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Abstract 

Agricultural runoff is a broad term for agricultural products that are not absorbed by the 
fields or soil mass, but rather leaves the topsoil because of rain or irrigation, picking up pollution 
as it goes, and depositing into bodies of water such as lakes and rivers. Runoff can include 
components such as pesticides and fertilizers which contain heavy amounts of phosphorus and 
nitrogen. Water bodies in excess of these nutrients can undergo eutrophication, in which algal 
growth is stimulated. This then leads to watershed compositional shifts and dissolved oxygen 
deficits, harming both fish and humans. Current water system treatments involve denitrifying 
bioreactors which function by supporting soil microorganisms that are capable of denitrification 
in a favorable environment (1). Although the denitrifying bioreactors can reduce the nitrate levels 
to certain levels (average: 40-60%), appropriate phosphate levels are usually not reached. To 
resolve this problem, a proposed system of modifying conventional bioreactors contains a natural 
wood chip carbon source, biochar, and an anionic resin. Tests were performed to determine the 
adsorption capacity of these three types of media to remove anionic contaminants in wastewater 
such as phosphorus, nitrogen, chloride, and pesticides. Optimal bioreactor design proved to be a 
fixed bed bioreactor, with adsorption rates increasing with lower hydraulic retention times and 
higher weight compositions of biochar and resin in the system. This system was then compared 
to traditional methods to determine effectiveness in treating agricultural runoff. Suggestions are 
also included for future work. 

Introduction 

Current bioreactors around agricultural systems include trenches dug around the farm 
land that are filled with wood chips and buried. This creates an anionic zone in between the 
wood chips that encourages bacteria to utilize the nitrogen running off the farms in place of 
oxygen. The bacteria then respire nitrogen gas(2). A modified system will tackle the problem of 
phosphorus removal by adding an additional layer of biochar and ion exchange resin.  

As this system is a new approach to the problem of nutrient removal, many initial 
experiments were performed to determine the adsorption capacity of the wood chip, biochar, and 
ion exchange resin species used in the process. Nutrient uptake data was taken over a time span 
of three days to determine the adsorption of chloride, nitrate, phosphate, and sulfate. An 
additional experiment also determined the removal of pesticides that could be obtained. Based on 
these results, various reactor systems were designed and tested until a successful design of a 
fixed-bed bioreactor was produced.  



Tests on the bioreactor system included effects of the media adsorption to changes in 
hydraulic retention time of the simulated wastewater as well as effects of changing weight 
percentages between the wood chips, biochar, and resin. Results gave estimations at optimal 
bioreactor variables and media which will provide a basis for further hypothesis on bioreactors 
and nutrient uptake of the chosen species. Future experiments can be performed to determine 
exact optimal parameters, as well as the effect of additional reactor components. 

Methods 

Base Adsorption Experiments 

The research started with initial adsorption capacity experiments to determine how 
effective each of the three reactor components of cherry wood chips, natural biochar, and 
Amberlite ion exchange resin were at adsorbing four different anions. These anions included Cl-, 
NO3

-, PO4
-, and SO4

2- which were added in the form of KCl, KNO3, KH2PO4, and MgSO4. 
Constant weights of 0.5g for each media were added to 250ml Erlenmeyer flasks, and the 
simulated wastewater was created targeting concentrations of 525 mg/L KCl, 24 mg/L KNO3, 
0.07 mg/L MgSO4, and 2.86 mg/L KH2PO4 mixed in deionized water. These concentrations were 
based on a previous experiment that determined nutrient content in an agricultural watershed 
near Tintah Minnesota. A total volume of 100ml of nutrient water was added to each of the 
flasks. Triplicates were made for each experiment, and once all of the components were added to 
the flask, mixing began by placing the flasks in a shaker. Six samples were taken over a time 
span of two hours, after which samples were allowed to continue mixing and a final sample was 
taken after 72 hours.   

A separate set of trials determined capacity of nutrient removal, as four different 
concentrations of the anions in analysis, phosphate and nitrate, were added to 250ml flasks with 
the same 0.5g constant weight of wood chips and biochar. A separate experiment had already 
been performed on the resin species to determine adsorption capacity. To push the adsorption of 
the materials, nitrate concentrations up to 500 mg/L and phosphate concentrations up to 1500 
mg/L were tested. Two trials of each concentration were created, and the samples were mixed in 
the shaker after all components were added. The same sampling frequency as the first 
experiment was used. 

In order to determine the uptake of pesticides in the system, the weed killer Atrazine was 
analyzed at four different concentrations with 0.5g of wood chips, biochar, and resin separately. 
Concentrations of Atrazine used ranged from 0.025 – 0.1 mg/ml based on a previous adsorption 
experiment. To each of the flasks, 100 ml of deionized water was added, and samples were again 
mixed in the shaker. Six samples were taken over an hour. 

Fixed-bed Bioreactor Construction 

After initial capacity terms were determined, the bioreactor was assembled. The first 
reactor trial included a small, flat tank of measurements 3 x 10 x 2.5 inches that included two 
partitions to separate the media, and a pump to flow simulated wastewater through the reactor. 
The hydraulic retention time was difficult to determine, as insufficient system mixing caused for 
a low contact time with the media. This also yielded adsorption results that were much lower 
than what was found in previous experiments. The reactor was therefore re-designed as a fixed 
bed column reactor to ensure proper contact time with the media. 



