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Abstract:



To improve nutrient removal, a full-scale hybrid constructed wetland (CW) consisting of pre-treatment units, vertical-baffled flow wetlands (VBFWs), and horizontal subsurface flow wetlands (HSFWs) was installed in August 2014 to treat sewage wastewater. Artificial aeration (AA) was applied continuously in the VBFW stage to improve the aerobic condition in the hybrid CW. Water samples were collected and analyzed twice a month between the period of August 2015 and July 2016. The results suggest that this new hybrid CW can achieve a satisfactory reduction of chemical oxygen demand (COD), ammonium nitrogen (NH4+-N), total nitrogen (TN), and total phosphorus (TP) with average removal rates of 85% ± 10% (35% ± 19 g/m2 per day), 76% ± 18% (7% ± 2 g/m2 per day), 65% ± 13% (8% ± 2 g/m2 per day), and 65% ± 21% (1 g/m2 per day), respectively. AA significantly improved the aerobic condition throughout the experimental period, and the positive influence of AA on nitrogen removal was found to be higher during summer that during winter. A significant positive correlation between water temperature and nutrient removal (p < 0.01) was observed in the system. Overall, this study demonstrates the application of AA in a full-scale hybrid CW with satisfactory nutrient removal rates. The hybrid CW system with artificial aeration can serve as a reference for future applications areas where land availability is limited.
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1. Introduction


Constructed wetland (CW) is an engineered ecosystem which is considered an alternative cost-effective wastewater treatment technology [1,2]. This system possesses complex physical, chemical, and biological processes similar to natural wetlands and is widely used to treat different types of wastewater [3,4,5]. CWs performances are frequently reported to be satisfactory (over 80%) for suspended solids (SS) and organic matter [6]; however, for nutrient removal, high variations in removal rates are often observed. Previous studies reported that total nitrogen (TN) and total phosphorus (TP) removal efficiencies are reported to be varied between 40%–55% and 40%–60%, respectively, in different CWs [6,7,8], suggesting the need to improve nutrient removal in order to obtain more reliable treatment performances.



Nitrogen removal in CWs occurs through nitrification–denitrification, plant uptake, substrate adsorption, sediment storage, and ammonia volatilization [1,8,9]. However, ammonification (dissolved organic nitrogen (DON)→NH4+-N) followed by coupled nitrification (NH4+-N→NO2−-N→NO3−-N), and canonical denitrification (NO3−-N→NO2−-N→NO→N2O→N2) are the major nitrogen removal pathways in CWs [1,5], which are reported to be approximately 47%–62% of total nitrogen removal [9]. On the contrary, microbial degradation of phosphorus removal in CWs was frequently reported to be insignificant [4,10]. Filter media with high phosphorus binding capacity is a suitable strategy to maximize phosphorus removal [2,11] in CWs. Even though a wide range of substrates have already been tested for phosphorus removal [2,4], further investigations are still necessary to obtain sustainable, cost-effective, and locally available media for CWs [2,4,12].



Microbial nitrification is usually considered as the rate limiting step of nitrogen removal in CWs [5,13]. Lack of dissolved oxygen (DO) in wastewater limits this microbial process [13]. Although nitrification can occur at low DO levels, the reaction rate is considerably less when DO levels fall below 2 mg/L [6]. Plants in CWs can supply oxygen in the rhizospheres and enhance nitrification processes [13,14]. However, a number of studies suggested that root oxygen release is far less than the amount needed to support the nitrification process [6,15]. The combination of various wetlands in a staged manner, such as subsurface vertical flow (VF) followed by horizontal flow (HF) CWs, referred to as hybrid CWs, are also used for better nitrogen removal [8]. In the hybrid systems, various wetlands are combined to simulate both aerobic (VF stage) and anaerobic (HF stage) conditions, which are necessary for the microbial nitrification–denitrification processes [8,16,17,18]. Nonetheless, nitrogen removal efficiency can vary with season in both traditional and hybrid CWs, because nitrification is generally considered as the most temperature-sensitive steps [19] and becomes inhibited below 10 °C [9,14].



