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Abstract

The limited adsorption capacity of the substrate and the concentration of dissolved
oxygen in constructed wetlands (CWs) have inhibited their ability to efficiently
remove polycyclic aromatic hydrocarbons (PAHs) from wastewater. Presently,
biochar and activated carbon modified with Fe** and Mn*" were used as effective
sorbents in the removal of benzofluoranthene (BbFA), a typical PAH, in CW
microcosms. The addition of metallic ions embedded carbon increased NOs-N
accumulation by the reduction of Fe** and Mn*', which led to improved BbFA
degradation. Additionally, plant adsorption in root and stem sections were observed
separately. The abundance of PAH-degrading microbes in the rhizosphere substrate
was higher with the metallic ions embedded carbon than control group. The Fe3*,
Mn** and NOs-N served as electron acceptors increased BbFA microbial degradation.
The removal pathways of BbFA in the modified CWs were proposed which involved
settlement in the substrate, plant absorption, and microbial degradation.

Keywords: constructed wetland, benzofluoranthene, removal pathway, activated

carbon, biochar



1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are typical, persistent organic pollutants
(POPs) with low water solubility, high lipophilicity, and chemical stability. They are
chemicals that threaten human health and the environment through bioaccumulation
and are considered to be mutagenic and potentially carcinogenic (Bao et al., 2020;
Ozaki et al., 2015). At present, the methods for removing PAHs from water include
physical (Lamichhane et al., 2016), chemical (Bocos et al., 2015), and biological
techniques (Liu et al., 2017). Among them, the physical and chemical methods are
costly and cause secondary pollution usually. Biological methods are common
removal processes due to their low cost, fewer chemical and energy additions, and
less complex metabolites through mineralization. Constructed wetlands (CWs) use the
comprehensive ecological effects of plants, soils or other substrates, and
microorganisms to effectively remove PAHs (Kang et al., 2019). They have key
advantages such as a low capital investment, low operating costs, and beautiful
ecological landscapes. Most of the research on the removal of PAHs with CWs has
mainly focused on the uptake by plants and microbial degradation, ignoring the role
of substrate adsorption and removal as well as the synergistic effects between the
chemical, physical, and biological processes (i.e., plants, sorbent and microorganisms)
(Qin et al., 2019; Zhao et al., 2018). In addition, there are two limiting factors in the
process of removing PAHs from CWs: (1) the weak adsorption capacity of the
substrate cannot provide sufficient support for microbial degradation; and (2)
insufficient dissolved oxygen (DO) in the wetland system cannot create suitable
conditions for PAH microbial degradation (He et al., 2017; Xie et al., 2018). The
above problems have severely limited the removal efficiency of CWtechnology on

PAHSs. Therefore, it is of great practical significance to further improve the removal of
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PAHs via CW technology.

The adsorption and retention of the soil or substrate is a key parameter for the
CWs to enhance their treatment performance. Conventional substrate materials that
are widely distributed, cheap and readily available, such as river sand, gravel, and
limestone (Bezbaruah & Zhang, 2003; Matamoros et al., 2007; Tee et al., 2009), are
practical choices for CW engineering, but their adsorption capacity is often very low.
Clay minerals, such as loam, montmorillonite and bentonite, have been widely used to
remove PAHs (De Rozari et al., 2018; Zhou et al., 2018). These materials have good
adsorption performance but they are usually small in particle size and can easily cause
wetland blockage. Carbonaceous materials include biochar and activated carbon,
which have a high surface area and porous structure with surface chemical functional
groups, and have been proven to have excellent adsorption capacity for organic
contaminants. Zhou et al. reported that biochar addition to CWs enhanced
conventional nitrogen and phosphorus pollutant removal (Zhou et al., 2017).
Wirasnita et al. found that activated carbon-amended constructed wetlands (AC-CWs)
showed efficient and sustainable removal of four phenolic endocrine-disrupting
compounds (bisphenol A, bisphenol F, bisphenol S, and 4-tert-butylphenol) from
wastewater (Wirasnita et al., 2018).

