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Abstract 

Woodchip bioreactors and other edge-of-field water treatment solutions are being increasingly used to 

address nutrient pollution in freshwater caused by agricultural subsurface drainage. This study 

evaluates the efficacy of low-cost bioreactor substrates and a steel-waste filter in reducing levels of 

nitrates and phosphorus in water. In addition to this, the effect of these substrates on the breakdown of 

clopyralid herbicide is also investigated. Small-scale laboratory bioreactors and steel-waste filters 

were used to simulate the conditions of a full-size bioreactor while testing different substrate 

combinations. The woodchip bioreactor achieved average nitrate removal efficiencies of 40.2%, rising 

to 60.5% with the addition of biomass bottom ash (straw) from an influent water concentration of 

42.73mg Nitrate(N)/l. Both of these results are following a hydraulic retention time (HRT) of 48hrs. 

The steel-waste phosphate filter successfully reduced soluble phosphorus concentrations from an 

average of 2.84±0.41 to 4.30±0.44 mg/l P after 30 minutes of exposure yielding a max reduction of 

87%. The woodchip bioreactor also demonstrated an increase in the rate of clopyralid breakdown. An 

average reduction in clopyralid concentration of 60% was achieved in a 36-hour period, this equates 

to a vastly reduced half-life (D50) compared with laboratory and field conditions. The results indicate 

that edge-of-field woodchip bioreactors, paired with steel-waste filters could be effective in treating 

agricultural wastewater for nutrient and clopyralid herbicide pollution.  
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1. Introduction 
 

Agricultural subsurface drainage is a primary source of nutrient and pesticide pollution into water 

courses and the natural environment in the UK (UK TAG Water Framework Directive, 2013) 

(Environment Agency, 2019). The addition of plant nutrients such as nitrates and phosphates in 

agricultural fertilizers are essential to optimising crop growth and yield. However, these nutrients are 

also transported through drainage systems to surrounding water courses causing eutrophication and 

quality issues for drinking water abstraction (Environment Agency, 2019). Subsurface drainage also 

acts as a pathway for herbicides and insecticides, causing mounting problems for water treatment in 

the surrounding areas, due to regulations that set a maximum level for any single pesticide of 0.1 

microgram per litre of water (DWI, 2018). 

Due to the environmental impacts of agricultural pollutants and strong regulatory limits on pesticide 

concentrations in drinking water, UK water companies employ several strategies and mitigation 

measures to reduce the concentrations of agricultural pollutants both at drinking water plants and at 

the source (i.e. farms). For example, all English water companies have multi-sector catchment 

partnerships (Anglian Water, n.d.). These partnerships involve ‘catchment managers’ working with 

farmers, agronomists, and businesses to reduce pollution at its source, rather than with ‘end of pipe 

solutions’ in treatment facilities (Anglian Water, n.d.). In water treatment facilities several methods 

are employed to reduce agricultural pollutants including Granular Activated Carbon (GAC) treatment, 

Membrane Bioreactors (MBRs) and UV photolysis/oxidation treatments (Goodwin, et al., 2017). The 

edge-of-field solutions considered in this project occupy a middle ground, after a substance has been 

applied to a field, yet before the substance pollutes surrounding water courses. If we consider the 

source-pathway-receptor model for catchment, the solutions address agricultural pollution in the 

pathway stage at drainage sites (Archibold, et al., 2016). Therefore, any solutions investigated in this 

project will complement existing treatment methods at the source stage (e.g. catchment management) 

and receptor stage (e.g. water treatment facilities). 



P a g e  8 | 74 

 

Edge-of-field solutions, such as woodchip bioreactors, are gaining popularity in addressing 

agricultural pollutants at the point of drainage, before they reach surrounding water courses (Hua, et 

al., 2016). These solutions have the dual effect of preventing environmental damage and reducing the 

demand on water treatment facilities (Christianson, et al., 2012). A woodchip bioreactor is a simple 

packed-bed-bioreactor filled with a carbon-source substrate material, usually taking the form of a 

trench or pit [see figure 1]. This substrate material encourages the growth of bacteria which break 

problematic nutrients, such as nitrates, down into products such as inert nitrogen gas.  

This project, in collaboration with Anglian Water, seeks to investigate edge-of-field solutions to 

reduce problematic concentrations of phosphorus and clopyralid herbicide within their primarily 

agricultural catchment area. There is a wealth of support in literature for denitrification using 

woodchip bioreactors (Christianson, et al., 2012; Healy, et al., 2012; Thapa, 2017). This study will 

investigate the effect of other substrate materials on soluble phosphorus and the herbicide clopyralid. 

Although the focus of this project is on these two pollutants, nitrates concentration is still recorded to 

determine the performance of substrates overall, and in comparison with other studies.  

Other modes of action such as chemical precipitation and adsorption will be considered in reducing 

phosphorus and clopyralid concentrations. Chemical precipitation refers to the conversion of a 

dissolved pollutant (e.g. phosphorus) into an insoluble form by means of a chemical reaction. 

The aim of this study is to test the effectiveness of a range of media, including biomass bottom ash 

and steel waste, in reducing pesticide and nutrient load in water. Potential bioreactor substrate 

materials and other media considered must be suitable for farmers to implement, low-cost and 

abundant within the local area.  
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2. Literature Review 

The academic literature on edge-of-field bioreactors focuses mainly on their effect on nitrates, with 

less attention paid to the effect of different substrates on phosphorus and pesticides with notable 

exceptions such as (Camilo, et al., 2013) and (Hassanpour, et al., 2019).  

 

2.1 Bioreactors 

A Bioreactor is a vessel that facilitates a biological reaction. These reactions can be either aerobic or 

anaerobic depending on the desired process.  Bioreactors are vital for many chemical processes and 

medical applications, however the usage of small-scale bioreactor technology to improve water 

quality in agricultural drainage is a relatively recent concept. In the last 15 years bioreactors for water 

quality improvement have been the subject of field trials in the USA, and during this time researchers 

have proved that they reduce nitrate levels (Burtonshaw, 2013). 

Bioreactors are usually used to improve water quality by growing denitrifying bacteria on organic 

carbon rich media (Healy, et al., 2012). Although large scale bioreactors exist in water treatment 

facilities, this project concerns small scale ‘edge-of-field’ bioreactors. Such a bioreactor would be 

installed at a field drain in order to treat drainage water before it enters the surrounding water courses 

[see figure 1]. Due to the ‘edge-of-field’ location, the type of bioreactor employed is normally 

restricted to a PBB or ‘Packed Bed Bioreactor’ meaning that no stirring or recirculation of liquids is 

involved (Antolli & Liu, 2012). More complicated bioreactors such as ‘Stirred Tank Bioreactors’ or 

‘Airlift Bioreactors’ are unsuitable for the low-tech, edge-of-field agricultural application due to cost 

restrictions. 

Packed Bed Bioreactors rely on the passive flow of water and so their size is directly related to how 

long water takes to travel through the bioreactor. Influent water must remain in contact with the 

substrate materials inside the bioreactor for a certain period of time for the necessary biological and 

chemical processes to take effect. This time period is known as ‘Hydraulic Retention Time (HRT) 

(Christianson, et al., 2012). 
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It is also worth understanding large-scale bioreactors and how the technology works on an industrial 

scale for context and examples of best practice. In water treatment plants, ‘membrane bioreactors’ 

(MBRs) are now an established form of denitrification and general water treatment. In ‘Membrane 

Bioreactor: A new treatment tool’ (Urbain, et al., 1996) a French water treatment facility demonstrates 

successful use of early bioreactor technology for denitrification and pesticide removal. Denitrification 

is achieved with heterotrophic bacteria using ethanol as a carbon source. Powdered activated carbon 

(PAC) is added to adsorb pesticides and other problematic compounds. The membrane keeps the 

solids and high‐molecular‐weight compounds in the bioreactor by separating them from the treated 

water. Large scale MBRs are now an established norm for many water treatment facilities, however 

due to their complexity, and the cost of the membranes and substrates, they are not suitable for on 

farm deployment. Edge-of-field bioreactors need to use cheap, readily available substrates. 

Comparisons can be drawn between materials used in end-of-pipe treatment facilities and potential 

substrate materials for edge-of-field bioreactors. PAC is a high surface area carbon material which 

Figure 1: Schematic of an edge-of-field denitrification bioreactor for agricultural drainage 

(Christianson, et al., 2012) 
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adsorbs pesticides, it is hypothesised that similar low-cost materials such as biomass bottom ash can 

fulfil a similar role to PAC (Zhou, et al., 2019). 

 

2.2 Target Nutrients and Pesticides 
 

The EU commission on the implementation of the Water Framework Directive (WFD), reported that 

the UK was one of the member states with the biggest challenges in addressing the poor quality of 

water related to agricultural activities (EUcommission, 2019). This section is split into the three 

specific agricultural pollutants addressed in this project which contribute to the poor quality of water.  

Phosphorus 

Phosphorus is a vital nutrient that is required for plant growth, but high concentrations are harmful to 

the environment. Phosphorus from agricultural land pollutes rivers and other water courses after 

fertiliser application due to run-off and soil erosion. These quantities of phosphorus cause algae 

blooms, and thus, eutrophication, in water courses surrounding agricultural land. Eutrophication leads 

to wide ranging environmental damage and often, to reduced biodiversity (UK TAG Water 

Framework Directive, 2013) (House of Commons, Environmental Audit Committee, 2018). Algae 

blooms can also directly impact water treatment operations, if large quantities of phosphorus reach 

reservoirs, the resulting algae can clog filters and disrupt processes in water treatment facilities 

(Henderson, et al., 2008).  

The average application rates of phosphate fertilisers are 22 kg/ha of farmed area for manufactured 

fertilisers (e.g. Monoammonium Phosphate) and 10kg/ha for organic fertilisers (e.g. manure) 

(DEFRA, 2020). Some farmers over-fertilise their crops, adding more fertiliser increases crop yield 

only up to a certain point, after which the crop’s need for nutrients is saturated and further fertilisation 

has very little or no effect (NRC, 2000). There are also many other factors such as heavy rainfall 

events and the timing of application which can decrease efficiency in fertiliser usage.  
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As seen in Table 1, 23% of tested river sites in England are classed as ‘poor or bad’ under current 

standards for phosphorus, rising to 29% if proposed new phosphorus standards are to be introduced. 

Some strict phosphorus limits do exist for Sites of Special Scientific Interest (SSSIs) in the UK, 

particularly for protected river habitats. These sites have much stricter regulations of 0.01-0.06 mg/l 

concentrations of reactive phosphorus (depending on specific geography) (JNCC, 2016). 

Regulations on phosphorus levels in water courses state that concentrations greater than 1 mg/l are 

‘generally perceived to be sufficiently high enough’ to result in freshwater eutrophication, and that the 

observed high values in the UK are of ‘particular concern’ (UK TAG Water Framework Directive, 

2013). The Water Framework Directive has introduced this limit for wastewater treatment works or 

‘those discharging into sensitive waters’ however the spikes seen around agricultural land are much 

higher (UK TAG Water Framework Directive, 2013). These standards and regulations informed the 

dosing of water in the practical experiments for this project. 