In such a context, innovative designs of CWs are necessary to optimize nutrient removal efficiencies throughout the year [10]. Different approaches have been applied to improve nutrient and organic removal efficiencies in CWs through different operational and design strategies such as effluent recirculation, tower hybrid CW, drop aeration, baffled subsurface tidal, flow direction reciprocation, earthworm integration, bioaugmentation, and circular-flow corridor wetlands [1,3]. Artificial aeration (AA) is an alternative strategy which has been proposed and applied in different CWs to create an aerobic environment [20]. Previous studies reported that AA in CWs can improve nutrient removal compared to the non-aerated systems [2,5]. AA appeared to improve environmental conditions for microbial nitrification and phosphorus removal in the winter season as well [10,13]. It provides an elevated oxidization of Fe2+ to Fe3+, which enhances the chemical precipitation of phosphorus [6]. Furthermore, AA improves the resistance of CWs to the fluctuating influent loads [13] and intensifies mineralization of solids to prevent clogging of the system, and thus increases the lifespan of CWs [13,21]. Studies on AA in CWs have been conducted mostly in short-term laboratory-scale and pilot scale experiments, but very few experiments focused on long-term full-scale systems or its integration in hybrid CWs [7,13,22]. Moreover, seasonal variations of nutrient removal in aerated full-scale hybrid systems still remain unclear.



In the present study, we investigated nutrient removal performances of a new type of hybrid CW receiving sewage wastewater. The studied hybrid system was comprised of pre-treatment units (a septic tank (ST), a contacting oxidation tank (OT), and a cross-flow sedimentation tank (CST)), a continuously aerated vertical baffled flow wetland (VBFW), a horizontal subsurface flow wetland (HSFW), and a clean water pond (CWP). AA was applied in the OT unit and a half portion of the VBFW unit. The original VBFW + HSFW design was developed by our research team and applied in many full-scale systems since 2007 [17]. We studied the performances of aerated hybrid CWs especially for nutrient removal over a period of a year.




2. Materials and Methods


2.1. Study Site


The study was conducted at the RunXi Township sewage treatment plant, a full-scale artificially aerated hybrid CW located in Chongqing City, Southwest China. The plant has been operating since August 2014, with a design capacity of treating 300 m3/day of sewage collected from a community of approximately 3000 people. The hybrid system consists of three pre-treatment units—a ST (78 m3), a OT (75 m3), and a CST (22 m3)—two main treatment units—a micro-aerated VBFW (MA-VBFW, 128 m2) and a HFCW (394 m2)—and a post-treatment unit of clean water pond (CWP, 20 m3). Moreover, a sludge drying bed (21 m3) was also installed to collect and dewater sludge from the ST unit. The VBFW consists of 2 beds, each bed with 4 sections (for example, for Bed 1, sections are VF1, VF2, VF3, and VF4). Each section is 4 m in length (L), 4 m in width (W), and 1.5 m in height (H). The HSFW consists of 2 beds of the same size. Each bed has 3 equal sections (L × W × H; 7.5 m × 7 m × 0.8 m)—HF1, HF2, and HF3. Between every two sections of a HSFW bed, a shallow cascaded natural aeration ditch (NAD, 7 m) of plastic material was constructed. The schematic diagram of the studied full-scale hybrid system is presented in Figure 1. The average raw wastewater inflow rate during the study period was 150 m3/day. The average hydraulic retention times (HRT) for each treatment stage are approximately 12.4, 11.8, 4.2, 15.4, 17.5, and 2.2 h for the ST, OT, CST, VBFW, HSFW, and CWP, respectively, and approximately 63 h for the total treatment plant. AA was applied in the OT and the last half portion of VBFW (VF3 and VF4) units using a blowing machine with an average air flow of 1.2 m3/min, which was separated equally between two selected treatment stages. In each aerated section of VBFW, 20 parallel perforated tubes (420 cm in length, 32 mm in diameter, PE) with pores (4 mm in diameter) were placed at the bottom (approximately 130 cm in depth) with an average airflow of 0.54 m/h. Gravel (8~30 mm in diameter) was used as the filter media with Cyperus alternifolius as a macrophyte in the VBFW and HSFW beds. The porosities of both VBFW and HSFW beds are approximately 50%. Considering the clogging problem and the wetland life span, water backwash pipes were installed at the bottom of the VBFW beds. More detailed information about the similar type of hybrid CWs (VBFW + HSFW) without AA can be found in previous research papers [16,17].


