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• NH4
+-N removal rate was improved by 

adding steel slag in zeolite-based TFCW. 
• Higher NH4

+-N removal rate was attrib
uted to the neutral pH maintained by 
steel slag. 

• Steel slag addition increased the di
versity and abundance of AOMs. 

• Steel slag addition shifts the dominant 
amoA genes from AOB to CAOB in the 
TFCWs.  
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A B S T R A C T   

The ammonia removal performance of tidal flow constructed wetlands (TFCWs) requires to be improved under 
high hydraulic loading rates (HLRs). The pH decrease caused by nitrification may adversely affect the NH4

+–N 
removal and ammonia-oxidizing microorganisms (AOMs) of TFCWs. Herein, TFCWs with zeolite (TFCW_Z) and a 
mixture of zeolite and steel slag (TFCW_S) were built to investigate the influence of steel slag on NH4

+-N removal 
and AOMs. Both TFCWs were operated under short flooding/drying (F/D) cycles and high HLRs (3.13 and 4.69 
m3/(m2 d)). The results revealed that a neutral effluent pH (6.98–7.82) was achieved in TFCW_S owing to the 
CaO dissolution of steel slag. The NH4

+-N removal efficiencies in TFCW_S (91.2 ± 5.1%) were much higher than 
those in TFCW_Z (73.2 ± 7.1%). Total nitrogen (TN) removal was poor in both TFCWs mainly due to the low 
influent COD/TN. Phosphorus removal in TFCW_S was unsatisfactory because of the short hydraulic retention 
time. The addition of steel slag stimulated the flourishing AOMs, including Nitrosomonas (ammonia-oxidizing 
bacteria, AOB), Candidatus_Nitrocosmicus (ammonia-oxidizing archaea, AOA), and comammox Nitrospira, which 
may be responsible for the better ammonia removal performance in TFCW_S. PICRUSt2 showed that steel slag 
also enriched the relative abundance of functional genes involved in nitrification (amoCAB, hao, and nxrAB) but 
inhibited genes related to denitrification (nirK, norB, and nosZ). Quantitative polymerase chain reaction (qPCR) 
revealed that complete AOB (CAOB) and AOB contributed more to the amoA genes in TFCW_S and TFCW_Z, 
respectively. Therefore, this study revealed that the dominant AOMs could be significantly changed in zeolite- 
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based TFCW by adding steel slag to regulate the pH in situ, resulting in a more efficient NH4
+–N removal 

performance.   

1. Introduction 

Since the 1990s, tidal-flow constructed wetlands (TFCWs) have been 
gaining attention because of their excellent oxygen supply (Chand et al., 
2022; Pang et al., 2015). TFCWs are alternately filled with wastewater 
and drained, and thus the wastewater acts as a passive pump to expel 
oxygen-depleted air and draw fresh air into the system (Ju et al., 2014). 
The current guiding theory for ammonia removal in TFCWs is as follows: 
NH4

+ is first adsorbed onto the substrates during the flooding phase and 
nitrified during the drying phase using drawn atmospheric oxygen 
(Chang et al., 2014). Therefore, the drawn atmospheric oxygen, rather 
than the dissolved oxygen in the wastewater, affects the ammonia 
removal performance, especially for systems with short flooding times. 
Theoretically, 1 L of the drained effluent is displaced by an equal volume 
of fresh air, supplying ~280 mg of oxygen at 20 ◦C (Zhang et al., 2021). 
This oxygen supply is proportional to the hydraulic loading rates (HLRs) 
of TFCWs, thus achieving an efficient and low-cost oxygen supply. 

Due to the excellent NH4
+ adsorption capacity, zeolite is an ideal 

substrate for TFCWs (Ji et al., 2022; Zhang et al., 2021). Zeolite-based 
TFCWs outperformed active carbon- and ceramsite-based TFCWs in 
removing NH4

+–N and TN (Liu et al., 2014; Xu et al., 2022). Adding 10% 
zeolite significantly increased NH4

+–N removal of the gravel-based 
TFCW at an HLR of 3 m3/(m2 d) (Zhang et al., 2021). However, a sig
nificant decrease in effluent pH owing to strong nitrification was 
observed in TFCWs (Chang et al., 2014; Zhang et al., 2021). The acidic 
environment induced by nitrification may be detrimental to further 
ammonia removal via ammonia-oxidizing microorganisms (AOMs) 
since most are more suitable for neutral or slightly alkaline environ
ments (Grunditz and Dalhammar, 2001; Lu et al., 2020). Employing 
alkaline substrates may be a feasible approach. 