Usually biological P-removal is only achievable in large scale bioreactors with complex cycling of 

microbial biomass (Blackall & Crocetti, 2002). Therefore, smaller edge-of-field solutions tend to 

employ chemical precipitation methods with Iron or Aluminium rich waste products. This practice is 

well supported in the literature and will be thoroughly explored in section 2.4 (P-removal). 

 

 

Table 1: Phosphorus classifications under the existing and recommended new phosphorus standards. [Table 3 Pg 8] (UK 

TAG Water Framework Directive, 2013) 
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Pesticide: Clopyralid 

Clopyralid is a selective herbicide used to control broadleaf weeds (e.g. thistles and clover). It is a 

picolinic acid which mimics plant growth hormones, disrupting growth after binding with a plant 

(Cox, 1998). It is regularly applied commercially on grass (e.g. motorway verges) and crops such as 

sugar beet in the UK. Brands of herbicide containing clopyralid include Dow Shield® and Blaster 

Pro®. In 2006, 34.3 tonnes of clopyralid was applied to agricultural land over an area of 304,738 ha 

across Great Britain (WRAP, 2009). Clopyralid is very persistent, it is degraded almost entirely by 

microbial metabolism in soils and aquatic sediments, being the only major source of degradation in 

Table 2 (WRAP, 2009). This reinforces the possibility that bacteria in a woodchip bioreactor may 

contribute to clopyralid degradation, and thus it is a good candidate for potential bacterial break-down 

in bioreactors. Clopyralid is not degraded by sunlight or hydrolysis (Tu, et al., 2001). In addition, it 

does not readily bind to soil and is highly soluble in water. As a result, it is very mobile in soil and has 

the potential to move towards groundwater and contaminate surface water (Cox, 1998). 

 

Table 2:Summary data of the fates of clopyralid in water and soil (Dow AgroSciences, 1998 and PPDB, 2009) [Compiled by 

(WRAP, 2009)] 



P a g e  14 | 74 

 

 

Table 2 further expands on the degradation of clopyralid in various conditions (WRAP, 2009). In 

water clopyralid has a very long half-life value of 261 days with ‘no significant degradation in water 

and anaerobic soil conditions’ (Table 2). Clopyralid also exhibits high mobility in soil and water, with 

a soil adsorption coefficient (KOC) of 5 or ‘very mobile’ (Table 2). 

A clopyralid limit for water bodies is not yet reported on in the ‘specific pollutants’ section of the EU 

Water Framework Directive (Whalley, 2018). However, English drinking water regulations state that 

the levels of clopyralid (or any single pesticide) in drinking water should not exceed 0.1µg/l (DWI, 

2018). Therefore, it would be reasonable to aim to reduce the levels of clopyralid towards drinking 

water standards.  

 

Nitrates 

Nitrogen is another vital nutrient that is required for plant growth, but high concentrations are harmful 

to people and the environment (Environment Agency, 2019) (House of Commons, Environmental 

Audit Committee, 2018). Nitrogen is applied to agricultural land in the form of manufactured 

fertilisers (e.g. ammonium nitrate) and organic fertilisers (e.g. manure). The average application rates 

in England for manufactured and organic fertilisers were 110 kg/ha and 9 kg/ha respectively in 

2018/19 (DEFRA, 2020).  Some nitrogen fertilisers are already in the form of a nitrate and can pollute 

groundwater or water courses directly via runoff from agricultural land. Others can be transformed 

into nitrates by nitrifying bacteria in the soils. In water bodies, high concentrations of nitrate can lead 

to eutrophication, causing a dense growth of plant life and algae. This depletes the oxygen in the 

water body, which can result in reduced aquatic biodiversity (House of Commons, Environmental 

Audit Committee, 2018). Excess nitrates from agricultural runoff and drainage are one of the main 

causes of water pollution in Europe (EUcommission, 2019).  

The UK Environmental Audit Committee states that ‘nitrates are the main pollutant in ground and 

coastal waters, while phosphates are the main pollutant in rivers’ (House of Commons, Environmental 
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Audit Committee, 2018). In 2015, 37% of groundwater bodies in England were failing standards 

because of nitrate and 69% were at risk of failing mainly because of nitrate (House of Commons, 

Environmental Audit Committee, 2018).  

 

While the drinking water limit for nitrates is 50 mg/l, the UK does not currently have a true nitrate 

threshold for freshwater, it is one of the only European nations to not have such a limit (House of 

Commons, Environmental Audit Committee, 2018). As part of the House of Commons report on 

reducing nitrate pollution several academics, such as Prof. Helen Jarvie and Prof. Laurence Jones 

from the UK centre for Ecology and Hydrology, have suggested a threshold in line with EU nations 

between 1.5 mg/l and 4 mg/l to achieve good ecological status (House of Commons, Environmental 

Audit Committee, 2018). Under the WFD ‘drinking water protected areas’ must be identified, the 

drinking water limit of 50 mg/l is normally applied to rivers and groundwater sources to reduce the 

purification treatment needed in producing drinking water (House of Commons, Environmental Audit 

Committee, 2018). 

Rather than a blanket threshold, the UK currently has a system of designated Nitrate Vulnerable 

Zones (NVZs) which cover 58% of the land in England and smaller parts of the rest of the UK 

(DEFRA, 2019). Around 44% of land in England is a NVZ because rivers breach the 50 mg/l test and 

25% of England is a NVZ because groundwater breach the 50 mg/l test, these designations overlap 

resulting in 58% of England being a NVZ (House of Commons, Environmental Audit Committee, 

2018). Farmers with land in a NVZ must comply with rules and restrictions on fertiliser application 

and storage to reduce the risk of nitrate pollution in surface waters and groundwater (DEFRA, 2019).  

The efficacy of denitrifying bioreactors in reducing nitrates is well supported in the studied literature 

(Christianson, et al., 2012; Healy, et al., 2012; Thapa, 2017).  Because of the existing depth of the 

literature on nitrate removal, phosphorus and clopyralid have been targeted as the most important 

pollutants for study in this research project.  
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2.3 Bioreactor Substrates: Denitrification 

 

When choosing a substrate for an edge-of-field bioreactor several factors must be considered. The 

suitability of the material as a carbon source for denitrifying bacteria is the primary concern, however 

the cost and local availability of the material is also extremely important.  The availability of substrate 

materials, for this project, is tied to the diversity of UK agriculture and the prevalence other low-cost 

materials and by-products. For example, using rice husks as a part of the chosen media would be cost 

prohibitive in the UK even though it is supported by literature from Asian institutions (Liang, et al., 

2015). 

 

Woodchip 

Woodchip is the main substrate of choice for denitrifying bioreactors in the studied literature. The 

vast majority of research projects and case studies available use woodchip and woodchip-mixes as a 

carbon source and often as an adsorption material e.g. (Christianson, et al., 2012) (Healy, et al., 2012) 

(Christianson, et al., 2017). Woodchip is often used as the control substrate for denitrifying 

bioreactors when introducing and comparing novel mixtures such as woodchip/biochar (Bock, et al., 

2015). Woodchip provides a highly concentrated source of organic carbon to enhance microbial 

reduction of nitrates and is used worldwide to protect surface and groundwater (Healy, et al., 2012). 

In the UK, there is enough woodchip availability to support the building of bioreactors, the main 

market for woodchip is energy production, which uses very large quantities of woodchip compared to 

what would be needed for the building and maintaining of bioreactors. The price of virgin woodchip 

is dependent largely on moisture content, quantity delivered, and delivery method (UK Forestry 

Commission, 2009). At the time of writing it stands at around £35-85 per tonne. 
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Straw 

Much less evidence for the efficacy of straw is present in the literature compared to woodchip, 

however several reports have shown that straw can be an effective substrate for denitrification. Barley 

and wheat straw achieved ~99% removal result for nitrate in multiple studies e.g. (Healy, et al., 2012), 

(Saliling, et al., 2007)  (Zhou, et al., 2019). Wheat and barley straw are widely available and cheap in 

the UK, with similar prices to woodchip per tonne (£50-90 depending on season) (AHDB, 2021). 

However, for comparison to a wider range of studies, woodchip provides more opportunity due to the 

higher presence in literature available. 

 

Biochar 

Biochar is a light charcoal normally used as a soil additive to improve health and fertility. Biochar 

features as a component in many substrate mixes in the studied literature (Hassanpour, et al., 2017; 

Bock, et al., 2015). While not necessarily important for denitrification alone it is carbon-rich enough 

to encourage denitrification while also providing ‘sorptive’ characteristics necessary for P-removal 

(Bock, et al., 2015)[see section 2.4 P-removal]. (Bock, et al., 2015) found the addition of Biochar 

resulted in an ‘average NO3- removal of 86% after 18 h and 97% after 72 h, compared with only 13% 

at 18 h and 75% at 72 h in the (woodchip only) control. Biochar addition also resulted in significantly 

lower nitrite production. If these results prove to be replicable then the addition of biochar could 

reduce HRT, meaning that water would have to spend less time in the bioreactor and flow rates could 

be increased, allowing smaller bioreactors for a given drainage area. 

The main drawback of biochar is the long-term performance of the material. In a study comparing 

woodchip bioreactors with biochar-enhanced woodchip bioreactors (Hassanpour, et al., 2017) found 

that biochar was only effective for the first year of bioreactor use in enhancing denitrification due to 

material aging. Biochar, like granular activated carbon (GAC) can become saturated with organic 

contaminants and is no longer effective as a filter material (Larasati, et al., 2020). 
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Bottom Ash 

A novel carbon source material for denitrification could be ‘bottom ash’ from straw burning power 

stations. Two types of ash are generally produced in power stations. Bottom ash is comprised of 

heavier particles which collect at the bottom of a furnace while ‘Fly ash’ is made up of fine particles 

which are carried up in flue gases.  

Ash from biomass power stations is significantly cleaner than that from burning coal (James, 2012). 

Coal bottom ash would not be suitable for this application because coal bottom ash contains trace 

amounts of heavy metals. Lincolnshire has several local straw-burning power stations and straw has 

been found to have one of the lowest concentrations of heavy metals for biomass (James, 2012). 

(Khan, et al., 2009) review of biomass combustion highlights the fact that the heavy metals are 

typically concentrated in fly ash and in spite of this, pelletised fly ash is still investigated as a water 

quality bioreactor substrate in some lab studies (Khan, et al., 2009). In a very similar experimental 

setup to that used in this project, Li used a woodchip bioreactor in series with a vessel of fly ash 

pellets to remove 49-85% of nitrates and 68-75% of phosphates from influent water. Retention times 

in 1m length tubes were as low as 1-4hrs (Li, et al., 2018). 

