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A B S T R A C T   

Constructed wetlands (CWs) are widely used to treat the effluent of wastewater treatment plants (WWTPs) due to 
their energy-saving and environmentally friendly advantages. Wetland macrophyte litter and sludge are wastes 
produced by CWs and WWTPs, respectively. However, there are few studies on the reuse of sludge and 
macrophyte litter as CW filling materials. In this study, sewage sludge and cattail litter were selected as raw 
materials to prepare biochar, which was used as CW filling materials to enhance the advanced treatment of 
secondary effluent. The results showed that the sludge biochar CWs (SBC-CWs) and the cattail biochar CWs (CBC- 
CWs) possessed better total nitrogen removal efficiency (91% and 81%, respectively) compared with the control 
(67%). Furthermore, SBC-CWs significantly improved total phosphorus removal efficiency by 20% than that of 
the control (p < 0.05), and reduced nitrous oxide emissions by 66% compared with the control (p < 0.05). The 
dissolved organic matter (DOM) released in the biochar was beneficial to replenish carbon sources and 
accommodate adaptive microorganisms. Electrochemical characterization and molecular methods revealed that 
the sludge biochar had stronger electron transfer capacity (ETC) than the cattail biochar, which could better 
promote the activities of key enzymes of the pollutant removal procedure. High-throughput sequencing showed 
that microorganisms such as Thaurea, Rhodocyclaceae, Hydrogenophaga and Fusibacter related to nitrogen removal 
were well enriched in the SBC-CWs and CBC-CWs. This research shows the potential for the simultaneous energy- 
saving advanced treatment of WWTP tailwater and waste resource recovery.   

1. Introduction 

Wastewater reuse is an effective way to solve the problems of scarcity 
of water resources and serious water pollution all around the world [1]. 
The tailwater of wastewater treatment plants (WWTPs) is a stable source 
of regenerated and replenished water, and improving the recycling rate 
of wastewater is an important strategy to alleviate water shortage [2]. 
The existing advanced treatment technologies such as coagulation, 
precipitation, and membrane have achieved a splendid treatment effect. 
However, there are still problems of secondary pollution or high in-
vestment and energy consumption, which are not suitable for the long- 
term and stable advanced treatment of sewage treatment plant tailwater 
[3]. Therefore, a series of efforts have been made to look for more 
efficient and energy saving technologies to improve the quality of 

WWTP tailwater [4,5]. 
Constructed wetland (CW), composed of microorganisms, filling 

materials and plants, is a kind of low cost and low energy consumption 
wastewater treatment strategy [2]. Through the synergistic effects of 
microbial degradation, plant absorption, and filling material adsorption, 
filtration, and sedimentation, it could effectively purify tailwater as the 
tertiary treatment unit in WWTPs [6–8]. Generally, the removal of total 
nitrogen (TN) in traditional CWs is inefficient due to the lack of available 
carbon sources and low activity and quantity of nitrifying and deni-
trifying bacteria. Incomplete denitrification leads to the accumulation of 
more N2O in the CWs [9]. Furthermore, CWs show poor phosphorus 
removal efficiency as they lack the capacity to bind phosphorus [10]. In 
view of the above problems, there is a pressing need for improving the 
WWTP tailwater purification efficiency of CWs. 
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An important component of CWs, the filling materials can support 
plant growth, intercept pollutants, supply active substances to the 
transformation of pollutants, and provide a place for adhesion of biofilm 
[2], which is the main body boosting the pollutant purification capacity 
of CWs. However, the currently common CW filling material such as 
gravel owns certain defects in sewage treatment, due to its poor inter-
ception of pollutants and adhesion to microorganisms [11]. Biochar, a 
carbon-rich product, is usually prepared from the thermal decomposi-
tion of biomass with an oxygen-starved atmosphere [12]. Owning to 
organic components, porous microstructure, abundant functional 
groups, large specific surface area, and excellent ion exchange capacity 
[11], biochar can effectively supplement the carbon source required for 
pollutant removal and serve as an effective carrier for functional mi-
croorganisms and pollutant sorbents [13,14]. 

