
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 519 
 
 

 
 
 

 
 
 

 
 

Comparison of Different Wood Types 

 for Use as a Porous Substrate in 

Denitrifying Woodchip Bioreactors 

Jämförelse av olika träslag som poröst substrat 

 i denitrifierande träflis-bioreaktorer 
 

 
 
 

 
 
 

 
 
 

 
 
 

Erica Erikson 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

INSTITUTIONEN FÖR 

GEOVETENSKAPER 
 

D E P A R T M E N T  O F  E A R T H  S C I E N C E S  





Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 519 
 
 

 
 
 

 
 
 

 
 

Comparison of Different Wood Types 

 for Use as a Porous Substrate in 

 Denitrifying Woodchip Bioreactors 

Jämförelse av olika träslag som poröst substrat 

 i denitrifierande träflis-bioreaktorer 
 

 
 
 

 
 
 

 
 
 

 
 
 

Erica Erikson 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ISSN 1650-6553 

 

Copyright © Erica Erikson 
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2021 



Abstract 
 

Comparison of Different Wood Types for Use as a Porous Substrate in Denitrifying 

Woodchip Bioreactors 

Erica Erikson 

 

Explosives used in the mining industry release nitrate into the environment, causing concerns for the 

water quality in local river-systems. One way of reducing the nitrate loading into the environment is 

through a woodchip bioreactor. Water is passed through the bioreactor, where denitrifying microbial 

communities use the organic carbon from the substrate for energy, together with the nitrate. The 

efficiency of the denitrification process depends on various factors, including the type of carbon source 

selected and the temperature.  

To determine a suitable organic substrate to use in colder environments, column experiments were 

conducted, comparing different woodchip types. Three columns contained woodchips from pine, spruce 

and birch. In the fourth column, barley wheat was mixed with pine woodchips. An influent solution was 

pumped into the columns contained 50 mg/L nitrate-nitrogen. The effluent water was sampled and 

analysed twice per week for nitrate, nitrite and ammonium concentrations. The pH and alkalinity were 

analysed weekly to determine that denitrification was taking place. Three column conditions were tested. 

During the initial period, the columns were kept in 21 °C with a hydraulic residence time (HRT) of 6.3 

days. In the following period, the columns were refrigerated at a temperature of 5°C. During the final 

period, the HRT was lowered to 3.2 days.  

After a 106-day runtime, it could be concluded  that pine woodchips were the most effective substrate 

for denitrification in 5 °C temperature. The column with pine woodchips removed nitrate efficiently and 

produced the least amount of by-products and released DOC with a short HRT. The pine woodchips and 

barley straw column had high nitrite accumulation, and the nitrate removal rate in the birch and spruce 

woodchip columns was low in 5 °C conditions.   
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Populärvetenskaplig sammanfattning 
 

Jämförelse av olika träslag som poröst substrat i denitrifierande träflis-bioreaktorer 

Erica Erikson 

 

Sprängmedel som används inom gruvindustrin släpper ut nitrat i miljön, vilket kan leda till problem med 

vattenkvaliteten i lokala vattensystem. Ett sätt att reducera mängden nitrat som släpps ut är genom en 

bioreaktor med träflis. Vatten passeras genom bioreaktorn, där denitrifierande microbakteriella grupper 

använder det organiska kolet från substratet för energi, tillsammans med nitratet. Effektiviteten av den 

denitrifierande processen beror på flertalet faktorer, däribland vilken sorts kolkälla som valts ut och 

vilken temperatur bioreaktorn håller. 

 För att identifiera ett bra organiskt substrat att använda i kallt klimat genomfördes ett 

kolumnexperiment som jämförde olika sorters träflis. Tre kolonner innehöll träflis från tall, gran och 

björk. I en fjärde kolonn blandades kornhalm med träflis från tall. En lösning med koncentrationen 50 

mg/L kväve i form av nitrat pumpades in i kolonnerna. Utloppsvattnet från de fyra kolonnerna 

analyserades två gånger per vecka för koncentration av nitrat, nitrit och ammonium. pH och alkalinitet 

analyserades varje vecka för att se att denitrifikation skedde. Tre olika förutsättningar testades i 

kolonnerna. I den första perioden hölls kolonnerna i 21 °C med en hydraulisk uppehållstid på 6,3 dagar. 

