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Abstract: This research paper tried to assess the efficiency of integrated constructed wetland in eliminating Nitrogen from domestic sewage of Soba rural area in Khartoum South, Sudan. The integrated constructed wetland is about 8.89 acres and consists of two sludge puddle and five shallow vegetated wetland units. The assessment of this study was base on influent and effluent concentrations of ammonia – nitrogen (NH3), nitrate-nitrogen (NO3-N) and wetland hydrology. The influent sewage classically contained 40 mg L-1 NH3-N and 5 mg L-1 NO3-N. The average concentration of Nitrogen in the integrated constructed wetland effluent was less than 1.0 mg L-1 for both forms. Generally, a total load of 2802 kg NH3-N and 441 kg NO3-N was received by the integrated constructed wetland and an elimination rate of 98.0 % and 96.9 % respectively. Average a real N loading rate (245 mg m-2 d-1 NH3-N and 38 mg m-2 d-1 NO3-N) had a significant linear relationship with a real N elimination rate (240 mg m-2 d-1 and 35 mg m-2 d-1, correspondingly) for both forms. The a real first-order N elimination rate constants in the integrated constructed wetland averaged 14 m yr-1 for NH3-N and 11 m yr-1 for NO3-N respectively. Temperature coefficients (θ) for N lessening in the integrated constructed wetland was low and recommended that the variability in N elimination by the integrated constructed wetland was temperature independent. 
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1. Introduction
Most wastewaters, such as domestic sewage, industrial and agricultural wastewater, urban drainage and landfill leachate, contain nitrogenous compounds that have given rise to various negative phenomena in water environments. 
Nitrogen elimination from domestic sewage by constructed wetlands is considered as one of the most famed scheme for small communities in rural areas. The main elimination mechanisms of nitrogen in Constructed wetlands are nitrification and denitrification (R.H. Kadlecet al, 1996).
Constructed wetlands have now been successfully used in the treatment of several wastewaters such as domestic sewage, urban runoff and storm water, industrial and agricultural wastewater and leachate (M. Scholz et al, 2005).  Nitrogen elimination in sewage treatment is imperative because of the potential hazard it causes to both living things and the ecosystem. However, the principal impact of nitrogen is due to its role as a limiting nutrient in many aquatic environments.  Nitrogen is the limiting nutrient in most aquatic environments. Elevated nitrogen inputs into water bodies can result in increased plant growth and eutrophication. Eutrophication due to nitrogen inputs have been implicated in loss of species diversity (Preston et al. 2003) and increased occurrence of harmful algal blooms such as red tide, which threaten both human and ecosystem health (Anderson et al. 2002, Huang et al. 2003). Excessive nutrients in aquatic ecosystems cause eutrophication, which can lead to decreased dissolved oxygen levels and fish kills (Cook, 2001).
1.1 Chemistry of Nitrogen 

Nitrogen can exist in nine various forms in the environment due to seven possible oxidation states (WEF, 1998)
Table (1) Principal forms of nitrogen
	Nitrogen Compound
	Formula
	Oxidation State

	Organic nitrogen
	Organic-N
	-3

	Ammonia
	NH3
	-3

	Ammonium ion
	NH4
	-3

	Nitrogen gas
	N2
	0

	Nitrous oxide
	N2O
	+1

	Nitric oxide
	NO
	+2

	Nitrite ion
	NO2
	+3

	Nitrogen dioxide
	NO2
	+4

	Nitrate ion
	NO3
	+5


The principal forms of nitrogen of concern in onsite wastewater treatment and soil-groundwater interactions are Organic-N, NH3/NH4+, N2, NO2-, and NO3-(Rittman & McCarty, 2001; Sawyer et al., 1994; US EPA, 1993). Because these forms still represent four possible oxidation states that can change in the environment, it is customary to express the various forms of nitrogen in terms of nitrogen rather than the specific chemical compound: Organic-N, NH3-N, NH4+-N, N2-N, NO2--N, and NO3--N. Thus, for example, 10 mg/L of NO3--N is equivalent to 45 mg/L of NO3- ion.
1.2 Nitrogen Transformations in wetlands

The elimination mechanisms for nitrogen in constructed wetlands include utilization, ammonification, nitrification/denitrication, and plant uptake and matrix adsorption. Numerous studies have proved that the major elimination mechanism in most constructed wetlands is microbial nitrification/denitrification (Vymazal et al., 1998). Untreated ammonia can exert a significant oxygen demand through biological nitrification and it may cause eutrophication in receiving waters, and can be toxic to aquatic organisms. Therefore, the need for nitrogen control in sewage effluents has generally been recognized and many treatment processes have been developed to remove nitrogen from the sewage stream.