Steel slag is a highly efficient substrate for phosphorus removal, 
owing to its high alkalinity and Ca content (Barca et al., 2013; Hua et al., 
2016; Zuo et al., 2018). Slag-based CWs with a long hydraulic retention 
time (HRT) usually lead to a high effluent pH (≥9) due to excessive 
CaO-slag dissolution (Barca et al., 2013; Xu et al., 2019), which might be 
detrimental to microbes involved in nitrogen removal. Moreover, using 
steel slag alone as a substrate in TFCWs is less effective due to its weak 
adsorption capacity for NH4

+. Employing a mixture of steel slag and 
zeolite in TFCWs may alleviate substrate acidification and thus achieve 
more efficient ammonia removal performance. However, the NH4

+

adsorption capacity of zeolite is seriously inhibited by steel slag because 
of the excess release of OH− and Ca2+ with long contact times (Shi et al., 
2017). The effluent pH was ~7.5 in a steel slag-based TFCW with a 
flooding time of 3 h (Saeed et al., 2020). Therefore, we presumed that a 
short flooding time and high HLRs might result in a slight increase in 
effluent pH, which may be conducive to the removal of ammonia by 
AOMs, hence deserving further investigation. 

Ammonia oxidation is mediated by ammonia-oxidizing archaea 
(AOA) and bacteria (AOB) (Konneke et al., 2005). Recently, complete 
AOB (CAOB) affiliated with Nitrospira lineage II, capable of indepen
dently performing complete nitrification, was discovered, adding a vital 
process to microbial ammonia removal (Daims et al., 2015). The di
versity, adaptation, and evolution of AOMs in the soil are potentially 
driven by pH (Gubry-Rangin et al., 2011). In a TFCW filled with zeolite 
and steel slag in sequence and with effluent recirculation, AOB was 
significantly greater in the steel slag layer than in the zeolite layer, 
whereas it is unclear whether AOA and CAOB exist in this system (Cao 
et al., 2022). Therefore, the effect of a mixture of steel slag and zeolite on 
AOMs in TFCWs needs further investigation. 

In this study, two laboratory-scale TFCWs, filled with zeolite and the 
mixture of zeolite and steel slag, respectively, were constructed outdoors 

to treat low C/N sewage at high HLRs (3.13 and 4.69 m3/(m2 d)). The 
objectives of this study were to (1) investigate the influence of steel slag 
addition on the effluent pH and pollutant removal performance of 
TFCWs, (2) reveal the microbial community and nitrifying functional 
genes using 16S rRNA gene sequencing and quantitative polymerase 
chain reaction (qPCR) techniques, respectively, and (3) investigate the 
functional genes involved in nitrogen transformation using PICRUSt2 
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database. 

2. Materials and methods 

2.1. Lab-scale TFCWs description and operation 

Two laboratory-scale TFCWs were constructed using identical poly
vinyl chloride columns (length = 120 cm and inner diameter = 10.2 cm). 
As shown in Fig. 1a, the bottom layers were filled with 10 cm deep 
gravel (20–30 mm), while the upper treatment layers were filled with 
zeolite (3–5 mm) alone in TFCW_Z, and a mixture of zeolite (3–5 mm) 
and steel slag (2–4 mm) (volume ratio = 3:2) in TFCW_S, both having a 
height of 100 cm and 36% porosity. Zeolite and steel slag were pur
chased from the Zhejiang and Henan provinces of China. The chemical 
composition and mineral phases of zeolite have been reported in a 
previous study (Zhang et al., 2021). The steel slag was characterized by 
X-ray fluorescence (XRF) and X-ray diffraction (XRD); detailed infor
mation is provided in the Supporting Information. The tidal operation 
(feeding-flooding-draining-drying) was produced by peristaltic pumps 
and electromagnetic valves controlled by time controllers. It should be 
noted that plants were not involved in this study, mainly to eliminate 
their influence at different growth stages on nitrogen removal (Zhang 
et al., 2021). 

The experiment lasted for almost 12 months, from November 2019 to 
October 2020, and included three phases based on the operating con
ditions after the start-up phase. The flooding/drying (F/D) cycles in 
phases I, II, and III were 1.5 h/1.5 h, 0.83 h/1.17 h, and 1 h/2 h, 
respectively (Fig. 1b). During stable operation phases, the daily average 
temperatures were above 15 ◦C. Both TFCWs were not pre-inoculated 

Fig. 1. Schematic diagram of the experiment equipment (a) and operating 
conditions within a cycle during different phases (b). Gray, blue, green, and 
white represent the feeding, flooding, draining, and drying periods, 
respectively. 
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and fed directly with actual domestic sewage. Sewage collected from 
sewage pipes in a residential area in Guangzhou was intermittently 
pumped into the TFCWs after about two days of sedimentation. The 
characteristics of the sewage in different phases are summarized in 
Table 1. 