In CW systems, aquatic plants multiply, and wither after the maturity 
[15]. The decaying plants threaten the environment after inappropriate 
disposal [16]. In addition, a large amount of sludge waste has been 
produced in the WWTPs, which faces with similar problems as wetland 
macrophyte litter [17]. Transforming biomass waste generated in situ 
into biochar may provide an alternative to wetland plant resource uti-
lization and is an economical and environmentally-friendly method of 
sludge recycling [11]. Previous study has shown that the dissolved 
organic matter (DOM) released from apricot kernels, walnut shells, 
wheat straw, and Arundo donax based biochar could become bioavail-
able carbon sources to enhance the denitrification [18,19]. Zhou, et al. 
[9] reported that biochar assisted by intermittent aeration had a sig-
nificant denitrification effect on the subsurface flow of CWs. However, 
because artificial aeration requires a large energy input, it is not feasible 
for large-scale application in CWs. Sludge biochar has attracted wide 
attention due to its functions in increasing the yield of crops and 
repairing the quality of cultivated soil [20]. The process of sludge py-
rolysis to produce biochar can not only kill pathogenic bacteria in the 
sludge, but also promotes carbon release and nutrient cycling (P, K, Ca, 
Mg, etc.) [21]. Studies have shown that due to the high stability of 
sludge biochar, it could strengthen the supplementation of organic 
matter, augment the cation exchange capacity, correct the acidity of the 
soil, and reduce the leaching of nutrients [22]. Doherty, et al. [23] 
investigated four CWs based on alum sludge, which achieved high 

chemical oxygen demand (COD) and phosphorus removal efficiency. 
However, whether sludge-derived biochar can be used in the CW system 
for advanced wastewater treatment has not been verified. Furthermore, 
there has been little research on the mechanism on biochar itself in CWs 
from the molecular and electrochemical points of view. Therefore, it is 
essential to carry out work based on these aspects. 

In this study, the feasibility of using sludge-derived biochar (SBC) 
and cattail-derived biochar (CBC) as CW filling materials to improve the 
quality of WWTP tailwater which met the goals of sustainable resource 
recovery and promoted a recycling economy based on wastewater 
treatment was investigated. The mechanisms by which the SBC and CBC 
influenced the removal efficiency of phosphorus and nitrogen from 
WWTP tailwater using CWs were studied from the aspects of the phys-
icochemical properties and electrochemical characterization of the 
biochar, the detection of enzyme activity, and the identification of mi-
crobial communities. This research shows the potential for the simul-
taneous removal of phosphorus and nitrogen from WWTP tailwater and 
the recovery of waste biomass resources. 

2. Materials and methods 

2.1. Biochar preparation and properties 

2.1.1. Preparation of biochar 
Sludge was obtained from Jiguanshi Wastewater Treatment Plant, 

Chongqing, and cattail (Typha latifolia) was harvested from Garden Expo 
Wetland Park, Chongqing, then the corresponding biochar was prepared 
by modifying the method based on previous research [24], which 
showed that biochar prepared at 600 ◦C could enhance the denitrifica-
tion of microorganisms. In brief, after drying at ambient temperature, 
the raw materials were squashed and sieved by a 100-mesh sieve (0.15 
mm). The powders were then pyrolyzed in a tubular furnace at 600 ◦C 
under nitrogen for 2 h at a heating rate of 10 ◦C min− 1. The obtained 
sludge-based biochar and cattail-based biochar are referred to as SBC 
and CBC, respectively. 

2.1.2. Physicochemical characterization 
A field emission scanning electron microscope (SEM, VEGA3 

Fig. 1. Schematic diagram of a laboratory-scale CWs.  

F. Zheng et al.                                                                                                                                                                                                                                   

http://macrophyte


Chemical Engineering Journal 432 (2022) 134377

3

TESCAN) stocked with an energy dispersive spectrometer was used to 
observe the surface morphological characteristics of the biochar. The 
Brunauer – Emmett – Teller (BET) surface area and pore volumes were 
determined with the ASAP2420-4 instrument. Fourier transform 
infrared spectrometer (FTIR, Thermo Scientific Nicolet 8700) was uti-
lized to determine the surface functional groups at a wave number 
ranging from 400 to 4000 cm− 1. Information on the crystallinity were 
obtained on the Raman spectrometer (HORIBA Jobin Yvon S.A.S.). 

The redox characteristics represent the ability of biochar to accelera 
te electron transport, including electron accepting capacity (EAC) and 
electron donating capacity (EDC). In this study, the electrochemical 
workstation chronoamperometry was used to determine the EDC and 
EAC of the biochar [12]. The detailed method is shown in Text S1. 

