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ABSTRACT: A constructed wetland with the aerobic and anaerobic/anoxic tanks connected in series was 

employed to treat 100m
3
 raw municipal wastewater every day from a small farm village, which suffers from 

serious lack of water supply. The aerobic tank was kept to be aerobic with a continuous supply of air through the 

natural air draft system. Successful biological oxidation and nitrification could be obtained at the aerobic tank. 

The nitrate nitrogen was then finally denitrified with the consumption of remaining BOD5, CODMn and organic 

solids at the anaerobic/anoxic tank. Successful and stable removal of SS could be obtained upto 3 year 

continuous operation without blockage of the sands and gravels within the wetland. No more accumulation of 

organic solids after 1 year operation was observed owing to the equilibrium between the input loading rate of 

organic solids and the decomposition rate of them. The finally treated water is now being reused for agricultural 

purposes at the farm village.     
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I. INTRODUCTION 
Constructed wetlands (CWs) are an eco-friendly alternative for secondary municipal and industrial 

wastewater treatment (Liu et al. 2014; Vymazal 2014; Ilyas&Masih 2017). These systems are used natural 

processes to remove pollutants. Compared with traditional wastewater treatment technologies such as activated 

sludge process and biofilm process, CWs involve cheaper investmentand operating costs. The sole external 

energy source is solar radiation.  

The first experiments with CWs-based treatment of sewage were conducted by Seidel in Germany in 

the 1950s (Seidel 1961). Since then, the application of CWs in wastewater treatment has been gradually 

performed in both developed and developing countries worldwide (Vymazal 2010; Lee et al 2007). Traditional 

constructed wetlands have been used to treat municipal wastewaters but during the last two decades the 

application of constructed wetlands included to treat domestic and agricultural wastewaters, especially with 

small amounts of novel organic pollutants (Vymazal 2011; Dan et al. 2013; Xiaoyan et al. 2015; Dai et al. 2016; 

Kim et al. 2006), includingpesticides such aschlorpyrifos (Moore et al. 2002; Jaramillo &Penuela 2012; Souza 

et al. 2017; Tang et al. 2019). 

The mechanisms for removing pollutants in CWs are complex, includingphysical processes like 

precipitation and filtration and biochemical processes induced by wetlandplants and microorganisms(Cui et al. 

2013; Meng et al. 2014). The influential factors for the degradation of pollutants in CWs were temperature, 

dissolved oxygen (DO) and substrate (Wu et al. 2015b). Among these, the DO is the most important factor that 

could influence microbial activities and the efficiency of pollutants removal. However, DO in traditional CWs is 

rather low, resulting in poor decontamination performance (Matamoros et al. 2008; Oon et al. 2015). Therefore, 

various oxygen intensive technologies have beendeveloped to enhance oxygen content in wetland beds (Li et 

al.2014; Pan et al. 2015; Kim et al. 2006) 

Therefore, these systems require more land area and intensive air supply system to achieve effective 

pollutant removal as more energy intensive options. The environment within a constructed wetland is mostly 

either anoxic or anaerobic because there is no direct contact between the water column and the atmosphere. 

Some excess oxygen is supplied to the wastewater by the roots of emergent plants, but this oxygen is likely to be 

used up in the biofilm growing directly on the roots and rhizomes, and is unlikely to penetrate very far into the 

water column itself. Therefore, typical constructed wetland systems are generally known to be difficult to treat 

raw wastewaters because the pollutant loadings are too high to be treated successfully by the biological elements 

of the wetland. Experience shows that ammonia removal in a wastewater wetland is likely to be the limiting 

design factor because nitrification is always limited by oxygen availability and natural aeration is a relatively 
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slow process in wastewater wetlands. If ammonia can be removed from the water column in the wetland to the 

desired level, then other pollutants will generally be removed to acceptable levels as well. By making the 

wetland aerobic, faster and more efficient biological nitrification is expected to occur within the wetland. 

Accordingly, the required wetland size will be reduced greatly, and thereby the application of the constructed 

wetland becomes more practical for the treatment of raw municipal wastewaters.  

In this study, a constructed wetland was designed to remove BOD and SS together with total nitrogen 

(T-N) from raw municipal wastewater. The designed wetland was composed of the aerobic tank and 

anaerobic/anoxic one thatwas connected in series immediately after aerobic one, and could treat 100 m
3
 raw 

municipal wastewater every day. In the aerobic tank, both the biological oxidation of organic carbons and 

nitrification of Kjeldahl nitrogen were expected to proceed under aerobic conditions. Biological denitrification 

will occur at the following anaerobic/anoxic tank consuming the remaining organic carbons as carbon sources. 