I den följande perioden kyldes kolonnerna till 5 °C. I den sista perioden sänktes uppehållstiden till 3,2 

dagar.  

 Efter 106 dagar gick det att fastställa att tall-träflisen var det mest effektiva substratet för 

denitrifikation i 5 °C. Kolonnen med träflis från tall sänkte nitrathalten i vattnet och producerade minst 

biprodukter, samt frigjorde organiskt kol även vid kort uppehållstid. Kolonnen med tallflis och kornhalm 

ackumulerade mycket nitrit, och kolonnerna med träflis från björk och gran hade låga nivåer av nitrat-

rening när temperaturen sänktes till 5 °C. 
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1. Introduction 
The use of ammonium nitrate (NH4NO3) explosives in the mining industry results in the release of nitrate 

from mine waste deposits into the environment (Frandersen et al, 2009). Following a reaction between 

the ammonium nitrate and a carbon source included in the explosive charge, water, carbon dioxide and 

nitrogen gas are produced during the detonation (Reaction 1; Lindeström, 2012).  

 

3 NH4NO3 + 1/12 C12H24 → 7 H2O + CO2 + 3 N2   (1)  

 

However, the incomplete detonation of these explosives produces by-products and intermediate 

products such as nitrogen dioxide (NO2) that dissolve in water, leading to increased levels of nitrogen 

in mine drainage (Lindeström, 2012). In addition, a portion of the explosive charge remains undetonated 

due to the setup or spillage, and the ammonium nitrate dissolves in water. The nitrogen adsorbs to the 

ore and waste rock that is brought to the surface, creating a waste rock leachate and process wastewater 

with high nitrogen content (Andersdotter Persson, 2019). In 1999, the amount of undetonated nitrogen 

in the mining industry was 20% of the total nitrogen in the charge, but with improvements to the 

detonation process the rate had gone down to 12-13% as of 2012 (Lindeström, 2012). Nitrogen found 

in the water is most commonly as nitrate (NO3
--N), but ammonium (NH4

+-N) and nitrite (NO2
--N) are 

also present (Lindeström, 2012). Gold extraction using sodium cyanide (NaCN) and use of sludge for 

the establishment of vegetation have also contributed to nitrogen in the environment surrounding the 

mines (Frandersen et al, 2009).  

The concern with nitrogen being released into the environment is that it is a nutrient. Nitrogen acts 

as a fertilizer and has the effect of increasing bioactivity and formation of biomass (Asmala et al., 2017). 

Excessive nutrient input is linked to eutrophication, which occurs since nutrients are used by oxygen-

consuming organisms, and damage to ecosystems and to biodiversity (Diaz & Rosenberg, 2019). 

Excessive nitrate input is considered a threat to both surface and groundwater (Naturvårdsverket, 2018). 

The main concern for the environment in northern Sweden is the release of nitrogen and subsequent 

formation of toxic ammonia (NH3), and its implications for aquatic wildlife (Svea Hovrätt 2013: M 

9673-11).  

Due to the environmental implications of nitrogen being released into the environment, there is a 

need to reduce the discharge of nitrate to the environment. One solution could be the installation of a 

denitrifying bioreactor for removing nitrate where the drainage water from a deposit flows through the 

bioreactor before release into the environment (Nordström & Herbert, 2018). The bioreactor is a closed 

system filled with a carbon-based substrate, which acts as an electron donor in the process of 

denitrification (Griessmeier, 2019). The goal when passing water through a bioreactor is for the nitrate 

levels to drop below the acceptable concentration limit for what can be released into the environment 

(Cameron & Schipper, 2010). The use of bioreactors for denitrification is well studied and has been 
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done before in many locations (Gibert at al., 2008; Healy et al., 2012).  To ensure effective bioreactor 

treatment, it is important to select an organic substrate which provides a readily-available carbon source 

for denitrification under the conditions (e.g. temperature, water flow) where the bioreactor is 

constructed. Woodchips have been used frequently as they are permeable and release carbon at stable 

rates, and can sustain populations of denitrifying microbes during a long period of time (Robertson, 

2010; Schipper et al., 2010) 

 

 

Figure 1. The setup of a woodchip bioreactor. Water from the deposit is passed through the woodchip substrate 

where denitrification occur, before being released into the environment. The substrate is covered with geotextile 

and soil to create a closed system where denitrification can occur. 

