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The water quality purification of constructed wetlands (CWs) with adsorbent materials has been 
extensively studied, yet the impact on the improvement in water quality of natural sediment wetlands 
(SWs) remains unclear. In this study, CWs and SWs were established with biochar and activated 
carbon substrates, and high and low nitrogen (N) and phosphorus (P) pollution loads were applied. 
Additionally, relevant studies on the purification efficiencies of artificial wetlands under different 
pollution loads were reviewed. Results showed that the purification capacities of biochar and activated 
carbon were affected by the pollution load, and that there was significant interaction between the 
pollution load and wetland type (P = 0.000). The removal efficiencies of NH4

+, NO3
−, and total P in CWs 

were significantly higher than those in SWs. In particular, the removal stability of NO3
− was higher 

in the BCW (77.12%) and ACW (75.94%) under high pollution loads (P = 0.000). As the pollution load 
increased, the TP removal efficiency of SWs decreased from 86.56% to 75.97%, while the addition of 
biochar significantly enhanced removal efficiency (94.57%). The BSW experiment was more efficient in 
purifying P and NH4

+ than ASW or SW. ACWs presented lowest microbial diversity and richness while 
higher metabolism of chemoheterotrophy and nitrate reduction. This study confirms that the addition 
of B can promote the sustainability of SW purification, and that both biochar and activated carbon 
exhibited varying adsorption characteristics in different wetland types. It demonstrates the improved 
purification potential in biochar added SWs.
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With increasing urbanization and industrialization, various human activities, including fertilizer and pesticide 
use, the food industry, and heavy engineering, have resulted in large quantities of nitrogen (N) and phosphorus 
(P) entering the aquatic environment. N and P serve as fundamental indicators for water pollution, and their 
excessive accumulation in aquatic systems may lead to eutrophication1. China’s average annual sewage discharge 
is in the tens of billions of tons. Although treated at sewage treatment plants, the contents of N and P remain 
relatively high, and the large discharge of sewage causes pollution problems in rivers, lakes, and seas2.

At present, constructed wetlands (CWs) and natural sediment wetlands (SWs) are widely adopted as efficient 
and economical methods of sewage treatment. CWs have significantly higher plant species and abundance, 
microbial diversity and metabolic functions, as well as absorptive materials as substrate. As a result, compared 
with SWs, CWs have a distinct advantage in the removal of ammonia (NH4

+), nitrate (NO3
−), and total P (TP). 

The filling substrate, a vital component of CWs, not only provides a conducive environment for plant and 
microbial growth, but also contributes significantly to the removal of N, P, and organic substances through 
processes like filtration and adsorption3. Differences in the surface microenvironment of different substrates 
affect biofilm formation4. However, traditional substrates, such as limestone, zeolite, and plastic, face challenges 
including low permeability, susceptibility to clogging, and low adsorption capabilities for N and P, as well as easy 
saturation5.

In recent years, biochar-based substrates have shown significant efficacy in water purification due to their 
adsorption capacity and stability6. Meanwhile, activated carbon is also gaining popularity because of its strong 
ability to remove wastewater pollution7. Both of these wetland substrate materials, i.e., activated carbon and 
biochar, are currently being widely researched for their wastewater purification functions. Most studies show that 
the addition of biochar can effectively promote the removal of N and P in CWs8, but some research has revealed 
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opposite results, i.e., that biochar not only fails to promote total N (TN) removal, but also further inhibits the 
microbial metabolism and degradation, which may be related to multiple factors9. This discrepancy in findings 
is probably related to the pollution load and wetland features. As reported, CWs are effective in transforming 
and removing N when faced with low to moderate pollutant loads10, and wetlands have a range of tolerance for 
pollution loads in the influent water11. Meanwhile, the effluent water quality shows a decreasing pattern with 
the an increase in the influent pollution load12. Moreover, different wetland types have various operating modes 
and microbial activities, resulting in distinct removal efficiencies for N and P11. Also, the addition of biochar 
or activated carbon results in significantly different removal characteristics in response to pollutant loads13,14. 
However, most wastewater purification studies focus on CWs, while neglecting the purification response of SWs 
when adsorbent materials are added. Furthermore, the purification potential of SWs remains unknown when 
faced with different pollution loads.