As recently as October 2019 a report has been published on the ‘Utilization of coal fly and bottom ash 

pellet for phosphorus adsorption’ (Zhou, et al., 2019) in which bottom ash pellets were proven to be 

more effective than fly ash pellets for P-adsorption with lower heavy metal leaching. It must also be 

noted that the pelleting process can significantly reduce the heavy metal release from ashes (Zhou, et 

al., 2019).  

Many organic carbon sources have been tested in singular studies with varying results. Other 

examples which exist in the literature are: pine needles, rye grass and reeds (Zhou, et al., 2019) with 

varying effects on NO3 removal rates. Some plant-based carbon sources e.g. reeds suffered decreased 

removal rates after the first few cycles, dropping from 95.10% to 24.77% as a result of a low ability to 

supply carbon (Zhou, et al., 2019). 
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2.4 Bioreactor Substrates: P-removal 

 

Although biological phosphate removal is possible, it is normally achieved in water treatment 

facilities within large scale bioreactors with complex cycling of microbial biomass/activated sludge 

recirculation (Blackall & Crocetti, 2002). Therefore, the more likely method of P-removal is 

adsorption. P-removal at agricultural drainage sites is often achieved in conjunction with 

denitrification by adding an adsorption material in series with a denitrifying bioreactor. ‘Phosphorus 

adsorbents typically provide metal cations (e.g. Iron, Aluminium) to bind with dissolved phosphorus 

and form insoluble compounds’ (Hua, et al., 2016).   

 

Steel slag 

In (Christianson, et al., 2017), two ‘P-sorbing’ filter media were tested (Steel slag and mine drainage 

treatment residuals). In this study the filter materials were placed downstream of a woodchip 

bioreactor and both reduced phosphorus concentrations in the water significantly. Steel slag (a 

mixture of open hearth and blast furnace slag) reduced phosphorus concentrations by 8.8-48g/m3 of 

material (Christianson, et al., 2017). Depending on the safety concerns of using such a material, the 

proximity of Anglian Water’s catchment region to the steelworks of Scunthorpe could make this 

material viable from an economic perspective. This study also showed that steel slag in the 

downstream phosphate sorption filter reduced Nitrite (NO2−) levels produced by the bioreactor 

module, minimising pollution swapping. 

 

Steel shavings 

A study evaluating woodchip bioreactors and phosphorus adsorption from subsurface drainage water 

in South Dakota yielded a promising P-removal range of 10-90% (Thapa, 2017). 
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Using steel by-product filters in conjunction with woodchip bioreactors was once again proved 

effective for phosphate removal by (Hua, et al., 2016). Steel by-products in the form of small chips 

and turnings from a local machining factory were collected and washed before use in series with a 

‘small denitrification column’ [see figure 2] (Hua, et al., 2016). This steel filter was effective in 

removing phosphorus in the bioreactor effluent. This study greatly reinforces the idea that ‘woodchip 

denitrification followed by steel filtration is an effective treatment for nitrate and phosphate removal 

in subsurface drainage.’ 

Figure 2 taken from (Hua, et al., 2016), provides an excellent point of reference for visualising a two-

stage nitrate and phosphate removal system.  

 

 

Figure 3 also from (Hua, et al., 2016) highlights the similarity of the experimental setup to the 

experimental setup used in this project. However, the vertical cylinders and use of a water pump differ 

from the gravity-based system used in this project [see section 3.2]. Forcing the influent water 

upwards through the substrate material does guarantee exposure to more of the substrate materials 

tested, however allowing water to flow naturally through materials is more representative of how a 

real denitrifying bioreactor would behave. 

Figure 2:Two stage subsurface drainage treatment system (Hua, et al., 2016) 
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Mining residuals 

Acid mine drainage treatment residuals have been trialled as an adsorption material for phosphates 

(Christianson, et al., 2017). The iron-rich mining drainage treatment residual was sieved for particles 

between 0.6 and 4mm. The material was extremely effective in removing phosphates at a rate of 25-

133g removed per m3 of filter media (Christianson, et al., 2017). In the UK, existing coal mine-water 

treatment plants produce about 50,000 tonnes of ochre (hydrous ferric oxide) every year, nearly all of 

which goes into landfills as a waste (Johnston, et al., 2008). Ochre has been successfully transformed 

into an effective water treatment reagent with acid dissolution which achieves 99% P-removal 

(Sapsford, et al., 2015). One drawback is the presence of problematic concentrations of elements, such 

as arsenic, seen in other studies (Sapsford, et al., 2015). These concentrations are not seen in all acid 

mine drainage-derived ochres and compositional data can be used for reassurance.  

Mining residuals could be used as a reagent in water treatment facilities or in an edge of field 

bioreactor with processing e.g. pelletisation. Therefore, this class of materials clearly hold potential 

for use in this project.  

Figure 3: Experimental setup diagram from (Hua, et al., 2016) 
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Ash 

(Li, et al., 2018) used a woodchip bioreactor in series with a vessel of fly ash pellets to remove 68-

75% of phosphates from influent water. Retention times in 1m length tubes were as low as 1-4hrs. It 

is likely that fly ash would be unsuitable for any real-world application due to the levels of heavy 

metals contained in such materials (Li, et al., 2018). 

Bottom ash pellets have been shown to be more effective than fly ash pellets for P adsorption with 

lower heavy metal leaching (Zhou, et al., 2019). It is also noted that the pelleting process can 

significantly reduce the heavy metal release from ashes (Zhou, et al., 2019). This is a positive 

indicator that bottom ash, particularly safer variants sourced from straw burning power stations, could 

hold potential for use in this project. 

Commercial substrate materials 

The 2020 ESPP Iron-Phosphate Interactions conference has highlighted the variety of manufactured 

Iron-rich materials currently produced for the purpose of P-removal. Although this project is focused 

on low-cost/waste product materials, it is important to understand the characteristics of manufactured 

materials used on a large scale to reduce phosphate concentrations.  

Iron coated sand is a very useful P-removal material sometimes produced as a by-product from 

drinking water applications. Similar materials are being produced by companies such as Diapure AB® 

and Incopa® specifically for waste-water treatment facilities. These materials are very effective in 

removing phosphates and also provide the potential to recover Phosphorus if it is commercially viable 

to do so (Groenenberg, 2013). One example of this efficacy is 94 % P-removal achieved over more 

than one hydrological season with an enveloped pipe drain (Groenenberg, 2013). This solution is 

estimated to last 14 years due to the slow depletion of iron in the study period (Groenenberg, 2013). 

Other 

One notable study used a specific ‘activated alumina gravel mixture’ in series with a standard 

woodchip bioreactor and achieved ‘19 times higher P-removal than woodchip only’ (Husk, et al., 
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2018). This study is of particular interest moving forward because of its unusually long duration and 

efficacy in a cold climate. It is worth noting that the bioreactor released phosphorus during the first 

two months of study but became a ‘net sink for P retention within the first year of study.’ 

 

2.5 Bioreactor substrates: Pesticide removal 

 

Pesticides are usually highly complex molecules and although there are families of similar chemicals 

there cannot be a single solution that degrades the many hundreds of different pesticides available 

today. Anglian Water have specified one pesticide that is problematic in their catchment area is the 

herbicide clopyralid. Clopyralid presents a persistent issue for Anglian Water and although the 

company has effective methods to treat polluted water industrially, solutions which address the 

pollution before end-of-pipe treatment facilities are always preferable. Clopyralid is a weakly 

adsorbable pesticide which causes early granular activated carbon (GAC) bed exhaustion, requiring 

more frequent GAC regeneration (Larasati, et al., 2020). The focus of this project is on the herbicide 

clopyralid, although some studies involving other pesticides in bioreactors will be considered. 

Clopyralid is broken down by soil bacteria, albeit with a long ‘half-life’ which varies depending on 

environmental factors and soil type from 8 days to over 150 days (Smith & Aubin, 1989). 

Degradation by soil microbes is one of the only modes of breakdown of the chemical [Table 2] 

(WRAP, 2009). 

In the case of other herbicides such as Propyzamide, enhanced breakdown in bioreactors required 

inoculation with a specific microorganism such as ‘Rhodopseudomonas capsulata’ (Wu, et al., 2019). 

However, isolating specific species of bacteria is beyond the scope of this project. It is possible that a 

suitable strain of bacteria capable of breaking down the clopyralid molecule may grow alongside the 

denitrifying bacteria in a woodchip bioreactor. 
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Biochar 

Atrazine is a banned pesticide in the EU however it is approved for use in the U.S.A. In ‘Application 

of denitrifying bioreactors for the removal of atrazine in agricultural drainage water’ the co-removal 

of nitrates and atrazine in a bioreactor is investigated. Several woodchip and Biochar mixtures were 

tested in laboratory bioreactors against a woodchip only control. It was found that with a 4hr HRT, the 

woodchip only bioreactor removed 65% of NO3, 25% of atrazine and 100% / 53% respectively at 

72hrs. The addition of Biochar caused an increase of up to 90% of atrazine removal at 72hrs 

(Hassanpour, et al., 2019). The adsorption characteristics of biochar are also verified in (Bock, et al., 

2015). The biochar appears to adsorb phosphates as well as provide a carbon source for denitrifying 

bacteria. This support means that biochar could be a useful bioreactor additive for all target pollutants 

related to this project. 

 

Bio-bed/bio-filter 

Bio-beds are a very common method of treating pesticide polluted farmyard water worldwide. Bio-

beds are used to treat small amounts of pesticide polluted water e.g. Tank washings and Machinery 

wash-down runoff. It would be useful to compare and build upon ‘biomix’ (Soil and Straw) to inform 

a substrate or filter material for a bioreactor. A two-year study was conducted on the effectiveness of 

a three-stage on-farm biobed resulting in average reductions of 91.6% in general pesticide 

concentration (Cooper, et al., 2016).  

Straw 

(Camilo, et al., 2013) used a mixture of wheat straw and pine bark in a denitrifying bioreactor. It was 

noted that substantial retention of the pesticide atrazine was achieved but bentazone saw no 

significant reduction. It is confirmed that atrazine retention is based on adsorption to the bark 

mulch/straw and subsequent degradation. It is important to note that one pesticide was successfully 

removed but not the other, suggesting that the mechanism of adsorption in bioreactors is specific to 
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particular compounds. A wider study would be needed to investigate this mechanism and whether it 

relates to pesticide properties such as the soil adsorption coefficient (KOC). 

 

2.6 Bioreactor substrates: Summary 

 

 

 

 

 

 

 

 

 

 

The decision on which substrate materials are used in this project involves many factors. Firstly, one 

of the requirements for this project was that the substrates should be low-cost and easily source/used 

by farmers. Secondly, the budget was a limiting factor on the amount of water sample analysis that 

could be performed. The budget allowed for around 80 samples, meaning 4 substrates could be tested 

at 4 hydraulic retention times with 5 repetitions of each. Finally, the volume of research already 

existing which involved the materials was important in identifying where the most significant 

contribution could be made.  