 

1.1 Aims 
The aim of the project is to, through column experiments, compare nitrate removal rates through 

denitrification using different substrates. The goal is to determine what material has sufficient reactivity 

for use as a long-term carbon source in climate conditions similar to those in Kiruna, Sweden. This is 

the location for the LKAB mines where pilot bioreactors are being used to reduce the nitrate in deposit 

discharge water. This project aims to compare and evaluate different types of woodchips, to see the 

implications of the different wood species in denitrifying bioreactors.  
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2. Background  
The function of a bioreactor depends on the process of denitrification, which in turn relies on the 

selection of a sustainable substrate. The substrate acts as a carbon source for the denitrifying microbial 

community that develops in the reactor and is consumed together with the nitrate. This section will 

explain the chemical processes that occur within a bioreactor, which factors impact the various 

processes, and which conditions affect the bioreactor efficiency. This section will also include a study 

of substrate performance in denitrifying bioreactors recorded in scientific literature, and motivation for 

the substrates selected for this column experiment.  

 

2.1 Denitrification 
In situations with low oxygen levels and in the presence of nitrate and bioavailable carbon, denitrifying 

microbacteria use nitrate instead of oxygen as an electron acceptor when consuming organic material 

(Griessmeier, 2019). The threshold amount of dissolved oxygen is 0.5 mg/L, below which denitrification 

can occur (Griessmeier, 2019). Denitrifying microbacteria relocate electrons from the electron donor, 

the organic material, to the nitrate (NO3
- ) (Chapin et al, 2011). The completed process of denitrification 

produces nitrogen gas (Reaction 2) (Appelo & Postma, 2005). Denitrification is a sequential reaction, 

and there are several intermediary products in the chain of denitrification, nitrite (NO2
-), nitric oxide 

(NO) and nitrous oxide (N2O), which are produced before the nitrogen gas (N2) (Chapin et al, 2011; 

Appelo & Postma, 2005).  

 As the reduction of NO3
- to N2 occurs with intermediate reactions, it is possible that the intermediate 

compounds (NO2
-, NO or N2O) can accumulate in the water (Betlach and Tiedje, 1981 Via Nordström, 

2019). Reasons for production of intermediate compounds and by-products is related to the abundance 

of specific microorganisms present in the bioreactor, temperature, pH, substrate type or competing 

processes within the bioreactor (Warneke et al., 2011; Pan et al., 2012). Accumulation of nitrite can 

occur when there is a surplus of NO3
- relative to the carbon content in the water, as there is not enough 

carbon available to complete the series of reactions (Griessmeier, 2019). The contact time between the 

water and substrate being too short to complete the full denitrification process within the bioreactor is 

also a reason for nitrite accumulation (Griessmeier, 2019). The microbial community favoured by a 

certain substrate can also impact by-product accumulation, as not all groups of organisms can 

completely reduce nitrate to N2, but rather produce nitrite (or nitrous oxide) as an end product 

(Griessmeier, 2019).  

 As seen in equation 2, nitrate, being reduced by organic carbon (represented by CH2O), produces 

bicarbonate and carbonic acid (Appelo & Postma, 2005). Changes in the pH, alkalinity, and organic 

carbon content of the outlet water indicate what processes are occurring within the columns. If 

denitrifying organisms are the dominant consumers of the organic carbon, the pH should be basic, and 

alkalinity produced. A decrease in alkalinity as bicarbonate (HCO3-) and more acidic pH would be 
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indicative of a fermentation occurring, which consumes alkalinity and instead produces carbonic acid 

(H2CO3) (Nordström & Herbert, 2018).  