In the above context, and building on the above research findings to date, we explored the response of CWs 
and SWs to low and high pollution loads, as well as the effectiveness of adding biochar and activated carbon. 
We hypothesized that (i) the addition of biochar and activated C would significantly enhance the purification 
efficiency of SWs; and (ii) the purification capacities of biochar and activated carbon would differ significantly 
depending on the pollution load, and that there would also be significant interaction between the pollution 
load and wetland type.Therefore, in this study, using biochar and activated carbon as substrates, CWs and SWs 
units were set up to carry out the removal rates of TP, NH4

+ and NO3
−, from wetlands under high and low 

pollutant loads. This study will promote a deep understanding of the effluent purification process, and provide a 
theoretical basis for the application of wetland wastewater purification scenarios and model development.

Results
The sewage purification under low pollutant load
The TP removal in all wetland units were above 80% when facing low pollution load (Fig. 1A), with the highest 
value observed in BCW. However, the addition of activated carbon and biochar in SWs actually limited the TP 
removal. In contrast, TP concentrations in BSW, ASW, and ACW exhibit a pronounced logarithmic decline over 
time, signifying a systematic enhancement in purification efficiency.

The purification efficiency of NH4
+ in CWs is 84.90%, significantly surpassing that in SWs (77.88%, P = 0.030). 

Whether in CWs or SW, the effect of different substrate additions on NH4
+-N removal is inconspicuous. With 

the increase in sewage purification period, NH4
+-N contents exhibit a logarithmic decreasing trend (Fig. 1B).

The average purification efficiency of NO3
− in CWs is 66.79%, significantly surpassing that in SWs (33.13%, 

P = 0.000), indicating a notable advantage of CWs in nitrate removal. The addition of biochar or activated carbon 
in CWs was not effective in nitrate removal (Fig. 1C). The nitrate removal rates in SWs are sorted as: ASW 
(39.00%) > BSW (36.82%) > SW (23.58%). Thus addition of biochar and activated carbon significantly enhances 
NO3

− removal in SWs.

The sewage purification under high pollutant load
The TP removal efficiency in CWs is significantly superior to that in SWs under high pollutant load 
(P = 0.000, Fig. 2A). The specific performances of the different treatments are as follows: CW (97.18%) > BCW 
(94.57%) > BSW (93.13%) > ACW (91.93%) > SW (75.97%) > ASW (70.79%). The CWs show the most robust 
stability in TP removal rate during the sewage purification cycles, and achieve an average effluent concentration 
of 0.08  mg L-1, further indicating that the addition of activated carbon and biochar in CWs limited the TP 
removal. While the addition of biochar in SW significantly promotes the TP removal.

CWs show average NH4
+ purification efficiency of 91.28% under high pollutant loads, which significantly 

higher than SWs (67.68%, P = 0.000, Fig. 2B). Specifically, the removal rates are as follow: CW (92.31%) > BCW 
(91.67%) > ACW (89.84%) > BSW (79.19%) > SW (65.33%) > ASW (58.53%). The NH4

+-N removal efficiency in 
BCWs, ACWs and CWs remains very stable with the sewage purification cycles, while the removal rates increase 
in SWs. Biochar addition benefits the NH4

+-N purification but activated carbon limited the metabolism in SW. 
In addition, the adaptability of SWs to high purification load is significantly lower than CWs.

Under high sewage load conditions, the specific performance in NO3
− removal efficiency is as follows: BCW 

(77.12%) > ACW (75.94%) > CW (51.00%) > BSW (14.11%) > SW (8.28%) > ASW (8.08%). The NO3
− removal 

rates of BCW and ACW remain relatively stable during effluent purification cycle, which are significantly higher 
than constructed wetlands (Fig. 2C). While nitrate removals are in very low levels in SWs, and the prompting of 
biochar or activated carbon is less effective.

The removal rates of N and P are significantly differed under high/low pollutant loads or two wetland types 
(P < 0.05, Fig. 3 and Table 1), and pollutant loads and wetland types also present a significant interaction effect. 
When comparing high and low sewage loads, it is observed that ASW and SW exhibit poorer purification levels 
for TP and NH4

+ under high loads, while BSW shows stronger purification potential.

Microbial analysis in CWs
Microbial high-throughput sequencing in the CWs units are conducted. Results show that Proteobacteria, 
Actinobacteria, Bacteroidetes, Planctomycetes, and Chloroflexi are the main phyla. Proportions of Actinobacteria 
and Planctomycetes are significantly higher BCWs and ACWs. While CWs show the higher relative abundance 
of Bacteroidetes and Chloroflexi. ACWs also have the highest relative abundance of Proteobacteria (Fig. 4A). At 
the genus level, Thauera is dominant, accounting for as much as 43% in ACWs, 23% in CWs, and 17% in BCWs. 
Additionally, there is a significant abundance of unidentified nitrosomonadaceae in CWs.