2.1.3. DOM extraction and contents 
Biochar-derived dissolved organic matter (DOM) was extracted 

under neutral conditions in terms of the process as described by previous 
study [25]. This condition was helpful to predict the DOM release after 
long-term exposure of the biochar in the CWs. Total organic carbon 
analyzer (TOC -L CPN, Shimamachi, Japan) was used to measure the 
concentration of DOC in the DOM. Fluorescence excitation-emission 
matrix (EEM) spectroscopy was utilized to measure the filtered sam-
ples using a fluorescence spectrophotometer (F7000, Hitachi, Japan). 
The emission scanning wavelength was 250 – 600 nm, with a 0.5 nm- 
interval, and the excitation wavelength was 200–500 nm, with a 5 nm- 
interval. Parallel factor analysis (PARAFAC) was conducted using 
MATLAB R2018b (MathWorks, USA) for the EEM fluorescence data sets 
with the DOMFluor V.1.7 Toolbox [26]. The relative concentration of 
each identified component was represented by its maximum fluores-
cence intensity (R.U.), and the percentage abundance of all components 
was calculated as the chemical composition [27]. 

2.2. CW microcosms set-up and operation 

Polymethyl methacrylate tanks with a height of 0.5 m and an inner 
diameter of 0.2 m were used to establish three groups of CW microcosms 
(each with triplicates), namely no biochar added (Control), SBC added 
(SBC-CWs), and CBC added (CBC-CWs) (Fig. 1) in a greenhouse of 
Chongqing University (25 ± 1 ◦C). The no-biochar CWs were composed 
of rinsed gravel (φ: 5 – 8 mm, height: 0.4 m) and were topped with Typha 
latifolia planted. For the CWs with added biochar, the intermediate 0.2 
m space was filled with an admixture of biochar and gravel (1:4 by 
volume). A perforated PVC tube (length: 0.5 m, diameter: 0.02 m) 
inserted vertically into the center of the CW filling material. The influent 
of the CWs was the synthetic secondary wastewater effluent (COD = 60 
mg L− 1, NO3

–- N = 12 mg L− 1, NH4
+-N = 8 mg L− 1, TP = 1 mg L− 1), 

which was modified from a previous study [28]. The characteristics and 
composition of the influent are shown in Table S1. Before the experi-
ment, CW microcosms were fed in batches with synthetic secondary 
effluent for 3 months to domesticate and culture microorganisms and 
plants. The hydraulic retention time was 3 days. Over months of adap-
tation and acclimation, the microorganisms were well established, and 
the CW treatment performance reached stable. The whole experiment 
lasted for 60 batches, and the influent and effluent pollutant concen-
tration and removal efficiency of each CW groups during this period was 
shown in Fig. S1 and Fig. S2. 

2.3. Sampling collection and analysis 

The triplicate influent and effluent samples collected at the end of 
each batch (9:00–10:00 a.m.) from different CW systems were filtered 
with 0.45 μm Nylon66 filter membranes and promptly subjected to 
routine chemical analyses. Due to the stable wastewater treatment 
performance, the 30th batch was chosen as the typical trial period 

Fig. 2. Removal efficiencies of pollutants and N2O emission fluxes of CW systems under different CW filling material conditions. Asterisks indicate significant 
differences with control (one-way ANOVA, *p < 0.05, **p < 0.01). 
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representing the whole experiment. In the typical cycle, wastewater was 
sampled every 1, 2, 4, 7, 11, 24, 30, 36, 48, 60, and 72 h. Parameters 
including NO3

–-N, NH4
+-N, chemical oxygen demand (COD), total 

phosphorus (TP), and total nitrogen (TN) were detected by standard 
methods [29]. The DO, pH, and temperature were measured in situ by 
the German MULTI 3420 portable multi-parameter meter. The N2O 
emissions of the CW microcosms were collected by the closed static 
chamber method [15]. Specific conditions and methods of sampling and 
analysis were provided in Text S2. 

2.4. Assays for key enzyme activities and electron transport system 
activity 

After the whole experiment, about 120 g of gravel was acquired from 
the depths of 10, 25, and 40 cm in each CW microcosms for the enzyme 
activity analyses of ammonia monooxygenase (AMO) activity, dehy-
drogenase (DHA) activity, and phosphatase (PST) activity. The specific 
method followed the procedure in the previous study [6]. The detailed 
methods of the four key enzyme activities of denitrifying reductase 
(nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase 
(NOR) and nitric oxide reductase (NOS)) and electron transport system 
activity (ETSA) are provided in Text S3. 

2.5. Illumina MiSeq sequencing 

Approximately 100 g of gravel was acquired from depths of 10, 20, 
and 30 cm for DNA extraction by the end of the batch experiment. Sterile 
distilled water is added according to the mass ratio of solid to liquid of 
about 1/1, and the biofilm adhering to the gravel was acquired by 
shaking in a sterile conical flask at 225 rpm for 3 h using a constant 
temperature vibrating screen. The samples were placed in a fridge at −
80 ◦C until DNA extraction. The 515F (5′ - GTGYCAGCMGCCGCGGTAA 
− 3′) and 806R (5′ – GGACT - ACNVGGGTWTCTAAT − 3′) primers set 
were used to amplify the V3-V4 fragments of the 16S rRNA gene from 
the extracted DNA [30]. Further details have been described by previous 
study [31]. 

