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in the later stage of the operation cycle. The dissolved PH; concentration in the CW
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Phosphine CWs could increase the proportion of available phosphorus and subsequently increase
Phosphorus cycle the phosphorus adsorption capacity by 103.6%. An exogenous electron donor promoted
Polylactic acid ) the production of nicotinamide adenine dinucleotide and subsequently increased the
Matrix-bound phosphine production of PHs. This study revealed a new biological pathway to enhance phosphorus

Sustainable operation removal by CWs, which should shed light on their sustainable operation.
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1. Introduction

Phosphine (PH3) is a potent reducing agent and has been extensively documented as the gaseous carrier of phosphorus
(P) in the global biogeochemical cycle (Chen et al., 2017). To date, PH3 has been observed in wastewater treatment plants
(WWTPs) (Devai et al., 1988), the global atmosphere (Glindemann et al., 2003), soil (Eismann et al., 1997), oceans (Zhu
et al, 2011), and other environments (Ding et al., 2005). PH; mainly exists in the forms of free gaseous PH3 (FGP), matrix-
bound PH3 (MBP), and dissolved PH3 (DP) (Eismann et al., 1997; Glindemann et al., 2005). It is estimated that at least
40,000 tons of PH3 enter the atmosphere every year, and PH; will transform to phosphates under specific conditions and
migrate to water bodies or soils through precipitation and deposition, which could accelerate the biogeochemical cycle
of P (Fu and Zhang, 2020).

Although P is one of the core elements of life activities, its distribution in ecosystems is not in equilibrium. Excessive P
in water will lead to mass algae blooming, resulting in water quality deterioration. Constructed wetland (CW) is an efficient
ecological technique for removing P from water bodies. Vymazal (2007) reported that the total phosphorus (TP) removal
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Nomenclature

Abbreviations

CoD Chemical oxygen demand

W Constructed wetland

CW-C Conventional constructed wetland
CW-P Polylactic acid particles enhanced constructed wetland
DO Dissolved oxygen

DP Dissolved phosphine

Eh Redox potential

FGP Free gaseous phosphine

FID Flame thermionic detector

GC Gas chromatograph

HCI-P Phosphorus extracted by HCl solution
HRT Hydraulic retention time

MBP Matrix-bound phosphine

NADH Nicotinamide adenine dinucleotide
NaHCO3-P Phosphorus extracted by NaHCO5 solution
NaOH-P Phosphorus extracted by NaOH solution
NH4"-N Ammonia-nitrogen

NO,™-N Nitrite-nitrogen

NO;~-N Nitrate-nitrogen

P Phosphorus

PH3 Phosphine

PLA Polylactic acid

PVC Polyvinyl chloride

Resin-P Phosphorus extracted by resin

SBBR Sequencing batch biofilm reactor

TP Total phosphorus

WWTP Wastewater treatment plant

rate in all types of CWs varied from 40% to 60%. Adsorption and precipitation by substrates are the primary mechanisms of
P removal in CWs (Wu et al,, 2015). Many scholars have committed to researching and developing efficient P adsorption
substrates over the past decades (Wu et al.,, 2015). CWs with mine waste (coal gangue, iron ore and manganese ore) could
increase the removal of TP by 17-34%, which is attributed to the strong binding mechanism of phosphate with the oxides
and hydroxides of Mn, Fe and/or Al that are leached out of mine waste (Wang et al., 2022). CWs coupled to microbial
fuel cells filled with alum sludge reduced TP in the effluent by approximately 90% (Yang et al., 2021). The substrates for P
removal include natural minerals, industrial by-products and artificial products, which are all used to enhance P removal
in CWs (Westholm, 2006). However, after the CW runs for 3-5 years, the problem of substrate adsorption saturation
arises, leading to a sharp decline in P removal efficiency (Arias et al., 2001). Blanco et al. (2016) studied the P removal
efficiency of CWs filled with steel slag aggregates, and found a gradual decline in P removal efficiency from 99% to 7%
with the decline in Ca** and OH. Although the P removal efficiency of CWs can be improved by replacing substrates or
by chemical regeneration (Drizo et al., 2002; Pratt et al., 2009), it will significantly increase the operation cost and affect
the sustainable operation of CWs.