Figure 1. Schematic diagram of the studied full-scale hybrid system along with the sampling sites.
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2.2. Sampling and Physiochemical Analysis


Water samples were collected twice a month from August 2015 to July 2016 of the 13 water sampling points installed along the flow route of the investigated hybrid system (Figure 1). However, for the dissolved oxygen (DO) analysis, data were collected twice a month from 20 sampling points marked separately as shown in Figure 1. Water samples were collected directly with a glassy sampling device. The samples for water temperature (WT), electrical conductivity (EC), DO, turbidity, and pH were analyzed in the field with portable sensors as described in previous studies [16,17]. All collected water samples were stored in a cooler at 4 °C, transported to the laboratory at Chongqing University for analyzing the chemical oxygen demand (COD), TN, NH4+-N, nitrate–nitrogen (NO3−-N), nitrite–nitrogen (NO2−-N), and total phosphorus (TP) according to the Chinese National Standard methods [23]. All samples were analyzed in triplicate.




2.3. Statistical Analysis


A one-way analysis of variance (ANOVA) with Fisher’s least significant difference (LSD) post hoc (α = 0.05) tests were used to determine the significant differences between warm and cold seasons treatment performances. The Pearson correlation coefficients at the 95% confidence level were analyzed between the water quality parameters and environmental indicators for cold and warm periods. All calculations were carried out using Origin 8.0 software.





3. Results and Discussion


3.1. Overall Performance


The average concentration of various water quality parameters at different treatment stages of the studied hybrid system over a period of one year are summarized in Table 1. The entire full-scale AA hybrid CW achieved a satisfactory overall performance for the removal of COD, NH4+-N, TN, and TP with average efficiencies of 85% ± 10%, 76% ± 18%, 65% ± 13%, and 65% ± 21%, respectively. The pre-treatment stages of the hybrid CW contributed an average of 75%, 72%, 45%, and 52% in the total removal efficiency of COD, NH4+-N, TN, and TP, respectively. In general, among three pre-treatment stages, the OT unit showed maximum pollutants removal capacity mainly due to the AA. However, during CW treatment stages, the MA-VBFW showed better carbon and nitrogen removals, whereas TP removal was maximum in HSFW. Our results showed that maximum pollutants reduction occurred during the pre-treatment stages, whereas the MA-VBFW and HSFW contributed to further removal of pollutants. The average removed COD, NH4+-N, TN, and TP loads in the studied hybrid system were estimated to be 35 ± 19, 7 ± 2, 6 ± 2, and 1 g/m2 per day, respectively.



Table 1. The overall distribution of pollutants concentrations along with the treatment stages 1.







	
Sampling Sites 2 (#)

	
1-Inflow

	
2-ST-In

	
3-OT-In

	
4-CST-In

	
5-VF-In

	
9-HF-In

	
12-CWP-In

	
13-Outflow






	
pH

	
7.2 ± 0.1

	
7.2 ± 0.1

	
7.2 ± 0.1

	
7.2 ± 0.1

	
7.2 ± 0.1

	
7.1 ± 0.1

	
7.1 ± 0.1

	
7.1 ± 0.1




	
Temp.

