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A B S T R A C T   

Sludge drying reed beds (SDRBs), as a natural biological technology, have positive effects on surplus sludge 
treatment. However, few studies focus on the sludge leachate purification in the SDRBs regarding the wetland 
plant species and sludge loading rates. In this study, four SDRBs planted with two wetland plant species 
(Phragmites australis, Typha angustifolia) were investigated for leachate purification under six sludge loading 
volumes and feeding frequencies (9L/3d, 6L/3d, 4L/d, 3L/d, 2.5L/d, and 2L/d). Results showed that the lowest 
Escherichia coli content of 630 number/mL was determined in the P. australis SDRBs, with 86.2–92.8% lower than 
those in the T. angustifolia controls. However, similar removal efficiencies of chemical oxygen demand (COD), 
total nitrogen (TN), ammonium (NH4

+), total phosphorus (TP), and heavy metals were obtained in the SDRBs 
with both plant species. Moreover, the optimum sludge loading volume and feeding frequency of 3L/d was 
determined in the P. australis system, with pollutants (COD, TN, NH4

+, and TP) mass removal efficiencies in the 
leachate being over 94.9%. In addition, the principal component analysis indicated that water loss and oxidation- 
reduction potential had positive influences on pollutant removal in the planted SDRBs. Overall, the best leachate 
removal efficiency was obtained in the P. australis SDRBs under the sludge loading volume and feeding frequency 
of 3L/d.   

1. Introduction 

Sludge drying reed beds (SDRBs), also known as sludge treatment 
wetlands, have been widely used for treating sewage sludge worldwide 
since 1988 (Nielsen et al., 2014). Generally, sludge treatment in the 
SDRBs is mainly divided into two stages: sludge feeding period and 
sludge resting period, which are conducive to sludge dewatering and 
stabilization (Uggetti et al., 2010). Previous studies reported that total 
solids (TS) and volatile solids (VS)/TS were obtained 15–38% and 
40–50% after the SDRBs treatment, respectively (Chen et al., 2016; 
Peruzzi et al., 2015). Meanwhile, pollutants (e.g. heavy metals, patho-
gens, and toxic organic matter) contents in the sludge also can be 
reduced throughout the sludge treatment process (Chen and Hu 2019; 
Peruzzi et al., 2015; Uggetti et al., 2012). Compared to the sludge 
treatment in the SDRBs, sludge leachate discharged from the SDRBs is 
obtained less attention. Moreover, the concentrations of pollutants in 
the sludge leachate are still high. Generally, the outflow leachate 

concentrations of chemical oxygen demand (COD), ammonium (NH4
+), 

total nitrogen (TN), and total phosphorus (TP) in the SDRBs are over 
100 mg/L, 50 mg/L, 50 mg/L, and 30 mg/L, respectively (Chen et al., 
2016; Hu et al., 2017). Besides, the outflow contents of faecal strepto-
cocci and faecal coliforms (<6 log (UFC/100 mL)) in the SDRBs are still 
higher than those recommended by WHO for reuse in non-restricted 
agriculture (Kengne et al., 2014; WHO 2006). Therefore, it is impor-
tant to improve the sludge leachate purification while treating surplus 
sludge in the SDRBs. 

Wetland plants play a considerable effect on the removal of pollut-
ants in the SDRBs and constructed wetlands (CWs). Their main functions 
include absorbing nutrients (e.g. N and P), transferring oxygen into the 
rhizosphere, providing a surface for bacterial attachment and support-
ing the biodiversity of the microbial community, as well as preventing 
clogging in CWs (Vymazal 2010). Nutrients requirements for the growth 
of wetland plants are absorbed primarily through their root systems, 
thereby reducing pollutant levels in the CWs. Besides, organic matter 
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and N removal efficiencies in the CWs also depends on the metabolism of 
the biofilm of fungi, bacteria (e.g. nitrifying bacteria and denitrifying 
bacteria), and beneficial algae that build up around the roots (Vymazal 
2010). Generally, the most common wetland plant is Phragmites australis, 
followed by Typha angustifolia because of their resistance and repro-
ductive capacity (Vymazal 2013). Hu et al. (2020b) studied the leachate 
treatment in subtropical monsoon climate condition, indicating that 
NH4

+ removal efficiency in the P. australis STWs was 89.5–90.4% higher 
than that in the T. angustifolia systems. However, Wang et al. (2009) 
reported that similar total Kjeldahl nitrogen removal efficiencies (over 
99%) of sludge leachate in the P. australis and T. angustifolia SDRBs were 
obtained in Mediterranean climate condition. Therefore, wetland plant 
species seem to promote different pollutant removal values in the CWs. 
Thus, it is necessary to further evaluate the effects of wetland plant 
species on leachate treatment in the SDRBs. 

