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Text S1. Measurement of N2O emission 

To determine the emission of N2O, three acrylic gas collecting hoods with a diameter of 

20 cm and height of 30 cm were used, and they were individually placed on top of three CWs 

(Guo et al., 2020). The hoods were sealed to the CWs with silicone adhesive to prevent gas 

leakage. Measurement was carried out during each phase three times. The test time was from 

8 a.m. to 12 a.m., corresponding to the time of sampling, and the gas samples were collected 

every hour using a syringe. The gas fluxes were determined based on the gas concentration 

measured by the gas chromatography unit (GC-2010 Plus, SHIMADZU, Japan) and calculated 

using the Equation. (S1) (Gu et al., 2022). 

 

𝐹𝐹 = 𝑉𝑉
𝐴𝐴

× 𝑑𝑑𝐶𝐶𝑡𝑡
𝑑𝑑𝑑𝑑

                             (S1) 

 

Where F is the gas flux (mg/m2/h); V is the chamber volume (m3); A is the basal area of 

the gas chamber (m2); dCt/dt is the rate of gas concentration change (mg/m3/h). 
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Text S2. Calculation of the average percentage of remaining PCL ester groups 

Based on the values of normalized absorbances of MPCM ester groups obtained by FTIR 

before and after the experiment, the average percentage of remaining MPCM ester groups was 

calculated by Equation. (S2) (Fukushima et al., 2013). 

 

%𝐷𝐷𝐷𝐷(𝑡𝑡) =
(
𝐴𝐴𝑒𝑒(𝑡𝑡)
𝐴𝐴𝐶𝐶𝐶𝐶(𝑡𝑡)

)

( 𝐴𝐴𝑒𝑒0
𝐴𝐴𝐶𝐶𝐶𝐶0

)
× 100%                      (S2) 

 

Where %De(t) is the average percentage of remaining MPCM ester groups at degradation 

time (t); Ae(t) is the normalized absorbance of the MPCM ester groups (1720 cm-1) at 

degradation time (t); ACH(t) is the absorbance of –(CH2)n– stretching groups (731 cm-1) at 

degradation time (t); Ae0 is the absorbance of the MPCM ester groups previous to the 

experiment; ACH0 is the absorbance of –(CH2)n– stretching groups previous to the experiment. 
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Text S3. Isotopic tracer incubations 

The entire procedure was conducted inside a glovebox filled with high purity helium (He). 

Before the incubation, substrate slurries were prepared by adding 20 mL sterile anoxic 

deionized water (with trace element and EDTA-Na at the same concentration as the influent) 

to approximately 5 mL substrates from sampling sites of three CWs in 100 mL serum vials. 

Serum vials were sealed with butyl rubber septa and aluminum caps after homogenization. 

Then, the serum vials were preincubated anoxically in the dark at 24 °C for 24 h to eliminate 

indigenous oxygen (O2), nitrite (NO2
--N) and nitrate (NO3

--N) while retaining the indigenous 

reducible MnO2 almost unchanged. Three treatment groups (n = 3 per treatment group) were 

established: (1) sterile anoxic deionized water without 15NH4Cl (group-Control), (2) 15NH4Cl 

addition (15N at 99%, group-15NH4Cl), and (3) 15NH4Cl and acetylene (C2H2) addition (group-

15NH4Cl + C2H2). As for group-15NH4Cl and group-15NH4Cl + C2H2, the ultrahigh purity He-

purged stock concentrated 15NH4
+-N (15NH4Cl) solution was added to reach the concentration 

of 7 mg/L 15NH4
+-N (based on the actual situation in the experiment). For group-15NH4Cl + 

C2H2, the gas occupying 30% (v/v) of the headspace was evacuated and replaced with C2H2. 

All vials were shaken vigorously to homogenize the slurries and dissolve the C2H2.  

After 48 h of incubation in the dark at 24 °C, 20 mL of gas samples were collected with 

gastight syringes and injected into 50 mL air pockets. Isotope ratio mass spectrometry (IRMS, 

Sercon 20-22) was used to determine the 30N2 and 29N2 enrichment in the gas samples. The 

concentrations of 30N2 and 29N2 were calculated through background subtraction (Zhu et al., 
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2013), and the potential Mnammox rates were quantified through the difference in 30N2 

production with and without 15NH4Cl. Additionally, the incubated slurries were sampled 

immediately after each gas sample was collected to measure the MnO2 reduction rates based 

on the production rates of Mn2+ concentration during the incubations. 