 

 5 CH2O + 4 NO3
- 
→ 2 N2 + 4 HCO3- + H2CO3 + 2 H2O    (2)  

 

2.2 Hydrolysis 
Using woodchips as a carbon source, the organic material is made available to the microorganisms 

through hydrolysis. Hydrolysis a chemical process in which a water molecule breaks a carbohydrate 

polymer into smaller sugar molecules called monomers, where glucose (C6H12O6) is the most common 

form released by woodchips from the cellulose (Nordström & Herbert, 2018; Sanderson, 2011). For 

each cellulose molecule, one water molecule is needed (Fan et al., 1987). The hydrolysis process is 

started by an acid or an enzyme (Fan et al., 1987). Maintaining saturation within a bioreactor is necessary 

for hydrolysis to occur and bioavailable organic carbon to be released (Lopez-Ponnada et al, 2017). 

 Woodchips are a lignocellulosic material, containing cellulose, hemicellulose and lignin (Sanderson, 

2011). The composition of the lignocellulosic material varies between different types of trees, with the 

main difference being a higher content of cellulose in hardwood (e.g. birch, oak) than in softwood (e.g. 

pine, spruce; Fan et al., 1987). Softwood has a higher level of lignin than hardwood, and the 

hemicellulose level is similar in both types of wood (Fan et al., 1987). Straw of different types have high 

hemicellulose content, but lower cellulose and lignin compared to woodchips (Fan et al., 1987). Lignin, 

which is structurally difficult to decompose, surrounds the cellulose and hemicellulose (Fan et al., 1987). 

The degradation of lignocellulose varies depending on the ratio between the cellulose, hemicellulose, 

and lignin in the material (Fan et al., 1987). Easily-degradable carbon sources such as different types of 

straw exhibit higher rates of denitrification than more stable substrates such as woodchips (Griessmeier, 

2019), since the easily-degradable carbon sources are more readily hydrolysed.  
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2.3 Competing processes  
Denitrifying microbacteria consume bioavailable organic carbon that has been released from the 

woodchips into the water through hydrolysis, while reducing the nitrate in the water to nitrogen gas. 

Parallel to the denitrification, other groups of microorganisms including sulphate-reducing and 

fermentative bacteria also consume the bioavailable carbon (Nordström & Herbert, 2018). Processes 

such as denitrification, fermentation or sulphate reduction, and the speed at which they occur, vary 

depending which organisms are benefitted by the substrate used, making the material selection 

important. Looking at the functional marker genes of the microbes present in a bioreactor, Warneke et 

al (2011) could determine that denitrifying organisms consumed most of the organic carbon in woodchip 

bioreactors. With maize and green waste products, a lot of carbon was used by other types of bacteria 

rather than denitrifers (Warneke et al, 2011).  

 

2.3.1 Fermentation 

Fermenting microorganisms consume the organic carbon that has been made available through 

hydrolysis, and break the compounds down to fatty acids, hydrogen and alcohol (Chapin et al, 2011; 

Appelo & Postma, 2005). From the fatty acids and the alcohols, acetic acid (CH3COOH), formic acid 

(HCOOH), H2 and CO2 is created by the bacteria, with acetate (CH3COO-) as an intermediate product 

(Appelo & Postma, 2005). Following fermentation, methanogens can consume the hydrogen together 

with CO2, derived from bicarbonate (HCO3
-), producing methane (CH4) (Equation 3) (Chapin et al, 

2011). Other methanogens produce methane through the fermentation of acetate (from acetic acid 

CH3COOH) (Equation 4) (Chapin et al, 2011; Appelo & Postma, 2005). The development of microbial 

communities with methanogens will result in the greenhouse gases CH4 and CO2 being produced 

(Chapin et al., 2011; Griessmeier, 2019; Fenchel et al., 2012). The processes leading to the production 

of methane are illustrated in figure 2.  

 

CO2 + 4 H+ → 2 H2O + CH4    (3) 

CH3COOH → CH4 + CO2    (4) 
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Figure 2. Flowchart of the processes detailed in section 2.3.1 Fermentation, leading to the production of methane 

(CH4). 