A “constructed wetland” is a wetland purposely constructed for pollution control and wastewater management, at a location other than existing natural wetlands. It is a multifaceted biological system that resembles natural self cleansing processes. Wetlands provide services of immense value to society. They control floods, protect coastal zones, control water qualities and they host a great diversity of species. The cultural and economical importance of wetlands to native communities is beyond description. 
Pollutants removal in ICW systems can be accomplished through a combination of physical, chemical and biological processes that naturally occur in wetlands and are associated with the vegetation, sediments and their microbial communities. The N biogeochemical cycle within wetland ecosystems is multifarious and involves several transformation and translocation processes. These include ammonia volatilization, ammonification, N fixation, and burial of organic N, ammonia sorption to sediments, nitrification, denitrification, anammox, and assimilation. Usually, N elimination through bacterial transformations involves a chronological process of ammonification, nitrification and denitrification. Denitrification is thought to be the major N elimination pathway, and characteristically accounts for more than 60 % of the total N elimination in constructed wastewater wetlands. This microbial process consists of the reduction of oxidised forms of N, mainly nitrate and nitrite, to the gaseous compounds nitrous oxide and dinitrogen. Anaerobic conditions are a prerequisite for the occurrence of denitrification. While nitrate availability often regulates denitrification, organic carbon content, pH and temperature also play important roles. Temperature affects denitrification by controlling rates of diffusion at the sediment-water interface in wetlands. Denitrification rates in CWs have been shown to increase dramatically with temperature, within a lower and upper bounds of around 5 oC and 70 oC, respectively. The microbial activities related to nitrification and denitrification can decrease considerably at water temperatures below 15 oC or above 30 oC and most microbial communities for nitrogen elimination function at temperatures greater than 15 oC. Nitrification involves the sequential biochemical oxidation of reduced N species such as ammonia (NH3) to nitrite (NO2-) and nitrate (NO3-) under strict aerobic conditions, which may be present in the sediment-water interface of FWS CWs. The nitrification process requires high oxygen concentrations and is highly sensitive to DO levels. Being an anaerobic process, denitrification is also sensitive to DO levels.

Hydraulic characteristics such as water depth, hydraulic loading rate (HLR), and hydraulic retention time (HRT) are important factors for determining the treatment performance of CWs. At lower HLR and longer HRT, higher nutrient removal efficiencies are usually obtained. 
There are limited studies to quantify N removal in full-scale industry-sized CWs based on wetland hydrology and corresponding pollutant concentration profiles. This paper appraises the N removal efficiency of a full-scale ICW applied as the main unit treating domestic wastewater in Sudan. Removal of NH3-N and NO3-N were analysed, with the aim of comparing the annual and seasonal N removal efficiencies, estimate the areal N removal rates and determine areal first-order kinetic coefficients for N removal, and assess the influence of water temperature on the N removal performance.

2. MATERIALS AND METHODS

2.1 Study Site Description 

The sanitary sewage system in Sudan began since early fiftieth of the twenty century. Thus the service covered an area of 8.89 acres. As Khartoum Capital expanding vertically and horizontally, more interest was put on sanitary sewage water and projects were executed to dispose the effluent and reuse it safety specially in growing greenbelt south Khartoum City since early sixty, irrigated by the effluent which disposed from the Soba Sewage Water Treatment Plant (SSWTP).

The treated sewage plant (TSP) located 15km south Khartoum City (Treatment Sewage Plant in Soba). The area investigated consists of Soba Agricultural project and the Shigilab / Elkrmuta mixed farms. 