2.6. Statistical analysis 

Herein, statistical analyses were executed utilizing SPSS (version 
26.0). All samples were performed in replicates to calculate standard 
deviations and mean values throughout the experiment. Analysis of 
variance (ANOVA) was utilized to compare results by group, and p <
0.05 was considered to be statistically significant. 

3. Results and discussion 

3.1. Treatment performance of constructed wetland microcosms 

Fig. 2 shows the treatment performance of CWs with diverse filling 
materials. The average removal efficiency of the COD was 73.66% in the 
control group, and reached 90.99% and 77.41% in the SBC-CWs and 
CBC-CWs, respectively. The higher COD removal efficiency in the SBC- 
CWs and CBC-CWs might be attributed to the presence of functional 
groups on the surface of the biochar, which enhanced the electrostatic 
interaction between the organic matter and microorganisms [9]. The π-π 
bond dynamics between the biochar and the molecules, and the inter-
molecular hydrogen bonding are postulated joint COD removal mech-
anisms [11]. As can be seen from Fig. 3, the COD concentrations of the 
control group, CBC-CWs and SBC-CWs all showed a steep decrease trend 
in the first hour, which decreased to 22.79 ± 0.98 mg L− 1, 23.14 ± 0.98 
mg L− 1 and 13.31 ± 0.73 mg L− 1, respectively. In the following 71 h, 
COD concentration of three CW systems gradually showed a slow 
decrease trend, and finally remained relatively stable. Among them, the 
effluent COD concentration of the SBC-CWs dropped to a minimum of 
5.38 ± 0.73 mg L− 1 (Fig. 3c), which was comparable to that of CWs 
aerated in the previous study [9]. 

For NH4
+-N, the lowest removal efficiency in the control was 

92.32%, whereas the removal efficiencies in the SBC-CWs and CBC-CWs 
were higher (99.59% and 96.12%, respectively), indicating that 
ammonia oxidizing bacteria might grow well in the SBC-CWs and CBC- 
CWs (Fig. 2). However, to achieve complete denitrification, the deni-
trification process after nitrification must be strengthened. Fig. 2 shows 
that the removal efficiency of TN in the SBC-CWs was up to 90.94%, and 
of the NO3

–-N was 99.50%, which was significantly higher than in the 
CBC-CWs (80.73% and 84.72%, respectively) and the control group 
(66.65% and 61.47%, respectively). Similar to COD, the SBC-CWs 
significantly improved the TN removal performance compared with 
the control (p < 0.01). The SBC-CWs and CBC-CWs might provide a 
niche suitable for autotrophic and heterotrophic bacteria, allowing them 
to effectively exert ammonification, nitrification and denitrification 
activities [32]. With the degradation of organic matter and NH4

+-N, an 
anaerobic state was gradually created, which enhanced the denitrifica-
tion, and finally improved the removal efficiency of the TN. 

It is well known that incomplete nitrification and denitrification 
processes are the source of N2O [33]. Fig. 2 showed the N2O fluxes in the 
typical batch. The average N2O fluxes for the control, CBC-CWs and SBC- 
CWs were 73.81 ± 5.89, 41.99 ± 4.73, and 25.00 ± 4.64 μg⋅m− 2⋅h− 1, 
respectively. The N2O fluxes of the CWs with CBC and SBC added were 

Fig. 3. The variation of pollutant concentrations in CWs systems under 
different constructed wetland filling conditions in typical period. Control (a); 
CBC-CWs (b); SBC-CWs (c). 
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always lower than the control, which showed that adding biochar was 
beneficial to reduce the emission of N2O. In most cases, denitrification is 
deemed to be the main provenance of N2O [18]. Compared with the 
control group, whose N2O emissions were at a high level on account of 
the lack of an electron donor, the SBC-CWs and the CBC-CWs 
possessed lower N2O emissions due to the addition of exogenous car-
bon in the SBC and CBC, which enhanced the denitrification pathway 
and effectively reduced the N2O emissions of the CWs by replenishing 
the electron donor. During the third step of the denitrification process, 
nitric oxide reductase (NOR) catalyzed the reduction of NO to N2O, 
while in the last step of denitrification, nitric oxide reductase (NOS) 
catalyzed the reduction of N2O to N2 [34]. This study further analyzed 
biological responses in terms of denitrifying related enzyme activities to 
explore the exact mechanism of N2O emission reduction in SBC-CWs and 
CBC-CWs. 