	
17.9 ± 6.3

	
17.8 ± 6.2

	
17.9 ± 6.3

	
18.1 ± 6.6

	
18.1 ± 6.6

	
17.9 ± 6.2

	
18.1 ± 6.4

	
18.2 ± 6.4




	
(°C)




	
EC

	
797 ± 59

	
726 ± 57

	
711 ± 58.

	
711 ± 56

	
698 ± 61

	
629 ± 50

	
655 ± 53

	
637 ± 32




	
(μS/cm)




	
Turbidity

	
48 ± 18

	
26 ± 13

	
21 ± 10

	
12 ± 9

	
11 ± 9

	
7 ± 7

	
5 ± 3

	
6 ± 3




	
(NTU)




	
COD

	
193 ± 84

	
165 ± 89

	
120 ± 59

	
78 ± 22

	
69 ± 20

	
41 ± 15

	
28 ± 12

	
28 ± 11




	
(mg/L)




	
TN

	
53 ± 8

	
51 ± 8

	
50 ± 9

	
42 ± 8

	
38 ± 10

	
28 ± 8

	
20 ± 6

	
19 ± 6




	
(mg/L)




	
NH4+-N

	
43 ± 8

	
40 ± 7

	
39 ± 9

	
21 ± 10

	
19 ± 10

	
14 ± 8

	
11 ± 6

	
10 ± 6




	
(mg/L)




	
NO3−-N

	
0.6 ± 0.4

	
0.6 ± 0.4

	
0.7 ± 0.3

	
8.8 ± 2.4

	
7.9 ± 2.5

	
8.7 ± 2.5

	
5.1 ± 1.7

	
5.1 ± 1.5




	
(mg/L)




	
NO2−-N

	
0.1 ± 0.05

	
0.1 ± 0.03

	
0.1 ± 0.10

	
0.5 ± 0.09

	
0.4 ± 0.10

	
0.5 ± 0.08

	
0.3 ± 0.07

	
0.3 ± 0.07




	
(mg/L)




	
TP

	
4.8 ± 1.0

	
4.1 ± 0.8

	
4.2 ± 0.9

	
3.3 ± 1.0

	
3.2 ± 0.9

	
2.7 ± 0.8

	
1.8 ± 0.8

	
1.7 ± 0.8




	
(mg/L)








Notes: 1 All data are presented as the means ± standard deviation (SD). n = 24 for all samples; 2 Inflow (In) water quality at different treatment stages of the studied CW. 2-ST-In, 3-OT-In, 4-CST-In, 5-VF-In, 9-HF-In, and 12-CWP-In means inflow concentration at the septic tank, oxidation tank, cross-flow sedimentation tank, vertical baffled flow wetland, horizontal subsurface flow wetland, and clean water pond. The number before each stage indicates sampling point out of total 13 water sampling points.








The current carbon and nutrient removal efficiencies were much higher than the previous results obtained from a similar type of full-scale hybrid CW consisting of a storage tank, a AA VF, a HF, and a landscaped ecological pond, used to treat domestic wastewater [7]. Pan et al. [7] reported that the annual average COD, NH4+-N, TN, and TP removal efficiencies were 34.1%, 58.4%, 31.1%, and 41.6%, respectively. The performance of our AA hybrid system was also comparable with the same type of full-scale hybrid CW without AA with similar COD inflow concentrations but lower hydraulic loading rates of 27–36 cm/day [17]. The removed COD loads in the studied AA hybrid CW were in agreement with the high removed COD loads of approximately 35 g/m2 per day (in aerated VF) and 29 ± 2 g/m2 per day (in aerated HSSF) as referred by Tang et al. [6] and Fan et al. [24], respectively, which were higher than 20 gCOD/m2 day measured in other studies by Liu et al. [25]. Higher removed COD loads of 54 g/m2 per day were measured in an intermittently aerated VF system by Foladori et al. [26].