The ICW comprises a small pumping station, two sludge units, and five shallow vegetated cells. The design capacity of the ICW system is 1,750 p.e. and covers a total area of 16.64 acres. The total surface area of the constructed wetland unit is 5.56 acres. Untreated influent sewage from the village is pumped directly into a receiving sludge unit. The wetland units were originally planted with Carex riparia Curtis, Phragmites australis, Typha latifolia L., Iris pseudacorus L., and Glyceria maxima.
2.2 Data Analysis and Modelling 

The elimination rates for NH3-N and NO3-N, based on a one-year data set (May, 2011–May, 2012) were quantified using three common approaches for CWs. The first approach estimated the mass removal efficiency (%) as follows:

Removal efficiency 
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The second approach estimated the areal removal rate (mg-N m-2 d-1) as follows:

Removal rate 
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The third approach estimated the areal-based first-order removal rate constants for ammonia (KA) and nitrate (KN) using the K–C* model, assuming plug flow conditions:
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Where Qo and Qe are the daily volumetric water inflow and outflow rates (m3 d-1), Co and Ce are influent and effluent concentrations, respectively, of NH3-N or NO3-N (mg N L-1), C* is the background concentration (mg N L-1) and K is the areal first-order removal rate constant (m yr-1). The K values were normalised to 20 oC (K20) based on Eq. (4) using values estimated from Eq. (5). A C* of 0 mg L-1, recommended by Kadlec was used to calibrate the model.

The effect of temperature on the areal first-order removal rate constants for the N species was modelled using the modified Arrhenius relationship:
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Where K(t) and K(20) are the first-order removal rate constants (m yr-1), t is temperature (oC), and θ is an empirical temperature coefficient . A linear form of Eq. (4) was used to estimate parameters of the model from the data set: 
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Values of log(K(t)) versus (t-20) were plotted and fit with a linear regression. The resulting slope and intercept were equal to logθ and log(K(20)) respectively.

The hydraulic loading rate, q (m yr-1) was calculated as:
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Where Q is the total water inflow rate (m3 d-1), and A is the total surface area for five wetland units (m2). 

The overall dynamic wetland water budget was calculated with Eq. (7).
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Where Qc is catchment runoff rate (m3 d-1), P is the daily precipitation rate (m d-1), ET is the daily evapotranspiration rate (m d-1), I is the daily infiltration rate (m d-1), and 
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is the net change in volume (m3 d-1).
2.3 Statistical Analysis 

Data distributions were tested for normality. Data presentation uses means of actual measured values. Statistically significant differences were determined at α = 0.01, unless otherwise stated. Comparisons of means were by paired student t-tests and analysis of variance (ANOVA). Regression analysis used the standard least squares fit.

3.1 Results
3.1 Wetland Hydrology

Generally, surface flows from the sludge unit and precipitation were considered as the inflow sources to the ICW system, whereas evapotranspiration and water infiltration were assumed to be lost water. Precipitation and evapotranspiration were calculated as the amount of water falling on, or evaporating from the wetland unit surface, respectively. The HLR, HRT, and mean dimensions of each ICW unit are shown in Table 2.
Table (2) Size and hydraulic characteristics of ICW system

	ICW section
	Area (m2)
	Depth (m)
	Volume (m3)
	HRT (d)
	HLR (mm day-1)

	Puddle 1
	4664
	0.42
	1958.9
	18
	24.4

	Puddle 2
	4500
	0.38
	1710.0
	16
	26.8

	Puddle 3
	12660
	0.32
	4051.2
	32
	10.7

	Puddle 4
	9170
	0.36
	3301.2
	23
	16.1

	Puddle 5
	1460
	0.29
	423.4
	3
	100.3

	Total wetland
	32454
	-
	11444.7
	92
	7.3


3.2 Influent and Effluent Nitrogen Concentrations

Overall, NH3-N was recorded as the dominant form of N contained in the influent sewage received by the ICW. Annual influent concentrations (average ± SD) of 40 ± 13.6 mg L-1 and 5 ± 3.8 mg L-1 were recorded correspondingly for NH3-N and NO3-N, demonstrating a high variability of the influent domestic sewage (Table 3). Average concentrations of N in the ICW effluent were consistently less than 1.0 mg L-1 and recorded an average of 0.8 ± 1.6 mg L-1 for NH3-N and 0.3 ± 0.2 mg L-1 for NO3-N. 
Table (3) Concentrations of nitrogen in Influent and effluent at ICW between May 2011 and May 2012
	Parameter
	Unit
	Influent
	n
	Effluent
	n