2.2. Sampling and analysis 

Water samples collected periodically from the influent and effluent 
were analyzed for pH, chemical oxygen demand (COD), NH4

+–N, total 
phosphorus (TP), NO2

− –N, and NO3
− –N according to the standard 

methods issued by State Environmental Protection Administration 
(SEPA) of China. The solution pH was analyzed using a pH meter (PB-10, 
Sartorius), whereas others were analyzed using spectrophotometric 
methods with a UV–Vis spectrophotometer (755B, Jinghua, China). 
Total nitrogen (TN) was calculated as the sum of NO2

− –N, NO3
− –N, and 

NH4
+–N. The maximum P adsorption capacity of the steel slag was 

determined using isotherm batch experiments (Supporting 
Information). 

2.3. Microbial sample collection and analysis 

At the end of phase II, four biofilm samples labeled Z1, Z2, S1, and S2 
(Fig. 1a) were collected from the TFCWs. Universal primers (515FmodF 
and 806 RmodR) targeting the 16S rRNA gene V4 region were used to 
amplify the 16S rRNA genes (Wang et al., 2020). The 
nitrification-related genes (including ammonia monooxygenase encod
ing genes (amoA) of AOB, AOA, CAOB, and nitrite oxidoreductase 
encoding gene (nxrA)) were characterized by qPCR with specific PCR 
primer sets (Table S1). The detailed methods of high-throughput 
sequencing and qPCR are described in a previous study (Zhang et al., 
2021). 

PICRUSt2, an emerging bioinformatics tool, was used to predict ni
trogen metabolism based on high-throughput sequencing data (Douglas 
et al., 2020). The sequencing data were first annotated using the KEGG 
database using the online Majorbio Platform (www.Majorbio.com). 
Subsequently, the output results were analyzed and visualized using the 
R software (v 4.0.5). 

2.4. Statistical analysis 

The microbial community data were analyzed using the Majorbio 
cloud platform (https://cloud.majorbio.com/). One-way analysis of 
variance with Tukey’s test was performed to compare the difference in 
performance between the two TFCWs using SPSS software (version 
18.0). A p-value below 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Treatment performance of TFCWs 

3.1.1. Ammonia removal 
As Table 1 presents, the average NH4

+–N concentrations in TFCW_Z 
effluent were 13.7, 7.26, and 6.31 mg/L in phases I, II, and III with the 
corresponding NH4

+–N removal efficiencies of 61.3, 76.1, and 77.8%, 
respectively. In contrast, the effluent NH4

+–N concentrations in TFCW_S 
were consistently less than 5 mg/L (Fig. 2a), and the corresponding 
NH4

+–N removal efficiencies were 97.3, 92.4, and 86.1%, respectively. In 
phase II, higher ammonia removal rates (ARRs) were achieved with 
108.6 and 132.0 g/(m2 d) for TFCW_Z and TFCW_S, respectively. In 
general, TFCW_S filled with steel slag and zeolite achieved significantly 
higher NH4

+–N removal efficiency than TFCW_Z filled with zeolite alone 
(p < 0.05). 

The results in phases II and III indicated that a longer drying time 
(110 min) failed to promote NH4

+–N removal. A drying time of 60 min 
was sufficient to oxidize the adsorbed NH4

+–N. Similarly, Liu et al. 
(2020) found that the NH4

+–N removal efficiency of an SC-AA-TFCW 
slightly increased from 80 to ~85% as the drying time increased from 
60 to 120 min, whereas it drastically decreased to 47% when the drying 
time was reduced to 30 min. Therefore, using a drying time of 60 min in 
TFCWs may be feasible for removing NH4

+–N from domestic sewage 
when suitable substrates are employed. The drying time setting was 
mainly determined by the time required for the nitrifiers to oxidize 
ammonia, which is related to the abundance and activity of the nitrifiers 
and the total amount of the adsorbed ammonia. However, when treating 
wastewater with higher concentrations of NH4

+-N (>80 mg/L), a short 
drying time might fail to remove NH4

+–N efficiently. For example, even 
with a long F/D cycle of 8/4 h, zeolite-steel slag-TFCW removed only 
70.9% of NH4

+–N with an influent NH4
+–N of 87.95 mg/L (Cao et al., 

Table 1 
Characteristics of influent and effluent (mean) and removal performance (mean) of the TFCWs during the experimental period.  