 

2.3.2 DNRA 

In environments with low oxygen, such as a bioreactor, but with very large quantities of carbon available 

in relation to the amount of nitrogen, Dissimilatory Nitrate Reduction to Ammonia (DNRA) can occur  

(Gibert et al., 2008).  

 

 3 CH2O + NO3
-
 + 4 H

+
 → NH4

+
 + 3 H2CO3   (5) 

 

DNRA reduces nitrate to ammonium (reaction 5), which prevents the denitrifying organisms from 

reducing the nitrate to N2, going against the objective of the bioreactor (Gibert et al., 2008). As DNRA 

is favoured when there is a large excess of carbon in the system, an increase in dissolved organic carbon 

(DOC) is may be linked to an increase in ammonium production (Gibert et al., 2008). When ammonium 

is released into oxic environments, it can be transformed into ammonia (NH3), which is toxic to aquatic 

life (Nordström, 2019).  

 

2.4 Bioreactor efficiency 
The nitrate removal efficiency of a bioreactor varies depending on the conditions in which the bioreactor 

is installed (Nordström, 2019). Factors that affect success of a bioreactor are concentration of NO3-, the 

temperature, and selection of a substrate that can provide long term organic carbon at a steady rate (Addy 

et al., 2016; Nordström, 2019).  
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2.4.1 HRT 

The hydraulic residence time (HRT), calculated from total pore volume (total volume × porosity) 

divided by flow, is critical for bioreactor efficiency. The HRT determines if there is enough time for the 

denitrifying microbial community to reduce the nitrate concentrations within the bioreactor (Nordström, 

2019; Griessmeier, 2019). In an ideal situation, all pores in a bioreactor contribute to the water flow 

path, but preferential flow can occur (Nordström, 2019). Preferential flow means that the water travels 

through the reactor along the path with least resistance from the woodchips, which results in uneven 

distribution of water-woodchip interactions throughout the reactor (Nordström, 2019).  Adapting the 

HRT to allow for mixing and movement between open flow paths and less mobile areas with woodchips 

will impact the nitrate removal rate (Nordström, 2019).  

 In practice, the impact of HRT can be seen in Gibert et al (2008) where the nitrate removal went 

from >96% to 66% when lowering the residence time from 6.6 days to 1.7 days. This was also seen in 

Nordström and Herbert (2017), where column experiments showed an increase in denitrification at 

longer HRT. At lower residence time, with higher flow through the bioreactor, less denitrification 

occurs. Longer HRT in bioreactors could be used to counteract the effect of low temperatures in colder 

regions (Addy et al., 2016).  

 

2.4.2 Temperature 

The relationship between denitrification and temperature follows the Arrhenius equation (Equation 6) 

(Apello & Postma, 1995). The reaction rate (k) for the denitrifying process increase with temperature 

(T), meaning higher rates of denitrification can be achieved. The temperature was stated by Nordström 

(2019) to affect the nitrate removal by an “[…] increase with a factor of ~2-8 with a 10 ° C increase.”. 

Results presented in Warneke et al (2011) found that nitrate removal rate increased with a factor of 1.2 

when increasing the temperature from 16.8 ° C to 27.1 ° C.  

𝑘 = 𝐴 ∗ 𝑒
−𝐸𝑎

𝑅∗𝑇       (6) 

 

where k = reaction rate, A = pre-exponential factor, Ea = activation energy (kJ/mol),  R = gas constant 

(kJ/mol/K) and T = temperature (K).  

 Experiments done by Aalto et al (2020) using a spruce, poplar and beech mixture showed lower 

denitrification efficiency at temperatures of 6-9 °C compared to denitrification at 10-13°C. Gibert et al 

(2008) suggest increasing the HRT and the amount of woodchips used to compensate for low 

temperatures when constructing a bioreactor. In laboratory experiments at 22 °C, the nitrate removal 

went from 66% to >99% when the residence time increased from 1.7 to 6.6 days (Gibert et al, 2008). 

The abundance and composition of the denitrifying consortium in a bioreactor vary with temperature 

changes caused by seasonal variations and depth in the bioreactor (Porter et al., 2015). Some species are 
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more effective at nitrate removal and could explain variations in removal rate at different temperatures 

(Nordström, 2019).  

