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Abstract 

Denitrification bioreactors for nitrate removal from agricultural water effluents have improved in 

recent years due to their low cost and ease of use. Scientific results and local experience are required 

for the optimal use of bioreactors. This study aimed to study nitrate removal efficiency and the 

effectiveness of each of these factors. Thus, 27 pilot bioreactors had the same volume and depth with 

different cross-sections in a randomized statistical design. Three geometric shapes of the trapezoid, 

rectangle, and triangle for the cross-section bioreactors and three organic matters including wood chips, 

corn stem chips, and wheat straw in 3 replications were used. Nitrate concentration at the inlet of the 

reactor and their outlet was measured at hydraulic retention times of 3, 6, 12, 16, and 24 hours. 

According to the average nitrate removal from the effluent, wood chips, wheat straw, and corn stem 

chips with 31.3, 28.6, and 27%, respectively, were prioritized during the 24-hour hydraulic retention 

time. Therefore, wood chips are the most suitable organic matter for nitrate removal from drainage 

water in actual biological reactors compared to other organic materials used in this study. The results 

demonstrated nitrate removal the 25.6, 30.1, and 35.3% for triangular, rectangular, and trapezoidal 

geometric shapes, respectively, for wood chips organic matters. Also, reactors with trapezoidal cross-

sections have higher efficiency. In sum, this study showed that where there is a limit to the supply of 

wood chips, wheat straw and corn stalk chips can be used in bioreactors to remove nitrate.  
 

Introduction 
Artificial drainage implemented in 

agricultural lands has increased crop yield, 

optimized the timing operations, proper land 

use, and usability of saline and fertile lands in 

the world (Christianson et al., 2012). Complete 

construction of drainage networks located 

below groundwater level can increase 

agricultural production (Hoover et al., 2016). 

In addition to the positive effects of drainage 

networks, drainage in agricultural fields leads 

to the discharge of nitrate load to the surface 

water and groundwater (Christianson et al., 

2010). Nitrate pollution in surface water and 

groundwater has become a serious problem 
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worldwide. The increase is mainly due to 

excessive use of nitrate fertilizers, industrial 

and domestic effluents discharge, and deep 

percolate from septic wells (Ashoori et al., 

2019; Mardani et al., 2020). Denitrification is a 

nitrate or nitrite decrease in nitrogen gases, 

such as N2O, NO, or N2. This process occurs 

biologically and chemically, and about 99% of 

denitrification is done biologically (Hashemi et 

al., 2011). Because of carbon restriction in 

subsurface soils, biological denitrification 

occurs in surface soils more than in subsurface 

soils (Feyereisen et al., 2016). Therefore, the 

removal of nitrate from water resources is 

essential, and one of the appropriate solutions 

for nitrate removal is the use of an organic 

denitrification process, for which a biological 

reactor can be used (Asgari et al., 2020; 

Christianson et al., 2010; Cameron and 

Schipper, 2012). Bioreactors are an alternative 

that has shown potential in the United States as 

a technology to remove nutrients from 

wastewater (Hassanpour et al., 2017). 

Bioreactors are created with the wood core as a 

carbon source in the drainage path and are 

prepared by excavating a trench and filling it 

with wood chips. Denitrification bioreactors 

for nitrate removal have been investigated in 

Ontario, Canada, Northern Iceland, and New 

Zealand countries and have accelerated in 

recent years in the United States (Asgari et al., 

2020; Hassanpour et al., 2017). Although 

denitrification bioreactors have recommended 

reducing nitrate loads, their efficiency needs to 

be assessed for each site by the climate and 

facilities available (Christianson et al., 2010; 

Hassanpour et al., 2017). Furthermore, 

utilizing denitrification bioreactors in 

agricultural drainage is a new technology. 

There is not much information about their 

design and maintenance, so it is necessary to 

research hydraulics and their internal processes 

(Christianson et al., 2013). In different parts of 

the world, many kinds of research done on 

denitrification bioreactors for nitrate removal.   