Recently, a new phosphorus removal process based on biological reduction of phosphate to PH3 (dephosphorization
by gasification) has attracted wide attention in wastewater treatment. Devai et al. (1988) calculated the material balance
of P in a wastewater treatment system and found that approximately 25-50% of the P deficit can be explained by the
formation of PHs. Yang et al. (2016) found that in a sequencing batch biofilm reactor (SBBR), the P removal efficiency
was 85-94% without excess sludge discharge, and a significant concentration of MBP (3.11 mg-PH;-kg~! wet sludge) was
detected. Dephosphorization by gasification provides a new possibility for enhancing the P removal of CWs. It is of great
significance to clarify the impact of PH3 on P removal in CWs.

The mechanism of PH; formation in nature has been controversial for decades. Some scholars believe that PHs
formation is associated with microorganisms because various kinds of P compounds can be reduced to PH; under the
effect of anaerobic bacteria (Han et al,, 2002; Roels et al., 2005). However, Glindemann et al. (2005) proposed that PH;
was generated from rocks via mechanochemical or “tribochemical” weathering. To date, the mechanism of PH3 production
is still unclear, and no study has been conducted to analyze the characteristics and mechanism of PH; production in CWs.
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In this study, we conducted several constructed wetland microcosms and comprehensively evaluated the character-
istics of PH3 production in CWs, which have been previously neglected. The effect of PH; on phosphorus retention was
revealed, which provides new insight into phosphorus transformation in CWs. In addition, we have preliminarily clarified
the mechanism of PH; production by exogenous electron donor supported. Overall, the findings of this study provide new
insight into the long-term effective phosphorus removal by CWs.

2. Materials and methods

To investigate the formation characteristics of PH; and its effect on phosphorus retention in CWs, a series of CW
microcosms were designed and operated at Shandong University, Qingdao, China.

2.1. Experimental set-up

CW microcosms (inner diameter, 24 cm; height, 85 cm) made with polymethyl methacrylate were divided into two
groups and operated for 150 d. A perforated PVC tube (length x diameter = 85 cm x 3 cm) was vertically inserted
into the CWs for physicochemical index monitoring. The control group was a conventional CW (CW-C) filled with quartz
sand (diameter ranging from 0.8 to 1.6 cm), and the treatment group was an enhanced CW (CW-P) filled with quartz
sand and 30% (v/v) polylactic acid particles (PLA, diameter 0.5 cm) at depths of 15-60 cm. Synthetic polymers (such as
polycaprolactone, polyhydroxyalkanoates and polylactic acid) have historically been added to CWs as electron donors
for denitrification (Shen et al., 2015). Lactate is commonly used as a high-energy electron donor for biological reduction
processes (Xia et al., 2019). Therefore, PLA was added to CWs to optimize bio-reduction environment. Iris pseudacorus,
which is widely distributed in the wetlands of northern China and has strong pollution resistance and cold resistance,
was planted in the CWs at a density of 70 rhizomes per square meter. After acclimation of plants and microorganisms for
30 d, the formal experiment was conducted.

2.2. Experimental procedures

The CWs were operated under intermittent conditions and were controlled by a solenoid valve and a programmable
timer. An intermittent operation strategy for CWs can achieve high pollutant removal efficiency (Zhang et al., 2020).
The flooding and draining phases were rhythmically set, including a 0.1 h feeding phase, an 18 h flooding phase, a
0.3 h draining phase, and a 5.6 h idle phase. The hydraulic retention time (HRT) was 24 h. The synthetic water was
composed of CgH1,0g, NH4Cl, KH,PO4, and trace elements, which simulated the rural domestic sewage of northern China,
and the concentration of P was appropriately increased (Table S1). The inflow concentrations of chemical oxygen demand
(COD), TP, and ammonia-nitrogen (NH;*-N) were 203.36 & 3.10 mg-L~!, 5.14 + 0.11 mg-L™', and 20.63 + 0.40 mg-L™",
respectively.

2.3. Phosphine analysis

The gaseous PH3 released from the CWs was collected using the static closed-chamber method (Zhang et al., 2018).
The PH3 in gas samples was measured using a gas chromatograph (GC-2010 Pro, Shimadzu) equipped with a capillary
column (SH-rTX-5, 30 m x 0.32 mm x0.50 pm, Shimadzu) and a flame thermionic detector (FTD). The gas samples were
enriched through an ultralow temperature capillary cryo-trap (Al;03/Na,;SO4 capillary column) before being injected into
the GC. The oven temperature of the GC was 40 °C, and the temperature of the FTD was 250 °C. Nitrogen (N,) was the
carrier gas with a flow rate of 2 mL-min~!. The FTD gases were high purity hydrogen (H,, 3 mL min~!) and dry air (150
mL-min~—'). The detection limit of PH; was 0.1 ng-m—>.