The design characteristics of a CW system provide an anoxic environment for
the soil or substrate employed. However, it is difficult to ensure the DO required for
microbial aerobic degradation of PAHs is only via atmospheric reoxygenation and
plant oxygen secretion. Therefore, it is particularly important to strengthen the
anaerobic degradation of PAHs in a CW, which directly affects the degradation
efficiency of the entire system. However, the mechanism of anaerobic degradation of

PAHs is complex. At present, little is known about the rate and mechanism of



anaerobic degradation of PAHs by microorganisms. Lovley et al. reported that PAHs
could use nitrate, sulfate, iron ions, and manganese ions as electron acceptors under
anaerobic conditions, which decompose into CO, by ring opening (Lovley et al.,
1995). However, the secondary pollution of water bodies caused by the addition of
nitrates and sulfates to CW systems is difficult to control in engineering applications.
Manganese and iron metal ions are suitable choices as electron acceptors, and
research on these ions extensive (Wu et al., 2019; Xie et al., 2018). Moreover, metal
ions constitute a cyclic reaction in a CW, which improves the intracellular and
external mass transfer efficiency of the microbial degradation of PAHs as well as
enhances the removal of targeted pollutants (Han et al., 2017; Shuai & Jafte, 2019).
Based on the current limitations of CWs for the removal of PAHs, an innovative
method to enhance the removal of PAHs in CWs modified with metallic ions
embedded carbon is proposed. In this study, benzofluoranthene (BbFA) was selected
as a typical PAH to investigate the removal performance and degradation pathways of
CWs. The aims of this research were to: (1) elucidate whether metallic ions embedded
carbon, by incorporation of Fe3" and Mn*" into biochar and activated carbon, could
enhance the performance of CWs in terms of the removal of BbFA and other common
pollutants; (2) determine the fate and transport of BbFA in CWs; and (3) elucidate the

involvement of a biological process under the proposed CW conditions.

2. Materials and methods

2.1 Chemicals and materials

The BbFA (99% purity) used in this experiment was purchased from Aladdin Reagent
(Shanghai, China). All the samples were added to 1 ppm standard substitute (p-
terphenyl-d14 and 2-fluorobiphenyl) during PAH extraction for pretreatment recovery
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rate calculations. The standard substitute was obtained from ANPEL Laboratory
Technologies (Shanghai) Inc. The internal standards injected into the sample extracts
for the purposes of quantitation were obtained from ANPEL Laboratory Technologies
(Shanghai) Inc. All solvents used, including dichloromethane and methanol, were
HPLC grade. Ferric citrate, MnO,, KNOs3, (NH4),SO,, and sucrose were of

analytically pure.

2.2. Preparation and characterization of modified carbon materials

Coconut shell (CS) was washed by tap water to remove impurities and dirt and was
then dried completely. The treated CS was heated to 500°C and maintained for 1 h in
a muffle furnace under pure N, conditions. After cooling to room temperature, the
carbonized materials were thoroughly washed and dried completely under room
temperature. The produced samples are referred to as biochar. Activated carbon was
produced by CO, activation at 800°C for 1 h. Afterwards, a certain amounts of BC
and activated carbon were fully soaked in a saturated ferric citrate (FC) or manganese
dioxide (MnQO,) solution at a given ratio (g FC or MnO,/g carbon; 0.05) and then
dried at 105°C for 10 h. The mixed samples were heated to 300°C and maintained for
1 h in a muftle furnace under pure N, conditions. After cooling, washing and drying,
the samples were used for later experiments. The pore structure characteristics of the
carbon materials were determined by N, adsorption/desorption at 77 K after degassing

at 200°C for 6 h using a surface area analyzer (Quantachrome Corporation, USA).