The bacterial alpha diversity index indicates the highest bacterial richness and diversity in CWs, which 
are followed by BCWs and ACWs, indicating that adding biochar or activated carbon as substrates seem 
unfavourable for the growth of microbial communities. Significant differences in the dominant metabolism 
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functions are found (Fig. 4C). It suggests that addition of biochar increases the bacterial N fixation, while the 
addition of activated carbon increases the nitrate reduction and heterotrophic metabolic activities.

Discussion
The TP purification mechanism in CWs
In the text, we reviewed the papers on the purification efficiency of CWs under different pollution loads, and 
obtained 37, 32 and 22 sets of data for NH4

+, NO3
− and TP respectively3,15–33. The study found that the TP 

removal efficiency in all biochar-amended CWs and non-biochar CWs ranged from 17.10 to 89.99% (Fig. 5A). 
The TP removal efficiency was significantly higher in biochar-amended CWs compared to those without 
biochar. Biochar, with its high specific surface area, porous structure, and abundant surface functional groups, 
facilitates the adsorption of P and provides a larger surface area for microbial attachment, thereby enhancing P 
removal34,35. The TP removal effectiveness of biochar depends on the concentration of P in the wetland and the 
hydraulic retention time36. At low influent concentrations (0 mg L−1 to 2 mg L−1), the TP removal efficiency was 
relatively high, generally ranging from 34.48 to 94.97%. However, as the pollution load increased, TP removal 
efficiency decreased (Fig.  5B). Under low concentration conditions, adsorption sites in the wetland system 
are abundant, allowing for effective P capture and resulting in higher purification efficiency. As the influent 
concentration increases, adsorption sites gradually become saturated, leading to a decline in purification 
efficiency37. Notably, the overall TP removal efficiency in this study was relatively high and significantly 
increased with the pollution load. This may be because, under low concentration conditions, microbial activity 

Fig. 1.  Trends of TP, NH4
+ , NO3

− concentration and removal rate over time in CWs and SWs under low-load 
sewage inflow. (A) The concenteation of TP in the effluent; (B) The concenteation of NH4

+ in the effluent; (C) 
The concenteation of NO3

− in the effluent.
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may be lower due to insufficient P sources, leading to less efficient P removal. As the P concentration increases, 
microbial activity may be stimulated, allowing polyphosphate bacteria to more efficiently absorb and fix P, thus 
improving the purification efficiency. Additionally, this experiment was conducted during the summer, when 
plant and microbial growth were most active.

Studies have shown that the addition of biochar and activated carbon primarily exerts a synergistic effect on 
TP purification25,38. This study found that as the pollution load increased, TP purification efficiency significantly 
improved, while the addition of biochar and activated carbon mainly had a constraining effect. Research 
indicates that the substrate plays a key role in P deposition and adsorption, while the larger pore volume of 
gravel enhances the development of microbial biofilms and microbial P uptake39. The addition of biochar and 
activated carbon undermines the stability of microbial biofilms, and the decrease in microbial richness and 
diversity supports this hypothesis. Interestingly, in this experiment, activated carbon exhibited the strongest 
inhibitory effect on TP purification in CWs. The α-diversity of microbes was lowest, and based on the primary 
functional microbial communities, the addition of activated carbon altered the microbial community structure 
and enhanced the metabolic functions related to the degradation of aromatic compounds40.

The TP purification mechanism in SWs
As the pollution load increased, the TP removal efficiency of SWs decreased from 86.56% to 75.97%, while 
the addition of biochar significantly enhanced removal efficiency (94.57%). The self-purification ability of 
SWs depends on natural filtration mechanisms, including plants, microorganisms, and sediments41. Under 
low pollution loads, wetland plants and microorganisms effectively absorb and process pollutants in the water. 
However, as the pollution load increases, the wetland system’s purification capacity gradually becomes saturated, 

Fig. 2.  Trends of TP, NH4
+, and NO3

− concentrations and removal rates over time in CWs and SWs under 
high-load sewage inflow. (A) TP concentrations and removal rate; (B) NH4