Sludge leachate treatment in the SDRBs is also influenced by sludge 
loading volume and feeding frequency or sludge loading rate. A poor 
water treatment efficiency was obtained in the CWs under a higher 
hydraulic loading rate condition, resulted from reducing the contact 
time between the contaminants and microorganisms (Saeed and Sun 
2012). Moreover, a higher sludge loading rate also increased clogging in 
the CWs, which resulted in the volume of drained water significantly 
reduced (Tan et al., 2020). In addition, a lower hydraulic loading rate 
also influenced the water purification in the CWs due to the limiting 
plant growth (Hu and Chen 2018). Hence, it is important to study the 
effect of sludge loading volume and feeding frequency on leachate 
treatment in the SDRBs. 

Therefore, the aim of this work was to (i) evaluate the effects of 
wetland plant species on sludge leachate treatment in SDRBs; (ii) 
determine an optimum sludge loading volume and feeding frequency for 
sludge leachate purification in SDRBs. 

2. Material and methods 

2.1. Experimental setup 

The SDRBs were constructed from plexiglass, each SDRB was divided 
into a sludge treatment unit with 30 × 20 × 50 cm (length × width ×
height) and a leachate treatment unit with 20 × 20 × 50 cm (length ×
width × height) through a baffle with some small holes included below 
10 cm from the bottom (Supplementary Material Fig. S1). The bottom of 
the leachate treatment unit had an orifice (10 mm internal diameter), 
which was used for collecting leachate samples and discharging 
leachate. Three different sizes of gravel (4–8 mm fine gravel, 8–16 mm 
medium gravel, and 25–40 mm coarse gravel) were used as substrates to 
fill the sludge treatment unit in order according to the particle size, and 
each gravel layer was 10 cm. The leachate treatment unit was a simu-
lated floating CW system. According to the wetland plant classification 
in central China, P. australis and T. angustifolia are most common in this 
region (Zhang et al., 2014). Moreover, both wetland plants had strong 
stress resistance and reproductive capacity. Therefore, wetland plants 
were selected by P. australis and T. angustifolia. Ten strains of P. australis 
or T. angustifolia with a height of 40–60 cm were planted in some sludge 
treatment and leachate treatment unites, respectively. The SDRB treat-
ments (sludge treatment unit + leachate treatment unit) were: 
T. angustifolia + T. angustifolia (TT), P. australis + P. australis (PP), 
Unplanted + T. angustifolia (UT), and Unplanted + unplanted (UU), 
respectively. Surplus sludge from a local wastewater treatment plant 
was uniformly fed into the sludge treatment unit from the top of the 
system, detailed information was summarized in Supplementary Mate-
rial Table S1. 

The surplus sludge was fed into the SDRBs every 5 days for a month 
before the start of the experiment to allow the development of wetland 
plants and biofilms in the systems. Sludge loading volumes and feeding 
frequencies of this experiment were 9L/3d, 6L/3d, 4L/d, 3L/d, 2.5L/d, 
and 2L/d, respectively. The corresponding sludge loading rates were 90, 

60, 120, 90, 80, and 60 kg TS/m2/yr, respectively. Six sludge loading 
volumes and feeding frequencies were performed in this study, and each 
sludge volume and feeding frequency was carried out 35 days, therefore, 
the experiment lasted 7 months. Leachate samples were taken every 3 
days, and 16 times were taken in each sludge volume and feeding fre-
quency. The SDRBs were protected from rain throughout the experi-
ment, and mean daily air temperatures were 25–34 ◦C. 

2.2. Sample analysis 

Sludge leachate samples were taken from each SDRB system and 
were analyzed for pH, oxidation-reduction potential (ORP), COD, TN, 
NH4

+, nitrate (NO3
− ), nitrite (NO2

− ), TP, heavy metals (Cu, Mn, Ni, Zn, Cr, 
Fe, Pb, and Cd), Escherichia coli, and water loss. The pH and ORP were 
monitored by Multi 3430 (WTW). COD was quantified with the close- 
reflux dichromate reduction method at 165 ◦C for 15 min followed by 
a spectrophotometric quantification with a spectrophotometer model 
HACH DR 2010 (Hu et al., 2017). TN, NH4

+, NO3
− , NO2

− , TP, heavy metal, 
and E.coli concentrations were determined using the spectrophotometric 
method according to Chinese standard methods for water and waste-
water monitoring and analysis (Chinese EPA 2002). Water losses in the 
four SDRBs were calculated according to the previous study of Chen 
et al. (2016). 

