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ABSTRACT Nitrate is a widespread groundwater contaminant, which can cause 
pollution of receiving waters. Some of the highest losses of nitrate to surface waters come 
from drained agricultural land. Bioreactor filters are a useful approach for removing 
nitrate from drainage waters, but these systems require an external carbon supply to 
sustain denitrification. The ability of barley straw to serve as a carbon substrate for 
biofilters was evaluated in a laboratory model. In this study the effect of two heads (100 
and 200 cm) and two thicknesses of bioreactor (300 and 600 mm) were also evaluated. 
The experiment was conducted in the polyethylene columns with 90 mm internal 
diameter. The influent nitrate concentration was 40 mg L-1. Addition of barley straw as a 
carbon source decreases significantly effluent nitrate concentrations. The rate of 
denitrification was affected by the water velocity and decreased at velocity about  
0.04 m h-1. In the columns with 300 mm height, the average nitrate reduction at 100 and 
200 cm heads were 63.49% and 60.22%, respectively. The average nitrate reduction at 
the 600 mm height columns with 100 and 200 cm heads were 69.97% and 67.1%, 
respectively. 
 
Keywords: Nitrate, Bioreactor filters, Denitrification, Drainage water, Barley straw. 
 
INTRODUCTION Drainage of agricultural lands is a mechanism for production growth, 
a safeguard for sustainable investment in irrigation, and a tool for conservation of land 
resources. During the second half of the 20th century, drainage was implemented in about 
150 million ha of under producing and naturally waterlogged or saline lands. This 
resulted in important improvements that contributed to a considerable increase of food 
production (Ritzema et al., 2006).The horizontal subsurface drainage system, in addition 
to controlling water table and leaching out harmful dissolved salt form the drained soil 
profile, may also cause losses of various form of nitrogen through the drainage effluent 
(singh, 2002). Such nitrogen losses, besides may leach and pollute both ground water and 
surface water, are also likely to cause environmental degradation that will be detrimental 
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to aquatic life, plants, animals and human (singh, 2002). Nitrate nitrogen concentrations 
leaving subsurface drains in Iowa routinely exceed the USEPA maximum contaminant 
level for drinking water of 10 mg L-1 (Gaste et al., 1978; Jaynes et al., 1999). Elhami-
Fard et al. (2006) showed that more than 27% of applied  nitrate was leached with 
subsurface drainage systems in sugarcane farms of Khuzestan, Iran and that was the 
major source of nitrate delivered to the Karun River. 

There are some conventional physical-chemical techniques to remove of nitrate from 
water, such as ion exchange, reverse osmosis and electro-dialysis and biological 
denitrification. But except of biological denitrification other techniques are expensive and 
the concentrated waste brines require further treatment or disposal (Sarina and David, 
2004). The biological process of denitrification has been considered as the most 
promising method available for removing nitrate from drainage water (Hao et al., 1996; 
MacCarty, 1966). Since subsurface soils are generally limited by available organic carbon 
C, most of biological processes need other carbon sources for microbial activities 
(Greenan et al, 2006; McCarty and Bremner, 1992; Cambardella et al., 1999). 

Denetrification walls have been tested as a means to remove nitrate from shallow ground 
water (Robertson et al., 2000; Schipper et al., 2005; Schipper and Vojvodic-Vukovic, 
2001). In these systems, particular organic matter is incorporated into subsoil below the 
water table to enhance denetrification. Previous researches of denitrification walls have 
demonstrated that they are a practical method for removing nitrate from groundwater 
(Robertson and cherry, 1995; Robertson et al, 2000; Robertson, 2009; Schipper and Voj-
Vodic, 1998, 2001). The denitrification walls, excavated trench filled mixing of soil and 
sawdust, reduced subsurface water NO3

- concentration from 5 to 16 mg NO3
-N L-1 to less 

than 2 NO3
-N L-1(Schipper and Voj-Vodic ,1998, 2000, 2001). A bioreactor filled with 

wood chips, tree bark shavings, and compost placed at the end of a tile-line  effectively 
removed nitrate from drainage water (Blowes et al., 1994). 

In previous studies various solid, liquid and gaseous carbon sources such as ethanol 
(Dahab and Kalagiri, 1996; Green et al., 1994; Kapoor and Viraraghavan, 1997), 
newspaper (Volokita, 1996b), wheat straw (Soares, 1988), unprocessed cotton fiber 
(Volokita, 1996a) have been evaluated. Since denitrification rates need to be sufficiently 
stimulated in denitrification walls by carbon amendments, the different carbon substrate 
should be evaluated. There are other natural organic substrates that are available in some 
places and can be used as a carbon source in the denitrification walls. 