The removal efficiency of TP in the control group was only 32.48%, 
whereas those of the SBC-CWs and CBC-CWs were 51.59% and 43.95%, 
respectively. Compared with the control group, the SBC-CWs and CBC- 
CWs had significant promotion in the removal efficiency of TP (p <

0.05) (Fig. 2). Phosphorus removal in traditional CWs mainly relies on 
filling material adsorption, precipitation and plant adsorption [35], 
while the limited adsorption capacity of ordinary gravel and plant 
adsorption capacity results in the unsatisfactory removal of TP by the 
control. Study has shown that adding biochar to CWs could promote the 
proliferation of phosphorus-accumulating microorganisms and plant 
growth, thereby promoting the biological removal of phosphorus in the 
CWs [11]. Gao, et al. [36] investigated that biochar and iron anode 
could improve the phosphorus removal capacity of horizontal subsur-
face flow CW. Meanwhile, Fe3+ and Fe2+ on the surface of Fe-C filling 
material might react with phosphorus and form chemical precipitation 
due to the electrochemical corrosion [37]. In our study, the presence of 
Fe on the SBC surface might remove phosphorus from CWs by promoting 
precipitation (see section 3.4.1). 

3.2. Response of key enzymes and electron transport systems to biochar 

The removal of nutrients from wastewater rests with excellent hy-
drolysis, phosphorus conversion, nitrification and denitrification 

Fig. 4. Effects of biochar on the activities of key enzymes and electron transport system activity. Dehydrogenase activities (a); Phosphatase activities in CWs (b); 
Ammonia oxidation rate (c); NAR, NIR, NOR and NOS activities (d); ETSA (e); Electron transport system (f). Asterisks indicate significant differences with control 
(one-way ANOVA, *p < 0.05). 
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[6,38,39]. The activities of key enzymes involved with nutrient removal 
in these processes were detected to explain the performance of the CWs. 
As shown in Fig. 4, DHA (associated with the bio-hydrolysis of organic 
substance) activity in the SBC-CWs was improved by 36.87% compared 
with the control. PST is an important enzyme for phosphorus accumu-
lating organisms to complete the phosphorus assimilation and absorp-
tion in the environment [40]. Our data showed that the PST activity in 
the SBC-CWs and CBC-CWs were improved by 5.88% and 12.03% in 
comparison to the control, respectively. These results were conformed 
with the variation trend of TP and COD concentrations of the effluent. As 
far as we know, AMO, which is also associated with the conversion of 
ammonia to hydroxylamine (NH2OH), is a key enzyme that accelera 
tes the first step of nitrification [6]. It could be seen from Fig. 4c that 
the AMO activities of the SBC-CWs and CBC-CWs were improved by 75% 
and 25%, respectively, compared with the control, which was consistent 
with the removal trend of ammonia. In denitrification, the activities of 
NAR, NIR, NOR and NOS were demonstrated to avail the biological 
reduction of NO3

–, NO2
–, NO, and N2O, which were intimately associ-

ated with the denitrification performance [34]. As shown in Fig. 4d, the 
NAR, NIR, NOR, and NOS activities in the SBC-CWs and CBC-CWs 
increased by 415% and 330%, 98% and 17%, 81% and 25%, and 
190% and 44%, respectively, compared with the control. In accorda 
nce with the above results, it could be inferred that SBC and CBC 
could better intensify denitrification by increasing the activities of NAR, 
NIR, NOR, and NOS, and then accelerate the reduction of NO3

–, NO2
–, 

NO, and N2O. This could be the reason for the improvement in the TN 
removal and the reduction of N2O release in the SBC-CWs and CBC-CWs. 
Among them, compared with CBC, SBC had a better improvement effect 
on each enzyme activity, which was also consistent with the results that 
SBC possessed a better pollutant removal efficiency. 

Nitrification, denitrification and other nitrogen metabolism pro-
cesses are electron-driven biochemical reactions [34]. The ETSA of the 
microorganisms in each CW microcosm was monitored to reveal the 
electron transfer efficiency in the nutrient transformation process. As 
shown in Fig. 4e, the ETSA values in the control, SBC-CW and CBC-CW 
microcosms were 0.209, 0.907, and 0.354 μg O2⋅g− 1protein⋅min− 1, 
respectively. Specially, a significant increase in ETSA (p < 0.05) was 
found in the SBC-CWs, which might be another explanation for the 
accelerated denitrification. Meanwhile, it was speculated that the elec-
tron shuttle ability of the sludge biochar accelerated the electron 

consumption process, thus enhancing the degradation of COD, which 
also explains the increase in the COD removal in the SBC-CWs. 