2.3 Laboratory-scale constructed wetland setup and operation

The CW units were set up under a translucid shelter in the laboratory at Shandong
University in Jinan, China. A total with 14 CW microcosms with a height of 70 cm

and inner diameter of 25 cm (material: polyvinyl chloride) were designed in a vertical
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subsurface flow style. A perforated PVC pipe was placed in the center of the system
to measure DO. Washed gravel (3—5 cm in diameter) was placed in the bottom layer
to a height of 5 cm. The main substrate consisted of washed quartz grains (5-10 mm)
to a height of 60 cm, which varied for different CW systems. Different washed
biochar and activated carbon (grain size 0-1.5 cm) materials were mixed in the quartz
layer at a mass ratio of 1:4. The 14 CW units were divided into 7 groups consisting of
two pairs; units were named as follows: (1) Control (filled only with quartz); (2) BC
(filled with biochar); (3) BM (filled with manganese-modified biochar); (4) BF (filled
with iron-modified biochar); (5) AC (filled with activated carbon); (6) AM (filled
with manganese-modified activated carbon); and (7) AF (filled with iron-modified
activated carbon). Acorus calamus was selected as the submerged macrophyte planted
in CWs with an initial density of 8 plants per unit. After planting on March 12, 2019,
the plants were cultivated using microelements and Hoagland solution for one month.

After acclimation of the cultivated plants and microorganisms, synthetic
wastewater diluted with tap water was added to the top of the CW microcosms from
May 2019. The wastewater contained sucrose, KNOs, (NH,4),SO,4, KH,PO,, BbFA
and other microelements based on the Class I (B) level according to the Wastewater
Discharge Standard (GB 18918-2002). A solution of BbFA (1 g) dissolved in
dichloromethane (1000 mL) was prepared. During the operational period, 5.4 mL
BbFA solution (1000 ppm) was added to 180 L synthetic wastewater. The final
concentration of BbFA in the wastewater was 0.03 mg/L. A sequential batch
experimental model was adopted with a hydraulic retention time (HRT) of 3 days.
After stable for ten cycles, the experimental data was steady from June 2019 to

November 2019.



2.4 Sampling and analysis

2.4.1 Water sampling and analysis

Influent and effluent wastewater was collected before and after each cycle. The DO
concentration was determined using an instrument (HQ40d, Hach, USA). After
filtration through 0.45 pm cellulose acetate membranes, the concentrations of
ammonium (NH4"-N), NO;-N, COD, total nitrogen (TN) and total phosphorus (TP)
were determined according to standard methods (Federation & Association, 2005).
The BbFA concentration was measured by solid-phase extraction after pretreatment.
The BbFA in 1000 mL wastewater was extracted into 1 mL dichloromethane, and the
concentration 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 (Kang et al., 2019).

2.4.2 Plant sampling and analysis

To determine the effect of biochar and activated carbon on wetland plants, the BbFA
concentration in plants was analyzed. The plants were harvested at the end of the
experimental period in November; roots and stems were collected separately. With
respect to the stem, the plants were sampled uniformly along the height. Plant samples
were cut into pieces and freeze dried at -60°C for 72 h, after which the BbFA 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 (Chen et al., 2016). After extraction, the
solution was filtered through a silica gel column (containing neutral chlorine dioxide,
silica gel, and Na,SO,). The solution was concentrated to 1 mL by a vacuum

concentrator (Vortex 600), the BbFA concentrations in roots and stems were



determined by GC/MS.

2.4.3 Substrate sampling and analysis

To determine substrate adsorption capacity and PAH settlement, the BbFA
concentration along the depth profile of the substrate was analyzed. Four parts of the
substrate, i.¢., the substrate around roots and at 0—20 cm, 2040 cm, and 40-60 cm
depths, were collected separately using a five-point sampling method. Sieving was
conducted to remove plant residues, and the substrate samples were mixed with quartz
and carbon and then freeze dried for 72 h. The BbFA concentrations in the substrate
were extracted into 20 mL dichloromethane and methanol according to a standard
method (HJ 783-2016). The BbFA concentrations were determined by GC/MS
according to U.S. Environmental Protection Agency (US EPA) 8270C. The inorganic
nitrogen fractions in the substrate were extracted by 1 N KCI. After shock treatment
for 2 h and centrifugation at 4000 rpm for 1 h, the NO5-N contents in the supernatant

were measured following US EPA method 352.1 (Stoliker et al., 2016).