Parameters Start-up Phase I Phase II Phase III 

Influent Effluent Influent Effluent Influent Effluent Influent Effluent 

TFCW_Z TFCW_S TFCW_Z TFCW_S TFCW_Z TFCW_S TFCW_Z TFCW_S 

pH 7.61 7.02 7.85f 7.46 6.42 7.37f 7.67 6.07 7.61f 7.50 5.44 7.17f 

NH4
+–N (mg/L) 31.2 12.4 3.97 35.4 13.7 0.97 30.4 7.26 2.26 28.7 6.31 3.99 

ARRsa (g/(m2 - d)) – 58.7 85.1 – 67.9 107.8 – 108.6 132.0 – 70.2 77.4 
REb (%) – 60.0 87.2f – 61.3 97.3f – 76.1 92.4f – 77.8 86.1f 

NO3
− –N (mg/L) 0.64 3.20 9.31 < LODe 16.1 27.4 < LOD 20.7 20.4 < LOD 21.7 21.5 

NO2
− –N (mg/L) < LOD 5.32 18.48 < LOD 2.45 1.46 < LOD 0.11 0.07 < LOD 0.06 0.08 

COD (mg/L) 80.7 34.8 38.4 89.8 32.8 20.9 97.8 40.0 34.0 99.8 43.3 40.4 
CRRsc (g/(m2 d)) – 143.6 132.3 – 178.4 215.6 – 271.0 299.0 – 176.9 185.9 
RE (%) – 56.2 54.1 – 63.5 76.8f – 59.2 65.3f – 56.3 59.6 
TN (mg/L) 31.8 20.9 31.8 35.7 32.2 29.9 30.5 28.1 22.8 28.8 28.1 25.6 
NRRsd (g/(m2 d)) – 34.1 0.22 – 10.8 18.1 – 11.2 36.2 – 2.19 10.2 
RE (%) – 33.8 1.15 – 9.76 16.3 – 7.13 25.2f – 2.31 11.2 
COD/TN 2.54 – – 2.52 – – 3.24 – – 3.50 – – 
TP (mg/L) 2.81 1.63 1.81 3.06 2.61 2.14 2.80 2.63 2.09 2.61 2.58 2.02 
RE (%) – 40.6 34.9 – 14.8 30.2f – 6.05 25.2f – 0.71 22.4f  

a NH4
+–N removal rates. 

b Removal efficiency. 
c COD removal rates. 
d Total nitrogen removal rates. 
e Below limit of detection. 
f Indicate statistically significant differences from TFCW_Z (p < 0.05). 
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2022); another possible reason for the low ammonia removal may be 
that the high ammonia in the influent was not fully adsorbed by the 
substrates and flowed out with the effluent. Therefore, the NH4

+-N 
removal performance of TFCWs in treating wastewater with high NH4

+-N 
is worthy of further study. 

The ARRs are usually below 3 g/(m2 d) in conventional CWs and less 
than 10 g/(m2 d) in intensified CWs (Fan et al., 2013; Vymazal, 2007), 
whereas much higher ARRs (10–58 g/(m2 d)) are achieved in TFCWs 
(Tan et al., 2019; Wang et al., 2017; Zhang et al., 2021). Because of the 
high HLR (4.69 m3/(m2 d)) and substrate optimization, the NH4

+–N 
removal performance of this study outperformed that of previous in
vestigations. It is noteworthy that TFCWs still have great potential for 
improving ARRs, for example, further optimizing substrate composition 
and enhancing HLRs by adding packing depth. 

3.1.2. COD removal 
The average influent COD concentration was 93.1 ± 11.6 mg/L with 

a C/N ratio of 3.03 during the monitoring period, which was recognized 
as low C/N sewage. As presented in Table 1, the average COD removal 
efficiencies of the TFCWs were between 56.3 and 76.8% in phases I, II, 
and III, and the effluent concentrations were always less than 50 mg/L. 
Furthermore, TFCW_S performed better than TFCW_Z in phases I and II 
(p < 0.05). Organic matter in TFCWs can be removed by aerobic and 
anaerobic processes (Chang et al., 2014). The temporally averaged 
profile of COD during a typical F/D cycle of 72 h (36-h feeding phase, 
35.75-h flooding phase, and 15-min draining phase) showed that most of 
the COD were removed within 4 h due to rapid aerobic degradation (Li 
et al., 2019). Aerobic degradation usually plays a more critical role in 
COD removal in TFCWs because of the extensive aerobic/anoxic con
ditions (Chang et al., 2014), especially in systems with a long feeding 
phase. However, in TFCWs with short feeding times, anaerobic degra
dation via denitrification may contribute more to organic removal 
because of the more robust anoxic/anaerobic environment. The effect of 
feeding time on COD removal via aerobic or anaerobic pathways re
quires further study. 

Similar to NH4
+–N, the maximum COD removal rates (CRRs) were 

also achieved in phase II with 271.0 and 299.0 g/(m2 d) for TFCW_Z and 

TFCW_S, respectively. In contrast, TFCWs with high influent COD con
centrations (>290 mg/L) achieved higher removal efficiencies (>80%) 
but lower CRRs (<200 g/(m2 d)) due to the relatively low HLRs (<0.7 
m3/(m2 d)) (Hu et al., 2012; Wang et al., 2017), indicating that longer 
F/D cycles and lower HLRs might be conducive to COD removal. 

