytic oxidation and microbial degradation. Mn cycle was enhanced by
ABTS/BC and Ru/BC served as efficient electron shuttles with excellent
proton transfer ability and superior reversible redox transition perfor-
mance. PHE and some other pollutants served as electron acceptors to be
degraded by chemical oxidation of Mn oxides [41]. Plant absorption and
microbial degradation were improved by modified substrates based on
the synergistic effects between these three main components of wetland.
The pollutants uptake by plants in CW with Mn oxides was also observed
by detecting the PHE contents in roots, stems and leaves of plants
(Fig. S6). The total PHE accumulation in the plants of C-CW (99.6 pug)
was much lower compared with the other treatments, the average value
of which was 229.43 pg. What’s more, the increasing adsorption ability
of Ru/BC boosted PHE microbial degradation [42]. In brief, electron

shuttles could boost oxidation susceptibility of CW with Mn cycle, as
well as Fe cycle and enhance wetland performance based on the syn-
ergistic effects between important components of wetland.

4. Conclusions

Enhanced removal of PHE and other pollutants in CWs with Mn
oxides catalyzed by electron shuttles was obtained via improved Mn
cycle. Mn cycle was revealed by the results of XPS, XRD and analysis of
Mn-oxidizing bacteria. Catalytic process of Ru/BC and ABTS/BC was
revealed by the formation of electron pairs and excellent charge prop-
agation capabilities which boosted the oxidation-reduction reaction
between substrates with pollutants. The best oxidation removal capacity
of PHE and highest total relative abundance of Mn-oxidizing bacteria
demonstrated that ABTS/BC performed best for enhancing Mn cycle.
However, the addition of Ru/BC contributed to the best adsorption
ability and highest relative abundance of PHE degrading bacteria.
What’s more, the induced electron shuttles combined with iron ions
formed Fe cycle based on the results of metabolic functional diversity of
bacterial community structure and the higher abundance of Fe-oxidizing
microbes. In conclusion, electron shuttles could boost oxidation
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Fig. 5. Transformation pathway and removal mechanism for the degradation of PHE in CW.

susceptibility of CW with Mn cycle, as well as the adsorptive capacities
and microbial degradation.
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