+ concentrations and removal rate; 
(C) NO3

− concentrations and removal rate.
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and the treatment capacity of plants and microorganisms is limited, leading to decreased purification efficiency. 
Unlike native plants and microorganisms in SWs, biochar, with its unique physicochemical properties, 
effectively complements the treatment capacity of the wetland system and maintains high TP removal efficiency 
under high pollution loads. Therefore, in practical applications, adding biochar can significantly improve the 
TP purification capacity of SWs. However, adding activated carbon limits TP removal in SWs. Some studies 
suggest that activated carbon is not the optimal medium for P removal42. The surface charge properties and 
pore structure of activated carbon are unsuitable for P adsorption. Adding activated carbon can affect microbial 
abundance in SWs and the stability of water pH. Microorganisms in the sediment can metabolize organic P in 
both the sediment and overlying water, potentially promoting the conversion of organic P to inorganic P and 
increasing the release rate of P from the sediment43,44. In contrast, artificial wetlands dominated by gravel do not 
encounter this issue, which significantly contributes to the superior P removal efficiency in CWs.

The TP purification mechanism in wetland system
According to the literature, the addition of biochar improved NH4

+ removal efficiency but had no significant 
effect on NO3

− removal efficiency (Fig. 5A). As the pollution load increased, the purification efficiency of NH4
+ 

and NO3
- fluctuated, while the activity of nitrifying and denitrifying bacteria was suppressed.Competitive 

adsorption and kinetic limitations became the primary factors45 (Fig. 5B). Generally, pollutant removal efficiency 
decreases as the pollution load rises11. Interestingly, in this study, NH4

+ and NO3
− removal efficiency increased 

with the pollution load. Related studies show that when N concentrations in CWs are too low, essential nutrients 
for biological growth and reproduction become insufficient. Conversely, when N concentrations are too high, 
exceeding the needs of microorganisms and plants, denitrification efficiency decreases39.Therefore, pollution 
load and wetland purification efficiency are interrelated.

This study indicates that, under low-load conditions, there were no significant differences in NH4
+ and NO3

− 
removal rates in CWs, nor between different substrates. This is mainly due to the low carbon-to-N ratio in low-
concentration wastewater, which negatively affects the wetland’s denitrification efficiency46. As the pollution load 
increased, denitrification efficiency significantly improved, and the addition of biochar and activated carbon 
notably enhanced NO3

− removal. This is primarily due to the direct influence of microbial community structure 

Variables

Low load 
scenario

High load 
scenario

p(High and low loads) p(wetland type) p(Wetland type * high and low loads)SW CW SW CW

NH4
+ 77.88 84.9 67.68 91.28 0.028 0.000 0.000

NO3
− 33.13 66.79 10.16 68.02 0.000 0.000 0.000

TP 85.13 88.82 79.96 94.56 0.000 0.000 0.000

Table 1.  Multifactor analysis of N and P removal efficiency under high and low loads and different wetland 
types.

 

Fig. 3.  N and P removal efficiency under low and high pollution loads. Different lowercase letters for TP, NH4
+ 

or NO3
− represent significant differences in α < 0.05 level.
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and metabolic functions on the system’s denitrification capacity47. Under high pollution loads, microorganisms 
in CWs may experience higher N loads, suppressing their metabolic activity. However, the substrate’s porous 
structure supports good microbial growth48.

As the pollution load increased, NH4
+ removal efficiency in SWs decreased from 77.88% to 67.68%, and 

NO3
− removal efficiency dropped from 33.13% to 10.16%, consistent with previous studies11. SWs have limited 

capacity to handle pollution loads. However, adding biochar slightly improved denitrification, especially for 
ammonia N, due to its unique surface properties that offer a favorable habitat for microorganisms49. In contrast, 
adding activated carbon further limited denitrification, likely due to the significantly reduced microbial diversity 
and abundance.

Conclusion
We investigated the purification efficiency of TP, NH4

+, and NO3
− in CWs and SWs under both low and high 

pollution loads, and examined the effects of adding biochar and activated carbon. The literature review indicates 
that the addition of biochar significantly improved TP removal efficiency compared to CWs without biochar, 
and enhanced NH4

+ removal efficiency. However, there was no significant effect on NO3
− removal efficiency. 