3.1.3. Total nitrogen removal 
As shown in Fig. 2d and Table 1, NO3

− –N was the dominant product 
of nitrification in phases I, II, and III, with concentrations between 10.1 
and 28.9 mg/L. Consequently, TN removal efficiencies were usually less 
than 25%. In phase II, the TN removal efficiency of TFCW_S (25.2%) was 
much higher than that of TFCW_Z (7.13%) (p < 0.05). In phase III, the 
lowest TN removal efficiency was obtained in TFCW_S and TFCW_Z, 
suggesting that a long drying phase may be disadvantageous for deni
trification. Zhang et al. (2021) found that short drying times (50 and 80 
min) were more favorable for TN removal than a long drying time (140 
min) when treating low-strength wastewater. TFCWs achieved higher 
TN removal with an F/D cycle of 5/1 h than 3/3 h when treating 
wastewater with 30.7 mg/L TN; however, the opposite result was ob
tained when treating wastewater with 61.5 mg/L TN (Chang et al., 
2014). Therefore, the influent concentration should be considered when 
setting F/D cycles in TFCWs. 

Although various TN removal pathways (ammonia volatilization, 
plant uptake, denitrification, and anammox, etc.) exist in TFCWs, 
denitrification plays a leading role in nitrogen removal (Chang et al., 
2014; Saeed et al., 2020). During the flooding period, denitrifiers used 
influent organic matter to remove NO3

− –N produced during the last 
drying period. The influent C/N ratio is a key factor affecting TN 
removal in TFCWs. For instance, TN removal efficiency increased by 
24%–30% when the C/N ratio rose from 2.9 to above 5.0 (Roth et al., 
2021). With an increase in the C/N ratio from 4 to 12, the TN removal 
efficiency increased from 50 to 82% (Zhi and Ji, 2014). In this study, the 
low TN removal efficiency could be ascribed to the low influent C/N 
ratio (2.24–4.07). 

Various strategies have been employed to improve TN removal in 
TFCWs, including effluent recirculation (Cao et al., 2022; Pang et al., 
2022), microbial fuel cells enhancement (Tang et al., 2021), and 
biochar-immobilized bacteria (Zhao et al., 2022). However, these stra
tegies increase the operational difficulty and/or energy consumption, 
and TN removal rates are usually below 30 g/(m2 d) owing to low HLRs. 
TN removal performance of TFCWs at high HLRs still needs to be 
improved. 

3.1.4. Variation of pH and phosphorus removal 
As shown in Fig. 2f, the effluent pH of TFCW_Z gradually decreased 

from 6.42 in phase I to 5.44 in phase III, while it fluctuated between 7.17 
and 7.61 in TFCW_S. The poor denitrification and H+ produced by 
robust nitrification resulted in a low effluent pH in TFCW_Z. By contrast, 
steel slag steadily released alkalinity through the dissolution of CaO- 
slag, neutralizing the produced H+ and maintaining the effluent pH 
neutral in TFCW_S. Steel slag is well known for its promising perfor
mance in phosphorus removal (Barca et al., 2013; Zuo et al., 2018). The 
primary phosphorus removal mechanism is associated with the disso
lution of CaO-slag followed by the precipitation of Ca phosphate (Barca 
et al., 2013). As shown in Table 1, TP removal efficiencies in TFCW_S 
were 30.2, 25.2, and 22.4% in phases I, II, and III, respectively, showing 
a gradually decreasing trend caused by slag exhaustion (Claveau-Mallet 
et al., 2014). The TP removal efficiency in TFCW_Z decreased from 
14.8% in phase I to 0.71% in phase III, which is significantly lower than 
that in TFCW_S (p < 0.05), demonstrating that adding 40% steel slag 
promotes TP removal. 

According to the coefficients of the Langmuir isotherm, the 
maximum P adsorption capacity of the steel slag was 43.83 mg P/g 
(Fig. S2), similar to those obtained in previous studies (Table S2). Steel 
slags with small particle sizes (<1 mm) usually had much higher P 
adsorption capacity (Table S2). However, TP removal efficiencies in this 

Fig. 2. Treatment performance and pH level of the TFCWs during the experi
mental period: (a) NH4

+–N, (b) COD, (c) total nitrogen (TN), (d) NO3
− –N, (e) 

total phosphorus (TP), and (f) NO2
− –N and pH. The dashed line in (a) indicates 

the NH4
+–N concentration of 5 mg/L. 
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study were inferior to those in other studies (Barca et al., 2013; Zuo 
et al., 2018). TP removal performance improved with increasing CaO 
content and/or by decreasing the size of the materials (Barca et al., 
2013), while high influent phosphorus concentrations and low HRT 
reduced steel slag longevity (Claveau-Mallet et al., 2014). The CaO 
content of the slag in this study was lower than that of the basic oxygen 
furnace slag but higher than that of the electric arc furnace slag 
(Table S3). Moreover, the HRT was usually above 24 h in previous 
studies (Barca et al., 2013), which is much longer than in this study. The 

short HRT and 40% (v/v) addition proportion of slag resulted in a 
limited CaO release, which was detrimental to TP removal. However, the 
limited CaO release was beneficial for removing NH4

+–N because of the 
suitable pH. Therefore, the inconsistency of HRT requirements makes it 
difficult to remove NH4

+–N and TP simultaneously in TFCW_S. 