The gaseous PH3 emission fluxes were calculated by the following equation (Han et al., 2011a):

F = (dC/dt) x (M/Vo) x (P/Po) x (273 +T)/273 x H (1)

where F represents the gaseous PH; emission flux (ng m~2-h~!); dC/dt is the slope of the linear regression for the
PH; concentration gradient over time (nmol-mol~'-min~!); M is the relative molecular mass of PH; (g-mol™!); V; is
the standard molar volume of gas (mL-mol~'); P and P, are the atmospheric pressure in the chamber and standard
atmospheric pressure (Pa), respectively; T is the atmospheric temperature during sampling (K); H is the effective height
of chamber (m).

An acidic digestion method was applied to analyze the MBP (Han et al., 2000). Briefly, the fresh substrate samples (1 g)
were digested in a self-made glass reactor with 5 mL 0.5 mol-L~! sulfuric acid under an N, atmosphere (5 min, 55 °C).
The liberated gaseous PH3 was collected into a syringe and analyzed by GC as described above.

The multiple phase equilibration technique was applied to analyze dissolved PH; (Niu et al., 2004). Briefly, a 30-mL
water sample and 20-mL N, were extracted into a syringe and then shaken for 2 min to reach equilibration for PHs
extraction. Finally, the extracted PHswas detected by GC as described above. The concentration of dissolved PH; was
calculated according to Henry's law.
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2.4. Physicochemical analysis

TP, NH4"-N, nitrate-nitrogen (NO3~-N), nitrite-nitrogen (NO,~-N) and COD, were analyzed every four days according
to standard methods (APHA, 2012). The dissolved oxygen (DO) and redox potential (Eh) were measured in situ with
multiparameter electrochemical analyzer (Hach, HQ40d, Colorado, USA).

Substrates samples from different layers in the CWs were collected at the end of the experiment (Li et al.,, 2021).
The P fractions were analyzed using a modified Hedley sequential extraction method (Huett et al., 2005). The sequential
extractions were performed with a solid-to-liquid ratio of 0.5 g: 30 mL. Resin-P was obtained by extracting the substrates
with H,0 and anion exchange membranes saturated with a NaHCO3 solution, NaHCO3-P was obtained by extracting the
substrates with 0.5 mol-L~! NaHCO;, NaOH-P was obtained by extracting the substrates with 0.1 mol-L~! NaOH, HCI-P
was obtained by extracting the substrates with 1.0 mol-L~" HCl. Each extraction was performed under continuous shaking
for 16 h. Following extraction, each suspension was centrifuged, and then the supernatants were taken for analysis. The
residues were digested with hydrogen peroxide and sulfuric acid for residual-P analysis.

The P mass balance in CWs was calculated by the following equations (Nguyen et al., 2020):

Lin = Gin x HLR = Gy x Q /A = (Gin x Vin)/(A x HRT) (2)
Loue = Cour x HLR = Coye X Q /A = (Cour X Vour)/(A x HRT) (3)
Am = Lip — Lour = (Cin X Vin — Cour X Vou[)/(A X HRT) (4)

where Am is the TP removal rate (gP-m=2-d=1); Lin/ou is the P loading rates of the inflow and outflow (gP-m—2.d~1),
respectively; Cioue is the P concentration of inflow and outflow (gP-m~2.d~1), respectively; Vinjour 1S the wastewater
volume of inflow and outflow (m?), respectively; Q is the inlet flow (m3-d~1); A is the CW area (m?); HRT is the hydraulic
retention time (d).