2.4.4 Microbial abundance and community analysis

The microbes around the root and at 40-60 cm depth were further analyzed. Before
extraction, 5 g dry substrate was mixed with 25 mL diluted water in a centrifuge.
After ultrasound treatment for 1 h, the solution was filtered through a 0.22 pm
cellulose acetate membrane. The DNA that adhered to the membrane was isolated
using a MOBIO PowerSand™ DNA Isolation Kit (MoBio Laboratories, Inc.,
Carlsbad, CA, USA). Quantitative real-time PCR (qPCR) was conducted to
characterize the microbial abundance of the bacterial 16S rRNA gene and nitrogen-
related gene, (including amoA, nrfA, nir, nosZ, and narG, as well as the phosphorus-

related genes (PAOs). In particular, the microbes involved in PAH degradation (PAH-



RHD,) were analyzed using primer pair 610/911 (f/r). The qPCR reactions were
performed following Li et al.’s methodology (Li et al., 2017). The microbial
community was studied with Illumina high-throughput sequencing analysis conducted
by Novogene Co., LTD. (Beijing, China). The V4-V5 region of the 16S rRNA genes
was obtained. More details on the procedure can be found in the study published by

Xie et al. (Xie et al., 2018).

2.5 Data analysis

All experimental data are expressed as the mean+standard deviation. ANOVA was
conducted for statistical analyses using SPSS 13.0 software (SPSS Inc., Chicago,

USA). The results were considered significant when the p value was less than 0.05.

3. Results and discussion

3.1 Performance of CW microcosms

The concentrations of the main pollutants in the effluent reached a steady state after
stabilization. As shown in Fig. 1a and 1b, the TN concentration decreased to
7.11£0.69 and 5.204+0.49 mg/L in AC and BC, respectively, both of which showed
higher TN removal efficiency than the control (11.57+2.08 mg/L) after 100 days. The
results for BC were similar to those in another study (Zhou et al., 2017), but there is
limited literature on CWs with activated carbon. The TN concentration in AM
(6.65+0.75 mg/L) and AF (6.12+0.61 mg/L) were slightly lower than that in the AC
group, and slightly higher concentrations were measured in the BM (6.25+0.61 mg/L)
and BF (6.01+0.69 mg/L) groups than in the BC group (p>0.05). The TN
concentration was strongly related to the NO;-N and NH4"-N concentrations. The

average effluent concentrations of NO;-N were higher than 9.81 mg/L in the control
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group, especially under a cold temperature in the later period. BC had a slightly
higher removal efficiency of NO5™-N (80.9+2.00%) compared with AC (76.4+2.99%).
The NO5™-N concentrations in AM (4.43+0.52 mg/L) and AF (4.06+£0.49 mg/L) were
lower than that in AC (5.20+0.57 mg/L), but there was little difference among BC
(4.22+0.34 mg/L), BM (4.13+0.40 mg/L) and BF (3.96+0.34 mg/L). Hence, Fe3* and
Mn** enhanced NO;™-N removal in the CWs when incorporated with activated carbon.
The efficiency of NO;-N removal was related to the DO and COD concentrations.
The DO concentration in CWs with carbon decreased due to the increased organic
carbon removal and oxygen consumption. In addition, the DO concentrations were
further decreased in the metal-modified carbon materials, mainly due to the redox
potential of Fe’* and Mn**. The influent and effluent COD of the seven treatments
showed little difference (p>0.05), but the concentrations were consistently higher in
the control group. Hence, the biochar and activated carbon played an important role in
COD reduction due to the improved physicochemical properties of each material. The
COD reduction was similar, the modification with Fe** and Mn** can enhance
adsorption capacity. NH4"-N removal in BM (87.0+2.11%) and BF (89.6+2.13%) was
slightly lower than that in BC (94.2+1.78%) due to the DO limitation. As described
by Zhou et al. (Zhou et al., 2017) and El-Naas et al. (El-Naas et al., 2010), both
activated carbon and biochar play important roles in pollutant removal due to higher
adsorption. The CWs with activated carbon addition showed slightly lower NH4*-N
removal efficiency compared with the control (89.5+1.78%) and CWs with biochar.
Phosphorus is another important water quality indicator in CWs. Generally, the
effluent phosphorus concentration in CWs with biochar was lower than that with
activated carbon (Fig. 1). Furthermore, the AC (0.35+0.09 mg/L) and BC (0.21+0.03