2.3. Data analysis 

Mass removal efficiencies of TN, NH4
+, NO3

− , NO2
− , TP, heavy metals 

and E.coli were calculated according to Chen et al. (2016). 
Mann-Whitney U test was used to compare the effects of the plant spe-
cies, sludge loading volumes and feeding frequencies on the treatment 
performance of pollutants (Wang et al., 2010). The level of significance 
was set to p < 0.05. Two-way analysis of variance (ANOVA) was used to 
assess the effects of plant and sludge loading volumes and feeding fre-
quencies on pollutant concentrations in the SDRBs. The correlation re-
lationships among pH, ORP, COD, NH4

+, TN, NO3
− , NO2

− , and TP were 
analyzed by principle compounds analysis (PCA), spearman’s correla-
tion analysis, and cluster analysis. The ‘Factoextra’ (Kassambara 2017) 
and ‘Pheatmap’ (Kolde and Kolde 2015) packages were used to visualize 
the experimental data among the pollutants. These analyses were per-
formed by using R Software (version 3.6.3). The statistic software Origin 
2018 for windows was used to perform the test and to plot the graphs. 
The two-way ANOVA analysis was conducted using the SPSS 21.0 sta-
tistical software. 

3. Results and discussion 

3.1. Water loss 

The volume of outflow leachate in the SDRBs can be decreased due to 
the effects of evapotranspiration (ET) and evaporation (Stefanakis and 
Tsihrintzis 2011). Besides, a small amount of leachate (0.4%) can 
remain in the sludge layer, which also resulted in the volume of outflow 
reduction (Hu et al., 2017). The average water losses in the planted 
SDRBs (TT, PP, and UP) were 59.3–70.3% higher than that in unplanted 
SDRBs (UU) throughout the whole experiment (Supplementary Material 
Fig. S2). Water losses in the TT SDRBs under the sludge loading volumes 
and feeding frequencies of 9L/3d, 6L/3d, 4L/d, 2.5L/d, and 2L/d were 
6.9–34.5% were higher than that in the PP SDRBs. The main reason was 
that the height of T. angustifolia in our study was 2–3 times higher than 
that of P. australis after a month of sludge feeding, leading to a higher ET 
in the TT SDRBs. Milani et al. (2019) reported that ET was the main 
process responsible for dewatering in the SDRBs during the feeding 
period, which beneficial for removing capillary water. Despite that, the 
highest water loss (79.6%) was determined in the PP SDRBs under the 
sludge loading volume and feeding frequency of 3L/d. This might be 
explained that the densities of P. australis (from 167 plants/m2 to 254 
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plants/m2) was increased gradually as the experiment proceeded, which 
enhanced ET in the PP SDRBs. 

3.2. Chemical oxygen demand 

Outflow COD concentrations in the four SDRBs were below 180 mg/ 
L, and the mass removal efficiencies were over 98% (Table 1). The COD 
concentration in the UU SDRBs under each sludge loading volume and 
feeding frequency was lower than that in the planted SDRBs (Fig. 1a). 
Conversely, the lowest COD mass removal efficiency (95.2–96.8%) was 
determined in the UU SDRBs (Fig. 1b). It indicated that P. australis and 
T. angustifolia in the SDRBs had positive effects on COD removal effi-
ciency in leachate. Furthermore, the COD removal efficiency in the PP 
SDRBs was 0–2.7% higher than those of TT and UT SDRBs, the highest 
COD removal efficiency of 99.6% was obtained in the PP SDRBs under 
the sludge loading frequency of 3L/d. Two-way ANOVA analysis also 
showed that wetland plants, the interaction of plant and sludge loading 
frequency had significant effects on outflow COD concentrations in the 
SDRBs (p < 0.05) (Supplementary Material Table S2). 