	
	
	Mean
	SD
	
	Mean
	SD
	

	Ammonia
	mg N L-1
	40
	13.6
	120
	0.8
	1.6
	120

	Nitrate
	mg N L-1
	5
	3.8
	101
	0.3
	0.2
	101


n = sample number, SD = standard deviation
Table (4) Comparison of seasonal nitrogen concentrations at ICW influent and effluent points between 2011 and 2012
	Season
	Months
	NH3-N (mg L-1)
	NO3-N (mg L-1)

	
	
	n
	Influent
	Effluent
	n
	Influent
	Effluent

	
	
	
	Mean
	SD
	Mean
	SD
	
	Mean
	SD
	Mean
	SD

	Summer
	1 May - 31 Jul
	47
	42
	10.1
	0.3
	0.2
	45
	5
	2.1
	0.3
	0.2

	Winter
	1 Nov - 31 Jan
	17
	31
	11.5
	3
	3.1
	15
	2
	1.6
	0.3
	0.1


n = sample number, SD = standard deviation
3.3 Nitrogen Loading and Removal Rates

Generally, the average (± SD) areal NH3-N loading rate (245 ± 321.9 mg m-2 d-1) was higher compared to that of NO3-N (38 ± 58.3 mg m-2 d-1). Nevertheless, the areal elimination rates for the two N forms were consistently high, with average (± SD) of 240 ± 317.8 mg m-2 d-1 for NH3-N and 35 ± 54.9 mg m-2 d-1 for NO3-N. Hence, nitrogen was efficiently eliminated from the influent sewage throughout the study period, except during winter as shown in Table 5 and6. 
Table (5) Ammonia loading and elimination rates in ICW between 2011 and 2012 at different season
	Season
	Months
	n
	Total inputs

(mg m-2 d-1)
	Total outputs

(mg m-2 d-1)
	Removal rate

	
	
	
	Mean
	SD
	Mean
	SD
	(mg m-2 d-1)
	%

	Summer
	1 May - 31 Jul
	47
	278
	347.7
	0.5
	0.79
	275
	99.5

	Winter
	1 Nov - 31 Jan
	17
	204
	108.4
	25.2
	33.60
	187
	57.6


n = sample number, SD = standard deviation

Table (6) Nitrate loading and elimination rates in ICW between 2011and 2012 at different season
	Season
	Months
	n
	Total inputs

(mg m-2 d-1)
	Total outputs

(mg m-2 d-1)
	Removal rate

	
	
	
	Mean
	SD
	Mean
	SD
	(mg m-2 d-1)
	%

	Summer
	1 May - 31 Jul
	45
	44
	70.3
	0.5
	0.55
	41
	96.2

	Winter
	1 Nov - 31 Jan
	15
	19
	16.1
	2.5
	2.24
	16
	60.8


n = sample number, SD = standard deviation

4. Discussion
Domestic sewage inflow to the ICW varied monthly, with individual system values ranging between 1.4 - 613 m3 d-1. The average inflow rate (± SD) was 104 ± 106.1 m3 d-1, yielding average hydraulic loading of 7 ± 10.5 mm d-1, whereas the associated discharge at the effluent point ranged from 0 - 492 m3 d-1 with an average (± SD) of 131 ± 179.4 m3 d-1. The average daily outflow volumes recorded for the ICW were higher than the average daily inflow volumes, possibly due to precipitation inputs.

The net change in volume recorded throughout the study period (average ± SD) was 62 ± 371.3 m3 d-1. Likewise, a strong linear correlation (R2 = 0.97, P < 0.01, n = 708) was observed between precipitation and wetland volumetric flow rate, and suggested that precipitation probably had a considerable influence on the hydraulic loading rate. Evapotranspiration and infiltration amount to about 25 % and 5 % correspondingly, of water outflows from the ICW system, whereas the effluent accounted for nearly 50 %. 