The efficiency of nitrate removal from 

agricultural water using a bioreactor (with 

woodchip core) was investigated. The results 

showed that although biological reactors are 

effective for nitrate removal, other factors such 

as design, implementation, input nitrate 

concentration, and carbon content are 

important (Aalto et al., 2020). The woodchip 

bioreactor efficiency for nitrate removal, 

metals, and organic matter from municipal 

runoff, was evaluated. The results showed that 

contaminants from runoff for decades were 

removed by controlling the inlet flow to 

bioreactors (Ashoori et al., 2019). Besides 

reducing the contamination exchanging 

phosphorus filters and bioreactors, was 

conducted. The results showed that if the 

bioreactor before the phosphorus filter is 

installed, it will have good efficacy in 

removing contaminants (Christianson et al., 

2017). Denitrification woodchip bioreactors 

were evaluated for managing non-point nitrate 

sources in the residential zone. The results 

showed that although reactors reduce nitrate 

pollution, it is necessary to optimize the long-

term study method (Lopez-Ponnada et al., 

2017). Mardani et al. (2020) investigated the 

effect of woodchip bioreactor on microbial 

concentration in groundwater drainage. They 

found that laboratory and field research could 

guarantee the expected elimination of the 

microbial population in agricultural drainage. 

According to Maxwell et al. (2020), the 

temperature sensitivity of nitrate removal in 

woodchips bioreactors is related to short and 

long-term changes in carbon quality or 

availability. Sharrer et al. (2016) assessed 

modeling and phosphorus reduction released 

from aquaculture effluent using a bioreactor in 

another study. These researchers found that 

regardless of water quality conditions, the most 

phosphorus released occurred in the first 24 

hours, and the most appropriate model for 

phosphorus is the Elovitch model. Soupir et al. 

(2018) found that woodchip bioreactor 

implementation to nitrate removal has a 

secondary advantage through the nitrate 

removal of input bacteria. The adsorption 

efficiency of sugarcane bagasse in nitrate 

removal from agricultural wastewater was 

investigated by Hashemi et al. (2017). The 

results showed that bagasse particles with a 

diameter of 210 μm had maximum nitrate 

removal. Kaetzl et al. (2018) investigated the 

inexpensive anaerobic treatment of effluent 
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using biochar and woodchip filter. The results 

showed that due to indicators such as TOC, 

COD, and turbidity, the use of biochar had a 

better performance than woodchip filters and 

sand filters. Yao et al. (2020) declared that 

aerobic fungi increase nitrate removal in the 

bioreactor. The efficiency of bioreactors is 

affected by factors such as type of carbon 

source, water, and ambient temperature, water 

acidity, and nitrate input load (Corbett et al., 

2019; Christianson et al., 2017; Aalto et al., 

2020; Mardani et al., 2020; Martin et al., 2019). 

According to this research, one of the most 

suitable carbon sources for bioreactors is 

woodchips, which can be effective for up to 15 

years. It is cheaper than other carbon sources 

and does not require advanced technology to 

produce it (Asgari et al., 2020; Christianson et 

al., 2017). Also, many studies about the 

efficiency of the bioreactor at relatively high 

air temperatures (≥ 25° C) were conducted. 

Due to the dependence of nitrate removal in 

biological methods on air temperature, these 

results cannot be generalized to other regions 

with lower temperatures (Aalto et al., 2020). 
Hashemi et al. (2011) examined the effect of 

biological filters in groundwater drainage on 

nitrate removal and found that these filters had 

an acceptable efficiency in removing nitrate 

from the drain. Tangier et al. (2017) found that 

sugarcane bagasse has a good performance for 

nitrate removal under anaerobic conditions. 

The results showed that denitrification 

bioreactors for nitrate removal from 

agricultural and wastewater effluents are a 

practical solution for sustainable agricultural 

water management. Because the core of these 

reactors is made of organic materials such as 

wood, and most parts of Iran cannot provide the 

required amount of wood, there are restrictions 

on its use. Also, the construction and 

maintenance of a bioreactor require cost and 

experience. If the volume of bioreactors is 

larger, their building costs will be higher. On 

the other hand, the bioreactor volume is 

directly related to the retention time. Therefore, 

it is necessary to determine accuracy. Is the 

efficiency of organic matter used in the 

bioreactor according to different hydraulic 

retention times? Are various organic matters 

significantly different in terms of nitrate 

removal efficiency? Which organic matter has 

the best performance to remove nitrate from 

agricultural effluent? Which retention time is 

most effective? The effect of a cross-sectional 

shape of bioreactors on nitrate removal 

performance?  