Vymazal [18] in his review paper reported average TN and NH4+-N removal of 62% (24 systems) and 75% (23 systems), respectively, from different combinations of full-scale hybrid systems treating municipal sewage around the world, which were consistent with the current results. The nitrogen removed loads in our study were consistent or higher than the rates reported in previous studies on full-scale and pilot-scale CWs with different aeration strategies [6,21,24,25]. In a full-scale continuously aerated HSFW, Butterworth et al. [21] reported NH4+-N removed loads up to 6 g/m2 per day. Vymazal [18] studied different combinations of hybrid systems and estimated that the NH4+-N removal varied between 2 ± 2 to 3 ± 3 g/m2 per day, whereas the single stage VF and HF CWs resulted in average removals of 2 ± 2 and 1 ± 7 g NH4+-N/m2 per day, respectively, which is more than three times lower than the current NH4+-N removed loads. The removed TN loads in the studied AA hybrid system were higher than the 6 gTN/m2 per day measured by Foladori et al. [26] in an intermittently aerated VF CW. Vymazal [18] estimated TN removed loads up to 4 ± 5 g/m2 per day for full scale hybrid CWs without AA, whereas the single stage VF and HF without AA showed a removal load of approximately 2 ± 4 and 1 ± 2 gTN/m2 per day, respectively. These removal rates were markedly lower than the current TN removed load. Generally, TP removal efficiency in CWs varied from 40% to 90% [5,8] with removed load varied between 0.1 and 0.2 g/m2 per day [8]; considering this efficacy, TP removal rates were relatively good in our studied AA hybrid CW.




3.2. Water Temperature and DO Profile


The monthly average wastewater temperatures of the hybrid system (at the inflow, subsequent treatment stages and outflow wastewater temperature) are presented in Figure 2a. The annual average water temperature during the experimental period was around 18 °C with a maximum and minimum water temperatures reading of 26 °C and 6 °C, respectively. The nutrient removal efficiency was evaluated and classified into two seasons: high temperature (May to October) and low temperature (November to April). The average water temperatures were ranged between 17.5 ± 0.0–26.0 ± 0.4 °C and 5.5 ± 0.1–16.6 ± 0.3 °C during warm and cold seasons, respectively, with a seasonal difference of approximately 10 °C.


Figure 2. The water temperatures and dissolved oxygen (DO) levels in the studied hybrid system. (a) Average monthly water temperatures; (b) Annual average DO concentrations along with the flow routes of the investigated hybrid constructed wetland (CW).
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DO values increased significantly throughout the experimental periods at the OT (from 0.4 ± 0.5 to 2.3 ± 2.8 mg/L) and MA-VBFW (from 1.7 ± 1.8 to 4.9 ± 4.4 mg/L) stages due to the presence of continuous AA (Figure 2b). In addition, NADs in HSFW also significantly increased DO concentrations (from 0.9 ± 1.2 to 2.8 ± 3.1 mg/L). In case of seasonal variations, the influent DO values were slightly higher in summer (0.5 ± 0.1 mg/L) than those in winter (0.4 ± 0.2 mg/L), but these differences were found to be insignificant. Interestingly, the outflow DO values were significantly higher during winter (4.2 ± 1.0 mg/L) than the summer seasons (3.3 ± 0.5 mg/L). This might be due to the low temperatures in winter that supports high solubility of DO [13,27]. However, in aerated treatment units (OT and MA-VBFW), variations of DO concentrations in summer and winter seasons were almost similar, suggesting a stable aeration throughout the year and maintenance of a suitable condition for nitrification in these aeration steps. This performance was slightly different from the results reported by Pan et al. [7] in a similar type of hybrid system, where authors reported that outflow DO values of the AA VF and HF were below 1 mg/L during winter and concluded that AA was less effective in the cold season. Although authors found that overall annual average DO values significantly increased from 0. 5 ± 0.5 to 3 ± 2 mg/L at the AA VF outlet and 2 ± 1 mg/L at the HF outlet [7]. Previous studies on full-scale or lab-scale CWs with different aeration strategies reported that effluent DO values varied between 3 and 11 mg/L [28], which is consistent with the annual average DO outflows (3.7 ± 0.8 mg/L) of our studied full-scale hybrid system.