 

II. METHODS 
 The constructed wetland was composed of the two tanks connected in series; one is the aerobic tank 

andthe other is the anaerobic/anoxic one (Figure 1). The former tank could remain aerobic owing to the 

continuous supply of air through the natural draft system (Figure 2) whose driving force for airflow was the 

temperature difference between the ambient air and the air inside the tank (Schroeder&Tchbanoglous 1976). The 

aerobic tank had 290 m
2
 surface area and 1.2 m depth, and accordingly the theoretical hydraulic residence time 

(HRT) in the tank was 3.48 days. From the bottom of the tank spherical gravels (25 mm diameter) were packed 

upto the depth of 0.9 m above which tiny sands (2.5 mm diameter) were packed again with 0.3 m depth. Reeds 

were planted on the sand level. 

 
Figure 1: The schematic diagram of the constructed wetland 

 

 
Figure 2: The natural air draft system installed inside the aerobic tank of the constructed wetland 

 

 At immediate after the aerobic tank was installed the anaerobic/anoxic one whose surface area and 

depth were 580 m
2
 and 1.5 m, respectively. The theoretical HRT of the tank was 8.7 days. From the bottom of 

the tank spherical gravels (25 mm diameter) were packed upto the depth of 1.0 m above which tiny sands (2.5 

mm diameter) were packed again with 0.3 m depth. 

 Constructed wetland operated continuously for 36 months after installation. This wetland is built at a 

small farm village whose population is about four hundred. The village uses groundwater for their daily 

consumption, and suffers from serious lack of water supply.  

 Municipal wastewater was distributed onto the surface of the aerobic tank by using the wastewater 

distribution lines. The distributed wastewater flows vertically under gravity force. During the flow through the 

aerobic tank, the wastewater directly contacts air supplied by the natural air draft system. The exit stream from 
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the aerobic tank was then introduced into the following anaerobic/anoxic tank, and flows horizontally as shown 

in Figure 1.Samples of the influent and effluents from aerobicand anaerobic/anoxic tanks were taken for three 

years each day, and the water quality (BOD, COD, SS, T-N, NH4
+
-N) was measured and showed the average 

monthly value. The water quality measurement method followed standard methods for the examination of water 

pollution. 

 

III. RESULTS AND DISCUSSION 
 The changes in DO concentration can be clearly seen from the data in Figure 3. The DO concentrations 

in the influent wastewater were about 0.3 mg/L. DO concentrations in the effluent were, however, more than ten 

times higher than the corresponding values in the influent. This result indicates that the natural air draft system 

supplies the constructed wetland with sufficient oxygen.  

 

 
Figure 3: DO concentration in the influent (●) and the effluent () from the aerobic tank of the 

constructed wetland 

 

 In addition, DO concentrations at the effluent of the wetland were highly proportional to the absolute 

temperature difference between the ambient air and the air inside the natural air draft system (Figure 4). This 

provides evidence that the driving force for air flows is the temperature difference between the ambient air and 

the air inside the wetland. 
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Figure 4: Dependence of DO concentration on the temperature difference between the ambient air and 

the air inside the natural air draft system 

 

 The influent and effluent concentrations of BOD5 and CODMn in the constructed wetland are shown in 

Figure 5. The average influent concentrations of BOD5 and CODMn were 80.0 mg/L and 74.0 mg/L, 

respectively. After being treated at the aerobic tank, less than 80% of BOD5 and CODMn was removed and the 

respective average effluent BOD5 and CODMn concentrations from the aerobic tank were 10.8 mg/L and 11.2 

mg/L. Additional removal of BOD5 and CODMn could be obtained at the anaerobic/anoxic tank. About 60% of 

the remaining BOD5 and CODMn was removed at the anaerobic/anoxic tank. 
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Figure 5(c) shows the efficiencies of SS removal in the aerated constructed wetland. More than 99% of the 

initial SS was continuously removed and stably upto 3 year operation without blockage of the sands and gravels 

within the wetland. 

 

 
(a)                                                          (b) 

 

 
(c) 

Figure 5: The influent and effluent concentrations of BOD5 (a), CODMn (b) and SS (c) in the constructed 

wetland 

 

 Organic solid material concentrations attached onto the surface of the sands and gravels in the aerated 

constructed wetland were measured at 120 locations and at different times (3, 6, 12, 18, 24 and 36months). 

Distributions of the attached organic solid materials onto sands (0.2 m depth) and gravel (0.5 m and 0.8 m 

depths) after 3 year operation in the aerated constructed wetland are plotted in Figure 6(a), 6(b) and 6(c), 

respectively. Although the distributions are not completely uniform, the attached organic solid materials are 

somewhat well distributed over the wetland. 

 Table 1 is summarized average concentrations of the attached organic solid materials onto the sands (0.2 

m depth) and gravel (0.5 and 0.8 m depths). Concentrations onto the sands are somewhat higher than those onto the 

gravels. This might be due to the more efficient filtration of organic solid materials in the sands rather than gravels. 