This study was directed to find possible 

solutions and answer the questions. Due to the 

high efficiency of woodchips (according to 

previous research) and the availability of wheat 

straw and corn cob at the research site, this 

study aimed to evaluate biological reactors 

with cores of wood chips, wheat straw, and 

corn steamship. 

 

Materials and Methods 
Study site  

The study was conducted at the Moghan 

Faculty of Agriculture farm, University of 

Mohaghegh Ardabili (UMA) in Pars Abad 

town. It is located in the north of Ardabil 

province (Iran), in 39º 20΄ to 39º 42΄ east 

longitude and 47º 30΄ to 48º 10΄ north latitude 

(Fig. 1). The mean rainfall in the studied area 

was 275 mm per year. Also, the minimum and 

maximum temperature in the region was -15 

and 41 Celsius, respectively. The average 

altitude of the area was 45 meters above sea 

level with a humid and warm climate. Moghan 

plain irrigation and drainage network to irrigate 

70,000 hectares of agricultural lands. Its 

drainage network is subsurface drainage and 

discharges an average of about 220 million 

cubic meters of drainage from the network 

annually (Abdi Aghdam et al., 2018). 
 

Bioreactor design and operation  

The bioreactors were triangular, 

rectangular, and trapezoidal sections-cross  

(Fig. 2). To prevent water infiltration, the 

bioreactors were lined with ethylene-propylene 

on the bottom and sides (Rivas et al., 2020). 

The reactor's depth was 75cm (organic matter 

(woodchips, corn steamship, and wheat straw) 

60cm, and the remaining depth was 15cm with 

soil). An ethylene-propylene layer was used to 

prevent the mixing organic matter and soil 

(Fig. 3).  
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Fig.1- Map of Iran showing the location of the experimental site 

 

 

 

 

 

 

 

 

Fig.2- The shape of the bioreactor cross-section 

 

In rectangular and trapezoidal bioreactor 

cross-sections, the slope of their walls was 1: 1 

(Christianson et al., 2011). The layer of 

woodchips in the pilot reactors was covered 

with a lightweight fabric and approximately 15 

cm of topsoil and water drainage effluent as the 

inlet flowed to the reactors. Wood chips, corn 

steamship, and wheat straw choose because 

these are available in Iran easily. The particle 

diameter of the woodchips and corn steamship 

(70% of the cumulative distribution) varied 

from 1.2 cm to 2.3 cm, and the particle 

diameter of wheat straw was less than 7mm 

(90% of the cumulative distribution). The 

organic matter porosity in the bioreactor was 

determined using the porosity determination 

procedure as described by Christianson et al. 

(2010). The analysis showed that the woodchip 

porosity was 60%, and the corn cob and wheat 

straw porosity were 52% and 44%, 

respectively. Influent and effluent samples 

were collected every 3, 6, 12, 16, and 24 hours 
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(Povilaitis and Matikiene, 2020). To determine 

the concentration of nitrate, 50ml of each 

treatment was first sampled. Colored samples 

passed through filter paper. Then one ml of 

HCl was added to it. A UV spectrophotometer 

at a wavelength range of 220 nm to 270 nm 

measured the absorbance. The following 

equation calculates nitrate removal efficiency 

for each sample: 

 

(1 −
𝐶

𝐶0
) × 100                                                                                                                          

(1) 

 

where C is the effluent concentration and 𝐶0 

is the influent concentration (Asgari et al., 

2020).  