  

5 

 



 

Text S4. Structural equation model 

The structural equation model was used to investigate the impact of MPCM and HRT on 

NH4
+-N and TN concentrations of the effluent and N2O emission. Model fit was assessed 

through several tests such as χ2 test (0 < χ2/df <2, 0.05 < P < 1.00), high goodness-of-fit index 

(GFI, 0.9 < GFI < 1.0), the comparative fit index (CFI, 0.9 < CFI < 1.0), and the low root means 

square errors of approximation (RMSEA, < 0.05). 

Results showed that the model fit in this experiment was adequate with χ2/df of 1.469, P 

value of 0.184, GFI of 0.977, CFI of 0.996, and RMSEA of 0.056. The standardized effect 

value and pathways of the structural equation model were obtained once the model was 

constructed. 
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Fig. S1. NH4+-N loading rate of influent and NH4+-N removal rates during the experiment (a). The nitrogen loading rate of 

influent and nitrogen removal rates during the experiment (b). H, L, and C are corresponding CWs.  
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Fig. S2. COD of influent and effluents from the three CWs during the experiment (a). TP of influent and effluents from the 

three CWs during the experiment (b).  
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Fig. S3. NO3--N concentrations along with the heights of the three CWs in phase 1 (HRT = 4 d, a), phase 2 (HRT = 3 d, b), 

phase 3 (HRT = 2 d, c), phase 4 (HRT = 1 d, d), and phase 5 (HRT = 0.5 d, e).  
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Fig. S4. COD concentrations along with the heights of the three CWs in phase 1 (HRT = 4 d, a), phase 2 (HRT = 3 d, b), phase 

3 (HRT = 2 d, c), phase 4 (HRT = 1 d, d), and phase 5 (HRT = 0.5 d, e).  
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Fig. S5. SEM images of: MPCMs before the experiment (a), MPCM in H-CW after the experiment (b), and MPCM in L-CW 

after the experiment (c). Biological SEM images of: MPCM with biofilm in H-CW after experiment (d), and MPCM with 

biofilm in L-CW after experiment (e). (Magnification resp. a, b, c: × 2 k; d, e: × 5 k. The linear structures are indicated by red 

arrows.) 
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Fig. S6. FTIR spectra of MPCM before and after the experiment. The peak at 731 cm-1 belongs to the –(CH2)n– stretching 

groups. The peaks at 1238 and 1170 cm-1 are associated with asymmetric and symmetric stretching of C-O-C, respectively. 

The peak at 1293 cm-1 is related to C-O and C-C stretching. The sharp peak at 1720 cm-1 belongs to ester groups (COOR). The 

peaks at 2943 and 2864 cm-1 corresponded to asymmetric and symmetric stretching of -CH2, respectively. Those mentioned 

above are similar to previous studies (Kweon et al., 2004; Fukushima et al., 2013; Pereira Barros et al., 2020; Gautam et al., 

2021). 
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Fig. S7. DSC thermograms of MPCM before and after the experiment. The vertical line indicates the melting temperature. The 

horizontal line indicates the melting range.  
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Fig. S8. Mn2+ concentrations and ORP values along with the heights of the three CWs in phase 1 (HRT = 4 d, a), phase 2 (HRT 

= 3 d, b), phase 3 (HRT = 2 d, c), phase 4 (HRT = 1 d, d), and phase 5 (HRT = 0.5 d, e).
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Table S1. Comparison of economic costs and nitrogen removal rates with existing CW substrates. 

Type of substrates 
Influent 
NH4+-N 
(mg/L) 

Influent 
NO3--N 
(mg/L) 

Influent 
organic 
matters 

NH4+-N 
removal 
rate (mg 
N/L/d)  

NO3--N 
removal 
rate (mg 
N/L/d) 

TN removal 
rate (mg 
N/L/d) 

N2O 
emission 

fluxes 
(μg/m2/h) 

Price 
(RMB/m3 

CW) 
Remarks 

Types of 
CWs 

Reference 

MPCM  
(H-CW) 

8 12 
Cellulose 
(COD=60 

mg/L) 
8.56 13.11 16.44 40.50 1407.5 

Heating at 
70°C 

Vertical 
Subsurface 
Flow (VSF) 

H-CW in 
this study 

MPCM  
(L-CW) 

8 12 
Cellulose 

(60) 
11.12 6.18 10.34 63.33 703.8 

Heating at 
70°C 

VSF 
L-CW in 
this study 

Birnessite sand 8 12 
Sucrose 
(53.5) 

2.70 4.00 6.53 - 4229.9 
Heating to 

boiling 
VSF 

(Cheng et 
al., 2022a) 

Birnessite-coated 
sand 

20 20 
Sucrose 

(50) 
6.13 6.03 - - 4229.9 

Heating to 
boiling 

VSF 
(Xie et al., 

2018) 