Substrate 

Materials 

Target Pollutants 

Nitrate Phosphate Clopyralid 

Woodchip X  X 

Straw X  X 
Biochar X X X 
Bottom Ash X ? X 
Steel Slag  X  
Steel Shavings  X  
Mining Residuals  X  
Iron Coated Sand 

 (General commercial) 
 X  

Bio-Bed/ Bio filter mix X  X 
GAC (Granular activated 

carbon) 
X X X 

Table 3:Substrate material from literature and their target pollutants 
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For the control substrate, woodchip was chosen because of the depth of literature for comparison 

available. Woodchip is the standard in edge of field bioreactors currently, to the point at which 

denitrifying bioreactors are often referred to a ‘woodchip bioreactors’ in many studies. 

After considering the benefits of using a two-stage edge of field solution with a denitrifying bioreactor 

and a p-filter, this concept was adopted for use in this project. For the denitrification section, biomass 

derived bottom ash was chosen for use in a substrate mixture with woodchip. The main reason for 

choosing this material over biochar or other carbon sources was the lack of content in the literature 

regarding bottom ash compared with the other denitrification substrates considered. There are a few 

prominent studies using bottom ash and fly ash from coal burning power generation but little to 

nothing concerning biomass derived bottom ash (Zhou, et al., 2019). This potential gap in the 

literature could add weight to the findings of this project if bottom ash can be considered a suitable 

substrate material. As well as being a relatively novel substrate, the bottom ash can be locally sourced 

and is a cheap waste material unlike commercially used materials (e.g. GAC).  

For clopyralid removal it is hypothesised that the denitrifying bioreactor in general, could have an 

effect on concentration. Therefore, no material will be targeted specifically at clopyralid reduction, 

but the denitrifying substrates in general will be considered. 

For phosphorus adsorption, the material chosen is steel turnings. This material is waste produced by 

processes involving steel such as drilling or lathe machining. One of the main reasons for using 

turnings is the large particle size possible compared to mining residuals or iron coated sand. This 

particle size can simplify the design of the p-filter because no fine mesh filters are needed to contain 

the substrate (these filters could become blocked during use). Steel turnings can also be a cleaner 

source of iron than steel slag or mining residuals, whilst still being low-cost and readily available 

locally. The commercial materials, such as iron-coated sand and GAC are not suitable for this project 

due to the low-cost requirements for the edge of field solution. The details and arrangements of the 

specific materials chosen can be found in section 3.1. 
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2.7 Temperature and Retention times 

 

Hydraulic Retention Times (HRTs) 

HRTs are an important part of studies on bioreactor substrates alongside the substrate materials used. 

This data was considered when deciding the optimum HRT for the practical component of this 

project. Some examples of HRTs used in similar studies are provided below. Denitrifying bioreactors 

are often trialled with a range of HRTs including periods of longer than a day. Filtration/adhesion 

solutions are usually only tested for shorter periods of a few hours because adhesion of pollutants is a 

faster acting process than bacterial breakdown.   

 

Comparison of HRTs for similar bioreactor studies  

 
 Pollutant-related HRT (hr) 
Study Nitrates Phosphates Pesticides 

(Christianson, et al., 2017) 7.2/18/51 0.1-1 - 

(Hua, et al., 2016) 24 9.5 - 

(Li, et al., 2018) 1-4 1-4 - 

(Hassanpour, et al., 2019) 4/8/24/72 - 4/8/24/72 

(Camilo, et al., 2013) 4 - 4 
Table 4: Example HRT values from literature 

 

Temperature 

Temperature is a very important factor in the performance of denitrifying bioreactors due to the 

survival and optimum growth conditions for the denitrifying bacteria. It is also a factor in the rate of 

chemical adsorption for the P-removal substrate media. Considering the temperature data recorded in 

studied literature will give an insight into the importance of temperature in bioreactor performance. 

The temperature may also affect the breakdown of the clopyralid herbicide alongside the effects of 

substrate materials.  

Many studies in the literature use set ambient lab temperatures, (Hassanpour, et al., 2019) conducted a 

study using bioreactors to remove Atrazine pesticide with an ambient lab temperature of 21 ± 2°C.  

(Hua, et al., 2016) also uses ambient lab temperatures of 20°C during experiments. It may be 
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important to simulate a wider range of temperatures to match the conditions found in a real bioreactor 

during day and night cycles/ different seasons. In this project the practical experiments were 

conducted in a covered outdoor space due to space constraints and COVID-19 regulations, resulting in 

an inconsistent but more realistic temperature. 

(Warneke, et al., 2011) incubated carbon-source substrate materials at a cold temperature (16.8°C) 

and a warm temperature (27.1°C) for a period of 2 years before testing nitrate removal rates using the 

materials as bioreactor substrates. The results display somewhat increased nitrate removal rates for 

most substrates when incubated at a higher temperature. However it is clear that comparably high 

nitrate removal rates are still possible at the lower temperature, with the highest removal rate being 

achieved by wheat straw at the coldest of the two temperatures (Warneke, et al., 2011). The results 

broadly show that although there is a small decrease in denitrification rate for the 16.8°C bioreactors, 

they are still very effective in denitrification. 

(Hassanpour, et al., 2017) estimate that 16°C is a critical temperature for woodchip bioreactor 

performance, stating that nitrate removal rates did not vary much below 16 °C, however, they 

increased sharply at temperatures above 16 °C at all bioreactors studied. This idea could explain the 

relatively small difference in denitrification rate encountered between 16.8°C and 27.1°C by 

(Warneke, et al., 2011). 

 

Smith and Aubin (1989) measured the dissipation of clopyralid in three soils (clay, clay loam and 

sandy loam) at different temperatures. They found that dissipation increased as the temperature 

increased from 10 to 30 °C (Smith & Aubin, 1989). 

 

Wetting/Drying performance 

The wetting/drying characteristics of bioreactor substrate materials can also influence their 

performance. Edge-of-field bioreactors are likely to completely dry out at certain times of the year 
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and the ability of a substrate to uphold performance after wetting and drying cycles is not guaranteed 

(Gernaey & Jorgensen, 2004). Although testing is outside the scope of this project, it may be useful to 

study the wetting/drying characteristics of the chosen substrate materials in future work or extensions 

to this project. 

 

2.8 Hypothesis  
 

After reviewing the literature, the working hypothesis for experiments conducted is that the addition 

of bottom ash to the woodchip bioreactor will increase the nitrate removal rate and the total nitrates 

removed. Waste steel turnings are being evaluated for their efficacy in providing an iron source to 

reduce phosphorus concentrations. It is also proposed that the bioreactor could degrade clopyralid 

herbicide alongside denitrification. We will therefore be monitoring N-level (nitrate concentration), P-

level (phosphorus concentration) and clopyralid concentrations in this experiment. 
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3. Materials and Methodology 

 

The experiments conducted are designed to evaluate the efficacy of three chosen substrate 

combinations and to compare their performance to the control medium of a woodchip bioreactor. The 

combinations are: woodchip only (control), woodchip with bottom ash, woodchip with an iron p-

filter, and woodchip with bottom ash and an iron p-filter [see figure 4]. These materials are further 

examined in section 3.1.  

 

 

 

 

 

 
 

 

 

 

 

 

Figure 4: Materials that make up the four separate substrate combinations. 
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3.1 Materials 
 

Three raw materials were sourced locally for use in practical experiments. The substrate materials 

target different aspects of nutrient removal and act as catalysts for differing biological and chemical 

processes [figure 5]. 

 

 

Woodchip (figure 6) was provided by the ‘estates management team’ at University of Lincoln 

Riseholme Campus, and is comprised of a mixture of wood from mostly deciduous native trees aged 

less than 30 years old. The processed woodchip material was 1 year old at the time of use, and having 

been stored and partially covered outside, it was in an early stage of breakdown with a wide range of 

particle sizes (0.5-70mm). Woodchip is the most commonly used substrate for denitrifying bioreactors 

encountered in the literature survey. The wood chips provide a source of carbon for bacterial growth 

which does not require fermentation or other preparation before use. Woodchip will be used as a 

control medium to evaluate the efficacy of adding bottom ash to a standard denitrifying bioreactor. 

Figure 5: Basic properties of substrate materials used in bioreactor experiment. 
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The bottom-ash was provided by Sleaford Renewable Energy Plant. The biomass bottom-ash is an 

abundant waste by-product produced in the 38MW straw-burning power station. Biomass bottom ash 

has been selected specifically over coal bottom ash due to the high toxic metal content in coal ash. 

Biomass ash is significantly cleaner, with the main factor in the composition being the plant species 

and growth conditions i.e. soil (James, 2012). It is hypothesised that the addition of bottom ash to the 

woodchip bioreactor will increase the nitrate removal rate and the total nitrates removed. 

Fly ash has been used in studies such as (Shiyang, et al., 2018), however a larger quantity of toxic 

metals is often contained in the fly ash, rather than bottom ash (Zhou, et al., 2019). Therefore, the ash 

used in this project can be considered less toxic than materials used in comparable studies for two 

reasons; 1) it is bottom ash rather than fly ash, and 2) because the ash is biomass (straw) based. A full 

Figure 6: A sample of the woodchip used in this project taken from a bioreactor after soaking. 30 cm ruler 

displayed for scale (0-26cm) 



P a g e  33 | 74 

 

material analysis to establish the heavy metal content would be required before any real-world 

implementation. 

The Steel turnings (figure 7) were sourced from Lincoln Crankshaft and Machine (LC&M). LC&M 

are a local manufacturer of large industrial crankshafts, headquartered in Lincoln, UK. The steel 

turnings are produced as a machining by-product and the quantity obtained is comprised of a single 

alloy (42 ChMoNi4). As previously covered, the steel turnings provide a source of Iron for P-removal 

via chemical adhesion. Machine turnings represent an ideal shape for this experiment due to the 

combination of a large particle size (10-42mm) and a reasonably high surface to volume ratio (flat, 

thin shapes). There is also an abundance of such large manufacturers in Lincoln; with many gas 

turbine manufacturers based in the city, a potential exists for abundant waste materials. The grade or 

quality of steel and its alloyed materials does not improve the performance for this application as the 

only requisite factor is the presence of available iron cations. Therefore, the cheapest steel recyclate 

should be targeted in real world applications. 

 

Figure 7:A sample of the steel turnings used in this project. 30cm ruler for scale. 
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3.2 Experimental Setup 
 

Two main experiments were conducted, the first in August 2020 and the second in October 2020. The 

first experiment investigated the effect of the bioreactor substrates on herbicide degradation. The 

second concerned the effect on nutrient fertiliser removal (nitrates and phosphorus). Bespoke 

apparatus was designed and built for this project and was used for both experiments.  