The objective of this study was to investigate the effectiveness of barley straw as a carbon 
source to stimulate nitrate removal of denitrification walls in the laboratory. The effect of 
different entrance heads and thicknesses of denitrification walls was also assessed. 

MATERIALS AND METHODS A laboratory model was constructed to simulate 
conditions of barley bioreactor walls with two thicknesses of 300 and 600 mm and two 
heads of 100 and 200 cm in three replications. 

Twelve polyethylene columns (650 and 350 mm in height, 90 mm internal diameter) 
were filled with mixture of 70% of agricultural soil and 30% of barley straw. The soil and 
barley straw were first sieved with a 10-mesh sieve. This mixture was compressed by 
some impacts from a 70-cm height and 3,500 g weight at 5-cm increments. A gauze 
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matting and 2.5 cm of tiny sand layer were placed in the top and bottom of soil columns 
to ensure inlet and outlet of the columns did not clog.  

The soil was collected from 60 cm beneath of the agriculture field surface. The physical 
and chemical soil parameters are shown in Table 1. The Soil texture was Sandy Clay/ 
Clay Loam. Also analysis of barley straw is indicated in table 2. 

Table 1. Analysis of soil physical and chemical parameters 

Parameter Content 
EC (ds/m) 1.82 
pH 7.87 
SP (%) 33.3 
Total Nitrogen (%) 0.09 
Organic Matter (%) 0.6 
Organic Carbon (%) 0.35 
CaCo3 (%) 25.5 
CaSo4 (%)  0 
Ca (mg l-1) 160 
Mg (mg l-1) 48 
Na (mg l-1) 166 
K (mg l-1) 16.4 
Sand (%) 45 
Silt (%) 19.5 
Clay (%) 35.5 

 

Bottom and top of the all columns were closed with polyethylene caps before and after 
filling with soil, respectively (Fig. 1). These caps were sealed with stoppers which were 
fitted with o-rings, and taped to ensure that the pressure build up inside the column (from 
the water flow) did not push the stopper out of the column. The columns were fed via 
upward flow by falling head. Upward flow was used to ensure the entire pore volume of 
the column was filled. The head difference between influent and effluent water was 
maintained for each columns separately.  

Table 2. Analysis of barley straw 

Parameter Content 
Lignin (%) 23.32 
Hemicelluloses (%) 19.01 
Cellulose (%) 31.17 
Ash (%) 14.64 
Organic Matter (%) 44.28 
Organic Carbon (%) 25.68 
Total Nitrogen (%) 1.47 

 

The concentration of the influent was almost 40 mg l-1 nitrate that was made with 
potassium nitrate (KNO3) (FW=101.1) at 65.22 mg KNO3 per litre of influent. 
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Figure 1- Schematic of the laboratory columns  

 
Water samples were collected from the outlet and inlet of columns by clean plastic 
container during the study (25 days) and then were taken to the laboratory for nitrate 
measurement. In all samplings, the discharges of out flow in the all columns were 
determined by measuring the volume of effluent in the specific time. During the study 
temperature was about 22◦±1 oC. The nitrate concentration was analyzed by nitrate 
electrode (Metrohm). 

All analyses were performed using SAS statistical analysis (SAS, 1987). Separation of 
means was performed using LSD at p < 0.05. 

RESULTS AND DISCUSSION 
Nitrate removal and water quality In this study there were four treatments of mixture 
of barley straw and soil in three replications consist of: columns with 300 mm height and 
100 cm head (SP1), columns with 300 mm height and 200 cm head (SP2), columns with 
600 mm height and 100 cm head (TP1) and columns with 600 mm height and 200 cm 
head (TP2). Also there were three columns filled only with soil as a control. Fig. 2 shows 
the effluent average nitrate concentration in different treatments during 25 days. As 
shown in this figure, nitrate concentration of effluent decreased in denitrification columns 
as well as in control columns. But decreasing of nitrate concentration in denitrification 
columns was higher than that of the control columns.  

As it is shown in Fig. 2 the rate of the reduction of nitrate concentration in denitrification 
columns was high until day of 12 and then the effluent nitrate concentration levelled off 
at 10 mg l-1. At the end of the study, in the SP1 and SP2 treatments, the average nitrate 
reduction were 63.49% and 60.22% and the effluent nitrate concentration decreased to 
6.15 and 8.2 mg l-1, respectively. Average reduction in nitrate of the TP1 treatment was 
about 69.97% and the concentration of effluent decreased to 5.99 mg l-1 at the end of the 
study. This reduction in the TP2 treatment was 67.10% and the effluent nitrate 
concentration decreased to 7.11 mg l-1. Bedessem et al. (2005) showed that the average 
total N removal was 67% in the organic layer consist of sawdust. 
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Figure 2. The effluent nitrate concentration changes in the experimental columns during 
the study.  
 