The high COD removal efficiency in the leachate was mainly due to 
the filtration of the sludge layer and gravel layer in the SDRBs, which 
trapped a large amount of organic matter (Peruzzi et al., 2015; Stefa-
nakis et al., 2014). Meanwhile, the high COD mass removal efficiency in 
the SDRBs can also be partially explained by the biodegradation of 

organic matter and the reduction of outflow volume, which is related to 
the roots of wetland plants (Gagnon et al., 2012). Organic matter 
degradation can be enhanced by microorganisms, resulting from the 
wetland plant delivering oxygen to the rhizosphere (Hu et al., 2020b; 
Huang et al., 2010). Wang et al. (2009) and Hu et al. (2017) also re-
ported that high outflow COD concentration and mass removal effi-
ciency were determined in the planted SDRBs due to the ET of wetland 
plants caused by the volume of outflow reduction. COD mass removal 
efficiency in the PP SDRBs under the sludge loading volume and feeding 
frequency of 3L/d was higher than that in the TT SDRBs, a possible 
reason was that P. australis had a higher water loss and oxygen transfer 
rate under this sludge loading condition. Similar results were also re-
ported by Gagnon et al. (2012), showing that P. australis SDRBs gener-
ally had a lower outflow COD mass value than T. angustifolia and Scirpus 
fluviatilis SDRBs in midsummer condition (maximum of 20.9 ◦C in July). 
The sludge loading volume and feeding frequency had an insignificant 
effect on COD removal in the SDRBs, although the highest removal ef-
ficiency was determined under the sludge frequency of 3L/d. Previous 
studies showed that COD removal efficiencies were over 92% under 
different loading rates in the SDRBs for surplus sludge and faecal sludge 
treatments (Hu et al., 2017; Stefanakis et al., 2014). Tan et al. (2020) 
studied the effect of loading rates on septage treatment in CWs, also 
showing that COD removal efficiency (95.3%) remained high regardless 

Table 1 
Average outflow concentrations and mass removal efficiencies of pollutants in the four STWs.  

STWs COD NH4
+ TN TP 

C (mg/L) RE (%) C (mg/L) RE (%) C (mg/L) RE (%) C (mg/L) RE (%) 

TT 179.9 ± 80.9a 99.2 ± 0.8a 12.5 ± 4.1a 94.5 ± 9.4a 78.5 ± 15.3ab 89.9 ± 8.7a 55.5 ± 14.9ab 84.5 ± 9.5a 

PP 148.2 ± 60.4a 99.5 ± 0.9a 5.0 ± 1.2b 95.7 ± 3.6a 69.5 ± 7.1a 91.5 ± 3.2a 45.0 ± 9.2a 88.1 ± 8.7a 

UP 130.5 ± 85.2a 99.1 ± 1.3a 22.6 ± 4.7c 84.1 ± 4.8b 86.8 ± 12.5b 86.4 ± 6.7a 67.1 ± 8.8b 75.7 ± 8.0a 

UU 102.5 ± 78.4a 98.6 ± 1.5a 40.0 ± 5.0d 41.2 ± 7.4c 89.3 ± 11.2b 73.8 ± 3.2b 79.9 ± 4.9c 65.8 ± 5.2b 

C: concentrations; RE: mass removal efficiencies. 
a, b shows a significant difference (p < 0.05). 

Fig. 1. COD concentrations and mass removal efficiencies in the four SDRBs 
under different sludge volumes and feeding frequencies (In: inflow; TT: 
T. angustifolia + T. angustifolia; PP: P. australis + P. australis; UT: Unplanted +
T. angustifolia; UU: Unplanted + unplanted). 

Fig. 2. TP concentrations and mass removal efficiencies in the four SDRBs 
under different sludge volumes and feeding frequencies (In: inflow; TT: 
T. angustifolia + T. angustifolia; PP: P. australis + P. australis; UT: Unplanted +
T. angustifolia; UU: Unplanted + unplanted). 
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of the varying loading rates. In all, the highest COD removal efficiency in 
our study was obtained in the PP STWs under the sludge loading volume 
and feeding frequency of 3L/d. 

3.3. Total phosphorus 

The average TP mass removal efficiencies in the planted SDRBs were 
13.1–25.3% higher than those in the unplanted control (Table 1). 
Moreover, the average TP concentration in the PP SDRBs was signifi-
cantly lower than those in the UT and UU SDRBs (p < 0.05), and TP mass 
removal efficiency also had a significant difference between the PP and 
UU SDRBs (p < 0.05). Meanwhile, TP concentrations in the four SDRBs 
were below 85 mg/L under the different sludge loading volumes and 
feeding frequencies, and the lowest TP concentration of 28.4 mg/L was 
achieved under the sludge loading frequency of 3L/d (Fig. 2a). The 
highest TP mass removal efficiency in each SDRB was also determined 
under the sludge loading condition of 3L/d; among them, TP removal 
efficiency in the PP SDRBs reached to 95.0%, which was 4.4–26.1% 
higher than other SDRBs (Fig. 2b). Although sludge loading frequencies 
of 9L/3d and 3L/d had the same sludge loading rate of 90 kg/m2 TS, a 
higher TP removal efficiency in the SDRBs was obtained under the 
sludge loading frequency of 3L/d, which increased by 1.4–18.5%. 
Furthermore, the two-way ANOVA analysis showed that the two factors 
(wetland plant, sludge loading volume and feeding frequency) had 

significant effects on outflow TP concentrations (p < 0.05) (Supple-
mentary Material Table S2), which also showed that the best TP removal 
in leachate can be obtained in planted SDRBs under an optimum sludge 
loading volume and feeding frequency. 