Overall, in terms of the above results, it could be speculated that SBC 
and CBC promoted the production, consumption and transmission of 
electrons in pollutant removal by promoting the activities of key en-
zymes, thereby increasing the removal of pollutants in the CWs. 

3.3. Microbial community dynamics in CW systems 

The removal of pollutants in CWs is predominantly driven by mi-
croorganisms attached to the filling material of the CWs [11]. For the 
sake of clarify the interference of biochar in the microbial community in 
CW systems and, further, the efficiency of the CWs, the taxonomic 
abundance of microflora was compared at the phylum and genus levels 
to assess the distribution and phylogenetic diversity of the microbial in 
the different CW groups. 

At the phylum level, Chloroflexi, Proteobacteria, Patescibacteria, Bac-
teroides, and Actinobacteria were the predominant microbial populations 
in the SBC-CWs, the CBC-CWs and the control group, accounting for 
85.93–91.96% of the total microbial community. As shown in Fig. 5a, 
the dominant microbiota of the CBC-CWs were Proteobacteria, Actino-
bacteria, Planctomycetota, and Firmicutes, whose abundance were 1.94%, 
0.55%, 0.11%, and 0.07% higher than those of the control group, 
respectively. In the SBC-CWs, the abundance of Patescibacteria, Proteo-
bacteria, Actinobacteria, Desulfobacterota, and Firmicutes were 7.34%, 
1.45%, 0.37%, 0.13%, and 0.09% higher than that of the control group, 
respectively. The abundance of Chloroflexi, Bacteroidota, Acidobacteriota, 
and Planctomycetota were 26.05%, 11.99%, 6.04%, and 4.69% in the 
control group, respectively, while the abundance of the above in the 
SBC-CWs were 25.34%, 10.96%, 3.59%, and 2.20%, respectively, 
showing a certain degree of reduction. Among them, the high removal 
efficiencies of COD and nitrogen compounds might be ascribed to the 
high abundance of Proteobacteria involved in carbon and nitrogen con-
version [15]. Shu, et al. [41] reported that Proteobacteria, Planctomy-
cetes, Chloroflexi, and Bacteroidetes were the dominant bacteria phylum 
related to the nitrogen cycle in wastewater treatment plants. 

To gain insight into the functional microorganisms, Fig. 5b shows the 
distribution of species on the biochar at the genus level. Significant 
enrichment of Thaurea, Rhodocyclaceae, Hydrogenophaga, and Fusibacter 
was found in the SBC-CW and the CBC-CW systems. Thauera and 

Fig. 5. Microbial community composition and cluster analysis in CBC-CWs and SBC-CWs systems. (a) Microbial composition at phylum level; (b) Microbial 
composition at genus level. 
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Hydrogenophaga were the representative denitrifiers, and their relative 
abundance in the SBC-CWs and CBC-CWs were 5.73% and 1.43%, and 
6.14% and 1.20%, respectively, which was higher than in the control 
(5.14% and 0.38%, respectively). It could explain the improvement in 
denitrification efficiency in the SBC-CWs and CBC-CWs. Rhodocyclaceae 
has both hydroautotrophic and heterotrophic denitrification functions 
[42]. Its relative abundance was 0.56% in the control group, 2.40% in 
the SBC-CWs, and 0.84% in CBC-CWs. Correspondingly, the high 
removal efficiency of nitrogen compounds in this study may be related 
to the high abundance of Rhodocyclaceae involved in nitrogen conver-
sion. The utilization of biochar could increase the growth and respira-
tion of microorganisms on the surface of the biochar and generate many 
hypoxic microdomains in the CWs [43]. The production of an anoxic 
environment was beneficial to facilitate complete denitrification by 
promoting the growth of N2O reducing microorganisms. In our study, 
the supplementary of external carbon sources provided by the biochar 
replenished electrons for the growth of nitrification and denitrification 
bacteria, effectively promoting the nitrification and denitrification 
process of the CWs, thus significantly improving the removal efficiency 
of TN and reducing the production of intermediate by-product N2O. 
Candidatus_Accumulibacter and Pseudomonas are typical phosphorus- 
accumulating microorganisms (PAOs). It was worth noting that in this 

study, Candidatus_Accumulibacter and Pseudomonas were found in the 
SBC-CWs, but they were not observed in the control group and the CBC- 
CWs. Therefore, the addition of SBC might promote the proliferation of 
PAOs and enhance the biological removal of phosphorus in CWs. 