Fig. 4.  The composition, alpha diversity index and dominant metabolism functions of bacterial communities 
in CWs. (A) The relative abundance in phylum and genus levels; (B) The alpha diversity index; (C) The 
dominant metabolism functions of bacterial communities based on FAPROTAX platform.
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As the pollution load increased, the N and P removal efficiencies fluctuated. In contrast, study found that the 
removal efficiencies of N and P in CWs increased significantly with higher pollution loads. CWs demonstrate 
a significant advantage in sewage purification under high pollution loads, with the addition of biochar and 
activated carbon enhancing NO3

− removal stability. The BSWs exhibited higher tolerance to high pollution 
loads compared to ASWs and SW. However, the addition of biochar and activated carbon reduced bacterial 
richness and diversity, while metabolic activities related to N and P removal were not significantly enhanced. 
The findings of this study contribute to the theory of wastewater adsorption and offer valuable practical insights 
for sustainable operations.

Materials and methods
Experimental design
Most of the SWs use sediment as substrate, while artificial wetlands mostly use gravel as substrate. In order 
to study the effect of biochar and activated carbon on effluent purification efficiency in different wetland 
systems, we designed customised units to simulate artificial and SWs. The CWs used gravel, gravel + activated 
carbon, and gravel + biochar as filling substrates. For the SWs, the sediment, sediment + activated carbon, and 
sediment + biochar were employed as filling substrates. Acorus calamus, a typical wetland plant, was selected 
for both the CWs and the SWs. The experiments were conducted in the test field at the Environment Research 
Institute of Shandong University.

The experiment employed intermittent water inflow operations with a hydraulic retention time of 3 days. 
Initially, seedlings of Acorus calamus were cultivated, and tap-water was introduced. The experiment commenced 
after stable growth of Acorus calamus was achieved during the mature growth stage (September to November). 
To initiate the experiment, low-load wastewater (meeting the first-class B standard of water quality) was slowly 
pumped into all wetland units. This process aimed to incubate three hydraulic retention cycles to stabilize the 
effluent water quality parameters before conducting experimental water quality analyses. After one month, high-
load wastewater (meeting the second-class standard of water quality) was introduced to the wetland units. Water 
quality monitoring experiments were conducted after the effluent water quality stabilized (Fig. 6).

Throughout the experiment, the ratio of wastewater inflow volume to substrate volume was 1:2. For SWs, the 
wastewater inflow volume was 30 L, with an overlying wastewater depth of approximately 15 cm. For CWs, the 
wastewater inflow volume was 10 L, with the water level approximately 5 cm above the substrate.

CWs exhibits a certain capacity to tolerate pollutant loads, making pollutant loading one of the primary 
factors influencing the efficiency of pollutant removal in wetlands50. We determined the pollutant loads that 
the wetland could sustain by varying the concentration of various pollutants in the influent water and setting 
different pollutant concentration levels. Because of the high variability of the daily load of pollutants in the 
real wastewater, the synthetic wastewater provided a more stable condition than the real wastewater for the 

Fig. 5.  Analysis of wastewater purification in biochar-based CWs based on relevant literature search. (A) 
Pollutant removal efficiency in CWs with/without biochar addition; (B) The effect of pollution loads on 
pollutant removal in biochar added CWs. The stars in (B) present the results in this study.
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experimental study51. Therefore, the experiments were conducted to synthesize wastewater with high and low 
pollution loads using sucrose, KNO3, (NH4)2SO4, KH2PO4, MgSO4, CaCl2 and FeSO4∙7H2O as raw materials, 
so that the concentrations of N and P followed the secondary and Class I-B standards in the “Standards for the 
Discharge of Pollutants from Municipal Wastewater Treatment Plants” (GB 18,918–2002), respectively (Table 2).

Establishment and operation of wetland systems
SWs: Each SWs was a rectangular device measuring 70 cm in length, 50 cm in width, and 60 cm in height. 
Three substrates were used: sediment with a depth of 30 cm (SW), sediment mixed with 2 kg of activated carbon 
(ASW), and sediment mixed with 2 kg of biochar (BSW). Nine SW units were constructed, each variable having 
three parallel units. In each SWs unit, 24 Acorus calamus seedlings were evenly planted in a 4 × 6 pattern.

CWs: The CWs were cylindrical devices with a height of 70 cm and an inner diameter of 25 cm. Valves were 
installed beneath the units for convenient drainage and sampling. Three substrates were used: gravel with a 
depth of 60 cm (CW), a mixture of gravel and 2 kg of activated carbon with a depth of 50 cm (ACW), and a mix 
of gravel and 2 kg of biochar with a depth of 50 cm (BCW). A total of 6 units of parallel units were designed and 
operated. Each CWs unit accommodated 8 Acorus calamus seedlings based on the calculated planting density 
in SWs.