Plant significantly promoted the TP removal in the SDRBs, and the 
lowest TP concentration was determined in the PP SDRBs compared to 
the other SDRBs. The results were in agreement with the study of Gag-
non et al. (2012), which showed that a lower outflow TP and PO4–P were 
observed in the P. australis SDRBs compared to other species 
(T. angustifolia and S. fluviatilis) and the unplanted controls. However, 
Hu et al. (2020b) and Wang et al. (2009) reported that plant species 
(I. pseudacorus, P. australis and T. angustifolia) had an insignificant dif-
ference on TP removal in SDRBs, with TP removal efficiencies were over 
80%. A higher TP removal in the PP SDRBs might be attributed to the 
experimental setup in our study. There was a floating wetland system for 
leachate treatment in our study, which promoted TP removal through 
physical, chemical and biological processes (Gagnon et al., 2012; 
Kołecka et al., 2019). In addition, TP removal efficiency was also 
impacted by sludge loading rates. Wang et al. (2013) reported that TP 
removal efficiency in wastewater gradually increased with the hydraulic 
load decreases. However, TP removal efficiency in sludge leachate was 
not increased with the reduction of sludge loading rates in our study. A 
possible reason was that the study of Wang et al. (2013) was conducted 
in northern China with a sub-humid warm temperate continental 

Fig. 3. TN, NH4
+, NO3

− , and NO2
− concentrations and mass removal efficiencies in the four SDRBs under different sludge volumes and feeding frequencies (In: inflow; 

TT: T. angustifolia + T. angustifolia; PP: P. australis + P. australis; UT: Unplanted + T. angustifolia; UU: Unplanted + unplanted). 
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monsoon climate, which may limit the microbial activities around the 
roots. Our study was carried out in central China with subtropical 
monsoon climate conditions (higher air temperature in summer), 
resulting in the plant growth required more water. Thus, TP removal 
efficiency in the SDRBs was reduced under the low sludge loading fre-
quency due to the limitation of plant growth and microbial activities. 
The highest TP removal efficiency was determined under the sludge 
loading volume and feeding frequency of 3L/d. A possible reason was 
that plant growth and microbial activities in the condition of 3L/d were 
higher than that in other conditions. Vigorous plant growth was 
conducive to improving resistance capacity and promoting the growth of 
root microorganisms, thereby enhancing the absorption of phosphorus 
(Vymazal 2011). Although TP removal in the SDRBs mainly resulted 
from the filtration of sludge and gravel layers, TP removal is also related 
to the uptake of plants and microorganisms (Kengne et al., 2014). Xing 
et al. (2020) reported that a small amount of inorganic phosphorus can 
be removed by polyphosphate bacteria through plant assimilation. 
Compared to T. angustifolia, P. australis had a higher oxygen transfer 
rate, which improved microbial density around the roots (Gagnon et al., 
2012, 2013). Meanwhile, Gagnon et al. (2012) also showed that TP 
content in the P. australis (account for about 5.7% of TP input) was 
higher than the T. angustifolia (account for about 3.4% of TP input). This 
could be partly explaining that a higher TP removal efficiency was ob-
tained in the PP SDRBs. In addition, ORP value in the PP SDRBs was 
higher than other SDRBs (Supplementary Material Fig. S3), which also 
provided a potential to increase phosphorus sorption and 
co-precipitation on elements in the rhizosphere (Tanner et al., 1995). 

3.4. Nitrogen 

The lowest NH4
+ and TN concentrations were obtained in the PP 

SDRBs, with 60–87.5% and 11.5–22.2% lower than other SDRBs, 
respectively (Table 1). Meanwhile, the NH4

+ and TN removal efficiencies 
in the planted SDRBs were 51.0–56.9% and 14.6–19.3% significantly 

higher than the unplanted control, respectively (p < 0.05), while an 
insignificant difference was observed between T. angustifolia and 
P. australis (p > 0.05). Besides, NH4