 

3.2.1 Cylinder Experiment Setup 

Twenty cylinder-reactors of 9.5 l volume were constructed using PVCu plumbing components with a 

length of 1 m and a diameter of 11 cm. Customised plumbing components were fitted and assembled 

to direct water from a 14 l reservoir bucket through the cylinder to a tap at the opposing end (figure 

8). A custom-made filter with polyester netting was also implemented to prevent blockages and to 

avoid sample contamination with small particles [see figure 8 for diagram and figure 9b for picture]. 
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Ten of the cylinders were filled with woodchip-only (2.5 kg), the other ten were filled with woodchip 

and 10 bottom-ash teabags (35 g each) [see figure 10]. These cylinders are collectively referred to as 

‘denitrification cylinders’. Due to the powdery nature of the bottom ash a solution was needed to 

prevent the material escaping the tube or forming compacted lumps in the cylinder and reducing 

Figure 8: Diagram of dual cylinder apparatus (P-filter section removed 

depending on experiment) 

Figure 9: The experiment setup. a) All 20 test cylinders b) 4 denitrification cylinders without p-filters 
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surface area. The ideal method for a large-scale operation would be to pelletise the bottom ash, 

making the material easier to handle and removing the need for very fine particulate filters. This 

method was thoroughly investigated but was ultimately cost-prohibitive for a project of this size. 

Instead, the material was formed into ash tea bags using a filter paper tea bag kit [see figure 10b]. Ten 

tea bags (350 g total material) were added to each ‘bottom ash cylinder’ to allow the water to pass 

through the substrate material without carrying it out of the cylinder in suspension.  

 

 

 

Ten smaller cylinders with half the volume (4.75 l), were constructed for P-removal and placed 

downstream of half of the denitrification cylinders (see smaller tubes in figure 9a). The cylinders were 

connected by means of a plumbing tank connector and 90º PVC elbow, using a tap for flow control. 

The two taps included with this configuration allow influent water to be contained in the bioreactor 

cylinder for the required HRT before moving to the ‘P-filter’. The P-filters are all loosely filled with 

600 grams of steel turnings as pictured in figure 9a. A visual examination was done to ensure that the 

materials were evenly dispersed and uncompressed. The steel turnings were a relatively homogeneous 

material with no major clumps of smaller particles giving a higher surface area to some tubes. The 

steel turnings were sprayed with water to encourage iron-oxide to develop [see figure 11b], and also 

soaked in water during the initial flush of the bioreactors. 

Figure 10: Substrates used in the denitrification cylinders. a) Inside woodchip-only cylinder, b) Bottom ash teabag and c) 

Inside woodchip+bottom ash cylinder (white teabags contain bottom ash). 

110mm 

40mm 
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The experimental setup includes an elevated bucket (not to scale) supplying each individual 

denitrification cylinder. This bucket acts as a header tank feeding influent water into the system as 

samples are extracted. The three vessels are physically placed on three different levels, as shown, to 

encourage water flow from the header bucket to the effluent tap. 

 

3.2.2 Influent water (Pesticide: Clopyralid) 

The influent water solution was prepared using UK tap water from Anglian Water LN72 region (see 

table 5 for trace elements pre-dosing) dosed with 10 µg/l (0.01 ppm) of clopyralid for the first phase 

of testing. The value of 10 µg/l was settled upon after considering the application rate of Vivendi® 

liquid clopyralid (max 1g/litre) and the UK drinking water limit for a single pesticide (0.1 µg/l). The 

figure represents dilute agricultural runoff water which would drain into, and pollute, watercourses. 

The value chosen should provide scope to investigate the effects of using an ‘edge-of-field’ bioreactor 

in this scenario. 

 Table 5: Lincoln Westgate Public Water Supply Zone (LN72) Quality Report 

Parameter Units Average  Range 

Calcium mg/l 123.9 65.8-160.0 

Nitrate mg/l 10.09  5.47-19.4 

Phosphorus mg/l 0.72 0.35-1.11 

Clopyralid µg/l <0.0011 0.009-0.018  

Figure 11: P-filter steel turnings material. a) Inside the P-filter b) A single chip of steel material showing Iron Oxide 

110mm 
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To ensure a high level of precision in the influent pesticide level, an automatic micro pipette 

(Fisherbrand™ Elite™ 10 to 100 μl) and volumetric flasks were used to prepare the solution. The 

dilution process is detailed in appendix 1. 

 

 

3.2.3 Influent water (Nutrient Fertilisers) 

 

For the second stage of experiments, influent water was dosed with a nitrate and a phosphate. To 

simulate the pollutants found in agricultural runoff water, 50mg of calcium nitrate fertiliser 

(YaraTera® CALCINIT®) and 1mg ammonium dihydrogen phosphate (ADP/MAP) were added per 

litre of water to create a nutrient rich solution. 

These values were chosen based on the concentrations of nitrate and phosphate needed to cause 

eutrophication in waterways. Although there is not yet an official threshold on nitrate concentrations 

in waterways, the drinking water limit (50 mg/l) is often used in environmental surveys. The new 

‘technically achievable limit’ for phosphorus as of 2019 is 0.25 mg/l however up to this point the UK 

threshold for good ecological status is 0.5 mg/l (Environment Agency, 2019). With these figures in 

mind, 50 mg/l of nitrates and 1 mg/l of soluble phosphorus were the chosen nutrient concentrations 

for this experiment. 

For this preparation, the percentage weight of active/available nutrient was considered before adding 

fertilizer to the tap water. The calcium nitrate used contained around 17% available nitrates and the 

phosphorus added was in the form of 99% pure ammonium dihydrogen phosphate. These values were 

taken into account when weighing and adding fertiliser. 

The final concentrations achieved after testing were 41.5-44 mg/l of nitrates and 1-1.5 mg/l of soluble 

phosphorus. The dilution protocol is detailed in appendix 1. 
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3.2.4 Temperature Data 

 

Due to COVID-19 pandemic regulations and space restrictions, practical experiments were conducted 

in a covered outdoor area. The result of this is a fluctuating day/night temperature. These temperature 

conditions could be considered to be a more realistic representation of the conditions a bioreactor 

would be operating in.  

Ambient temperature data was collected in the two experiments. A description of the temperature 

sampling method is included in section 3.3. 

 

 

As seen in figure 13, the ambient temperature was higher during the pesticide experiment than in the 

nutrient experiment (figure 12). It is likely that the high daytime temperatures had an effect on the rate 

of pesticide decay. Without running the experiment again with a colder ambient temperature, it is 

difficult to determine the full extent of temperature effects in this project.  

Figure 12:Ambient temperature data recorded during nutrient experiment (Black dots represent individual data points). 
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Other studies have confirmed that temperature has an effect on clopyralid degradation. (Smith & 

Aubin, 1989) measured the dissipation of clopyralid in three soils (clay, clay loam and sandy-loam) at 

different temperatures (10°C to 30 °C). They found that decay increased with temperature. Half-life 

results ranged from 10 to 47 days and were similar in the clay and sandy loam soils, and the shortest 

half-lives were found at higher temperatures (Smith & Aubin, 1989). 

It is important to note that even though temperature may be a factor in breakdown, the shortest half-

life in the quoted soil study is still almost 6 times longer than that in the bioreactor results for this 

project (10 days vs 1.7 days), even with similar temperatures of 30 °C.  

 

 

 

 

 

Figure 13:Temperature data recorded during pesticide experiment. (Black dots represent individual data points) 
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3.2.5 Experimental Operation  

 

The steps for both the clopyralid and nutrient experiments were very similar. The only difference was 

the composition of the influent water used to fill the bioreactors. 

The denitrification cylinders were filled with substrate media then filled and soaked for one week with 

tap water to promote bacterial propagation. The media were not tamped or compressed in any way but 

were poured to fill the denitrification cylinders. The P-filters were also filled with steel turnings.  

Day 1 

The cylinders were flushed with tap water and the influent water solution was evenly distributed to 

the header buckets until all cylinders were full. The influent solution was allowed to flow through and 

fill the denitrification cylinders. The primary taps were then opened in the 10 dual-cylinders to fill the 

P-filters (figure 9). A sample was then taken from all effluent taps to evaluate the starting conditions 

(0 HRT). 

Day 2 

After 12 hours had passed, a second sample was extracted from all of the single cylinder setups and 

the taps were opened in the dual cylinder setups to allow water to flow into secondary (p-filter) 

cylinders. At 12.5 hours the other 10 samples were collected from the p-filter cylinders (12 HRT). 

Day 3  

The next set of samples were taken at the 24-hr mark. The same procedure was followed as in the 

other two sample points. 

Day 4 

The final 20 samples (48hr) were taken from the cylinders marking the end of the experiment. 
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Methodology steps:  

Equipment: 

20x 1m Woodchip Bioreactor cylinders  

10x 0.4m P-filter cylinders 

20x 14L Bucket headers 

100L Tank 

Watering can / buckets 

 

Steps: 

1. Fill 10 bioreactor cylinders with woodchip and 10 with woodchip/ash mix (do not compress). 

2. Fill all 10 P-filter cylinders with steel turnings. 

3. Configure the cylinders as detailed in 3.3.1 Experiment setup. 

4. Flush all cylinders with 10 l of un-dosed tap water (see table 5) 

5. Mix half the required volume of influent water (~200 l) dosed strictly following dilutions detailed 

in 3.3.2 and fill the 100 l tank 

6. Using the watering can/other, distribute the mixed water among the 20 header buckets  

7. Begin timer. 

7. Mix another 100 l in the tank and distribute to header buckets as needed. 

8. Follow sampling procedures as detailed in 3.3 Sampling 

9. Dilute all samples collected 20x to meet lab testing requirements (Pesticide only). 
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3.3 Sampling  

Sampling for the pesticide experiment was conducted in accordance with Anglian Water testing 

requirements. 500ml water samples were extracted in standardised 500ml UV-resistant bottles. Water 

samples were collected from the cylinder reactors at four different HRTs with a 500ml sample being 

extracted at each sampling interval. The samples were chilled overnight at 3°C and transported by a 

courier with refrigerated transport to Anglian Water central laboratory in Huntingdon UK Table 6 

detailing the sampling schedule is included below. 

For the single cylinder reactors, the sample was drawn directly from the effluent tap. However, for the 

dual-cylinder setup, the water was first allowed to drain into the secondary P-filter cylinder and 

remain for 30 minutes before extracting the 0h HRT sample. All samples for the pesticide experiment 

were diluted 20x to adhere to Anglian water lab limits on pesticide samples. 

 

  Day 1 Day 2 Day 3  Day 4 Day 5  

 
AM 

Mix and deliver 4 
samples of the 
influent water 
solution.  