Statistical Analysis 

A randomized block design was used to 

analyze the data of all the sampling campaigns 

in the study. ANOVA was conducted using 

SPSS 16.0 software, and the mean comparison 

was performed by Duncan's multiple range test 

at the appropriate probability level. A 

significance level of p = 0.01 was used for all 

statistical tests. When a significant difference 

was observed between treatments in the 

ANOVA procedure, multiple comparisons 

were made using the least significant 

difference (LSD) test for differences between 

means. 

 

 
Fig. 3- Performance of statistical plan (Part A), cross-section and method of sampling (Part B), and plan 

of biological reactors (Part C) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Plan 

Part B 
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Results and discussion 

The analysis of variance showed that, at one 

percent probability, the main treatments of the 

experiment had a significant effect on the 

removal of nitrate. In other words, the organic 

material, the hydraulic retention time, and the 

cross-section shape of the bioreactors change 

the percentage of nitrate removal from 

agricultural effluent. Considering that the 

efficiency of bioreactors in nitrate removal is 

defined as the ratio of the difference between 

the input and output nitrate concentrations of 

the reactor to the input nitrate concentration, it 

can be said that changing the input nitrate 

charge concentration affects the nitrate 

removal performance by bioreactors. In 

addition, the effect of retention time of 

interactions of treatments on the performance 

of bioreactors significantly affected nitrate 

removal from the effluent at the level of one 

percent (Tab.1). 

In general, treatment analysis variance 

showed that the nitrate removal efficiency in 

the trapezoidal section was better than in other 

cross-sections. Also, rectangular and triangular 

cross-sectional nitrate removal efficiency were 

prioritized. Also, results show that the 

percentage of nitrate removal increases in all 

treatments with increasing hydraulic retention 

time. The nitrate removal with high efficiency 

was obtained during the 24-hour hydraulic 

retention time for wood chips. Furthermore, the 

lowest nitrate removal performance for the 

corn stem chip was measured during the 

hydraulic retention time of 3 hours (Fig. 4). 

 
Design Geometric 

The geometric sections used in this study 

were effective in removing nitrate. Bioreactors 

with the trapezoidal cross-section with average 

removal (35.3 ± 9.1%) had the highest removal 

efficiency  

 

 
Table 1- Analysis of variance related to the effect of variables on nitrate  

removal from agricultural effluent 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source Sum of Squares df Mean Square F Sig. 

Time 1051.417 4 525.708 18.407 0.000 

section 1010.409 2 505.204 17.689 0.000 

organic 406.798 2 203.399 7.122 0.002 

Time * section 402.326 8 100.582 3.522 0.013 

Time * organic 658.633 8 164.658 5.765 0.001 

section * organic 43.425 4 10.856 0.38 0.822 

Time * section * organic 969.97 16 121.246 4.245 0.001 

Treatment 14.578 2 7.289 0.255 0.776 

Total 6042.67 134    
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Fig. 4- Result of analysis of variance of treatments 
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During the test period. Because at the same 

level (not the same cross-section), the 

trapezoidal section holds more water than the 

triangular section. Therefore, it removes more 

nitrate at the same time. The depth is the same 

in trapezoidal and rectangular sections, but the 

volume and upper surface of the trapezoid are 

larger. The larger the surface, the more heat it 

receives, which increases efficiency. The 

lowest removal rate was 17.4%, and the highest 

removal efficiency was 50%. Rectangular 

section biological reactors with average 

removal (30.1 ± 8.6%) were in the next rank. 

At this cross-section, the lowest removal rate 

was 16.7%, and the highest removal efficiency 

was 47.9%. Finally, reactors with a triangular 

cross-section with an average removal (25.6 ± 

5.5%) percent, 17.5 to 36 percent, had the 

lowest removal efficiency (Fig. 2). The 

geometric design of bioreactors affects the area 

required for their construction (Asgari et al., 

2020; Jalali et al., 2021; Christianson et al., 

2010). A comparison of the efficiency of 

bioreactors for nitrate removal, affected by the 

geometric design, showed the definite retention 

time of the trapezoidal, rectangular, and 

triangular cross-sections with average nitrate 

removal of 35.3%, 30.1%, and 25.6% removal, 

respectively (Fig. 5). Christianson et al. (2010) 

reported that the shapes of different cross-

sections (trapezoidal, rectangular, and channel) 

differ in nitrate removal efficiency. They also 

showed that rectangular cross-sections are 

more efficient using the hydrograph test and 

Definitive retention. Trapezoidal cross-section 

performance is higher. 