If the different pathway of P is considered, the Am can be calculated by the following equations:

Am = Riagrix sorption + Rptant uptake + Rphosphine emission + Rothers (5)
Rmatrix sorption = (Gratrix X Mmagix)/(A x T) (6)
Rpiant uptake = (Cplant X Mplant)/(A xT) (7)
Rohosphine emission = Nphosphine/(A % T) (8)
Rothers = Am — Rmam'x sorption — Rplan[ uptake — Rphosphine emission (9)

where Cpgrix and Cpine are the P contents in the matrix after use and in the plant after harvest from CWs (g-kg™"),
respectively; Mpgrix and Mpjqn; are the mass of the matrix and plant (kg), respectively; Nphosphine is the PH; released during
the whole operation time of CWs (g); T is the whole operation time of CWs (d).

2.5. Microbial analysis

Samples from different depths of the CWs were taken at the end of the experiment and subjected to Illumina HiSeq
sequencing of 16S rRNA. Genomic DNA was extracted using a DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA,
USA) according to the manufacturer’s instructions. The V4 hypervariable region of the 16S rRNA gene was amplified with
the primers 515F and 806R (Caporaso et al., 2011). The amplicons were purified, followed by sequencing on an Illumina
Hiseq2500 platform at Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China).

The nicotinamide adenine dinucleotide (NADH) content was quantified using assay kits obtained from Shanghai
Enzyme-linked Biotechnology Co., Ltd. The specific test steps were performed according to the kit instructions.

2.6. Statistical analysis

All mathematical calculations of the raw data were performed in Excel 2019 (Microsoft office 2019, Microsoft, USA).
Statistical analyses were performed using SPSS 22 (SPSS Inc., USA). All assays were performed in triplicate and were
evaluated as significant based on a P value less than 0.05. The figures were generated with Origin 2018 (OriginLab, USA).

3. Results and discussion
3.1. Pollutants removal performance of constructed wetlands

Fig. 1 shows the pollutants removal efficiencies of different CWs. The COD removal efficiencies of CW-C and CW-P
were 91.88% and 91.41%, respectively. The COD concentration of CW-P (17. 46 + 1.26 mg-L~!) was slightly higher than
that of CW-C (16. 51 % 3.33 mg-L™!), mainly due to the degradation of PLA, as concave cavities induced by microbial
corrosion could be observed on the surface of PLA granules at the end of the experiment (Fig. S1). The NH4*-N removal
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Fig. 1. Average removal efficiencies of total phosphorus (TP), ammonia-nitrogen (NH;*-N) and chemical oxygen demand (COD) in different
constructed wetlands. The values of median, upper quartile, and the lower quartile are presented as the box.

efficiencies of CW-C and CW-P were 59.21% and 47.58%, respectively. Nitrification is the primary process to remove NH,*-
N from CWs, but nitrification could be restrained by DO (Ding et al., 2016). CWs with high DO (6 mg-L~!) by nozzle spray
aeration could achieve an NH4-N removal efficiency of 99.52% (Al-Wahaibi et al., 2021). The addition of PLA promoted
competition among heterotrophic bacteria for DO and affected nitrification, so the NH4+-N removal efficiency in CW-P
was lower than that in CW-C. The TP removal efficiency of CW-P was 52.96% higher than that of CW-C (41.99%). This
result occurred because the addition of PLA optimized the migration and transformation of P in CW-P, thereby improving
its P removal efficiency. For a detailed analysis, please refer to Section 3.3.

3.2, Characteristic presence of phosphine in constructed wetlands

Generally, the PH3 in CWs exists in three forms, i.e., dissolved PH3, gaseous PH3, and matrix-bound PHs. The average
concentrations of dissolved PH; in CW-P and CW-C were 4.08 +0.96 pug-L™' and 2.73 £0.62 pg-L~!, respectively.
Phosphine from different sources is shown in Table 1. Niu et al. (2004) found that the dissolved PH3 in Taihu Lake ranged
from 1.92 to 3.01 pg-L™!, which is much lower than that in CW-P and CW-C. CWs are often in an anaerobic or anoxic
state, and the phosphate concentration in the interstitial water of the CW is much higher than that in the lake (0.09-
0.26 mg-L~1), which is conducive to the reduction of phosphate to PHs. PH; released into water bodies can stimulate the
growth of Thalassiosira pseudonana by promoting the expression and activity of phosphate transporter genes (Fu et al.,
2013). Given the relatively low critical concentration of P that produced eutrophication (i.e., 10-20 pg-L™1), the dissolved
PH3 and its oxides in the effluent could promote cyanobacterial bloom outbreaks (Sheng et al., 2019), and the role of
dissolved PHj in the effluent of the CW may have been underestimated.