Fig. 3. Microbial community structure of the four biofilm samples in the TFCWs at (a) phylum and (b) genus levels (relative abundance >1% at least in one sample); 
(c) Heat map of potential nitrifying and denitrifying microorganisms in the TFCWs (Numbers in the heat map indicate the percentage of relative abundance); (d) 
Abundances of functional genes involved in nitrification in the TFCWs. Z1, Z2, S1, and S2 represent the samples collected from the upper and lower layers in TFCW_Z 
and TFCW_S, respectively. 
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3.2. Microbial community and diversity 

3.2.1. Microbial community composition at phylum and genus levels 
As Table S4 shows, S1 and S2 exhibited higher microbial diversity 

and richness (Shannon, ACE, and Chao1) than Z1 and Z2, suggesting 
that the mixture of steel slag and zeolite provide more appropriate 
conditions for bacteria to flourish, potentially resulting in higher ni
trogen removal in TFCW_S. As shown in Fig. 3a, the predominant 
phylum was Proteobacteria (46.02 and 31.53%), closely related to ni
trogen transformation. In addition, Nitrospirae exhibited a higher rela
tive abundance in TFCW_S (1.75%) than in TFCW_Z (0.35%), whereas 
Crenarchaeota was only detected in TFCW_S, especially in S2 (2.89%). 
The first isolated nitrifier (Nitrosopumilus maritimus SCM1) was affiliated 
with the phylum Crenarchaeota (Konneke et al., 2005). 

The dominating genera in TFCW_Z were Rhodanobacter (6.89%), 
norank_Microscillaceae (5.93%), norank_OLB14 (4.86%), nor
ank_Xanthomonadaceae (4.73%), and Ottowia (4.63%), whereas they 
were norank_JG30-KF-CM45 (5.35%), norank_SC-I-84 (4.53%), nor
ank_OLB14 (3.84%), Bacillus (3.68%), and Thiothrix (3.54%) in TFCW_S 
(Fig. 3b and Table S5). Rhodanobacter has been identified as a denitrifier 
preferring low-pH environments (Prakash et al., 2012; Zhan et al., 
2020), exhibiting higher abundances in Z1 (2.64%) and Z2 (11.15%) 
than in S1 and S2 (<1.0%), which could be ascribed to the different pH 
environment in the two TFCWs. As shown in Fig. 3c, a variety of widely 
reported denitrifying bacteria were detected in TFCW_Z and TFCW_S, 
including Ottowia, Bradyrhizobium, Bacillus, and Dokdonella (Huang 
et al., 2020; Pishgar et al., 2019; Spring et al., 2004). Although de
nitrifiers were enriched in both TFCWs, the TN removal performance 
was heavily restricted owing to the low influent C/N ratio. 

3.2.2. Relative abundances of CAOB and the canonical nitrifiers 
Candidatus_Nitrocosmicus, belonging to Crenarchaeota, was detected 

in S1 (0.06%) and S2 (2.88%) (Fig. 3c), suggesting that AOA may be 
involved in NH4

+–N removal in TFCW_S. A similar phenomenon was also 
observed in two-stage TFCWs with effluent pH slightly above 7 (Pang 
et al., 2022). AOA outperformed AOB and CAOB, contributing more to 
ammonia oxidation in wastewater treatment plants (WWTPs) in the cold 
season (Pan et al., 2018). AOB (Nitrosomonas and Nitrosopira) with low 
abundance (<0.5%) were also detected in TFCW_Z and TFCW_S, which 
is consistent with previous studies (Fu et al., 2020; Han et al., 2019; Li 
et al., 2021b). Su et al. (2018) found that AOB activity was independent 
of its abundance, which may be why high NH4

+–N removal performance 
can still be achieved in TFCW_Z. 

Nitrolancea, the first example of NOB in the phylum Chloroflexi 
(Sorokin et al., 2018), had low proportions in both TFCWs 
(0.01–0.22%). Nitrospira was the main NOB, with relative abundances of 
0.52, 0.18, 1.03, and 2.45% in Z1, Z2, S1, and S2, respectively. In 
addition, phylogenetic analysis revealed that Nitrospira OTU924 and 
OTU2573 were classified as Ca. Nitrospira inopinata and Ca. Nitrospira 
nitrosa, whereas OTU749 was affiliated with Nitrospira defluvii, an iso
lated nitrite-oxidizing strain (Fig. S3). 