 
Hydraulic retention time 

All bioreactors reduced the nitrate 

concentration from the output stream 

compared to the inlet stream during the 

available hydraulic retention times. The mean 

nitrate removal (10.8 ± 4.5%) was 3% during a 

hydraulic retention time of 3 hours. In the 

hydraulic retention time of 6 hours, compared 

to the nitrate concentration of the inlet 

biological reactors removed (16.5 ± 5.1%) 

nitrate on average. At 12 hours of hydraulic 

retention, the mean nitrate removal was (24.8 ± 

6.9%). At 16 hours of hydraulic retention time, 

the mean nitrate removal was (30.9 ± 5.9%). 

Finally, the mean nitrate removal (24.2 34 

34.6%) was 24% (Fig. 3). Determining the 

optimal hydraulic retention time is one of the 

objectives of this study and similar studies 

because good performance may not be 

achieved at low hydraulic retention times. If a 

long hydraulic retention time was considered, 

it could cause ammonium accumulation 

(Martin et al., 2019; Feyereisen et al., 2016). 

Given that increasing the time provides ample 

opportunity for better reactor performance, 

increasing the hydraulic retention time is 

expected to improve the reactors' nitrate 

removal performance. The results of Figure (6) 

show that increasing the residence time from 3 

hours to 24 hours causes, on average, the 

removal performance of the reactors to 

increase by about 24%. Rivas et al., 2020; Jin 

et al., 2019 reported that the percentage of 

nitrate removal by bioreactors increases due to 

an increase in residence time. The mean values 

and amplitude of changes in nitrate removal 

percentage in proportion to the increase in 

residence time can be seen in Figure (6). This 

increase is upward quiet. In other words, the 

deletion increases with increasing time, which 

is similar to the results by Asgari et al. (2020), 

Feyereisen et al. (2016), Abdi et al. (2020), 

Mardani et al. (2020), Christianson et al. 

(2011), and Martin et al. (2019). 
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Fig. 5 - The effect of the cross-sectional shape of bioreactors on nitrate removal from agricultural 

effluents 

 

 
 Fig. 6- Nitrate removal efficiency at hydraulic retention times 

 

Increased nitrate removal with increasing 

retention time was expected since increasing 

retention time allowed the bacterial population 

to degrade the organic substrate, leading to 

high nitrate removal efficiencies. Increasing 

retention time also gives microbes more 

contact time for activity (Feyereisen et al., 

2016; Zhao et al., 2020). Also, longer reaction 

times provide a carbon source to reduce nitrate 

and nitrate accumulation in the effluent (Abdi 

et al., 2020).  

Another factor that increases the 

performance of bioreactors at longer residence 

times, especially when the temperature is not 

reactive under optimal conditions (< 25°C), is 

that the water temperature in the reactors 

increases and its efficiency in nitrate removal 

increases as well (Lepine et al., 2016). Because 

carbon and temperate are more influential than 
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any other factors, in general, it can be said that 

during longer residence times (up to several 

days), the amount of available carbon and the 

temperature inside bioreactors with wood chip 

core increased, and the number of removal 

increases (Martin et al., 2019). In addition to 

the hydraulic retention time, temperature, and 

nitrate inlet concentration, the core material is 

essential in the bioreactor. Because in addition 

to adsorption by providing carbon as a source 

of energy for bacteria, it affects the amount of 

nitrate removal (Lepine et al., 2016; Martin et 

al., 2019). 

 
Organic Matter 

The results showed that the average nitrate 

removal for corn stem chips was (27 ± 8.4%). 

Also, wheat straw and wood chips with values 

of (28.6 ± 9.2%) and (31.3 ± 7.9%) of the 

percent removed nitrate from the effluent, 

respectively (Fig. 7). Although wood chips in 

denitrification bioreactors are more efficient at 

nitrate removal than corn straw and wheat 

straw, in general, the organic materials used in 

this study were effective in removing nitrate 

from the effluent. These results are consistent 

with Jalali et al. (2021), which indicate the high 

performance of wood chips in nitrate removal. 