Deliver the (0h) 
samples  

Deliver (12h)  
samples   

Deliver (24hr) 
samples   

Deliver (48hr) 
samples  

 
PM 

Begin Experiment. 
Extract 20 
(0h) samples    

Extract 20 (12h) 
samples   

Extract 20 (24h) 
Samples  

Extract 20 (48hr) 
samples  

  

Overnight Chill (0h) samples   Chill (12h) 
samples   

Chill (24hr) 
samples  

(Chill 48hr) 
samples  

  

Total 
samples  

4 20 20 20 20 

Table 6: Sampling schedule 

 

For the nutrient removal experiment, a strict delivery schedule was less important. Samples containing 

nitrates and phosphorus could be chilled and stored for a longer period of time without the breakdown 

of the measured active substances. The samples were extracted at 0/12/24/48hr HRTs and stored for 

one additional day at 3°C before delivery to Lancrop Laboratories (York UK) for analysis. The same 
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methods were used as in the pesticide experiment to ensure all samples with secondary p-filter 

cylinders were allowed an additional 30mins. 

Temperature Sampling 

The temperature data was collected with Tinytag® Aquatic 2 data loggers. Four of these data loggers 

were distributed evenly around the polytunnel containing the experimental equipment. Two sets of 

data were produced, one for each of the three-day experiments. It is important to note that the 

pesticide experiment was conducted in the month of August and the nutrient fertiliser experiment in 

the month of October. This unfortunate result of COVID restrictions and schedule changes resulted in 

a 10ºC difference in average temperature for the two experiments.   

 

3.4 Analytical Methods 

3.4.1 Lab Analysis  

The samples from the pesticide experiment were analysed by Anglian Water and the samples from the 

nutrient experiment (nitrate and soluble phosphorus) were analysed by Lancrop Laboratories.  

Pesticide Analysis 

The pesticide samples were analysed for clopyralid level with Anglian Water Services Ltd. 

Methods used were CL/TO/035 by direct aqueous injection LC-MS-MS (Liquid Chromatography 

with tandem triple quadrupole mass spectrometry). The lower limit of detection was 0.01µg/l. 

Anglian water laboratories are UKAS accredited and the testing is in accordance with the Drinking 

Water Testing Specification (DWTS). 
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Nutrient Analysis 

The nutrient samples were analysed for nitrate and soluble phosphorus concentrations with Lancrop 

Laboratories, Yara UK Ltd. The uncertainty for phosphorus is ±5% and for nitrates (NO3-N) is  

±16.5%.  A full suite of water analysis testing was conducted including pH and Iron concentrations. 

Methods used were inductively coupled plasma optical emission spectrometry (ICP-OES) for 

phosphorus and other analytes and discrete colourmetric analysis for nitrates. 

The equipment used included an Aquakem 250 for colourmetric analysis and Agilent ICP OES 

5100/700 series spectrometers for ICP OES 

Lancrop Laboratories are UKAS accredited with ISO9001 and ISO17025 standards. 

 

3.4.2 Statistical Modelling 

 

Three individual linear mixed effects models were built, one for each of the pollutants studied. Mixed 

effects modelling was chosen due to the design of the experiments. Because the experiments involved 

20 separate test cylinders rather than one bioreactor it was important to ensure that specific cylinders 

were not behaving differently to each other regardless of the substrates (random effects). 

The models for nitrates and pesticide (clopyralid) only include data for 3 hydraulic retention times 

(HRTs) (12hr,24hr,48hr). The 0hr samples were omitted for reasons that are detailed in section 4.1.1. 

The phosphorus model includes data from all 4 HRTs. 

The mixed effects models incorporate all four substrate variations as well as a unique ID for each 

individual cylinder. The models can be used to determine the significance of each variable on the 

resulting pollutant concentrations.  

All models were fit in R (3.6.3) using the ‘lme4’ library (Bates, et al., 2015). All the models meet the 

assumptions of linear modelling and the supporting residual plots have been included in appendix 1. 
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Models 

The models for all three pollutants had fixed effects for substrate type (s: woodchip, woodchip + 

bottom ash), the presence of a p-filter (m: p-filter, none) and the interaction between the substrate and 

the metal filter. A different gradient on hydraulic retention time ‘T’ was estimated for each substrate 

and metal-filter treatment. A random intercept for each individual test bioreactor cylinder in the model 

was produced to ensure that specific cylinders were not influencing results (random effects). 

𝑌𝑖 ~ 𝑁(𝑚𝑢𝑖𝑘 , 𝑠𝑖𝑔𝑚𝑎) 

𝑚𝑢𝑖𝑘  =  𝑏0
𝑠,𝑚 +  𝑇𝑖𝑏𝑇

𝑠,𝑚  +  𝑢𝑘 

Where ‘Yi’ is the observed pollutant level (clopyralid, nitrate or phosphorus depending on the 

experiment) for sample ‘i’ from tube ‘k’, sigma is the standard deviation of the global error term, 

‘b0
s,m’ is the intercept for the substrate ‘s’ and p-filter ‘m’ of tube ‘k’. bT

s,m is the gradient for the 

substrate ‘s’ and p-filter ‘m’ of tube ‘k’ on hydraulic retention time and Ti is the sample time of 

observation i. The random intercept on cylinder ‘k’ is uk ~ N(0, sigmatube) is drawn from a normal 

distribution with standard deviation sigmatube.         

Confidence Intervals 

For all three pollutants the 95% confidence intervals were achieved with parametric bootstrapping 

using the confint.modMer() function (5000 samples). All figures quoted in this document with ±value 

are displaying 95% confidence intervals. 
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4. Results. 
 

4.1 Pesticide Removal 
 

4.1.1 Effects of HRT on pesticide level 

 

Samples were taken at hydraulic retention times (HRT) of 0hrs, 12hrs, 24hrs and 48hrs. However, the 

results do not fit the expected pattern of gradual reduction in pesticide level across all substrates. 

Some test reactors saw pesticide concentrations decrease drastically and immediately at a 0-hour 

HRT, before increasing at a HRT of 12hrs. This behaviour is very unlikely and can be explained by a 

flaw in experimental procedure.  

The clopyralid concentrations in many of the test cylinders at the 0-hour HRT across the different 

substrates, were likely caused by small amounts of clean water from the flush being trapped in the 

cylinders/tap and forced out upon filling with influent (pesticide dosed) water. This diluted the first 

sample and has caused a reduction in pesticide level for many of the 0h data points collected. For this 

reason, a set of data was compiled which excludes the first sample time of 0-hours. When plotted 

(figure 14), this shorter range of data better highlights the reduction in pesticide concentrations. 

 

 

 

 

It is important to note that the clopyralid samples were diluted 20x before analysis to comply with 

Anglian Water lab specifications. The actual dose rate of the influent water was 10µg/l so the starting 

level of clopyralid for the sample data is 0.5µg/l. The data is presented and analysed with post-

dilution values as several values were below the limit of detection and it would be unwise to multiply 

these values back to pre-dilution levels.  
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The relationship between the HRT in the test bioreactor and the concentration of clopyralid becomes 

more evident when only the last three retention times are modelled. The modelled data shown in 

figure 14 reveals a strong negative correlation (-0.743) between HRT in the bioreactor and the level of 

clopyralid sampled. 

The data collected clearly demonstrates that after a retention time of 48hrs all of the samples tend 

towards the lower limit of detection (0.01µg/l). 

 

 

 

 

 

 

 

Figure 14: Clopyralid pesticide concentrations over time. (Linear mixed effects model with 95% confidence interval) Labels: 

WC (woodchip-only) WC_BA (woodchip and bottom ash mixture), MS (metal shaving p-filter) and none (no p-filter). The 

blue lines show the modelled line of best-fit average for the clopyralid results in this project. The shaded dark grey areas 

represent the 95% confidence interval for the results. The red lines overlay the degradation of clopyralid in lab conditions at 

20ºC (23.2day half-life). The green lines overlay the degradation of clopyralid in field conditions (8 day half-life). Data for 

red and green lines (PPDB) (Lewis, et al., 2016) 
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It is important to ascertain the rate at which clopyralid herbicide degrades under normal circumstances 

(without the bioreactor) and compare this information to the data collected. This comparison validates 

the effect of the bioreactor in general in increasing the degradation of clopyralid. The half-life of 

clopyralid under normal circumstances is well documented, its half-life in different conditions is 

readily available in the University of Hertfordshire PPDB (Pesticide Properties Database) (Lewis, et 

al., 2016). This information is used for comparison rather than conducting a separate study of normal 

degradation, as it is published EU Regulatory & Evaluation data.   

The red line in figure 14 overlays the degradation of clopyralid in lab conditions at 20ºC (23.2day 

half-life). The green line in figure 14 shows the degradation in field conditions (8.2day half-life).  As 

we can see, over a period of 36 hours the normal decay of clopyralid is minimal compared to the 

breakdown in bioreactor conditions. This degradation rate over the 36hr period equates to 3.2 

nanograms per hour (±0.9nanograms 95% CI) gives an estimated bioreactor half-life of around 40 

hours. This decay rate is substantially higher than found in soils (aerobic conditions) as seen in table 

8. 

Confidence Intervals 

Substrates Plot features Estimate 2.5% 97.5% 

WC + P-filter Intercept 0.2482 0.1756 0.3226 

WC + P-filter Gradient -0.0032 -0.0052 -0.0013 

WC_BA + P-filter Intercept 0.3482 0.2444 0.4515 

WC_BA + P-filter Gradient -0.0057 -0.011 -0.0055 

WC Intercept 0.2789 0.1742 0.3821 

WC Gradient -0.0039 -0.0074 -0.0010 

WC_BA Intercept -0.2642 -0.0036 0.0022 

WC_BA Gradient -0.0040 -0.0069 0.0010 

Table 7: 95% confidence interval for the clopyralid model, estimated from 5000 parametric bootstrap resamples. 

Results higlighted in green represent confidence intervals which do not include 0. Labels: WC (Woodchip), WC_BA 

(Woodchip and Bottom Ash), P-filter (phosphorus filter). 
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 It is well supported in the literature, that clopyralid is degraded primarily by soil microbes (WRAP, 

2009). Clopyralid is not degraded significantly by sunlight or hydrolysis. Therefore, it is safe to 

attribute the breakdown of pesticide in this instance to the bioreactor activity e.g. microbial action or 

adsorption. 

 

Conditions Soil degradation (days) 

DT50 (Typical) 23.2 

DT50 (Lab at 20ºC) 23.2 

DT50 (Field) 8.2 

DT50 (Bioreactor) 1.7 

Table 8: Clopyralid half-life data under different conditions (Pesticide Properties DataBase) (Lewis, et al., 2016) 

 

It was also observed that the bioreactors cylinders were warmer than their surrounding environment at 

the 24hr mark. This suggests that anaerobic digestion or at least, some form of biological or chemical 

process was occurring rapidly inside the cylinders.  

4.1.2 Effects of bottom ash and iron filter on pesticide concentrations 

There appears to be a very small effect of bottom ash on the pesticide concentrations in figure 14 

when comparing woodchip only substrate performance with substrate mixtures containing bottom ash. 

The gradient for bottom ash results is slightly more negative than woodchip-only substrate results. 

The gradient for woodchip only is 3.8*10-3 µg/hour (±1.4*10-3 95% CI) however the confidence 

intervals for the other predictor gradients include zero meaning that the other substrates have no 

significant influence on degradation.  