Birnessite-coated 
quartz sand 

8 - 
Glucose 
(56.3) 

- 2.03 - 148 4759.8 
Heating to 
boiling and 

freeze-drying 
VSF 

(Cheng et 
al., 2022b) 

Manganese ore 26.03 13.66 
Sodium 
acetate 
(101) 

5.39 4.14 9.38 3100 1481.9 - VSF 
(Cheng et 
al., 2021) 

Iron ore  26.03 13.66 
Sodium 
acetate 
(101) 

2.98 4.35 8.97 4390 279.1 - VSF 
(Cheng et 
al., 2021) 

Manganese ore 13.84 - 
Not 

mentioned 
9.19 - - - 4094.4 

Aeration in 
CW* 

VSF 
(Li et al., 
2021a) 

Pyrite - 35 
Sodium 
acetate 
(150) 

- 21.8 - - 2080.2 - VSF 
(Si et al., 

2021) 

Modified canna 
leaves supported 

on nZVI   
- 50 (200) - 48.0 - - 

3046.9 
(The lifespan 
is nine days) 

Drying at 
60°C and 
heating at 

100°C 

VSF 
(Zhao et al., 

2019) 

Modified rice 
straw supported 

- 50 (200) - 46.0 - - 
3038.6 

(The lifespan 
Drying at 
60°C and 

VSF 
(Zhao et al., 

2019) 
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on nZVI is nine days) heating at 
100°C 

Modified peanut 
shell supported on 

nZVI 
- 50 (200) - 47.0 - - 

3014.8 
(The lifespan 
is nine days) 

Drying at 
60°C and 
heating at 

100°C 

VSF 
(Zhao et al., 

2019) 

Typha latifolia 
biochar 

- 20 
Cellulose  
+ Starch 

(60) 
- 4.39 3.99 - 226.3 

Pyrolyzing at 
300°C 

VSF 
(Guo et al., 

2023) 

Eucalypt wood 
mulch 

33 0.2 
Glucose 

(63) 
46.83 -8.73 38.25 - 1212.1 

195% COD 
increased in 
the effluent  

VSF 
(Saeed and 
Sun, 2011) 

Cornstarch/PCL 
blends (11:6) 

- 50 - -4.88 41.93 - - 342.0 

Extrusion 
blending and 
significant 
increase of 

TOC in 
effluent 

Vertical Flow 
(VF, liquid 

surface over  
substrate) 

(Shen et al., 
2015) 

Typha latifolia 
biochar 

8 12 
Cellulose  
+ Starch 

(60) 
2.56 3.39 5.38 41.99 181.0 

Pyrolyzing at 
600°C 

VSF 
(Zheng et 
al., 2022) 

PCL 6.71 7 - 13.42 8.74 21.44 - 865.0 
Aeration in 

CW* 
VSF 

(Wang et al., 
2023) 

PHBV/PLA  
blends (1:1) 

5 10 - 6.68 19.52 19.08 - 1089.1 

Significant 
increase of 

COD in 
effluent 

VF 
(Yang et al., 

2018) 

PHBV/PLA  
blends (1:1) 

5 10 - 9.18 18.64 27.30 - 1089.1 

Aeration in 
CW* and 
significant 
increase of 

COD in 
effluent 

VF 
(Yang et al., 

2018) 

PHBV/PLA 
blends (1:1) 

3.56 0.162 (33.8) 1.45 0.05 2.18 - 162.9 
Heating at 
190°C and 

Horizontal 
subsurface 

(Jia et al., 
2021) 
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Aeration in 
CW* 

flow  (HSF) 

Hydrophilic 
cotton microfiber 

+ PBS 
25 14 

Sucrose 
(100) 

16.28 - 24.65 - 727.43 - 

Hybrid VSF 
(unsaturated 

zone + 
saturated 

zone) 

(Zheng et 
al., 2021) 

PBS 25 14 
Sucrose 

(100) 
14.67 - 23.50 - 638.74 - 

Hybrid VSF 
(unsaturated 

zone + 
saturated 

zone) 

(Zheng et 
al., 2021) 

Note: The removal rate referred to in the table refers to the mean removal rate during the period with the best removal effect. The N2O emission fluxes referred to in the table refers to the mean 

emission fluxes. The price mentioned in the table refers to the price of the substrates in the group with the maximum nitrogen removal rate. When the literature does not explicitly mention a price, 

the price will be estimated based on the 2023 price year from the http://www.alibaba.com/, https://www.aladdin-e.com/zh_cn/ and https://www.taobao.com/. The price only includes the material 

cost of the substrates and does not include the energy losses involved in the manufacturing, as detailed in the Remarks column (* indicates the process during the operation of CWs). For biochar 

in the table, if the raw material is collected in the field, there may be no cost involved. 