An interesting feature, when looking at the results in Table 1 over more carefully, is that the concentrations of 

the organic solid materials increased gradually upto 12 month operation and then remained almost constant upto 

36 month operation. These changes in concentrations with time become evident from Figure 7, which shows the 

time dependence of the total amounts of the attached organic solids on sands and gravels.  
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(a)                                                        (b) 

 
(c) 

Figure 6:Distributions of the attached organic solid materials onto sands at 0.2 m depth (a) and gravel at 

0.5 m depth (b) and 0.8 m depth (c) after 3 year operation in the aerated constructed wetland 

 

Table 1: Average concentrations of organic solid materials attached onto the surface of sands and gravels 

at different operation times. 

 

 No more accumulation of organic solid materials within the wetland after 12 month operation means 

that the input loading rate of organic solid materials nearby equals the disappearance rate of organic solid 

materials. In other words, the aerobic biochemical decomposition rate of the solids equilibrate the input loading 

rate. 

 The total equilibrated amounts of the attached solids onto sands and gravels were calculated to be about 

120 kg and 215 kg, respectively. When taking the density of the organic solids to be 0.5 g/cm
3
, the total volumes 

of the solids on sands and gravels became to be 0.24 m
3
 and 0.43 m

3
, respectively  which corresponded to just 

1.6% and 1.1% of the initial void volumes of sands (15.23 m
3
) and gravels (37.56 m

3
). These values seem to be 

low enough not to block the pathways of water inside the wetland. 

 

Time (month) Depth (m) from the top Concentrations (mg/kg) 

3 

0.2 

0.5 

0.8 

0.122104 

0.110104 

0.103104 

6 
0.2 
0.5 

0.8 

0.182104 

0.172104 

0.169104 

12 
0.2 
0.5 

0.8 

0.204104 

0.177104 

0.170104 

18 

0.2 

0.5 

0.8 

0.204104 

0.175104 

0.172104 

24 

0.2 

0.5 

0.8 

0.206104 

0.174104 

0.170104 

36 
0.2 
0.5 

0.8 

0.202104 

0.173104 

0.169104 
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Figure 7: Time dependence of the amounts of the attached organic solids on sand and gravel 

 

 In addition to the successful removal of BOD5, CODMn and SS, nutrient removal could also be 

obtained. In the case of total nitrogen (T-N) about 31.2% of the input T-N was removed at the aerobic tank of 

the wetland (Figure 8(a)). When considering the fact that more than 94% of the organic nitrogen and ammonia 

nitrogen were nitrified successfully into nitrate nitrogen, which is indicative of the successful biological 

nitrification (Figure 8(b)), about 30% denitrification in the aerated wetland is somewhat surprising because 

biological denitrification proceeds under anoxic conditions. This partial denitrification is believed to occur at the 

local anoxic area within the aerobic tank which seems to be placed somewhat far away from the natural air draft 

system. 

 

 
(a)                                                                              (b) 

Figure 8: The influent and effluent concentrations of T-N (a) and NH4
+
-N (b) in the aerated constructed 

wetland 

 

 Another possible way of partial T-N removal in the aerobic tank might be the uptake of nitrogen 

compounds by reeds that had been planted on the sand level of the aerobic tank. After 3 year continuous 

operation grown reeds were harvested from the aerobic tank, and the total nitrogen uptake inside the reeds were 

analyzed. Less than 3% of the input nitrogen could be taken by the reeds. Accordingly the removal of T-N due 

to the uptake by the planted reeds is almost negligible. 

 More than 60% of the total nitrogen (most of them was nitrate nitrogen) in the effluent from the aerobic 

tank was denitrified biologically at the following anaerobic/anoxic tank. The remaining BOD5 and CODMn at the 

effluent from the aerobic tank were believed to be consumed as a carbon source for biological denitrification at 

the anaerobic/anoxic tank. Additional carbon for biological denitrification may have been provided through the 

digestion of the attached organic solids within the anaerobic/anoxic tank. 

The finally treated water is now being reused for agricultural purposes successfully at the neighboring farmland 

as shown is Figure 3. 
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IV. CONCLUSIONS 
The constructed wetland was built at a small farm village, which suffers from serious lack of water 

supply; the wetland could treat the 100 m
3
 raw municipal wastewater every day. The constructed wetland was 

composed of the aerobic tank and anaerobic/anoxic tank connected in series. The aerobic tank could be 

remained aerobic due to the continuous supply of oxygen though the natural air draft system. 

Fast biological oxidation of organic carbon and ammonium nitrogen could occur at the aerobic tank, 

and biological denitrification proceeded at the following anaerobic/anoxic tank. In addition more than 99% of 

the initial SS could stably be removed upto 3 year continuous operation without blockage of the sands and 

gravels within the wetland. 

The average concentration of the final effluent grow the wetland was 4.8 mg/L BOD5, 5.2 mg/L 

CODMn, 0.2 mg/L SS and 9.2 mg/L T-N. There values were low enough for the treated water to be reused as the 

agricultural water at the neighboring farm lands.  
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