mg/L) groups had higher TP effluent than the control (0.14+0.02 mg/L). These results
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are similar to those presented by Yao et al. (Yao et al., 2011). However, the biochar
and activated carbon modified with Fe** improved phosphorus removal in the CWs.
Previous studies have shown that the Fe?* produced by Fe3* reduction in anaerobic
aquatic sediments had a positive effect on phosphorus removal because phosphorus
can be precipitated in the form of iron phosphate and then be further adsorbed and
removed (Ju et al., 2014).

Fig. 2 shows the concentration of BbFA with its removal efficiency over time for
all the CWs tested in this study. The removal of BbFA in the CWs with biochar
exceeded 99%, i.e., higher than the control (83%). Further, BbFA removal in the CWs
with activated carbon exceeded 99%. The results indicated that both biochar and
activated carbon contributed to the removal of BbFA, which could be attributed to
enhanced PAH biodegradation (Kong et al., 2018). There was no difference between
biochar and activated carbon compared to the modified carbons with Fe3* and Mn*". It
is well known that the surface area and pore volume, as well as interactions such as
Van der Waals forces, hydrogen-bonding interactions, and -t EDA values of biochar
and activated carbon, can improve organic contaminant removal from wastewater

(Yang et al., 2018), even without further modifications to the material.

3.2 Performance of plant uptake in CWs.

Wetland plants have four potential mechanisms for PAH remediation: adsorption,
volatilization, transformation by plant excretion, and removal by microbes in the
rhizosphere (Garcia-Sanchez et al., 2018). Among these mechanisms, absorption and
rhizodegradation are the main pathways for PAH removal (Qin et al., 2019). The
BbFA concentration in plants and in roots are illustrated in Fig. 3. The concentrations
of BbFA in roots were higher by an order of magnitude than those in the stem and

leaf, reflecting that the BbFA taken up from the substrate by plants is mainly stored in
12



the belowground tissue. The results indicated that the wetland plants contributed to
the adsorption of BbFA, and the roots had a much higher accumulation ability; this
was caused by the exchange of BbFA among the overlying water, stem and leaf, and
sediment as well as the lower mass of the root than the stem and leaf. The AM and
BM groups had higher BbFA concentrations in the aboveground parts of the plant,
which were 28.4% and 154% higher, respectively, than those in the AC and BC
groups. The plants in CWs with Fe3*-modified biochar (48.2+6.65 pg/g) or activated
carbon (54.2+10.6 ng/g) had higher BbFA concentrations in roots compared with BC
(43.6+3.31 pg/g) and AC (32.9+11.8 pg/g) groups. Plant photosynthesis enhanced the
Fe ion reduction-oxidation turnover process. BF and AF had lower BbFA
concentrations in the stem and leaf compared with BC and AC. Iron is an important
essential element involved in plant growth and metabolism (Schmidt, 2003).
Furthermore, due to the immobilization of Fe-formed oxide precipitates and decreased
solubility, translocation of pollutants from the root section to aboveground tissue was

limited (Wu et al., 2019).

3.3 Removal efficiency of BbFA in the substrate

Due to the settling characteristics of PAHs, the concentrations of BbFA at different
depths of the substrate (rhizosphere, 0-20 cm, 20—40 cm, and 40-60 cm depth) were
studied and the results are presented in Fig. 4a. The BbFA concentration in the control
(1.14 pg/g) was significantly higher at each depth compared with the six other
treatments. The BbFA accumulated in the substrate in the CWs with biochar and
activated carbon in the following order: BC (0.16+£0.04 pg/g) > BM (0.15+0.04

ng/g) > BF (0.14+0.02 pg/g) > AC (0.12+0.08 pg/g) > AM (0.11+0.05 pg/g) > AF
(0.07+0.06 pg/g). Compared with the CWs with biochar, the BbFA concentrations in