The DO results indicated that the OT and MA-VBFW treatment stages maintained mostly an aerobic condition whereas HSFW had mostly anoxic and anaerobic conditions. The DO values increased by 1.9 mg/L at NAD in between every two sections of a HSFW bed, and decreased immediately to 0.4 ± 0.5 mg/L, which represented anoxic condition before the next NAD. This phenomenon was consistent with the similar type of HSFW reported by Zhai et al. [16], where authors found NADs increased DO values from 0.3 ± 0.1 mg/L to 3.8 ± 0.1 mg/L, but after a 5.5 m subsurface plug flow in the HSFW bed, the DO concentrations decreased back to 0.3 ± 0.2 mg/L. Ye and Li [29] studied on a towery hybrid CW to treat domestic wastewater where authors reported that the second stage (out of three stages) consisted of three circular cells (water over flow from upper cell to the subsequent cells referred as towery system) increased the DO value of approximately 1.7 mg/L, which is almost the same or slightly lower than the DO concentrations increased by NADs in our study. The current DO values indicated a suitable condition for nitrification at the OT and MA-VBFW stages and denitrification in the HSFW stage. A limited amount of macro/micro-scale nitrification is still possible in HSFW due to the NAD between the two HSFW sections and plants oxygen root release [16,17].




3.3. Seasonal Variations of Organic and Nitrogen Removal


Seasonal variations of COD, TN, and NH4+-N removal efficiency and distributions of NOx (NO3−-N and NO2−-N) at different treatment stages of the studied hybrid system during summer and winter seasons is presented in Figure 3. The average concentration of inflow COD was almost similar during both seasons but total removal efficiency was significantly higher (p < 0.05) during summer (88% ± 6%) that in winter (77% ± 11%). The present COD removal efficiency during both seasons was much higher than the full-scale AA hybrid system reported by Pan et al. [7]. Compared with the other treatment stages, the first treatment stage (ST unit) contributed to the highest COD reduction during both seasons. The same phenomenon was also reported by the other researchers studied on hybrid systems that consisted of multiple treatment stages [30]. However, due to the high COD removal in ST unit during summer (43% ± 19%) in contrast with winter (27% ± 17%), total COD removal efficiency was significantly better during summer. Otherwise, COD removal rates in all treatment units showed similar performance during both seasons. In fact, in wetland beds (VBFW and HSFW), COD removal efficiencies were slightly higher during winter because of the low removal rate in pre-treatment stages.


Figure 3. Stepwise removal efficiency of organics and nitrogen. (a) Chemical oxygen demand (COD) removal efficiency in all treatment units during summer and winter; (b) Total nitrogen (TN) removal efficiency at different treatment stages during summer and winter; (c) Ammonium nitrogen (NH4+-N) removal efficiency at different treatment stages during summer and winter; (d) Distribution of NOx (NO3−-N and NO2−-N) concentrations along with the treatment flow routes during summer and winter.
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AA influenced the OT unit to perform better COD reduction after the ST stage. Moreover, the MA-VBFW contributed more to the COD reduction than the HSFW because of AA [7]. Previous studies also reported that various aeration strategies significantly increased COD removal in various types of full-scale and lab-scale CWs [2,7,10,27]. Organic removal in CWs generally occurs through the sedimentation, filtration, interception, and microbial degradation in both aerobic and anaerobic conditions [5], but aerobic degradation is predominant for dissolved COD removal [6]. AA assists in improving mixing and increases aerobic condition in CWs, thus enhancing COD removal especially in winter [10,13,27].