There was also no significant interaction with p-filter and clopyralid. The confidence intervals for the 

small changes to gradient and intercept also both include zero and therefore these substrates had no 

significant influence on the clopyralid degradation, above that seen in the woodchip only treatments.  

This outcome is expected to some extent as the p-filter material offers no chemical properties which 

would address clopyralid with chemical interaction like the iron-phosphorus interaction in section 4.2.  
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4.2 Phosphorus Removal 
 

4.2.1 Effects of bioreactor HRT on phosphorus concentrations 

 

 

 

 

 

 

 

 

 

Confidence Intervals 
 

Substrates Plot features Estimate 2.5% 97.5% 

WC + P-filter Intercept 0.7904 0.3065 1.2564 

WC + P-filter Gradient -0.0127 -0.0224 -0.0032 

WC_BA + P-filter Intercept 0.8160 0.1549 1.4675 

WC_BA + P-filter Gradient -0.0070 -0.0277 0.0120 

WC Intercept 3.3450 2.6204 4.0411 

WC Gradient -0.0147 -0.0288 -0.0022 

WC_BA Intercept 4.9510 4.316 5.1683 

WC_BA Gradient -0.0082 -0.0024 0.0170 

Table 9: 95% confidence interval for the phosphorus model, estimated from 5000 parametric bootstrap resamples. Green 

sections denote intervals which do not include 0. Labels: WC (Woodchip), WC_BA (Woodchip and Bottom Ash), P-filter 

(phosphorus filter). 

Figure 15: Phosphorus concentrations over time (LME Model) Labels: WC (woodchip-only), WC_BA (woodchip and bottom 

ash mixture), metal (metal shaving p-filter) and none (no p-filter). Blue dots represent data points for substrate combinations 

without metal p-filters, red dots are including p-filters. The red and blue lines are modelled lines of best fit and the dark grey 

shaded areas represent confidence intervals for these lines. 
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When interpreting figure 15 it is important to remember the differences in experimental procedure 

which are likely to have an impact on phosphorus concentrations. The samples taken from test 

cylinders involving a p-filter were drawn from the bioreactor cylinders at the required HRT 

(0hr,12hr,24hr,48hr) and then remained in the p-filters for 30 minutes. Because these samples spent 

the same amount of time in the p-filter regardless of HRT we must place less emphasis on the gradient 

of the model and consider the sustained reduction in phosphorus concentrations across all sampling 

times.   

 

After reviewing the sample data, it is clear that the woodchip and bottom ash substrates contributed 

more phosphorus to the water than they removed. The influent water was dosed with an average of 

1.25 mg/l (Table 10) of phosphate and the concentrations seen in the cylinders without metal filter 

range from 3.0-5.0 mg/l. Therefore, woodchip-only cylinders have contributed an average of 

3.34±1.18 mg/l P to the water and the woodchip + bottom ash cylinder contributed 4.94±2.17 mg/l P. 

It is therefore clear that the bioreactor is not successful in P-removal.  

Due to the high levels of phosphorus contributed to the water by the bioreactor substrates, as a 

proportion of initial dosing values, we do not see the same experimental error with 0hr samples as 

with the pesticide and nitrate results. Therefore, all four HRTs have been included in the model. 

A huge reduction in phosphorus is seen after this point due to the iron P-filter, this effect is expanded 

upon in section 4.2.3. 

 

 

 

 

 

 

 

Influent water control samples (Phosphorus 

concentrations) 

Sample Number Phosphorus (mg/l) 

1A 1.0 

1B 1.0 

2A 1.5 

2B 1.5 

Average 1.25 

Table 10: Influent water control samples (Phosphorus). Two samples from each 100l tank of prepared influent water. 
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4.2.2 Effects of Bottom Ash substrate on phosphorus concentrations 

 

The addition of the bottom ash had a negative effect on the phosphorus concentrations. The woodchip 

and bottom ash materials used contributed additional phosphorus to the water as they were broken 

down. Although the influent water was only dosed with an average of 1.25 mg/l P (see Table 5) we 

can see average concentrations of around 3.1±0.5 mg/l in the woodchip-only cylinders and 5±0.79 

mg/l in the woodchip + bottom ash variants. These concentrations are relatively constant across the 

period studied for the bioreactor cylinders without P-filters, due to the accumulation of phosphorus 

from substrate break-down. It is possible that in a real-world, established bioreactor these 

concentrations would be reduced by sustained microbial action and the regular flow of water through 

the bioreactor. It is important to remember that the simulated bioreactor cylinders are otherwise left 

without water flow except during sampling and were not established for very long. The COVID-19 

lockdown regulations also meant that the bioreactors were left stagnant for more than a month with no 

flow of water and substrates breaking down over time. Therefore, in a real bioreactor one might 

expect less build-up of effluent and a more constant flow of fresh water to reduce these levels 

partially. 

Nevertheless, the additional phosphorus contributed was addressed by iron-filter examined in section 

4.2.3. 

4.2.3 Effects of the P-filter on phosphorus concentrations 

As previously discussed in section 4.2.3 the woodchip and bottom ash materials used contributed 

additional phosphorus to the water as they were broken down. As a result of this we must reassess the 

levels of phosphorus found in the other bioreactor cylinders rather than just the amount of phosphorus 

added to the influent water (table 5). Although the influent water was only dosed with 1-1.5 mg/l we 

can see average concentrations of around 3.1±0.5 mg/l in the woodchip-only cylinders and 5.0±0.79 

mg/l in the woodchip + bottom ash variants.  
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If we take these post-bioreactor levels of phosphorus into account, we see an even larger reduction in 

phosphorus due to the iron P-filter. Average values are below 1 mg/l for both treatments involving the 

p-filter, meaning that an estimated reduction of 2.84±0.41 for woodchip only and 4.3±0.44 for 

woodchip and bottom ash was achieved in the P-filter cylinders (figure 15). Due to the design of the 

experiment all the samples received 30 minutes of exposure to the P-filter material regardless of the 

bioreactor HRT. Therefore, the phosphorus level reductions are achieved after only 30 mins.  

These results are accompanied by a large increase in the levels of iron in the water samples as seen in 

figure 16. However again we must consider the difference between an actual bioreactor and the test 

cylinders. In a real scenario the bioreactor would see regular flow of water. In this case the metal 

filters were left to sit for more than a month with the steel turnings breaking down over time in water, 

with small particles accumulating. The effect of this was the high level of iron suspended within the 

water samples. As previously mentioned, these effects would be greatly reduced if the bioreactor was 

in long term operation.  
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Figure 16: Iron concentrations over time (Nutrient experiment) Labels: WC (woodchip-only), WC_BA (woodchip and 

bottom ash mixture), metal (metal shaving p-filter) and none (no p-filter). Blue dots represent data points for substrate 

combinations without metal p-filters, red dots are including p-filters. 
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4.3 Nitrate removal 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Nitrate concentrations over time (Linear mixed effects model) Labels: WC (woodchip-only), WC_BA (woodchip 

and bottom ash mixture), metal (metal shaving p-filter) and none (no p-filter). Blue dots represent data points for substrate 

combinations without metal p-filters, red dots are including p-filters. This graph shows the modelled nitrate response as red 

lines and blue lines, again for results with or without metal filters respectively. The shaded dark grey portions represent the 

95% confidence intervals for these responses. 
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4.3.1 Effects of bioreactor HRT on nitrate level 

 

 

When the raw data collected for the nitrate experiment was observed, a similar problem to the 

pesticide data was apparent (section 4.1.1). A sharp initial decrease in nitrate concentration at the 0-

hour HRT across the different substrates, was likely caused by small amounts of clean water from the 

flush being trapped in the cylinders/tap and forced out upon filling with influent (nitrate dosed) water. 

This diluted the first samples and has caused a reduction in nitrate level for many of the 0h data points 

collected. For this reason, a set of data was compiled which excludes the first sample time of 0-hours. 

When plotted and modelled (figure 17), this shorter range of data better highlights the reduction in 

nitrate concentrations. 

 

 

 

Confidence Intervals 

Substrates Plot features 
 

Estimate 2.5% 97.5% 

WC + P-filter Intercept 32.5231 28.3423 36.8474 

WC + P-filter Gradient -0.2089 -0.2946 -0.1257 

WC_BA + P-filter Intercept 26.2237 19.9582 32.1431 

WC_BA + P-filter Gradient -0.1214 -0.1504 0.0892 

WC Intercept 31.6664 25.1527 38.0463 

WC Gradient -0.0743 -0.0686 0.0540 

WC_BA Intercept 19.9209 18.2701 23.5925 

WC_BA Gradient -0.1547 -0.5017 -0.1422 

Table 11: 95% confidence interval for the nitrate model, estimated from 5000 parametric bootstrap resamples. Sections 

highlighted in green denote confidence intervals which do not include 0. Labels: WC (Woodchip), WC_BA (Woodchip and 

Bottom Ash), P-filter (phosphorus filter). 
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When the last three HRTs are modelled we still see reasonable nitrate removal rates (gradients) of 

0.07±0.04 to 0.20±0.09 mg/hour between 12hr and 48hr retention times (Figure 17). However, for a 

better representation of the overall nitrate removed, it is also important to consider the initial 

conditions of the influent water before it entered the test bioreactors. The initial concentrations of 

available nitrate dosing in the influent water are shown in (Table 12). If we compare the average 

initial value (42.73 mg/l N) against the average values at the 48hr retention time, we can see 35.0-

60.5% reduction in nitrate concentrations across the four substrate combinations tested (Table 13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Influent water control samples (Nitrate 

Concentrations) 

Sample Number Nitrates (mg/l) 

1A 43.98 

1B 43.43 

2A 41.49 

2B 42.01 

Average 42.73 

Table 12: Influent water control values (two samples taken from each prepared tank 

[100l] before the water entered the bioreactor) 

48hr Nitrate Concentration by Substrate Type 

 

Substrate 

Average nitrate 

level @ 48hrs 

(mg/l) 

Nitrate reduction vs 

influent water level 

(mg/l) 

Percentage 

reduction 

Woodchip 25.54±4.40 17.19±4.40 40.2% 

Woodchip + 

Bottom Ash 
16.86±3.84 25.87±3.84 60.5% 

Woodchip + Pfilter 27.77±4.02 14.96±4.02 35.0% 

Woodchip + 

Bottom Ash + 

Pfilter 

19.09±4.09 23.64±4.09 55.3% 

Table 13: A comparison of nitrate level reductions after 48hr HRT. The reduction values are calculated 

by subtracting the 48hr nitrate concentrations from an average nitrate value for the prepared influent 

tank (Table 12). 
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Overall levels of nitrate removal (35-60.5%) were not as high as expected when considering other 

studies in the literature surveyed. The likely explanation for this is that in many cases, real bioreactors 

do not reach full levels of efficacy until a month or more of operation when larger amounts of 

anaerobic bacteria have been established (Hassanpour, et al., 2017). 