CWs with activated carbon were lower, due to the larger specific surface area
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provides sites for microbial degradation. Mn*" and Fe3* are important oxidants known
to degrade and mineralize organic compounds efficiently (Dong et al., 2017). Indeed,
the BbFA contents were relatively higher at 0-20 cm depth, with an average
concentration of 0.40+0.15 pg/g in the control and 0.17+0.02 ug/g in the six other
treatment groups. Similarly, the BbFA contents in the rhizosphere were 0.35+0.06
ug/g in the control and 0.154+0.04 pg/g in the rest of the treatments. This significant
decrease can be related to the plaques formed by iron and manganese, which can
enhance pollutant accumulation in plants and thus decrease the BbFA contents in the
rhizosphere substrate (Zhu et al., 2018). The reduced valency of Fe** and Mn?" would
cause oxidation to Fe3* and Mn*", respectively, in the rhizosphere environment, which
could also precipitate organic pollutants. However, the control had high BbFA
contents at 40-60 cm depth, i.e., 0.24+0.03 pg/g, indicating that the BbFA in CWs
with biochar and activated carbon could remain in the superficial substrate instead of
undergoing precipitation in the deep layer. By contrast, it indicated that iron and
manganese contributed to the removal of BbFA in the deep substrate, which was
mainly due to the reduction environment and the anaerobic conditions, which
provided electron acceptors for BbFA biodegradation.

Anaerobic biodegradation of PAHs is an important pathway in subsurface CWs
that is highly dependent on electron receptors such as nitrate and metal oxides
(Kiimmel et al., 2016; Yu et al., 2017). As a significant factor for PAH removal, the
concentrations of NO3™-N at different depths of the substrate were determined, as
shown in Fig. 4b. The concentrations of NO3-N in CWs with biochar and activated
carbon were significantly higher, approximately 0.05 and 0.1 mg/g, respectively, than
that in the control group (0.003 mg/g); this might be related to pollutant sedimentation

and adsorption by biochar and activated carbon (Kasak et al., 2018). Compared with
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the BC (0.048 mg/g) group, the contents of NO3-N in the BM (0.053 mg/g) and BF
(0.051 mg/g) groups were higher in the whole substrate. Similarly, AM (0.28 mg/g)
and AF (0.16 mg/g) had higher NO;-N contents in the substrate compared to AC (0.10
mg/g). Based on the particular oxygen level in the substrate, which showed an aerobic
environment in the superficial substrate and an anaerobic environment in the deeper
substrate, reduction of Fe and Mn occurred (Xie et al., 2018). The reduction of the
metal ions promotes NO3-N accumulation. For example, NH;"-N can transform into
NOs-N and NO,-N during the reduction of Fe3* to Fe?" (Wu et al., 2019). Compared
to BM and AM, BF and AF had slightly lower NOs-N accumulation in the substrate.
This was mainly because Fe?"-dependent nitrate removal as an alternative
denitrification process is spontaneous (10Fe?"™+2NO;"
+24H,0—10Fe(OH);+N,+18H") (Wu et al., 2019). Among the four layers of the
substrate, the rhizosphere substrate had higher NO3-N accumulation due to the roots
releasing oxygen, which limited denitrification. Subsequently, the content of NO3-N
at 20—40 and 40—60 cm depths was also higher, which indicated that adequate NO5-N
could be involved in the coupled digestion of BbFA during anaerobic microbial
degradation.

The enhanced BbFA removal in the substrate with the proposed metallic ions
embedded carbon based materials might be attributed to the following mechanisms:
the improved adsorption capacity of biochar and activated carbon, as well as the well-
development surface area and porosity; and increased NOs-N accumulation provided

by the reduction of Fe** and Mn*" that led to improved BbFA degradation.