As shown in Fig. 3c, comammox Nitrospira, AOA, and AOB coexisted 
in TFCW_S, whereas only AOB was identified in TFCW_Z. The synergistic 
interaction of these different AOMs may be responsible for the improved 
NH4

+–N removal in TFCW_S. The absence of CAOB in TFCW_Z could be 
ascribed to the low effluent pH (<6.0), as comammox Nitrospira favors 
growth in slightly alkaline soils (Xu et al., 2020). CAOB outnumbered 
other nitrifiers in TFCW and WWTPs with relatively low-strength 
NH4

+–N (Roots et al., 2019; Zhang et al., 2021), while they were unde
tected or accounted for a small proportion in WWTPs with medium- and 
high-strength ammonia (Gonzalez-Martinez et al., 2016). However, 
CAOB is active and abundant in both copiotrophic and oligotrophic 
terrestrial ecosystems (Li et al., 2022), suggesting whether ammonia 
concentration shapes niche differentiation between CAOB and other 
AOMs remains to be investigated. 

3.3. Functional prediction analysis by PICRUSt2 

As shown in Fig. 4a, metabolism at pathway level 1 (77.2–78.0%) 
contributed more to the total relative abundance, in line with that in 
domestic wastewater (Dai et al., 2021). At level 2 (Fig. 4b), global and 
overview maps (40.0%), carbohydrate metabolism (8.7%), amino acid 
metabolism (8.0%), and energy metabolism (4.5%) were the main 
metabolic pathways, which were closely related to microbial growth and 
survival (Li et al., 2021a). 

To further reveal nitrogen metabolism in TFCWs, the key enzyme 
genes that participate in nitrification, denitrification, assimilatory and 
dissimilatory nitrate reduction (ANR and DNR) were investigated using 
PICRUSt2. Genes associated with nitrification were widespread in the 
TFCWs and had higher abundances in TFCW_S (Fig. 4c). For instance, 
amoA coding for ammonia monooxygenase was 1.74 times as abundant 
in TFCW_S than in TFCW_Z. Genes (nirK, norB, and nosZ) related to 
denitrification significantly outnumbered the nitrification genes, espe
cially in TFCW_Z. Genes encoding the nitrite reductase (NADH) large 
and small subunits (nirB and nirD) were the predominant nitrogen 
transformation genes, consistent with a previous study (Sun et al., 
2021). Therefore, the mixture of steel slag and zeolite may be beneficial 
for the enrichment of nitrification genes but not for denitrification 
genes, which is consistent with the results of nitrifiers and denitrifiers. 

3.4. Functional genes associated with nitrification 

AOA amoA gene always showed lower abundance than AOB and 
CAOB amoA genes (Fig. 3d). The copy numbers of AOB amoA were 4.99 
× 105 and 4.43 × 105 copies/g in Z1 and Z2, respectively, which was 
significantly higher than AOA and CAOB amoA, suggesting that AOB 
amoA might contribute more to ammonia oxidation in TFCW_Z. In 
contrast, CAOB amoA, with abundances of 3.11 × 105 and 7.99 × 106 

copies/g in S1 and S2, respectively, outnumbered AOA and AOB amoA. 
Therefore, steel slag affected the distribution of AOMs amoA genes, 
resulting in the predominance of CAOB amoA in TFCW_S. CAOB amoA 
genes have been detected in different ecosystems, including agricultural 
soil, intertidal zone, drinking water systems, and activated sludge (Zhao 
et al., 2019). In eight WWTPs, the copy numbers of CAOB amoA were 
2.81 × 109 copies/g, prevailing over AOB amoA (Wang et al., 2018). 
However, Pan et al. (2018) found that CAOB amoA was much less 
abundant than AOA and AOB amoA in most of the 23 WWTPs. The key 
factors affecting the abundance of the CAOB, AOB, and AOA amoA genes 
should be further investigated. The nxrA gene presented the highest 
abundance in all samples (3.29 × 107–1.08 × 108 copies/g) and differed 
little between the two TFCWs, indicating that it is less affected by steel 
slag. 