+ concentrations in the PP SDRBs 
under each sludge loading volume and feeding frequency were also 
lower than those in other SDRBs under the corresponding sludge loading 
condition (Fig. 3a), with the removal efficiency being over 87.9% 
(Fig. 3b). However, TN concentrations in the four SDRBs under each 
sludge loading frequency had an insignificant difference (Fig. 3e). 
Despite that, the highest NH4

+ (98.2%) and TN (94.9%) removal effi-
ciencies were determined in the PP SDRBs under the sludge loading 
volume and feeding frequency of 3L/d (Fig. 3f). Moreover, the highest 
NO3

− concentration of 34.7 mg/L was also obtained in the PP SDRBs 
under the sludge loading frequency of 3L/d (Fig. 3d), while NO2

− con-
centrations in the four SDRBs throughout the experiment were still low 
(below 0.15 mg/L) (Fig. 3c). Plant, as well as sludge loading volume and 
feeding frequency had significant effects on outflow NH4

+ concentration 
according to the two-way ANOVA analysis (Supplementary Material 
Table S2). However, an insignificant effect on outflow TN, NO3

− , and 
NO2

− concentrations were observed by wetland plant. 
Wetland plants can significantly improve nitrogen removal in SDRBs, 

and TN and NH4
+ removal in our study were greatly enhanced by the 

P. australis, followed by the T. angustifolia and finally unplanted. How-
ever, T. angustifolia and P. australis had an insignificant difference in TN 
removal (p > 0.05). The possible reason was that TN removal in SDRBs 
mainly depended on the filtration of sludge and gravel layers, with a lot 
of nitrogen trapped in the sludge layer (Hu et al., 2020b; Kołecka et al., 
2019). Thus, the effects of wetland plant species on TN removal in the 
SDRBs can be ignored. Nevertheless, P. australis had a significant posi-
tive effect on NH4

+ removal. NH4
+ removal in CWs may be due to the 

combined effect of plant absorption, adsorption, ammonia volatilization 
and nitrification (Vymazal 2010). Compared to T. angustifolia, 
P. australis had a higher ability to uptake NH4

+ in order to satisfy their 
growth (Lu et al., 2016). Previous studies also showed that the nitrogen 
content in P. australis was higher than that in T. angustifolia after the 

Fig. 4. Heavy metal concentrations in the four SDRBs (In: inflow; TT: T. angustifolia + T. angustifolia; PP: P. australis + P. australis; UT: Unplanted + T. angustifolia; 
UU: Unplanted + unplanted). 
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sludge treatment in SDRBs (Gagnon et al., 2013; Hu et al., 2020b), 
indicating that the P. australis can uptake more NH4

+. In addition, 
P. australis had a higher oxygen transfer capacity, which promoted the 
activities of aerobic microorganisms around the rhizosphere, thereby 
enhancing the NH4

+removal through the process of nitrification (Chen 
et al., 2016; Kengne et al., 2014). 

Sludge loading volume and feeding frequency also affected TN and 
NH4

+ removal in SDRBs. The best nitrogen removal efficiency in the 
SDRBs was determined under the sludge loading volume and feeding 
frequency of 3L/d, indicating that this sludge loading condition was 
conducive to creating alternating anaerobic and anoxic conditions to 
achieve nitrogen removal. Panuvatvanich et al. (2009) also reported 
that periodic flooding of CWs can increase the alternating anaerobic and 
aerobic, which resulted in nitrogen removal in the system. Considering 
the same sludge loading rate of 90 kg/m2 TS condition, TN and NH4

+

removal efficiencies in the sludge loading volume and feeding frequency 
of 9L/3d was lower than that in the sludge loading frequency of 3L/d. 
The reason might be related to temperature and plant growth status. A 
higher temperature (almost 29 ◦C) was measured during the sludge 
loading volume and feeding frequency of 3L/d, which promoted the 
metabolic activities of wetland plants and microorganisms, as well as 
nitrogen removal (Kengne et al., 2014). Meanwhile, plant height in the 
sludge loading feeding frequency of 3L/d was achieved 90–110 cm, 
which was higher than that in the sludge loading volume and feeding 
frequency of 9L/3d (50–70 cm). A good plant growth status can provide 
habitat for more microorganisms and can promote the release of root 
exudates, thereby promoting the absorption of nitrogen and phosphate 
compounds (Liu et al., 2011). Therefore, the optimum leachate nitrogen 
removal efficiency in the P. australis SDRBs was determined under the 
sludge loading volume and feeding frequency of 3L/d. 