3.4. Biochar characteristics and its relationship with pollutants removal 

3.4.1. Surface structural characteristics 
The physical properties of the two kinds of biochar prepared in this 

study are shown in Table 1. Specifically, the pore volume and surface 
area of the SBC were larger than those of the CBC. In general, biochar 
has a multiphase surface with rich pores and a large specific surface 
area, which contribute to capture a good deal of nutrients and organic 
matter for microbial reproduction and metabolism [11]. Therefore, SBC 
could provide a better living environment for some functional micro-
organisms (such as nitrifiers and denitrifiers) compared with CBC in 
CWs. 

The CBC exhibited a porous network construction, which was 
possibly derived from the cattail biomass (Fig. S3). The SEM image of 
the SBC shows an irregular surface and many particles of impurity, while 
the pore distribution is not obvious. Zhang, et al. [44] reported that 
biochar has anoxic microsites that contribute to the reduction of N2O to 
N2 by accelerating the enrichment of the denitrification microflora. The 
results of element mapping showed a relatively homogeneous distribu-
tion of C, O, Fe and Si on the SBC (Fig. S4a), and although the Fe content 
in the CBC was extremely weak, the carbonation content was high 
(Fig. S4b). The presence of Fe on the surface of the SBC might improve 
the removal of phosphorus by precipitation. 

The FTIR spectra of the SBC and CBC were utilized to detect their 

Table 1 
Physical properties of the two biochar.  

Biochar Surface area 
(m2⋅g− 1) 

Average particle size 
(nm) 

Pore volume 
(cm3⋅g− 1) 

pH 

SBC  13.13  18.71  0.12  7.9 
CBC  6.14  3.73  0.02  8.9  

Fig. 6. Oxidative and reductive current responses of two biochar. EDC of sludge biochar (SBC) (a), EDC of cattail biochar (CBC) (b), EAC of sludge biochar (SBC) (c) 
and EAC of cattail biochar (CBC) (d) by mediated electrochemical oxidation (MEO; Eh = +0.96 V) and mediated electrochemical reduction (MER; Eh = − 0.49 V). 
The electron number Q of biochar is positively correlated with the masses of biochar (insert). The slopes of linear regression lines represented the electron donating 
and accepting capacities (EDC and EAC) of biochar. 
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surface functional groups. The peak observed at 1620 cm− 1 of indi 
cated the presence of C = O in ketones and quinones (Fig. S5) [45]. 
Quinone and hydroquinone were the main forms of redox active com-
ponents in biochar and were more abundant in the SBC [12]. A wide 
peak located at 3428 cm− 1 was resulted from the stretching vibration of 
an O–H group (hydroxyl or carboxyl), and the small peak value in the 
CBC indicated that the O–H groups were gradually decomposed during 
the process of pyrolysis [46]. These quinones and phenols might -
play a considerable role in the reduction of nitrates and nitrites by 
electron transport [24]. Additionally, the distribution of C–H bands 
(785 cm− 1) on aromatic ring groups in SBC was enhanced compared 
with that of CBC, indicating that dehydrogenation enhanced the 
aromaticity [47]. The above results also explained the significant ETSA 
enhancement in the SBC-CWs. 

The structural changes in the biochar during pyrolysis were further 
understood by deconvolution of Raman spectroscopy. As shown in 
Fig. S6 the peaks at ~ 1342 cm− 1 (D band) and 1595 cm− 1 (G band) 
were visible in the curve-fitting Raman spectra of two biochar, referring 
to disordered carbon and graphite carbon, respectively [48]. A weak and 
wide two-dimensional band with a center of 2800 cm− 1 was observed in 
the Raman spectra of SBC, which corresponded to the multilayer gra-
phene phase structure [49]. The intensity ratio (ID/IG) is generally 
utilized to evaluate the graphitization/defectiveness degree of the 
carbon-based materials [50]. The results showed that the ID/ IG value of 
the SBC was lower (0.92) than that of the CBC (0.98). This indicated that 
amorphous carbon was converted to ordered SP2 crystallites in the py-
rolysis process of the SBC, which made it generate at a higher graphi-
tized degree than the CBC [42]. 