In this period, the average nitrate decline in soil columns was approximately 16% and the 
effluent concentration declined to 30.55 mg l-1. Typical soil infiltration systems removed 
an average 10 to 40% total N (USEPA, 2002). Bedessem et al. (2005) showed that the 
average total N removal was 31% in the soil columns. Jensen and Siegrist (1990) 
reviewed numerous laboratory and field studies and found that denitrification accounts 
for an average of 20% of the total N lost from waste water infiltrating through the soil. 
 
Based on the statistical analysis the height of column had a significant effect on the 
effluent nitrate concentration at p < 0.05 (Table 3). Mean effluent nitrate concentration of 
columns with 300 mm height was greater as compared to columns with 600 mm height 
(Table 3). The results also showed that the mean effluent nitrate concentration of columns 
with 200 cm entrance pressure head was significantly (p < 0.05) greater as compared to 
columns with 100 cm entrance pressure head (Table 3).  
 

Table 3. Mean values of outflow nitrate concentration (mg l-1) in the experimental 
columns.  

Treatments Nitrate concentration 
Height 
    300 mm 19.286b* 
    600 mm 
 

13.569a 

Pressure head 
    100 cm 14.393a 
    200 cm 18.487b 
* Values in  columns followed by the same letter do not differ at the 0.05 significance level. 

On the other hand the mean effluent nitrate concentrations of all treatments were 
significantly (p < 0.05) lower than that of soil columns (Table 4). This result is due to the 
presence of carbon source in all treatments that enhanced denitrification. The effluent 
nitrate concentration of SP2 was significantly greater than that of SP1, TP1 and TP2 (p < 
0.05). Therefore the SP2 had the least efficiency in removing of nitrate among the other 
treatments (Table 4).  
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Table 4. Mean effluent nitrate concentration (mg l-1) in the experimental columns 
Treatments SP1 SP2 TP1  TP2 Control 
      
Nitrate  15.75a* 22.64b 13.03a 14.1a 39.74c 
      
* Values in columns followed by the same letter do not differ at the 0.05 significance level. 

 
This result is likely due to the higher water velocity in SP2. The mean water velocity of 
SP2 was significantly greater than that of SP1, TP1 and TP2 at p < 0.05 (Table 5). Water 
velocity plays an important role in the denitrification performance of the system and the 
reason for the sharp decrease in efficiency at the higher velocities may include wash-out 
of the bacteria, extracellular enzymes and solubilized substrate (Soares and Abeliovich, 
1998).  

Table 5. Mean water velocity (m h-1) in the experimental columns 
Treatments SP1 SP2 TP1 TP2 Control 
      
Water velocity  0.021b 0.0416a 0.0125c 0.0238b 0.0197b 
      
* Values in columns followed by the same letter do not differ at the 0.05 significance level. 

 

Nitrate removal and water velocity Fig. 3 shows the nitrate reduction versus the water 
velocity during the study. The highest rate of denitrification (more than 60% nitrate 
removal) was observed at the water velocity of lower than 0.04 m h-1 while in the control 
the highest nitrate removal was observed in the water velocity lower than 0.02 m h-1. In 
the higher water velocity (more than 0.16 m h-1) reduction of nitrate concentration in SP2 
was even lower than that in the control. Soares and Abeliovich (1998) also showed that 
the maximum reduction of nitrate concentration in the columns filled with mixture of 
wheat straw and soil was happen in the water velocity lower than 0.054 m h-1 . 

 

Figure 3- Nitrate reduction versus water velocity in the experimental columns. 
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Changes of the water velocity in all columns were displayed in Fig. 4. It had a rapid 
decline up to day of twelve and then it levelled off at 0.01 m h-1 at the end of the study. 
The columns with 200 cm pressure head had higher water velocity than columns with 100 
cm pressure head (Fig. 4). On the other hand, the columns with 300 mm height had 
higher water velocity than columns with 600 mm height (Fig. 4). The entrance pressure 
head and the columns height had significant effect on the water velocity at p < 0.05 
(Table 5). 

 

Figure 4. Changes of water velocity in the experimental columns. 

CONCLUSIONS Barley straw is a suitable carbon source for water denitrification and 
can improve the nitrate removal of subdrainage systems. Water velocity has a noticeable 
effect on the denitrification performance of the system. In the water velocity more than 
0.16 m/s, these filters cannot remove any nitrate from the water. To reduce the water 
velocity decreasing entrance pressure head or increasing thickness of denitrification walls 
can be effective. 
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