Specifically, the link of quartz sand is https://www.alibaba.com/product-detail/Silica-Quartz-Sand_60373262217.html?spm=a2700.galleryofferlist.normal_offer.d_image.72d618abfg5D9j; 

the link of manganese ore is https://www.alibaba.com/product-detail/cheapest-price-Manganese-Ore_1700001729695.html?spm=a2700.galleryofferlist.normal_offer.d_image.6f657ae3B1R8

nj; 

the link of iron ore is https://www.alibaba.com/product-detail/Iron-ore-bulk-quantity-big-size_1600193908661.html?spm=a2700.galleryofferlist.normal_offer.d_image.1f8242fcpWaORw;  

the link of pyrite is https://www.alibaba.com/product-detail/High-quality-and-latest-design-ferrous_11000006514303.html?spm=a2700.galleryofferlist.normal_offer.d_image.370a3981LML

O3n;  

the link of volcanic rock is https://www.alibaba.com/product-detail/lava-stone-wall-veneer-Red-Lava_1600743313678.html?spm=a2700.galleryofferlist.p_offer.d_image.64c73615fDkyxZ&

s=p;  

the link of online store selling plant tissues is https://m.1688.com/winport/b2b-2209672599863a35b7.html?share_token=MbmTPaafc2TwKr4OS6nrmDDgVs2s19Dgdt1JnBh76YUDKYcz

4f8O/g==&__share_id=dfa4eaff-7e02-4f32-aadc-3b617a037c23&_tabId_=offerlist&spm=a262eq.8992535/20230930.5103953.0&__removesafearea__=1&cbu_sv_id=d3fa2b75-8249-41eb-a29

d-08e67ee3cfe9&src_cna=zhCfHetinl8CAXdWsSGbcjFz&visitorId=d3fa2b75-8249-41eb-a29d-08e67ee3cfe9&isVisited=true;  

the link of Typha latifolia is https://www.alibaba.com/product-detail/Dried-Natural-Jumbo-latifolia-typha-angustifolia_62295609930.html?spm=a2700.galleryofferlist.normal_offer.5.51771e
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b5OdbkRk;  

the link of eucalypt wood mulch is https://www.alibaba.com/product-detail/Factory-Directly-Wholesale-Pine-Orchid-Bark_1600370362837.html?spm=a2700.galleryofferlist.normal_offer.d

_title.54f45333jE9HOn;  

the link of polymers is https://www.alibaba.com/product-detail/Polycaprolactone-Raw-Material-PCL-Resin-Polycaprolactone_1600442318264.html?spm=a2700.galleryofferlist.p_offer.d_im

age.53013ad7RsOluh&s=p;  

the link of cornstarch is https://www.alibaba.com/product-detail/Low-Moisture-Modified-Cornstarch_11000008912075.html?spm=a2700.galleryofferlist.normal_offer.d_image.3b5aa4efV4h

b7L;  

the link of plasticizer and coupling agent is https://www.alibaba.com/product-detail/Leading-Manufacturer-of-IOTA-Silicone-oil_60390595285.html?spm=a2700.galleryofferlist.normal_of

fer.d_image.23914096HcwtWx;  

the link of ceramic particle is https://www.alibaba.com/product-detail/Colored-ceramic-particles-china-manufacture-best_1600824807643.html?spm=a2700.galleryofferlist.normal_offer.d_ti

tle.12835055iSUhyk.
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Table S2. Synthetic influent 

Parameter Concentration (mg/L) 

Carbon source Cellulose (50.64) 

Nitrogen source NaNO3 (72.85), NH4Cl (30.57) 

Other composition 

KH2PO4 (4.4), CaCl2·2H2O (100), MgCl2·6H2O (60), FeCl2·4H2O (10), EDTA-Na (20), 

ZnSO4·7H2O (0.4), MnCl2·4H2O (0.5), CoCl2·6H2O (0.6), CuCl2·6H2O (0.05), H3BO4 

(1.0), NiCl2·6H2O (0.04), Na2MO4·2H2O (0.06), 

NaHCO3 (100) 
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Table S3. Different phases in the whole experiment 

Phase 1 2 3 4 5 

HRT (d) 4 3 2 1 0.5 

Duration (d) 40 50 60 60 50 

 

Table S4. Primers for 16S rRNA gene used in this study and the corresponding qPCR thermal conditions. 