3.4 Microbial performance in CWs.

According to the different oxygen levels in the subsurface flow of CWs, diverse

micro-environments existed and provided various conditions for pollutant removal.
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The root exudates could stimulate microbial growth capable for PAH degradation.
BbFA biodegradation was improved at 40—60 cm depth. In the rhizosphere substrate,
microbes for nitrification (amoA) and denitrification (nirS, nirK, and narG) were
increased in the treatments containing biochar and activated carbon, as well as in the
Fe3* and Mn*" modified materials, compared with the control. However, the increase
in the abundance of denitrifiers and PAOs in BM, BF, AM, and AF was slightly lower
than that in BC and AC (p>0.05). This means that the increased removal efficiency of
NOs-N and phosphorus in CWs was mainly due to the carbon source,
supplementation of electron acceptors, and precipitation of ions, instead of the role of
Fe’* and Mn*' in functional genes. The 16S rRNA abundance was slightly lower in the
control, which indicated that the biochar and activated carbon increased the number of
bacterial cells.

The Illumina high-throughput results for 16S rRNA gene sequencing data were
used to evaluate the microbial community in rhizosphere substrate. The BC
(1587+121) and AC (172142.8) had more microbial species than the control
(1552+108). Modification with Fe’* and Mn** decreased the number of microbial
species. The microbial richness and diversity indexes showed no difference among all
CWs. The total operational taxonomic units (OTU) numbers were highest in BC
(63250+1907), followed by AC (62890+1959), AM (62476+626), AF (58810+1688),
BM (62318+3347), and BF (59349+2588), and were higher than that in the control
(53740+4239). The porosity of activated carbon and biochar provided a habitat for
interactions between pollutants and microbes. However, Fe** and Mn*" occupied
adsorption sites and decreased porosity, resulting in fewer sites for microbial
presence. Proteobacteria and Actinobacteria at the phylum level in each CW were

predominant in all CWs. The CWs with biochar and activated carbon had a higher
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proportion of Proteobacteria than the control group; these materials played an
important role in NO3-N removal (Jia et al., 2020).

Researchers have reported several microorganisms with the potential to
biodegrade PAH including the Proteobacteria (e.g., Acinetobacter, Pseudomonas,
Pseudoxanthomonas, Methylophilaceae, Methylobacillus, Comamonas,
Nitrosomonas, Xanthomonas, Achromobacter, Sphingomonas), Actinobacteria (e.g.,
Nocardioides, Arthrobacter, Mycobacterium, Rhodococcus), Firmicutes (e.g.,
Bacillus, Paenibacillus, Staphylococcus), Bacteroidetes (e.g., Chryseobacterium,
Flavobacterium) and Cyanobacteria (e.g., Cyanobacteria) (Ahmad et al., 2019; Gao
etal., 2006; Li et al., 2018; Llado et al., 2015; Sun et al., 2019; Yuan et al., 2017).
The diversity and relative abundance of PAH-degrading microbes in the rhizosphere
substrate in different groups are shown in Fig. 5. The total relative abundance of PAH
degrading bacteria was higher with the CWs containing the activated carbon substrate
compared to the control. AC, AF and AF have 7.5%, 9.0% and 20.5% relative
abundance, respectively, compared to 7.0% for the control. This result coincides with
the BbFA concentrations in the substrate (Fig. 4a), reflecting that the effect of
activated carbon on microbes is attributed to high BbFA removal. Among the
microbes, the relative abundance of Cyanobacteria was higher in AM (14.0%).
Cyanobacteria can break down PAHs and provide electron acceptors for pollutants,
similar to other photosynthetic bacteria (Subashchandrabose et al., 2011).
Cyanobacteria may coexist with manganese-oxidizing bacteria in AM (Hawco &
Saito, 2018). Compared to the CWs with activated carbon, the BC (7.1%), BM (6.1%)
and BF (6.3%) groups exhibited a lower relative abundance of PAH-degrading
bacteria. Despite that the PAH-degrading bacteria had a lower relative abundance in

BM and BF than in the control, the absolute abundance of these bacteria was still
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higher in these two groups.