 

4.3.2 Effects of bottom ash substrate on nitrate level 

When we compare the percentage nitrate reduction of woodchip-only to woodchip and bottom ash 

substrate (40.2% vs 60.5%) we see that bottom ash is increasing the total N-removal (Table 13). Any 

additional mode of action e.g. woodchips absorbing some of the nitrates would be present in both sets 

of bioreactor cylinders. The one independent variable changed for this comparison is the addition of 

bottom-ash teabags. 

The 20% reduction attributed to bottom ash is consistent in both sets of nutrient experiments (with 

and without the metal P-filter). In cylinder configurations which include a P-filter, the average nitrate 

reductions for woodchip-only substrates were 35.0% and when bottom ash was included the removal 

percentage increased to 55.3%. 

Overall, the y-intercept of the modelled data is reduced by 7.15± 4 mg/l N in woodchip + bottom ash 

test cylinders compared to woodchip-only cylinders. This value is greater than the standard error of 

3.11 mg/l Nitrate (N) therefore this result can be considered significant. 

 

4.3.3 Effects of p-filter on nitrate concentrations 

No interaction was expected between the steel-waste p-filter and the concentration of nitrate because, 

unlike phosphorus, there is no relevant chemical interaction between nitrates and iron. The y-intercept 

value and gradient do not change significantly with the addition of the p-filter. For example, the 

intercept value for woodchip increases slightly by -0.85671±6.49 but because the 95% confidence 

interval includes 0, we can confirm that this predictor has no influence on nitrate concentration. The 

value is also smaller than the standard error value of 3.31 mg/l Nitrate(N). 
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5. Discussion  

Bioreactors show potential in clopyralid degradation 

It is clear from the results collected that bioreactors may increase the decay rate of clopyralid 

herbicides. A rate of decay (DT50: 1.7days) was recorded which far outstrips any half-life data in 

normal lab/soil conditions (WRAP, 2009) (Smith & Aubin, 1989). As clopyralid is primarily 

degraded by soil microbes rather than UV/hydrolysis, it is probable that the increased growth of 

bacteria found within a simple denitrifying bioreactor causes an improved rate of clopyralid decay.  

It is also possible that the mode of removal was adsorption, primarily by the woodchip. The bottom 

ash substrate only had a minor, statistically insignificant effect on clopyralid concentration. 

Comparison between cylinders with and without a P-filter demonstrates that the bioreactor is the 

cause of these effects rather than the P-filter. Interaction between iron materials and clopyralid was 

not expected as there is no known relevant chemical reaction between the two. 

Nitrate concentrations were reduced by the Bioreactors  

The woodchip bioreactors reduced nitrate concentrations. This effect was to be expected and it is well 

supported in all literature studied. As previously remarked, reduction percentages of 35.0-60.5% are 

not as high as can be achieved by bioreactors in general. Removal efficiencies 90-100% are often 

achieved in full-size bioreactors (Christianson, et al., 2012) (Hassanpour, et al., 2017).  But with 

longer operation times in real world conditions, higher percentages may be achieved with the 

woodchip-bottom ash combinations used in this project.  

The highest average Nitrate (No3
- N) removal rate achieved with woodchip and bottom ash is 12.94g 

N m-3 d-1. This value is higher than other lab scale bioreactor studies such as (Warneke, et al., 2011)  

with: (1.3–6.2g NO3-N m−3 d−1) and (Grennan, et al., 2009) (3.9g NO3-N m−3 d−1). However, the rate is 

much lower than larger bioreactors in situ for many months e.g. (19.8g NO3-N m−3 d−1) (Cameron & 

Schipper, 2010). 
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Bottom ash increased rate of Nitrate reduction, however contributed additional phosphorus 

It is clear that cylinders containing bottom ash in addition to woodchip saw increased nitrate removal 

rates. Percentage nitrate removal at 48hrs HRT was 20% higher if the bioreactors contained bottom 

ash. Therefore, bottom ash shows potential in boosting the efficacy of denitrifying bioreactors in 

general. However, bottom ash also increased phosphorus concentrations. This effect may be 

justifiable if a P-filter is implemented alongside a denitrifying bioreactor. The concentrations of 

phosphorus released by the bioreactor substrates in lab-scale cylinders may be reduced if the 

substrates are used in a true bioreactor with regular flow conditions. It is also worth noting that in 

other studies bioreactors ‘released phosphorus during the first two months of study but became a ‘net 

sink for P retention within the first year of study’ (Husk, et al., 2018).  

The performance of the material may also be improved if pelletising the ash is possible. Only 350g of 

bottom ash in teabags was added to cylinders containing woodchip and bottom ash. If the bottom ash 

were to be pelletised and mixed throughout the bioreactor more effectively then performance could be 

even greater (Zhou, et al., 2019). 

Depending on the desired target nutrient, bottom ash does show potential for usage in bioreactors as a 

low-cost supplemental waste material. There is very little literature concerning use of biomass bottom 

ash rather than ashes which are coal based. It is possible that biomass bottom ash could be a novel 

material for water treatment application. 

 

Steel turnings waste filter effective in reducing phosphorus concentrations 

The iron rich steel shavings proved very effective in reducing phosphorus concentration across all 

experiments. Consistent phosphorus concentration of 3-5 mg/l were seen in all samples taken from 

bioreactor cylinders without P-filters. Where P-filters were present, these concentrations were reduced 

significantly and for all sampling times phosphorus concentrations reduced below 1 mg/l P. The 

maximum removal rate achieved was 87%. 
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The average removal rates achieved by the P-filters are 50.7-73.7 P m−3 d−1. These values are similar 

to other P-removal structures from literature e.g. (25-133 P m−3 d−1) for iron-based mining residuals 

with similar HRTs of (20-59mins) (Christianson, et al., 2017). 

 

Steel turnings waste filter significantly increased concentrations of iron in water 

The drawback of the iron-based filter is the massive increase in suspended iron seen in the water 

samples. Concentrations between 5 and 12 mg/l were recorded which are far above the allowable 

drinking water threshold of 0.2 mg/l. These concentrations are unlikely to reflect real world 

applications of such a filter because during this experiment the steel shavings were allowed to break 

down in water for a period of almost two months without flow of fresh water. As previously 

mentioned, this led to an accumulation of suspended iron particles which would not normally be seen.  

Assuming that these effects could be somewhat curtailed, iron waste P-filters show potential for 

addressing phosphorus concentrations at agricultural drainage sites. It is promising that high levels of 

phosphorus removal can be achieved with cheap iron-waste materials. 
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6. Conclusion 
 

Firstly, woodchip denitrifying bioreactors do appear to have an effect on the decay of clopyralid. The 

decay rate recorded in this experiment outstrips those found in standard field conditions. Secondly. It 

is clear that biomass bottom ash can be used to enhance the performance of denitrifying bioreactors, 

however in this experiment the material contributed additional phosphorus to the water. Thirdly, steel 

turnings used in this experiment were successful in reducing phosphorus concentrations, including 

additional phosphorus contributed by the bottom ash material. The drawback of the use of steel 

turnings was the amount of iron contributed to water, although these high concentrations may be 

explained by the experimental setup. 

 

 

7. Recommendations and Future work 
 

There is much scope for future work in developing the concepts featured in this project. Upcoming 

regulations on phosphorus in UK ecosystems could see phosphorus thresholds for ‘good-status’ drop 

to 0.25 mg/l (Environment Agency, 2019). Work to develop a low-cost phosphorus filter could be 

vital in agricultural areas achieving reduced phosphorus levels. For Anglian Water, the proximity of 

steel industries and manufacturers producing iron rich waste products could provide an opportunity to 

meet these targets at a greatly reduced financial cost.  

Edge-of-field bioreactors and other edge-of-field solutions have the potential to be highly targeted. If 

UK water companies were to identify problematic agricultural areas, regularly contributing to water 

pollution events, then woodchip bioreactors could be another useful tool in the arsenal for catchment 

advisors in reducing pollutants close to their source, reducing the burden on end-of-pipe treatment 

facilities. Large-scale mapping and hydrological modelling may be necessary to identify how many 

bioreactors would be needed and where they should be located to provide suitable reduction of 

agricultural pollutants. 
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The development of bottom ash as a carbon source for denitrifying bioreactors could also hold 

potential if further refinement on pollution swapping is made. Bottom ash from straw burning power 

stations is much cleaner than fossil fuel-based alternatives. Composition analysis of the locally 

sourced ash was beyond the scope of this project, however, if such an analysis is conducted, the 

material could be understood further. Woodchip is not considered a waste product and is not 

particularly abundant in the UK, therefore, bottom ash could provide a useful low-cost supplement to 

woodchip or other carbon materials if denitrifying bioreactors are implemented on a wider scale.  

Due to the success in increasing the decay of clopyralid herbicide, other problematic pesticides could 

be addressed with similar methods. Pesticides are highly varied and complex molecules, however 

those molecules which are similarly degraded by soil bacteria could also be removed to some extent 

by bioreactor activity e.g. (Hassanpour, et al., 2019) proving that Atrazine could be successfully 

adsorbed by a woodchip bioreactor. Further work could be conducted in this area both identifying 

specific bacteria for this purpose and in testing other similar pesticides.  

One of the most important developments of this year-long project is the creation of the experiment 

equipment at the University of Lincoln. This resource now exists as a springboard for future 

bioreactor research at the University. Similar experiments could easily be undertaken to investigate 

other possible substrates for water quality applications. Clearly much potential for work exists in this 

area in protecting water courses from agricultural pollution.  
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Appendices 
 

Appendix 1 – Dilution protocol for the influent water. 

 

Clopyralid experiment dilution protocol: 

1. Use micro-pipette to draw 100 µl of Vivendi® (200 g/l clopyralid) 

2. Add to 0.1 l of water to create a solution of (0.02 g/l clopyralid) 

3. Draw 100 µl of this new solution and add to 2 litres of water creating a solution of (10 µg/l 

clopyralid) 

4. Repeat step 3 until the desired volume of solution is prepared (in this case 100 l). 

 

Nutrient experiment dilution protocol: 

1. Dissolve 29g of Yara Calcinit® (5g Active) in 1 litre of water using a volumetric flask. 

2. Add 0.1g of ammonium dihydrogen phosphate and ensure that both are entirely dissolved. 

3. Add the litre of concentrate solution to 99l of water to prepare 100litres in total of influent water. 

4. Repeat step 3 until desired volume of solution is prepared. 
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Appendix 2 – Graphs supporting the linearity of models. 

Pesticide mixed effects model  

 

Residuals 

 

Quantile-Quantile plot
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Histogram 

 

 

Nitrate mixed effects model 

 

Residuals 
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Quantile-Quantile plot 

 

Histogram 
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Phosphorus mixed effects model 

 

Residuals 

 

Quantile-Quantile plot 
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Histogram 

 