Nitrogen was found mainly in the form of NH4+-N. Inflow NH4+-N on average accounted for 80% ± 4% and 78% ± 6% of TN in warm and cold periods, respectively. On the contrary, outflow NH4+-N concentrations were found to be 39% ± 19% and 63% ± 14% of TN during warm and cold seasons, respectively. The inflow TN and NH4+-N were almost similar during both seasons but the outflow concentrations were significantly higher during winter (p < 0.05), suggesting that the low temperatures had a negative effect on both TN and NH4+-N removals. Figure 3b,c represented stepwise mean removal efficiencies of TN and NH4+-N in the investigated hybrid system during high and low temperatures. NH4+-N removal efficiency was found to be higher than TN removal in both seasons. TN and NH4+-N removal efficiencies during the warm period were 73% ± 6% and 86% ± 8%, respectively, whereas during cold period 56% ± 12% and 63% ± 18%, respectively. Compared with the cold period, the average removal efficiencies of TN and NH4+-N were significantly increased (p < 0.05) during summer of approximately 17% and 23%, respectively. Maximum TN and NH4+-N removals were observed in the OT and MA-VBFW units during both seasons where AA was applied, which suggests that the aeration had a positive influence on nitrogen removal [2,5,9,10]. In addition, the HSFW performed significantly in removing TN during both seasons (17% ± 9% summer and 13% ± 5% winter). However, NH4+-N removal efficiency at the HSFW stage was higher in winter (10% ± 5%) than that in summer (4% ± 9%). This was due to the comparatively low NH4+-N inflow concentrations (9 mg/L) in the HSFW stage and high NH4+-N oxidations in previous OT and VBFW stages during summer. However, the HSFW significantly decreased NO3−-N (summer from 10 ± 1 to 5 ± 1 mg/L and winter 8 ± 3 to 5 ± 2 mg/L) concentrations during both seasons (Figure 3d). Since then, the inflow NOx concentrations were less than 1 mg/L throughout the experimental period, but the OT and MA-VBFW units significantly increased NO3−-N concentrations and limited increase of NO2–-N. These phenomena indicated that the proper nitrification occurred in these steps due to AA [6,9,10]. In contrast, the HSFW subsequently decreased NOx (mostly NO3−-N) concentrations, which suggested that denitrification occurred in the HSFW stage [10]. However, the outflow NO3−-N concentrations of the wetland during both seasons indicated an incomplete denitrification in the HSFW stage [10] which can be attributed to the lack of available organic carbon sources [9,31].



In addition to the microbial nitrification and denitrification, ammonia volatilization especially in the OT unit, plant nitrogen uptake and ammonia adsorption in the VBFW and HSFW units also contributed to the TN removal in the studied system [2,6,8,9]. The average pH measured at all treatment stages of the wetland was 7.2 ± 0.1 during both seasons, which should therefore limit the contribution from ammonia volatilization [8,29]. Plants uptake can significantly remove nitrogen in CWs (around 20% of total nitrogen removal) [6,9]. Vymazal and Kröpfelová [30] reported that plants uptake in experimental multistage hybrid CW treated municipal sewage (saturated vertical flow, free-drain vertical, and horizontal flow units in series) can remove up to 26% of the nitrogen inflow load. The current study showed that AA improved nitrification in the OT and MA-VBFW stages and the subsequent denitrification in the HSFW stage during both summer and winter seasons. Generally, TN removal efficiency in CWs varied between 40% and 70% [8,27]; considering this range, the nitrogen removal in the studied system during both seasons was good.