3.5 Proposed mechanisms of BbFA removal in CWs

Fig. 6 illustrates the potential degradation pathways of BbFA in CWs with biochar
and activated carbon-based materials. The BbFA from the influent can undergo four
main pathways: final water flow, settlement in the substrate, plant absorption and
microbial degradation. Under aerobic conditions of the upper substrate, the oxidation-
reduction reactions of Fe** and Mn*" promoted BbFA removal. The porosity of
biochar and activated carbon could also adsorb BbFA and provide a habitat for
microbes, thus enhancing the microbial degradation of BbFA. Under anaerobic
conditions, anaerobic microbial degradation also played a major role in BbFA
removal. Fe3™ and Mn*" increased the NOs-N contents in the deeper substrate and
altered the microbial community toward BbFA degradation. Fe**, Mn*" and NOs-N

served as electron acceptors for BbFA microbial degradation.

4. Conclusions

In this study, enhanced removal of BbFA and other pollutants in CWs was obtained
via improved adsorption capacity of the substrate and higher abundance of
microorganisms for biodegradation using metallic ions embedded carbon. The
addition of Fe3"- and Mn*"-modified biochar and activated carbon increased NO3-N
accumulation by the reduction of Fe** and Mn*', provided electric acceptors for
improving microbial degradation of BbFA in substrate.
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Figure Captions

Fig. 1. The concentrations and removal efficiency (%) of TN (a, b), NO5™-N (c, d) and
TP (e, f) in each microcosm. The line represents the pollutant concentration and the
bar represents the removal efficiency.

Fig. 2. The concentration and removal efficiency (%) of BbFA in each microcosm.
The line represents the pollutant concentration and the bar represents the removal
efficiency.

Fig. 3. Uptake of BbFA in roots and stem leaf sections of plants.

Fig. 4. BbFA (a) and NO3-N (b) concentrations along the depth of the substrate.

Fig. 5. Relative abundances of PAH degradation genera in the rhizosphere substrate.

Fig. 6. Conceptual model for the mechanism of pollutant removal in proposed CWs.

23



40

LGB

B control RE [ AC RE [ ~M RE [ AF RE

t:t
s ¥ s %!?fi tefeti
Gsabtagbglgtdiiateg
ol ¢ Control 4 AG  AM ® &F
0 20 40 60 80
Time (days)
[ control REJ AC RE AV REJI AF RE

(L
e it 'i}fﬁ'

N 4
111
*

TN Con. (mg/L)

160

25

~_
@]
—

r
=3

NO,-N Con. (mg/L)

o
-
L
o

oy

P1i

4 Control 4 AC » AM 8 AF

50 0 180

Time (days)

[ 20 £

~
o
~

4.
-
O
T 2
£
=
= 1
8 —+— Control—4— AC—i— AM—O—AF
o § 1
s

©

=3

Time (days)

(26) Asuapiya leaoway

(d

(%) Aouaidiye jeaowiay

TN Con. (mg/L)

N

NO,-N Con. (mg/L)

. (D

100

(o) Aouaroyje jeaoway

120

TP Con. (mg/L)

(b) -

-
S

)
]
g
E
I =~ Il v = I &F RE EY
o
100 3
<
-@- BC--a- BM - BF = Influent =
g;;:i:gt%:ég:éi:§E§aéiiﬁ=§'—&=—5:%13?§t§:@
0 120
[ 20 40 50 30 100
Time (days)
o
RS0
)
@
=
ELES
=
Il sc == [l 5™ Re [l 8F RE %
g
é 1oufn-
bao 3 E 304 gggﬂ -f?_jizg.:g 2
-%- BC--<»- BM--h- BF & Influent
T r T v T y 120
[ 20 40 50 20 100
Time (days)
0
80
X
o
3
2
-3
o
E]
1000,
o
3
2
-1~ BC--9 - BM - BF—<— Influent -
=®

Time (days)

Fig. 1. The concentrations and removal efficiency (%) of TN (a, b), NO5™-N (c, d) and

TP (e, f) in each microcosm. The line represents the pollutant concentration and the

bar represents the removal efficiency.
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