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Fig.1 Mechanism of nitrogen removal in constructed wetlands enhanced by biochar!'”)
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Table 1 Pollutant removal performance of biochar in various types of constructed wetlands

VALER ] FBRER 1% S%
Pl NLWbEA Pk [IELSE i ot i/ T AR BE BB mmam ik
1 EEBALEM (KA 17T (Bambusoideae) 3 JK T (Oenanthe javanica) 99.10 5270 - 94.90 [32]
2 EHRATEHM F#3EEK (ISR 3 B3 (Iris pseudacorus) 88.62 3137 - 67.76 [31]
3 BAANTEH  BHiEK (ISR 3 75 2 (Phragmites australis) ~ 98.80 95.70 100.00 89.10 [33]
4 JBRATIEH BERLGK RARAinus glutinosa) 2 T i (Typha orientalis) - 2000 2250 75.00 [34]
5 MmEMATEH HSLiEK 5k 2 H A8 KL (Spartina alterniflora) 9590 28.00 59.50 83.80 [28]
6  BRALIEBH  BISK  FAT(Arundo donax) 7 KA 93.95 8562 - 44.16 [35]
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Fig.2 Pathways of nitrogen transformation involving iron in
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Table 2 Iron element enhanced constructed wetlands pollutant removal performance

. FBRRI%
Frg NLEMRA JROKRA SRR KJMEER N ) - S R
A OME BB HEREE
1 WRATIEM  EWESK ZvI 3d 5 RAL(Iris germanica)  66.68  71.98  93.54 95.82 [40]
2 WHEBALRM B5K  Fe 2d 3% N #(Canna indica) - 6673 - 86.13 [42]
3 WA TR BREAK Fe 9d P - 81.28 - 84.00 [43]
4 FEHRATEM BRU5K  zZv 48 h P - 88.60  92.20 - [44]
5 WM TR BREK Fe® 96 h R 86.33  86.68 - 63.36 [25]
6  EEMATIEM BHRSK  Fer 16 h KA 86.82 78.36 - - [45]
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Fig.3 Mechanism of nitrogen removal in constructed wetlands-microbial fuel cells! ]
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Table 3 Constructed wetland-microbial fuel cell pollutant removal efficiency
=15 TR %
o owmwrn pkrn mm 0 me g el A 5% 5
NI /d A OBA BB EREE
1 WA TR #EsK A% 26 B FERE 58.00 - - 61.00 [52]
2 MEBMA TR BREI5K & 2 BREYERE BReF4ERD 8232 71.00 - 80.00 [53]
3 EEMA T BREK  RAE 9 k£ 4 VEE--1 3 - 76.00 - 85.00 [59]
4 WA BEK HEW 7 iR A 98.00  97.00 - 91.00 [60]
5 MEBMATIEM  FREEK  FE 1 ASEA AETRA S 7500 58.00  86.00 81.00 [61]
6 MEMA LRI  FREEK  EANE 2 BN {3t 75.00 - - 88.00 [58]
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Research progress on enhancing agricultural nitrogen non-point source

pollution control in constructed wetlands with functional substrates

Xu Ao'"?, Gao Dawen'?, Gong Xiaofei'”, Liang Hong'’

(1. Center for Urban Environmental Restoration, Beijing University of Civil Engineering and Architecture, Beijing 100044,

P.R.China; 2. National Collaborative Innovation Center for Energy Conservation, Emission Reduction, and Urban-Rural

Sustainable Development, Beijing University of Civil Engineering and Architecture, Beijing 100044, P.R.China)

Abstract: Agricultural nitrogen pollution has become a leading cause of non-point source pollution, resulting

in widespread water quality deterioration including eutrophication, nitrate contamination of groundwater, and

the formation of black and odorous water bodies. These adverse environmental impacts threaten aquatic

ecosystems, public health, and hinder the advancement of rural ecological civilization. As agricultural

production intensifies and expands, especially in rural areas lacking centralized treatment infrastructure,

developing effective and sustainable nitrogen removal technologies is imperative for environmental protection.
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Constructed wetlands (CW) have been widely adopted as cost-effective, eco-friendly wastewater treatment
systems that integrate physical, chemical, and biological processes for pollutant removal. Their low operational
cost, landscape compatibility, and ability to support plant-microbe interactions make them particularly suitable
for decentralized rural wastewater treatment. However, traditional CW often exhibit limited nitrogen removal
efficiency and instability due to variable hydraulic loading, seasonal temperature fluctuations, and low carbon-
to-nitrogen (C/N) ratios, which impede microbial nitrogen transformation processes. This review focuses on
overcoming the challenges of nitrogen removal in CW by integrating functional substrates, including biochar,
iron-based materials, and microbial fuel cells (MFC). These substrates enhance CW performance by improving
substrate physicochemical properties, stimulating microbial communities, and facilitating nitrogen
transformation under diverse environmental conditions. Biochar, produced by pyrolysis of biomass, is a porous
carbonaceous material with high surface area and abundant functional groups, promoting pollutant adsorption
and providing habitats for microorganisms. It improves redox potential and simultaneously supports aerobic
nitrification and anaerobic denitrification. Iron-based materials, such as zero-valent iron and ferrous oxides,
play crucial roles in redox reactions, facilitating denitrification and anaerobic ammonium oxidation
(anammox). They also aid phosphorus adsorption and immobilize heavy metals, improving overall water
quality. Combined application of biochar and iron synergistically enhances substrate stability and microbial
diversity, promoting efficient nitrogen cycling and stronger plant-microbe interactions. MFC introduce
bioelectrochemical functions by enabling extracellular electron transfer and electricity generation through
microbial metabolism. They increase nitrogen removal efficiency, especially under low carbon availability, by
stimulating microbial cooperation and redox activity. Though MFC effects on plant growth are limited, they
provide added value by generating renewable energy to support system operation in off-grid rural settings.
Furthermore, the use of these functional substrates helps to mitigate greenhouse gas emissions commonly
associated with nitrogen cycling in wetlands, thereby contributing to climate change mitigation efforts. Their
incorporation into CW design not only improves nitrogen removal but also enhances the overall ecological
sustainability of treatment systems. Recent advances have demonstrated that combining these substrates with
optimized operational parameters can significantly extend the lifespan and effectiveness of constructed
wetlands, reduce maintenance costs and improve resilience to environmental fluctuations. his review
synthesizes recent advances in the use of functional substrates for CW enhancement, elucidating their
mechanisms, advantages under stress conditions, and practical implementation strategies. The integration of
biochar, iron, and MFC offers a comprehensive and innovative approach to mitigate agricultural non-point
source nitrogen pollution. Ultimately, this strategy improves nitrogen removal efficiency, system resilience,
and sustainability, contributing significantly to water resource protection and rural ecological civilization

development across diverse geographical regions worldwide with sustainable way.

Keywords: non-point source nitrogen pollution; novel constructed wetlands; functional substrate; black and

odorous water
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