 

2.4.5 Matrix diffusion 

The interaction of woodchips and water is crucial for denitrification to occur. Within the substrate, there 

are mobile and immobile zones (Carrera et al., 1998). In the mobile zones, the water flows easily, while 

substrate in the immobile zones only can be reached through matrix diffusion (Carrera et al., 1998). 

Matrix diffusion is a process of small-scale (microscopic) dispersion in which water is transported 

between mobile and immobile zones through molecular diffusion (Carrera et al., 1998). The impact of 

matrix diffusion is more significant in substrates with high matrix porosity, with large volumes of 

immobile areas (Carrera et al., 1998). In terms of breakthrough of a solute in a bioreactor or column 

experiment, the matrix diffusion can cause tailings in a breakthrough curve, as the molecular diffusion 

causes a delay in solute transport time (Carrera et al., 1998). The solute that has been diffused into the 

immobile zones will not be noted in the breakthrough until it has been returned to the mobile zone 

through diffusion (Carrera et al., 1998). The tailing could however also be a result of a very heterogenous 

substrate and preferential flow paths (Carrera et al., 1998).  

 

2.5 Carbon source 
As the aim of this project is to identify a suitable carbon source for a bioreactor, studying scientific 

literature and the results of previous experiments and reactors is key to determining which substrates to 

test. Different substrates favour the development of different groups of denitrifying microbial 

communities, which affect the nitrate removal capacity (Hellman et al., 2020). Ideally, the substrate 

should perform well in lower temperatures, to match the cold climate of northern Sweden. The substrate 

should also be easily available in Sweden. 

 

2.5.1 Availability in Sweden  

The most common types of trees in Sweden are spruce (40.8%) and pine (39.0%), followed by birch 

(12.4%), aspen (1.6%) and alder (1.6%) (SLU, 2018). In the region “northern Norrland”, the occurrence 

of tree types is pine (48.7%), spruce (32.8%), birch (15.4%), aspen (0.7%) and alder (0.2%). Pine and 

spruce are classified as softwood. Birch and alder are hardwood and aspen a soft hardwood. For this 

comparison, studies using woodchips of unspecified species were included to obtain a general view of 

tree type qualities.  
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2.5.2 Comparison 

A preference for soft- or hardwood in bioreactors has not been found by Schipper et al (2010), but they 

have theorized that hardwood might decay slower due to its higher density. This would make it suitable 

for bioreactors operating long-term (Schipper et al, 2010). The Yamashita and Yamamoto-Ikemoto 

(2014) comparison between cedar (softwood) and aspen (hardwood) found that the aspen maintained 

high rates of denitrification during the 1200 days the experiment took place. The cedar decreased in 

efficiency after 500 days (Yamashita & Yamamoto-Ikemoto, 2014). However as softwood grows faster, 

that might make up for the shorter lifespan (Schipper et al, 2010). The Lopez-Ponnada et al (2017) 

summary showed that softwoods have a higher average nitrate removal than hardwood, with 75.2% 

against 63.0%. The summary by Lopez-Ponnada et al. (2017) included species of tree not common in 

Sweden. The study by Gibert et al (2008) also concluded that softwood had the highest average removal 

rate (>98%), but the study did not specify the softwood species.  This affects the relevancy of those 

results for this project.  

 Cameron and Schipper (2010) proposed using a mixture of materials such as woodchips and a 

material such as straw, that releases carbon more easily, to enable having a smaller and more cost-

effective bioreactor while still maintaining high rate of denitrification. A study from 1998, conducted 

by Soares and Abeliovich, concluded that wheat straw was a good denitrification carbon source, and 

Warneke et al (2011) found that wheat straw had high rates of nitrate removal. Similar conclusions were 

drawn by Cameron and Schipper (2010), when they found that wheat straw had higher nitrate removal 

rates than woodchips. However, high levels of organic carbon released could result in ammonium 

production (Gibert et al., 2008). The time during which the straw is effective might be shorter than for 

woodchips, making the lifespan of the bioreactor shorter if the substrate is not replaced (Cameron & 

Schipper, 2010). Sailing et al (2007) investigated the issue of the short lifespan of wheat straw compared 

to woodchips. They found that wheat straw lost 37.7% of its mass during a 140-day long experiment 

(Sailing et al, 2007). It appeared that an easily degradable carbon source has a relatively short effective 

timespan compared to more stable material (Griessmeier, 2019). Hellman et al (2020) stated that the 

high nitrate removal of barley straw can shorten the HRT.  