3.4.2. Electron transport properties of biochar 
The redox-active groups produced during the pyrolysis process of 

biochar possess preeminent stimulative functions for the biochemical 
reactions and redox processes of pollutant treatment [11,44]. Therefore, 
the Chronoamperometry method was used to measure the EAC and EDC 

of the biochar, which could reveal the influences of the biochar on 
denitrification from the perspective of electrochemistry [51]. As shown 
in Fig. 6, both types of biochar received and donated electrons during 
the test, while the SBC had a higher electron transfer capacity (2.044 
mmol e− ⋅g− 1, EDC and EAC combined) than the CBC (1.363 mmol 
e− ⋅g− 1). It is worth noting that the EDC value of the SBC was 0.971 
mmol e− ⋅g− 1, which was superior than the EDC value of the CBC (0.475 
mmol e− ⋅g− 1), indicating that the SBC could donate more electrons. As 
mentioned above, the SBC possessed better redox capacity, especially 
EDC, which provided an explanation for its ability to enhance the ETSA 
and facilitate the removal of pollutants from an electrochemical point of 
view. 

3.4.3. Potential and characteristics of carbon source release 
In comparing the DOC contents of the biochar extracted samples 

from different pyrolysis raw materials under the extraction condition of 
deionized water at 20 ◦C, the mean DOC content of the SBC (95.89 
mg⋅L− 1) was higher than that of the CBC (66.23 mg⋅L− 1). As shown in 
Fig. 7a − c, all fluorescent components (C1, C2, and C3) were authen-
ticated by PARAFAC analyses in accordance with the EEM contours and 
EEM locations of all extraction samples. C1 was located in the peak at 
320 nm excitation and 380 nm emission wavelength, which was char-
acterized as a high molecular weight humus-like UVC compound [52]. 
C2 possessed a preponderant peak with Ex/Em values = 320/430 nm 
and was classified as a UVC/UVA humic acid substance [53]. C3 had a 
peak at Ex/Em = 220/290 nm. This component was confirmed to be a 
tyrosine-like substance [53]. Fig. 7d shows that the fluorescence in-
tensities of all components released from the different biochar samples 
in deionized water were significantly different. Notably, the fluores-
cence intensities of C1 and C2 in the SBC were 3.74 R.U. and 0.40 R.U., 
respectively, which was significantly higher than those of the CBC (0.20 
R.U. and 0.08 R.U.) (p < 0.01 and p < 0.05, respectively). As shown in 
Fig. 7e, the percentages of UVA humic acids (C1 and C2) in the CBC and 
SBC were 43.93–44.88% and 85.62–85.86%, respectively. In this study, 

Fig. 7. Cattail biochar (CBC) and sludge biochar (SBC) determined by EEM-PARAFAC analysis EEM profile and spectral loading of the components. Component 1 (a); 
Component 2 (b); Component 3 (c); Fluorescence intensity of each EEM-PARAFAC component in the DOM released from biochar under neutral extraction conditions 
(d); Relative distribution diagram (C1-C3 represents component 1- components 3, respectively) (e). 
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the DOM concentration of the SBC was higher, and UVC and UVA humic 
acid-like substances made up 85.74% of the DOM components, which 
promoted the performance of heterotrophic bacteria to use carbon 
source. UVC and UVA humic acid-like substances are related to bioac-
tivity and readily adapt to wetland environment [54], which provided a 
reference for the potential application value of the SBC and the CBC in 
providing a bioavailable carbon source to increase the number and ac-
tivity of microorganisms, further achieving the removal of pollutants 
and the reduction of N2O emissions in CWs. 

4. Conclusions 

This study verified the feasibility of the application of sludge and 
cattail biochar in CWs, and discussed the influence mechanism of SBC 
and CBC used as filling materials in the CW, such as microbial activity 
and material characteristics. The results demonstrated that the biochar 
prepared from sludge and the harvested wetland macrophyte Typha 
latifolia significantly improved the removal of nitrogen and phosphorus 
in the CWs and reduced the N2O emissions. Compared with the control, 
the TN removal of the SBC-CWs and CBC-CWs were increased by 24% 
and 14%, and the TP removal were improved by 19% and 11%, 
respectively. EEM and PARAFAC analysis showed that the DOM released 
from the two kinds of biochar were beneficial to replenish carbon 
sources and accommodate adaptive microorganisms to enhance nitro-
gen removal. Electrochemical characterization and molecular methods 
were used to reveal that SBC and CBC had superior ETC, which could 
promote the activities of various key enzymes in the denitrification 
process. 16S rRNA sequencing proved that the addition of SBC and CBC 
enhanced the enrichment of functional microorganisms such as Thaurea, 
Rhodocyclaceae, Hydrogenophaga and Fusibacter, which take a signifi 
cant role in improving the efficiency of pollutant removal. This study 
provided new ideas for exploring alternative projects for nitrogen and 
phosphorus removal of WWTPs tailwater with energy-saving, emission- 
reduction and sustainable development potential. 
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