The final reactor design is shown in Figure 1 which contains a fixed bed column reactor 
created from PVC tubing and connection joints with an adjustable flow pump to flow simulated 
waste water through the system. Different hydraulic retention times (HRT) and media weight 
percentages were compared. The first experiment targeted weight fractions of 60/10/30 
(Wood/Biochar/Resin), but due to weight variation the calculated fractions were 62/12/26. These 
fractions were layered with the resin at the bottom of the reactor closest to the outlet, biochar in 
the middle, and wood chip layer on top. The HRT used was 8.21 min which was slow enough to 
simulate ground water rates based on the Tintah, MN research. Eight samples were taken over a 
period of one hour. 

In order to keep the process cost effective, it was important to determine if the same 
system effectiveness could be found at lower weight fractions of biochar and resin in the system. 
Wood chips are the least expensive component in the system, and quickly degrade after use 
while resin is the most expensive and does not degrade. Therefore the ratios were changed to 
74/12/12 (Wood/Biochar/Resin) and tested.  

 
Figure 1. Image showing the fixed bed column reactor with pump that was used in experiments. 

Results  

Results for all the data given below were collected between September 6th, 2016 and 
December 22nd, 2016. Relevant figures and measurements are shown below and include a 
summary of the data exhibited.  

Base Compound Experiment 

The results for the uptake of all four anions are showed positive removal results for 
nitrate, sulfate, and phosphate, with nitrate having the highest removal for all three media species 
with data shown in Figure 3. As phosphorus and nitrogen are the primary components of 
agricultural runoff, and had the highest removal rates, they became the components of interest in 
further experiments.  



 
Figure 3. Data from the base compound experiment analyzing adsorption of reactor species. 

The adsorption capacity was determined from the results of four different concentrations 
of nutrients with the same media weight. This data is shown in Figure 4.  

 



Figure 4. Adsorption capacity data for wood chips with nitrate, and biochar with nitrate and 
phosphate. 

Pesticide Removal 

An additional experiment was performed to test the effectiveness of wood chips, biochar, 
and resin at removal of pesticides. It was hypothesized that biochar would be the most effective 
at removal as previous work has been done examining its sorption behaviors. Based on previous 
experiments of pesticide removal, four different concentrations of Atrazine weed killer were 
used ranging from 0.025-0.1 g/L. Media amounts remained constant at 0.5g of each added to the 
flasks. Six samples were taken over an hour. Data is shown in Figure 5.  

 
Figure 5. Atrazine uptake analysis data using varying concentrations. 

Column Reactor Experiments 

Initial experiments varied the weight fractions of the three media layers, with the first 
experiment having a ratio of 62/12/26 wood chips/biochar/resin. The flow rate and liquid volume 
of the reactor during the experiment were also measured to determine the hydraulic retention 
time. The experiment used a flow rate of 33 ml/min and had a liquid volume of 145 ml 
throughout the trial. This gave an HRT value of 8.17 ml/min. As final system cost is always a 
concern, lower weight fractions of the biochar and resin were tested to determine if the same 
results could be obtained. The second weight fraction used was 74/12/12 at the same HRT value. 
A comparison for the data of both of these experiments is provided in Figure 5. 



 
Figure 4. Comparison of the effect of varying media weights with the same HRT value.  

As the first media weights proved to be more effective, the same weight fractions of 
62/12/26 (Wood/Biochar/Resin) were used at a lower HRT of 5.45 minutes to determine the 
effect of residence time on the adsorption capacity. This is shown in Figure 6.  

 
Figure 6. Effect of decreased HRT on reactor system. 

Discussion 

Results of the initial compound capacity experiments showed a 42% removal in 
phosphate and complete nitrogen reduction after 50 minutes, with an unexpected spike seen at 
the end. This unexpected nitrate spike may have been caused by sampling or filtering error. The 
nitrogen adsorption capacity was calculated to be 0.488 g phosphorus/g wood chips, and a 
phosphorus adsorption capacity of 0.136 g phosphorus/g biochar was found. Adsorption results 
of wood chips on phosphorus and biochar on nitrogen were low, which is why it is important to 
use these two species simultaneously in a reactor. The hypothesis on the biochar species ability 
to remove pesticides was confirmed, as relatively no removal in the wood chips and resin flasks 
was seen, but biochar reduced the initial concentration pesticide concentration by 28 percent. 

 The most effective column system was that of 62/12/26 weight fraction of media with an 
HRT of 5.45 minutes. This system was able to remove 87% of nitrates and 92% of phosphates, 
which is much more successful than current bioreactor treatment methods. Increasing the HRT 
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value resulted in decreased adsorption capacities, although the opposite effect was hypothesized. 
Greater success was also seen when using increased amounts of biochar and resin, which may 
cause for a disadvantage in price for the system. As only two weight fractions and hydraulic 
retention times of media were able to be tested, future experiments will be needed to determine 
the optimal ratios on the system.  

Conclusion 

 This study provided evidence towards a different approach to removing nutrients from 
agricultural runoff through examining the effect of adding a biochar and ion exchange resin layer 
to the traditional wood chip bioreactor. It was seen that these added layers greatly increased the 
adsorption capacity for nitrate and phosphorus, and also removed a significant fraction of 
pesticides. At the end of a majority of the experiments, phosphorus levels increased slightly, 
which may suggest that an additional component would be needed in the system to maintain 
retention.  

 As column experiments were only able to be performed over a maximum time span of 
two hours, future experiments will also be needed to determine the effectiveness of this system 
over a greater time span of a couple days. This will aid in the determination of the future 
applications of the system in agricultural settings.  

 An additional experiment that was initially hypothesized but was unable to be carried out 
was that of adding additional bacterial and fungal species to the wood chip system so that they 
could feed on the carbon source and provide additional nitrate removal. The performed 
experiments provided a supplemental base to this possible research, which will be analyzed in 
future trials. 
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