3.5. Heavy metals 

The outflow heavy metal (Cu, Mn, Ni, Zn, Cr, Fe, Pb, and Cd) con-
centrations in the four SDRBs were lower than inflow, and all outflow 
concentrations were below the Chinese integrated wastewater discharge 
standard (GB8978-1996) (Chinese EPA 1996) (Fig. 4). Meanwhile, the 
Cu, Mn, Ni, Zn, Cr, Fe, Pb, and Cd removal efficiencies in the planted 
SDRBs were 14.1–17.4%, 20.2–29.5%, 17.8–44.7%, 14.1–24.4%, 
6.5–25.7%, 16.7–19.1%, 24.0–56.4%, and 26.8–43.5% higher than 
those in the unplanted control, respectively (Table 2). Besides, the heavy 
metal removal efficiencies in the PP SDRBs were − 1.5–5.6% higher than 
those in the TT SDRBs, an insignificant difference was obtained between 
them (p > 0.05). Similar results also reported by Chen and Hu (2019), 
showing that T. angustifolia and P. australis also had insignificant dif-
ferences in heavy metals (Cu, Mn, Ni, Zn, Cr, Fe, Pb, and Cd) removal in 
SDRBs, with the mass removal efficiencies of 38.4–98.6%. Pedescoll 
et al. (2015) also reported that T. angustifolia and P. australis removed 
14–85% of heavy metals (e.g. Zn, Pb, Ni, Fe, Cu, Mg, and Al) from do-
mestic wastewater in horizontal CWs. Wetland plants can be used as 
bio-accumulators since they can absorb or surface adsorb high concen-
trations of heavy metals in their biomass (Ali et al., 2020). Meanwhile, 
substrates can remove heavy metals through the processes of adsorption 

and sedimentation, which played an important role in heavy metal 
removal in SDRBs (Stefanakis and Tsihrintzis 2012; Sultana et al., 2014). 
In addition, large amounts of heavy metals were remained in the accu-
mulated sludge due to the filtration of gravel (Hu et al., 2017), thus 
decreasing the heavy metal concentrations in leachate. Chen and Hu 
(2019) studied the heavy metal mass balance in SDRBs, indicating that 
more than 56% of heavy metal mass contents were accumulated in the 
accumulated sludge and substrates. Mustapha et al. (2018) also reported 
that the main processes of heavy metal removal from wastewater in CWs 
were sedimentation and wetland plant uptake. Therefore, wetland 
plants were essential for heavy metal removal in the SDRBs, while the 
insignificant difference was observed in plant species. 

3.6. Pathogen 

E.coli is an important indicator to reflect the contamination of 
pathogenic bacteria in the SDRBs. The outflow E.coli contents in the four 
SDRBs (<4.8 Log10 

(cfu/mL)) were significantly lower than the inflow (5.1 
Log10 

(cfu/mL)) (Fig. 5). The lowest E.coli content of 630 number/mL (2.8 
Log10 

(cfu/mL)) was determined in the PP SDRBs, with 86.2–92.8% lower 
than those in the TT and UT SDRBs. Meanwhile, the E.coli removal ef-
ficiency in the planted SDRBs were 46.3–49.7% higher than that in the 
unplanted control, and the highest removal efficiency of 99.5% was 
determined in the PP SDRBs. Similar results also showed that E. coli 
removal (range of 2.4–2.5 Log10 

(cfu/mL)) in the P. australis CWs were 
significantly higher than those in the I. pseudacorus and T. latifolia CWs, 
which decreased to average values of 1.8–1.9 Log10 

(cfu/mL) (Carballeira 
et al., 2016). The E.coli removal in CWs was mainly related to physical 
retention and adsorption by substrates (Sylla 2020). Besides, the E.coli 
content reduction in leachate was due to the organic matter reduced, 
which deprived bacteria of growth substrate (Vymazal 2007). Mean-
while, wetland plants were involved in the E. coli removal in CWs might 
be due to their abilities (1) to increase filtration and sedimentation into 
the CW system through their roots (Khouja et al., 2019), (2) to supply 
oxygen transfer from aboveground to roots (Button et al., 2015); (3) to 
bound microorganisms around the rhizosphere (Fountoulakis et al., 
2017). Compared to the T. angustifolia, the P. australis in our study had a 
higher oxygen transfer rate and plant density, thus it provided a positive 
effect on E. coli removal in the SDRBs. 

Table 2 
Heavy metal mass removal efficiencies in the four STWs.  