Fig. 2a shows the gaseous PH; release flux during a typical cycle. The PHj release fluxes of CW-P and CW-C were
220.50 + 25.40 pg-m~2-h~! and 139.99 + 13.91 pg-m~2-h~!, respectively (Eq. (1)). At the beginning of the flooding phase,
phosphate was mainly adsorbed and precipitated on the substrates, and the redox potential of the CW was greater than
150 mV (Fig. 2b). PH3 is a potent reducing agent, and a higher redox potential is disadvantageous for the production
and preservation of PH; (Chen et al., 2017). With the increase in submersion, the redox potential decreased, and the
reducing environment gradually emerged in the CWs. Thus, the production and preservation of PH; were guaranteed,
and the release of gaseous PH3; was detected at the later stage of the flooding period. Moreover, the flux of PH; in CWs
was higher than that at the lake sediment-water interface, but lower than that in the paddy fields (Table 1). Diffusion
resistance in different environments impedes the emission of PH; (Niu et al., 2013).

MBP is the main form of PH3 in CWs. The average concentrations of MBP in CW-C and CW-P were 6.15 ng-kg~! and
13.06 ng-kg~!, respectively. As a high-energy electron donor, PLA might strengthen the phosphate reduction to PHs. The
vertical distribution characteristics of MBP in CWs are shown in Fig. 3. The MBP concentration increased with increasing
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Table 1
Phosphine from different sources.
Form Source Concentration Reference
Louisiana brackish marsh 0.42-6.52 ng-m~2.h~! Devai and Delaune (1995)
Sediment-water Interface 13.8 £ 5 pgm~2.h~! Geng et al. (2005)
Coastal Antarctica 30-407.8 ng-m~3 Zhu et al. (2006)
Free gaseous phosphine Yancheng marsh (=227 & 57)-(276 %+ 100) ng-m~2-h~! Han et al. (2011c)
Lake Taihu 37.0 £ 22.7 ng-m~3 Han et al. (2011c)
Coastal zone of yellow sea 171 £ 0.73 ng-m~3 Han et al. (2011c)
Paddy fields (—4.92 + 2.26)-(14.40 + 0.97) ng.m—2-h~! Chen et al. (2017)
. . Hamburg Harbour (0.2 £ 0.03)-(12.5 £+ 1.9) nM-dm~3 Gassmann (1994)
Dissolved phosphine Taihu Lake water 1.92-3.01 pg-L™! Niu et al. (2004)
Taihu Lake sediment 5-919 ng-kg™' Niu et al. (2004)
Sediment of coastal Antarctica 1.57-3.04 ng-kg~! Zhu et al. (2006)
Matrix bound phosphine Sediment of coastal China 0.89-25.86 ng-kg~! Feng et al. (2008)
Paddy soils 0-7 ng-kg™! Han et al. (2000)
Paddy soils (18.28 + 3.74)-(211.73 + 42.01) ng-kg™! Chen et al. (2017)
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(@) 250 (b)300
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= 200f 200 F
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Fig. 2. Variation of phosphine (PHs) release flux (a) and redox potential (Eh) (b) in a typical period.

matrix depth, and the maximum MBP concentration was observed at the bottom layer (60-75 cm) of the matrix in both
CWs (13.70 £ 2.31 ng-kg! and 16.39 + 2.64 ng-kg~!, respectively). PH; in the surface layer can be easily oxidized to
phosphates or released into the atmosphere, which explains the its low concentration of MBP. However, the reduction
condition at the bottom layer of the CWs is superior to that at the surface layer, and is conducive to the production
and preservation of PH;. Moreover, MBP is similar to a repository of PH3, which can be converted to gaseous PH3 and
dissolved PH3. Gaseous PH3 and dissolved PH3 undergo multiple sorption, desorption, and even oxidation processes when
they migrate inside CWs. The migration and transformation of gaseous PH3; play an important role in the P cycle and
stimulate P removal in CWs.