Water quality determination
Effluent from the wetlands was collected using 100 mL polyethylene bottles. Water samples were collected from 
the overlying water for SWs setups, while for CWs setups, water was collected from the bottom valve. After 
filtration through a 0.45 μm cellulose acetate membrane, concentrations of TP, NH4

+, NO3
− and NO2

− were 
determined. The TP concentration in water was measured using the ammonium molybdate spectrophotometric 
method outlined in the GB11893-89 standard. The concentrations of NH4

+, NO3
−, and NO2

− in water samples 
were determined using Nessler’s reagent spectrophotometric method specified in the HJ535-2009 standard, 
the ultraviolet spectrophotometric method outlined in the HJ/T346-2007 standard, and the N-(1-naphthyl)-
ethylenediamine spectrophotometric method in the GB7493-87 standard, respectively.

The removal efficiency of TN, NH4
+, NO3

−, NO2
−, and TP in different wetland types and systems was 

calculated using a removal efficiency (RE) formula to assess the sewage purification efficiency of wetland 
systems, as follows:

	 RE = (C0 − Ci) /C0 × 100%,

where Ci is the concentration of NH4
+, NO3

−, NO2
−, and TP in the ith sampling, and C0 is the initial concentration 

of NH4
+, NO3

−, NO2
−, and TP.

Wetland influent concentration NH4
+ TP NO3

−

Low pollution load(Class I-B standard) 8 1 12

High pollution load (secondary standard) 15 3 20

Table 2.  The sewage water quality parameters (unit: mg L−1).

 

Fig. 6.  Schematic diagram of SWs and CWs experimental devices.
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Microbial analysis
The substrate-based microbial communities of six CWs installations were analyzed in this study to investigate 
the mechanistic process of wastewater purification with different substrate fillers. After completing high-load 
sewage purification experiments, substrate samples from the CWs were collected using a five-point sampling 
method, sealed in bags, and freeze-dried at − 60℃ for 72 h using a vacuum freeze dryer. Subsequently, 0.5000 g 
of substrate samples were weighed into centrifuge tubes, deionized water was added, and the mixture was 
centrifuged for 30 min to facilitate microbial detachment from substrate particles. The supernatant was filtered 
through a 0.022 μm organic membrane, capturing microbial organisms from the substrate particles.

For DNA extraction of substrate microbes, the MOBIO PowerSand DNA Isolation Kit (MoBio 
Laboratories, Inc., Carlsbad, CA) was utilized following the provided instructions. PCR amplification 
was performed using primers specific to the V4 region of bacterial 16S rDNA, with primer fragments 
520F (5'-barcode + AYTGGGGYDTAAAGNG-3'), 802R (5'-TACNVGGGTATCTAATCC-3'), 802R 
(5'-TACNVGGGTATCTAATCC-3'), and 802R (5'-TACNVGGGTATCTAATCC-3'). Following PCR 
amplification, quantification, and gene library construction, paired-end sequencing of microbial DNA fragments 
was conducted using the Illumina platform. Microbial community structure analysis was outsourced to Shanghai 
Passiono Biotechnology Co., Ltd. The gene sequence in this study was deposited in the Sequence Read Archive at 
NCBI under the accession number PRJNA1160848.

Statistical analysis
In this study, the removal efficiencies for the various indicators were calculated using Excel. Descriptive analysis 
and homogeneity tests were performed on all data using SPSS (version 21.0) to identify and exclude outlier data. 
Subsequently, data were categorized based on different wetland types (natural and constructed), differences in 
influent concentrations (low and high), and three variables within different wetland types (biochar addition, 
activated carbon addition, and no addition). Mean analysis and one-way analysis of variance (ANOVA) were 
conducted on all data. Additionally, multifactor analysis was performed considering different wetland types, 
influent concentration differences, and different substrate data. Pearson correlation analysis assessed the 
correlation between data, with p-values less than 0.05 and 0.01 indicating significant and highly significant 
correlations, respectively. Graphical construction was done using OriginPro (version 9.0) and Adobe Illustrator 
CS6. In this study, the FAPROTAX platform was utilized to calculate the abundance of potential metabolic 
functions.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request. The gene sequence in this study was deposited in the Sequence Read Archive at NCBI under the 
accession number PRJNA1160848.
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