Functional gene 

Annealing 

temperature and 

time 

Elongation 

temperature and 

time 

Primer Primer sequence 

16S rRNA 

(Liu et al., 2016) 

53℃, 30 s 72℃, 45 s 

515FmodF GTGYCAGCMGCCGCGGTAA 

806RmodR GGACTACNVGGGTWTCTAAT 
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Table S5. Changes of DO concentrations along the heights of the three CWs in each phase (mg/L) 

 Height (cm) 0 10 20 30 40 50 

Phase 1 

H-CW 5.47 0.02 0.03 0.02 0.78 6.02 

L-CW 5.47 1.05 0.09 0.01 0.86 3.83 

C-CW 5.47 0.51 0.05 0.01 0.98 4.06 

Phase 2 

H-CW 5.30 0.32 0.04 0.03 0.43 7.97 

L-CW 5.30 0.52 0.18 0.04 0.15 8.24 

C-CW 5.30 0.58 0.32 0.35 1.02 7.96 

Phase 3 

H-CW 5.48 0.64 0.22 0.21 0.37 8.29 

L-CW 5.48 0.97 0.15 0.13 0.82 7.15 

C-CW 5.48 1.28 0.88 0.75 0.53 6.64 

Phase 4 

H-CW 5.96 0.76 0.48 0.03 0.48 5.35 

L-CW 5.96 1.15 0.55 0.26 0.76 6.51 

C-CW 5.96 1.79 0.34 0.19 0.16 4.65 

Phase 5 

H-CW 6.72 1.18 0.64 0.61 0.78 7.39 

L-CW 6.72 0.86 0.72 0.55 0.9 7.85 

C-CW 6.72 1.13 0.84 0.86 0.57 7.17 
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Table S6. The specific microbial composition in Figs. 6a – c. 

Group Genus Function Reference 

Fe-related bacteria 

Dechloromonas 
Fe-oxidation 

(Wang et al., 2022) 
Rhodoplanes 

(Desireddy and Chacko, 2021) Desulfomicrobium 
Feammox 

Desulfosporosinus 

Other DMR-related 
bacteria 

Methylophilus 
Dissimilatory metal 

reduction 
(Liu et al., 2020) Anaeromyxobacter 

Deferrisoma 
Desulfuromonas (Wang et al., 2022) 

Other Mn-oxidation 
bacteria 

Zoogloea 

Mn-oxidation 

(Cheng et al., 2022b) 
Acinetobacter 
Rhodobacter (Brauer et al., 2011) 

Pseudoxanthomonas 
(Ashassi-Sorkhabi et al., 

2012) 
Microbacterium 

(Yang et al., 2013) 
Agromyces 

Sphingobium (Yli-Hemminki et al., 2014) 
Halomonas (Lee et al., 2021) 

Stenotrophomonas (Barboza et al., 2015) 
Nakamurella (Wang et al., 2021) 

Other AOB 

Nitrosospira 

Ammonia oxidation 

(Zhang et al., 2021) 
Candidatus_Accumulibacte

r 
(Zeng et al., 2016) 

Bacillus (Cheng et al., 2022a) 
Ammonia-oxidizing 

archaea 
Nitrosarchaeum (Jung et al., 2018) 
Crenarchaeota (Li et al., 2021b) 

Feammox-related bacteria 
Desulfosporosinus 

Feammox (Desireddy and Chacko, 2021) 
Desulfomicrobium 

Anammox-related 
bacteria 

Candidatus_Anammoximicr
obium 

Anammox 
(Chen et al., 2019) 

Candidatus_Jettenia 
Steroidobacter (Wang et al., 2022) 

Candidatus_Brocadia (Guo et al., 2022) 

DNRA-related bacteria 

Anaeromyxobacter 

DNRA 

(Liu et al., 2020) 
Lacunisphaera 

(Wang et al., 2020) 
Sorangium 

Actinomyces 
Syntrophus 

Nakamurella (Wang et al., 2021) 

Other autotrophic 
denitrification bacteria 

Zoogloea 
Mn- autotrophic 
denitrification 

(Cheng et al., 2022b) 

Thiothrix 
Autotrophic 

denitrification 
(Yang et al., 2018) 

Dechloromonas 
Fe- autotrophic 
denitrification 

(Gu et al., 2022) 

Other heterotrophic 
denitrification 

bacteria 

Steroidobacter 

Heterotrophic 
denitrification 

(Wang et al., 2022) 
Halomonas 

(Cheng et al., 2022a) 
Aeromonas 
Paracoccus 

Trichococcus 
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Staphylococcus 
Paenibacillus 

Flavobacterium 
Clostridium_sensu_stricto_

3 
(Yang et al., 2018) 

Anaerolineaceae_UCG-001 (Wang et al., 2022) 
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