3.3. Effect of phosphine on phosphorus transformation in constructed wetlands

The phosphorus flow rates (gP-m~2.d~') of different routes in CWs are shown in Table 2. The plant uptake rates of P
in CW-C and CW-P were 0.016 gP-m~2.d~! and 0.020 gP-m~2-d~!, respectively (Eq. (7)). Similar results have also been
reported: Cyperus papyrus (0.014 gP-m~2.d~ '), Phragmites australis (0.032 gP-m~2.d~!), and Potamogeton pectinatus (0.011
gP-m~2.d~") (Luo et al., 2017). However, compared with CW-C, the plant uptake rate of P in CW-P was higher. Wang et al.
(2016) found that the plant P uptake capacity of rice seedlings could be increased under PH3 treatment. Oxygen transport
from plants to the rhizosphere could cause PH3 to transform back to phosphate, which can be easily utilized by plants
and microorganisms.

The matrix had a significant effect on P removal in CWs. P sorption of the matrix in CWs accounted for 30.20-58.86%
of its P removal, much higher than those of plant uptake and PH3 emissions, indicating that matrix sorption dominated
the P removal pathway of CWs. The P sorption of the matrix was 0.342 gP-m~2.d~! in CW-P, which was much higher than
that in CW-C (0.168 gP-m~2-d~!) (Eq. (6)). This result can be explained by the difference in P fractions between CW-P and
CW-C (Fig. 4). In CW-C, the percentages of P fractions declined in the following order: HCI-P (41.07-50.97%) > NaOH-P
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Fig. 3. The concentrations of matrix-bound phosphine (MBP) in different depths of constructed wetlands.

Table 2
Phosphorus flow rates (gP-m~2.d~") of different routes in constructed wetlands.
cw Influent Effluent Plant uptake Matrix sorption  Gaseous PHj Dissolved PH3; Others

CW-C 1582 £ 0.013 1.125 4+ 0.024 0.016 + 0.001 0.168 £ 0.006 (3.07 + 0.86) x 107 (6.63 &£ 1.02) x 10™*  0.276 & 0.037
CW-P 1582 £ 0.013 1.001 & 0.019 0.020 + 0.001 0.342 £ 0.014 (4.82 £ 0.99) x 107 (1.10 £ 0.53) x 10—  0.225 £ 0.029

(32.20-38.39%) > NaHCOs-P (8.65-13.30%) > Resin-P (3.86-9.29%). The same order observed in CW-P: HCI-P (29.56-
44,00%) > NaOH-P (25.06-34.41%) > NaHCO3-P (21.91-24.23%) > Resin-P (8.54-13.65%), which is consistent with the
results reported by Si et al. (2021). The availability of P fractions for organisms is as follows: Resin-P and NaHCOs;(readily
organism-available P) > NaOH-P (moderately available, Al-Fe-associated P) > HCI-P (slowly available, Ca-Mg-associated
P) (Ashjaei et al., 2010). Moreover, compared with CW-C, the proportion of readily organism-available P in CW-P was
increased, and the proportions of Al-Fe-associated P and Ca-Mg-associated P were decreased. Han et al. (2011b) suggested
that Ca-associated P mainly affects MBP production in paddy soils. The generation of a high concentration of MBP in
CW-P was accompanied by Ca-P consumption. In other words, microorganisms could use Ca-P to produce PHs. As PH3
migrated in CWs, it would be adsorbed by the matrix or oxidized to phosphate and transformed into loosely bound P:
Resin-P, NaHCOs, and MBP. Therefore, after the conversion of PHs, the proportion of available P increased, and the ion-
bound phosphates decreased. Except for the change in phosphorus fractions, the matrix P adsorption capacity of CW-P
was twice that of CW-C. The adsorption of P by the matrix is mainly through physical and chemical effects, in which
the binding between ions (i.e., Ca**, Mg?*, AI>**, and Fe?*) and P is the most stable combination. Nevertheless, these
chemical binding sites tend to become saturated over time, and the adsorption capacity for P by the matrix declines. Even
phosphorus desorption occurs. However, the production process of PHs3 can utilize the ion bound P, causing the chemical
binding sites to be released; therefore, the phosphate in sewage can be adsorbed efficiently and sharply during the initial
flooding period (Fig. S2). CW-P had a higher phosphate adsorption capacity than CW-C due to having more chemical
binding sites. It was found that the TP concentration increased slightly with the increase in flooding time, which could
represent the release of endogenous phosphorus from microorganisms, or the desorption of loosely bound phosphates by
microorganisms. The transformation of phosphate at the matrix interface requires more detailed research.