3.4. TP Removal


The seasonal variations of TP removal efficiencies at different treatment stages are shown in Figure 4. Although the inflow TP concentrations were almost the same during both seasons, its removal efficiencies were significantly higher (p < 0.05) in summer periods (78% ± 6%) than those in winter periods (46% ± 18%). Compared with the other treatment units, the highest TP removal rates (28% ± 34%) were observed in the OT unit during summer; during winter, the HSFW unit showed the best removal rates (15% ± 6%) (Figure 4). The HSFW contributed more to TP removal than the VBFW throughout the experimental period. In summer, TP removal efficiencies at the OT and MA-VBFW stages were fluctuating because of the inflow variations in TP concentrations. However, final TP outflow concentrations were more stable in summer compared with those in winter. TP removal in CWs mainly refers to the physical processes such as substrate adsorption and chemical precipitation [2,4,5,10,27].


Figure 4. Total phosphorus (TP) removal efficiency in different treatment stages during summer and winter.
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Previous studies reported that different AA strategies significantly improved TP removal in CWs [2,6], whereas some studies did not find any significant differences between aerated and non-aerated CWs [5,10,27]. However, the reported studies on TP removal with or without AA suggested that AA provided more stable TP removal rates through the better mixing of phosphorus with the substrate media [6,10,27], improving aerobic conditions and DO, thus increasing the chemical precipitations and microbial degradations of phosphorus [1,6,27]. The present TP removal rates in the OT stage during summer were more than three times the TP removal rates of a non-aerated oxidation pond reported by Wang et al. [5], indicating the positive influences of AA in the studied system for TP removal. However, during winter, despite the same aeration and aerobic conditions, TP removals were significantly lower than those in the summer seasons, indicating that AA was less effective at low seasonal temperatures. This might be due to the decrease in microbial activities and plant uptake of TP during winter. In a lab-scale AA VBFW, Tao et al. [10] also reported a significant decrease in TP removal rates during winter (65%) compared to that in summer (74%). In addition, plant uptake can significantly contribute to the TP removal efficiencies (approximately 10%–75%) [4,6,12,27,30] which is generally decreased during the winter season because of plant dormancy or dieback [10]. However, current TP removal efficiencies during both seasons were much higher than the full-scale AA hybrid system reported by Pan et al. [7].




3.5. Water Temperature vs. Pollutants Removal


Significant positive relationships (p < 0.01) between water temperatures and removal efficiencies of TN, NH4+-N, NO2−-N, and TP were observed with Pearson correlation coefficients of 0.9, 0.8, 0.9, and 0.9, considering both summer and winter seasons. The correlation results revealed that, except for the NO3−-N, all other nitrogen species and TP removal efficiencies significantly increased with temperature. Previous studies also reported that the air or water temperatures directly correlated to the pollutants removal rates [7,14]; in spite of the same AA, both TP and TN removal rates were found to be significantly lower in winter compared with that in summer [10,13,27]. This was due to the decrease in microbial activities and plant uptake (dormancy or dieback) during low temperatures [10]. The optimum temperatures for nitrification and denitrification are ranges within 28–36 °C and 60–70 °C, respectively, whereas temperatures lower than 5 °C can inhibit the activities of both nitrifying and denitrifying bacteria and consequently decrease nitrogen removal rates [31]. However, pH, mass loading, available carbon and nitrogen, redox condition, and microbial diversity in CWs can also influence nitrogen removal rates in addition to the temperature [31,32].





4. Conclusions


AA was applied in a full-scale hybrid CW to evaluate the pollutant removal performances, particularly the nutrient removal. The continuous aeration was used in a pre-treatment unit (OT) and the main treatment unit (VBFW) over a period of a year. Results from the full-scale system suggested that this new hybrid CW can achieve relatively good pollutant removal rates including nutrient removal (TN and TP approximately 65%). AA significantly improved the aerobic conditions and thus enhanced nutrient and organics removal efficiencies in the studied system. However, despite the same aeration strategy and almost similar aerobic conditions throughout the year, nutrient removal rates were significantly lower in winter than those in summer. Our study indicated that AA was less effective at low temperatures which might be due to the decreased microbial activities and plant uptake during winter seasons. However, additional enhancement of nutrient removal in the studied hybrid system is still possible using different aeration strategies and carbon inputs, which needs further investigation.
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