In another study, results showed the best 

performance in treatments for bioreactors with 

walnut wood chips and residence time of 12 

hours with an efficiency of about 50% 

reduction of water nitrate (Nordstrom and 

Herbert, 2017). The woodchip is better than 

other organic matters because of the higher 

amount of total organic carbon (TOC) at 12 

hours. The importance of this factor for 

biological nitrate removal has been 

emphasized by Corbett et al. (2019). The 

increase in organic carbon in the early hours for 

woodchips in a short time is due to its high 

contact surface relative to wheat straw and corn 

stem chips, adjusted to increasing time (Zhao 

et al., 2020). In organic matter treatments, 

nitrate removal percentage is directly related to 

retention time. In other words, with increasing 

retention time, nitrate removal efficiency also 

increases in these treatments. It is similar to the 

results of Christianson et al. (2012) and 

Greenan et al. (2009). The researchers 

concluded that it takes from a few hours to a 

few days to remove nitrate by 10% to 100%, 

respectively. 

 

 

 
Fig. 7- The effect of organic matter used in bioreactors on the removal of nitrate from agricultural effluents 
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Also, the results showed that in terms of 

bioreactor performance for nitrate removal, 

woodchips, and wheat straw, corn steamships 

were determined, respectively. As Lepin et al. 

(2016) reported, nitrate removal increased with 

an increasing hydraulic retention time that the 

factor was warmer water inside the reactor and 

a better reaction for nitrate removal. Besides, 

the results showed that the woodchip had a 

remarkable ability to remove nitrate, similar to 

that of Abdi et al. (2020). The results showed 

that the bioreactor with the woodchip, under 

the conditions in which the study was 

performed and within 72 hours, could nitrate 

removal about 99%. In general, according to 

the results of this study, hydraulic retention 

time in 24 hours, nitrate removal efficiency is 

more than 40%. One of the reasons for this is 

the presence of more carbon in the reaction 

conditions, with increasing retention time. 

Cameron and Schipper (2001) and Martin et al. 

(2019) also stated that to remove more nitrate 

than any other factor, temperature and the 

amount of organic matter. The reason why 

wood is better could be the higher total organic 

carbon (TOC) content at hydraulic retention 

time in 24 hours. The importance of this factor 

for the biological removal of nitrate has been 

emphasized by Corbett et al. (2019). The 

increase in organic carbon in the early hours for 

wood chips in a short time is due to its high 

contact surface relative to wheat straw and corn 

stem chips, adjusted to increasing time (Zhao 

et al., 2020). Also, the statistical comparison of 

the means showed that for the organic matter 

of woodchips, wheat straw, and corn stem 

chips, the time factor is an influential factor in 

nitrate removal. Reduces contact level 

reducing the contact surface of organic matter 

with water in less carbon released into the 

substrate, as noted by Feyereisen et al. (2016) 

and Greenan et al. (2006). 

 

Conclusion 

In a completely randomized experimental 

design, this study used the effect of different 

organic matter and geometric shapes of 

bioreactors 3, 6, 12, 16, and 24 hours in 

hydraulic retention times. Then, was 

investigated nitrate removal from agricultural 

effluent. The results showed that although the 

organic matter was effective in removing 

nitrate, the wood chip was better than wheat 

straw and corn stem chips. Since (1) access to 

wood chips is limited at the research site, (2) 

the nitrate removal efficiency of wheat straw 

and corn stem chips is also acceptable. So 

instead of wood chips, can be used this two 

organic materials. 

The results also showed that the geometric 

shape of bioreactors is effective in their 

performance in nitrate removal. The 

trapezoidal, rectangular, and triangular cross-

sections were prioritized compared to nitrate 

removal. According to the performance 

comfort and the drainage collector's cross-

section that is trapezoidal, the trapezoidal 

reactors were selected as the optimal cross-

section. 
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