The effluent concentrations of both N form were considerably lower (P < 0.01, n = 120) than the influent. Furthermore, influent concentrations of the two N forms showed some seasonal variations (Table 4). Nevertheless, whereas the variations in concentrations of the influent NO3-N was significant (P < 0.01, n = 18), variations of the influent NH3-N was not. The highest (average ± SD) seasonal influent concentration of NH3-N (42 ± 10.1 mg L-1) and NO3-N (8 ± 6.3 mg L-1) were recorded in summer and in fact the highest elimination rate occurred also in the same season. The effluent NH3-N concentrations were slightly higher in the winter (3 ± 3.1 mg L-1) compared to that in summer. No seasonal variations in the effluent NO3-N was observed, and was typically in the section of 0.3 mg L-1. There was a significant linear relationship between the areal loading and elimination rates for NH3-N (R2 = 0.99, P < 0.01, n = 120) and NO3-N (R2 = 0.99, P < 0.01, n = 101), demonstrating a near complete areal elimination rate. The close fit of the points to the regression line also indicate a remarkably constant areal elimination rate for both N class. On the whole, average annual mass elimination efficiencies were relatively high for the ICW. About 92.7 % elimination was recorded for NH3-N and 84.4 % for NO3-N. Over the one-year study period, surface inflows carried a total load of 2802 kg NH3-N into the ICW system and 98.0 % were retained. Similarly, a total load of 441 kg NO3-N had been received by the ICW and 96.9 % retention had been recorded. Areal-based first-order N removal rate constants (K) calculated for NH3-N and NO3-N reduction in the ICW were 14 ± 16.5 m yr-1 and 11 ± 12.5 m yr-1, respectively. Average water temperatures ranged between 16 -24 oC. The average effects of temperature (θ) on N elimination rate constants were estimated to be 1.005 for NH3-N and 0.984 for NO3-N. There was no correlation observed between water temperature and the kinetic rate constants for both NH3-N and NO3-N. Nevertheless, relatively high N elimination rates have been recorded at all times of the year, where the water temperature within the studied ICW ranged only between 16 oC and 24 oC, further confirming the low influence of temperature on N elimination in the ICW. Nevertheless, N elimination by the ICW was influenced by seasonality, with slightly higher elimination recorded during the warmer months. It is possible that this seasonality may have been influenced by plant nutrient uptake. This suggests that N elimination by the ICW may be largely due to physical processes. Physical treatment processes are less influenced by temperature. A significant linear relationship was observed between the kinetic rate constants and the loading rates for both NH3-N and NO3-N, indicating that physical processes in fact may have played an important function in the N removal performance of the ICW.
5. Conclusion
From the comprehensive assessment of a one-year (May  2011–May 2012) data set comprising influent and effluent loadings of ammonia-nitrogen (NH3​-N) and nitrate-nitrogen (NO3-N), together with total water budgets, ICW can be efficient at eliminating N pollution from domestic sewage, with relatively high areal elimination rates at all times of the year. Annual mass elimination efficiencies were consistently high for the two N forms with average of 92.7 % elimination for NH3-N and 84.4 % for NO3-N. Overall, during the one-year operation, the ICW received a total load of 2802 kg NH3-N and 441 kg NO3-N and recorded 98.0 % and 96.9 % elimination respectively.  Average areal elimination rates for NH3-N and NO3-N were 240 ± 317.8 mg m-2 d-1 and 35 ± 54.9 mg m-2 d-1, respectively and showed significant linear correlations with areal loading rates. Nitrogen elimination showed some seasonal trends. Elimination rates in the summer months were slightly higher. Lowest rates were observed in winter. Areal first-order N removal rate constants in the ICW averaged 14 m yr-1 for NH3-N and 11 m yr-1 for NO3-N. The normalised areal elimination rate constants suggested that N elimination in the ICW were slightly affected by temperature. The temperature coefficients (θ), approximated using the modified Arrhenius equation, were low and further validated the low influence of temperature on N elimination in the ICW.  
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