 Comparing the nitrate removal rate of different substrates found in scientific literature, there is not 

one material that clearly outperforms the other substrates (Table A2 in appendix 2). Rather than specific 

material, it appears that having a suitable combination of HRT and temperature for the substrate selected, 

is key to maintaining a high nitrate removal rate (Figure 3; Figure 4).  
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Figure 3. Nitrate removal rate in g/m3/day plotted against the HRT during the experiments. Data was collected 

from scientific literature and the raw data values are available in Table A1 in appendix 1.  

 

 

Figure 4. Nitrate removal rate in g/m3/day plotted against the temperature in which the experiments took place. 

Data was collected from scientific literature and the raw data values are available in Table A1 in appendix 1.   
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3. Methods 

3.1 Substrate selection 
Pine, spruce and unspecified coniferous woodchips have had good results as denitrifying substrates in 

the studied literature. The hardwood species have more scattered results. Using a mixture of spruce 

(softwood), poplar (hardwood) and beech (hardwood) had relatively low nitrate removal (REF), but as 

it was performed at low temperatures that is likely to impact the removal rate. The efficiency of 

denitrifying bioreactors in colder (>10 °C) climate has not been studied a lot, which motivates the 

selection of pine, spruce and birch woodchips as substrates for the column experiments due to their 

availability in colder climates. Straw appears to be an effective carbon source, with higher nitrate 

removal rates than woodchips. The shorter lifespan of straw, relative to that of woodchips, makes it less 

suitable as a stand-alone substrate. Using a mixture of woodchips and straw could result in high removal 

rates and longevity of the bioreactor. 

 

3.2 Column experiments 
Four Plexiglas columns with a diameter of 10 cm, and a height of 40 cm were used to investigate which 

type of woodchips would make the most suitable substrate for a long-term running bioreactor.  

The substrates used to pack the columns were selected following a literature study of previously 

recorded results using similar substrates (Section 2.6 Carbon Source) The availability of certain types 

of substrate in Sweden was also taken into consideration. The columns were packed with (1) pine 

woodchips, (2) pine woodchips mixed with straw, (3) spruce woodchips, and (4) birch woodchips 

(Figure 5; Figure 6). Column two was packed with 3 L of pine woodchips, with a weight of 871.24g, 

and 2 L of loosely packed straw, with a weight of 29.94g. The spruce and birch woodchips were sieved 

to remove pieces smaller than 1 x 1 cm. All woodchips used were smaller than 3 x 3 x 0.5 cm (Figure 

7).  

 The woodchips were packed tightly while pumping water into the columns, and stirred using a glass 

rod to prevent air pockets. The time of packing and start of each column experiment varied. Spruce and 

birch woodchips were delivered by JJ Skog och Trä service AB, and pine woodchips were supplied by 

Setra Nyby. The straw was made from Swedish barley, purchased from Arken Zoo and produced by the 

company Smily®. Vents were installed at the top of each column to enable removal of gas bubbles using 

a syringe (Figure 8). The vents were installed after 37.6 days runtime for columns pine and pine + straw 

and 26.6 days for columns spruce and birch. Air was removed weekly or bi-weekly from the pine and 

pine & straw columns. After 77 day runtime, the gas production in the spruce and birch columns was 

low enough that no gas removal was necessary.  

For each column, water was pumped in through tubes attached to the base of the column, with 

grooves at the inside bottom lid to evenly distribute the water. The pumps used were Watson-Marlow 

520S and 530S. Two columns were connected to each pump, the pine woodchips and pine woodchips 

and straw columns to one, and the spruce woodchips and birch woodchips columns to one. A 1 cm thick 
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layer of beads with a 5 mm diameter was added as a base layer to each column to prevent the substrate 

from blocking the inflow of water. At the top of the columns is an outlet tube attached, from which water 

samples were taken continuously throughout the experiment. 