In addition to matrix sorption and plant uptake, the PH; emission from the CWs could not be ignored. PH; emission
includes the gaseous PHj release and dissolved PHs3 discharge from the CWs. The dissolved PH3 discharged from CW-C
and CW-P was 6.63 x 107* gP-m~2.d~! and 1.10 x 103 gP-m~2.d~!, respectively, which accounted for 0.14-0.20% of
the P removed in CWs (Eq. (8)). Although the release of gaseous PH3 in CWs was minor, its migration and transformation
in CWs are irreplaceable for the P cycle and removal. Moreover, the PH3 released into the environment will also have
a certain impact. For example, the migration of PH3 to phosphorus-limited areas could promote the growth of biomass
(positive aspect: promoting crop growth; negative aspect: causing algal blooms or eutrophication.). In addition, PH3 in
the atmosphere could react with ozone and indirectly enhance the greenhouse effect (Fu and Zhang, 2020).
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In summary, plant uptake, matrix adsorption and PHs transformation all contributed to phosphorus removal in
CWs. Matrix adsorption had a significant effect on P removal in CWs, and PH; formation and transformation in CWs
released chemical binding sites of the matrix; thus, the phosphate adsorption capacity was enhanced. However, a more
comprehensive understanding and evaluation of PHs is needed.

3.4. Mechanism of phosphine production in wetlands

Some studies have identified microorganisms that could produce PHs. Jenkins et al. (2000) found that some mixed-
culture anaerobic microorganisms (butyric acid fermentation bacteria) and purebred microorganisms (Escherichia coli,
Salmonella gallinarum, Clostridium sporogenes, etc.) were able to generate PHs. Fan et al. (2020a, 2021) found that
Ruminococcaceae which can degrade organic matter into small organic acids, contributed to the production of PHs.
Azotobacter, with its hydrogen-producing functions, could provide an electron donor for the production of PHs. The PHs3-
producing bacteria mentioned above were mainly concentrated in Firmicutes and Proteobacteria, which were also observed
in both CWs (Fig. 5a). The relative abundance of PH3-producing bacteria in CW-P was 9.8% higher than that in CW-C, which
benefits PH; production.

Thermodynamic analysis showed that phosphate reduction is a nonspontaneous reaction, indicating that polylactic
acid added to CW-P did not directly participate in phosphate reduction as an electron donor (Table S2). Regardless, it is
well known that some thermodynamically nonspontaneous reactions such as nitrogen fixation can occur in nature under
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the effects of microorganisms and enzymes. Therefore, it is speculated that some specific bacteria and enzymes might be
involved in the reduction of phosphate in CWs.

However, Enterobacter can produce more PH; under the influence of NADH (Fan et al., 2020b). It is well known that,
the degradation and hydrolysis of PLA granules can drive the reversible reaction (pyruvate+NADH+H™" < NAD" +lactate)
towards the formation of pyruvate accompanied by NADH generation (Jia et al., 2018). The results also showed that
the NADH concentration of CW-P was 44.03 ng-kg~!, which is 13.77% higher than that of CW-C (Table S3). Thus, it is
suggested that PHs-producing bacteria such as Proteobacteria and Firmicutes could reduce phosphates to PHs, and that
NADH (generated from glycolysis, the reversible reaction between lactic acid and pyruvate) catalyzes this reduction
process (Fig. 5b). This explains why more PH3; was produced in CW-P under the effect of PH;-producing bacteria and
NADH.

4. Conclusions and future directions

This study suggests that MBP was the dominant form of PH3 in CWs, and the formation and migration of PH3 in
CWs had a significant effect on P removal. PH; increased the proportion of available P and subsequently improved the P
adsorption capacity of the matrix by 103.6%. Thus, the TP removal efficiency of CW-P was increased by 10.97%. Microbial
analysis revealed that PHs;-producing bacteria, including Proteobacteria and Firmicutes, could reduce phosphates to PH3
under the catalysis of NADH. These results are of considerable significance for the long-term and stable operation of CWs,
as they provided a new pathway to realize phosphorus removal and overcome the limitation of the matrix absorption
capacity. However, further study is needed to reveal the transformation of phosphate at the matrix interface. Optimization
of the structure and operation mode of CWs needs to be conducted to improve gaseous PH3 release from CWs to realize
high efficiency “dephosphorization by gasification”.
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