Heavy metals TT PP UP UU 

Cu (%) 94.2 ± 7.8a 92.8 ± 6.7a 90.6 ± 9.9a 77.8 ± 12.4b 

Mn (%) 92.7 ± 17.4a 93.5 ± 9.7a 82.6 ± 19.4a 65.9 ± 15.1b 

Ni (%) 78.7 ± 6.8a 79.4 ± 9.6a 53.4 ± 12.4b 43.9 ± 9.8b 

Zn (%) 87.9 ± 10.6ab 90.4 ± 12.6a 79.5 ± 5.8b 68.3 ± 6.5c 

Cr (%) 83.8 ± 12.0ab 90.4 ± 8.7a 71.9 ± 4.8bc 67.2 ± 7.9c 

Fe (%) 98.8 ± 1.5a 98.1 ± 2.0a 95.9 ± 4.9a 79.9 ± 5.1b 

Cd (%) 76.3 ± 5.6a 80.8 ± 8.8a 46.3 ± 18.8b 35.2 ± 9.8b 

Pb (%) 78.7 ± 3.4a 82.7 ± 5.9a 63.8 ± 6.2b 46.7 ± 5.7c 

a, b shows a significant difference among each STWs (p < 0.05). 

Fig. 5. E.coli contents in the four SDRBs (In: inflow; TT: T. angustifolia +
T. angustifolia; PP: P. australis + P. australis; UT: Unplanted + T. angustifolia; UU: 
Unplanted + unplanted). 
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3.7. Principal component analysis 

PCA and spearman’s correlation analyses were carried out to assess 
the relationships among pH, ORP, water loss, and the outflow concen-
trations of COD, NH4

+, TN, NO3
− , NO2

− and TP in the planted and 
unplanted SDRBs during the whole experiment (Supplementary Material 
Fig. S4; Fig. S5). PCA analysis indicated that ORP, water loss, the 
outflow concentrations of COD, NO2

− and NO3
− in both SDRBs were 

determined in the PCA axis 1 (first component), a positive correlation 
was also shown between ORP and NO3

− . Moreover, water loss had a 
negative correlation with the NH4

+, a similar result was also obtained 
between pH and TP. Similar results were also shown by Hu et al. 
(2020b), indicating that water loss reached a significant correlation with 
dissolved oxygen, conductivity, removal efficiencies of TN, NH4

+ and TP 
(p < 0.05). Meanwhile, the distribution of components in the unplanted 
SDRBs was independent of the planted SDRBs, which was distributed in 
the PCA axis 2 (second component). This suggested that the wetland 
plant affected the removal of pollutants in the SDRBs. Moreover, hier-
archical clustering of parameters also showed that pH, ORP, water loss, 
outflow concentrations of COD, NO3

− , and NO2
− in the planted SDRBs 

were positively correlated with each other; however, negative correla-
tions were obtained among them in the unplanted control (Fig. 6). In 
contrast, TP, TN, and NH4

+ concentrations in the planted SDRBs were 
negatively correlated with each other, and positive correlations were 
observed among them in the unplanted control. Similar results were also 
shown by PCA analysis, which indicated that are TP, TN, and NH4

+

concentrations in both SDRBs were distributed to the left of the axis 2. 
Besides, the outflow concentrations of COD, NO3

− , and NO2
− in the 

planted SDRBs were significantly affected by the pH, ORP, water loss. 
This also indicated that plants played an important role in leachate 
pollutants removal in the SDRBs. 

4. Conclusion 

P. australis and T. angustifolia played important effects on sludge 
leachate treatment in the SDRBs, with TN, NH4

+, TP, and heavy metal 
mass removal efficiencies were 14.6–19.3%, 51.0–56.9%, 13.1–25.3%, 
and 6.5–56.4% significantly higher than those in the unplanted control, 
respectively. Meanwhile, pH, ORP, and water loss had positive corre-
lations with the outflow concentrations of COD, NO3

− , and NO2
− in the 

planted SDRBs. Plant species had insignificant differences in COD, TN, 
NH4

+, TP, and heavy metals removal in the SDRBs. However, P. australis 
had a significant effect on E. coli removal in the sludge leachate, with 
86.2–92.8% higher than that in T. angustifolia. In addition, sludge 

loading volume and feeding frequency also affected the removals of 
leachate pollutants in the SDRBs, the best COD, TN, NH4

+, and TP mass 
removal efficiencies of 99.6%, 94.9%, 98.2%, and 95.0% were deter-
mined in the P. australis system under the sludge loading volume and 
feeding frequency of 3L/d, respectively. Therefore, the sludge leachate 
treatment in the SDRBs was affected by the wetland plant species and 
the sludge loading conditions. Furthermore, the optimum plant and 
sludge loading condition should be determined according to some 
environmental factors (e.g. climate, size of SDRBs, and sludge 
characteristics). 
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