3.5. Significance 

The key to NH4
+–N removal in TFCWs is to ensure that ammonia can 

be adsorbed on the substrate during the flooding time and create a 
suitable pH for nitrifiers during the drying time, both of which are 
related to substrates. As shown in Table 2, the ammonia removal per
formance of ceramsite and active carbon is inferior to that of zeolite and 
active alumina. Alum sludge and biochar showed efficient nitrogen 
removal at relatively low HLRs. Compared with previous studies, our 
study achieved much higher NH4

+–N removal efficiencies and ARRs, 
mainly owing to the synergy of zeolite to adsorb ammonia and steel slag 
to release alkalinity. However, it should be noted that the realization of 
efficient ammonia removal and short F/D cycles in this study are based 
on the moderate-strength influent ammonia, while its performance in 
treating wastewater with higher ammonia remains to be investigated. 
Moreover, this study revealed the specific enrichment of AOA and CAOB 
and their functional genes in TFCWs filled with zeolite and steel slag, 
deepening the understanding of AOMs. Overall, this study demonstrates 
the great potential of the mixture of substrates with strong ammonia 
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adsorption capacity and alkaline substrates to improve ammonia 
removal in TFCWs, deserving further investigation. 

4. Conclusions 

The TFCW_S filled with steel slag and zeolite achieved efficient 
NH4

+–N removal efficiency (92.4%) and removal rate (132.0 g/(m2 d)) at 
an HLR of 4.69 m3/(m2 d), indicating that it is feasible to adopt F/D 
cycles of 50/70 min in TFCWs to remove NH4

+–N from the domestic 
sewage. However, TN removal efficiencies were less than 25%, owing to 

the low influent C/N ratio. Steel slag addition promoted microbial di
versity and richness, resulting in the coexistence of AOA, AOB, and 
CAOB in TFCW_S, whereas only AOB existed in TFCW_Z. The dominant 
denitrifiers changed from Rhodanobacter and Ottowia in TFCW_Z to Ba
cillus in TFCW_S. Furthermore, qPCR results indicated that CAOB and 
AOB amoA were the dominant functional genes of ammonia oxidation in 
TFCW_S and TFCW_Z, respectively. The neutral pH maintained by the 
steel slag in TFCW_S was beneficial for hosting AOMs, thereby 
enhancing ammonia removal. However, the inconsistency in HRT re
quirements makes it challenging for TFCWs to remove both ammonia 

Fig. 4. PICRUSt2 predictions of the functional composition of the biofilm samples. (a) represents the abundance of the KEGG pathway at level 1, (b) the abundance of 
the main metabolic pathways at level 2, and (c) the counts of predicted functional genes involved in nitrogen metabolism according to KEGG orthology. Z1, Z2, S1, 
and S2 represent the samples collected from the upper and lower layers in TFCW_Z and TFCW_S, respectively. 

Table 2 
Operational parameters and removal performance of TFCWs filled with various substrates.  

Wastewater type Substrate type F/D (h/h) HLR (m3/(m2 d)) Removal efficiency (%) ARRa CRRb NRRc References 

NH4
+–N COD TN TP (g/(m2 d)) 

Domestic sewage Zeolite-steel slag (mixed) 0.83/ 
1.17 

4.69 92.4 65.3 25.2 25.2 132 299 36.2 This study 

Synthetic wastewater Zeolite-steel slag (layered) 8/4d 0.48e 70.9 79.9 46.0 – 29.9e 37.5e 19.8e Cao et al., 2022 
Synthetic wastewater Zeolite-pyrite (layered) 8/4d 0.47e 58.7 80.3 44.2 – 24.4e 36.9e 18.6e Cao et al., 2022 
Diluted domestic sewage Zeolite-gravel (mixed) 0.67/ 

2.33 
3.0 55.5 37.9 24.0 – 26.72 63.0 11.8 Zhang et al., 2021 

Synthetic wastewater Zeolite 12/12 0.25e 89.2 – 75.4 – 15.6e – 14.1e Xu et al., 2022 
Synthetic wastewater Granular active carbon 12/12 0.24e 53.7 – 47.1 – 9.0e – 8.4e Xu et al., 2022 
Synthetic wastewater Zeolite 16/8 0.207 97 – 85 – 20.1e – 17.6e Liu et al., 2014 
Synthetic wastewater Biological ceramsite 16/8 0.207 34 – 31 – 7.04e – 6.4e Liu et al., 2014 
Domestic wastewater Biochar 3.5/2.5d 0.472 89.8 96.2 82.5 91 22.1e 579.7e 35.0e Saeed et al., 2020 
Diluted swine wastewater Dewatered alum sludge 5/3 0.44 95 82 85 91 20.9e 168.5e 23.9e Hu et al., 2014 
Synthetic wastewater Active alumina 4/2 1.35 86.1 85.9 72.8 96.4 57.3e 211.5e 53.5e Tan et al., 2019 
Synthetic wastewater Shale ceramsite 4/2 1.38 64.9 78.4 47.2 27.5 44.2e 193e 35.9e Tan et al., 2019  

a Ammonia removal rate. 
b COD removal rate. 
c Total nitrogen removal rate. 
d Contained sub-cycles. 
e Calculated according to the data presented in the articles. 
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and phosphorus efficiently. 
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