 

 

Figure 5. Column containing pine (left) and column containing pine + straw (right) woodchips. 

 

Figure 6. Column containing birch woodchips (left) and spruce woodchips (right). 
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Figure 7. Reference woodchip for largest size woodchips used in the columns. 

 

Figure 8. Vent installed at the top of a column for removal of gas using a syringe. 
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3.3 Inlet water  
The inlet water contained 3.61 g potassium nitrate (KNO3) dissolved in 10 L distilled water, giving a 

nitrate-nitrogen (NO3
--N) concentration close to 50 mg/L. The target concentration was decided as it is 

approximately equal to the average nitrate-nitrogen concentration measured in the waste rock drainage 

at the Kiruna mine (Herbert, personal communication). Batches of inlet water were prepared as 

necessary to keep a continuous inflow.  

 

3.4 Column conditions 
Three experimental periods with different temperature and flow conditions were tested during the 

experiment. 

 Period 1: During the first period after starting a column, the columns were kept in room temperature 

at 21.5 °C, until it could be determined through analysis of the outflow that denitrification was occurring. 

With an assumed porosity of 55% (Nordström and Herbert, 2017), prior to measuring of porosity, and a 

target residence time of 5 days, the ideal flow speed was calculated to be 0.243 ml/min. The flow speed 

was set to 0.26 ml/min for the pine and pine + straw columns, and 0.2 ml/min for the columns with 

spruce and birch. The difference in speed between the columns was due to the available settings on the 

two pumps used. With these settings, the estimated HRT was 4.7 and 6.1 days for the pine and pine + 

straw columns and the birch and spruce columns, respectively.  

 Period 2: In the second period, after 21.7 days, the pine and the pine + straw columns were placed in 

a refrigerator with a temperature of ca 5 °C. After 27.6 days runtime, the spruce and birch columns were 

placed in the same refrigerator. The columns were kept in the refrigerator at the same flow speeds as in 

the first period until the nitrate removal rate had stabilized.  

 Period 3: After a runtime of 56.5 days, the flow speed was doubled to 0.52 ml/min for the pine and 

pine + straw columns, while still kept at 5 °C. After 62.6 days runtime the speed of the spruce and the 

birch columns was increased to 0.5 ml/min. The difference in flow speed was due to the pump settings 

available. A tracer test done at these column conditions (Section 3.6) indicated an actual HRT of 3.2 

days in the pine and pine + straw columns.  

 The columns were covered with a black cloth while outside of the refrigerator to prevent algal 

growth. The temperature in the refrigerator fluctuated between 5 and 6 °C during a day. When briefly 

opened, the temperature rose to 7-8 °C for about an hour. During the third period tested, the refrigerator 

started leaking cold air, and the temperature rose to 9-10 °C. After adjusting the thermostat and applying 

tape to the refrigerator door seal, the temperature went down to fluctuating between 5.2 – 6.6 °C.  
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3.5 Porosity 
To measure the porosity of the woodchips, a column with the volume 1.056 L was packed with pine 

woodchips. The woodchips were packed tightly and stirred with a glass rod as the column filled with 

water, to prevent air pockets. After the woodchips were soaked in water, the column was closed and left 

to saturate over four days. This was done so that water diffusing into the internal porosity of the 

woodchips would not affect the volume measured. The column was drained and then re-filled 

immediately. When saturated, a total of 622 ml water could be pumped into the fully packed column. 

This gives a porosity of 59% for the pine woodchips. The porosity was not measured for the other 

substrates but assumed to be similar to the pine woodchip porosity.  

 

3.6 Tracer test 
Column tracer tests were used to accurately determine the breakthrough time for a conservative 

compound under specific flow conditions. This enabled the determination of the porosity of the column 

substrate and also gave an indication of flow conditions (i.e., equilibrium or non-equilibrium) in the 

column. Sodium bromide (NaBr), with a bromide concentration of 300 mg/L, was added to the KNO3 

input solution, and used as a tracer chemical. The solution was pumped into the pine and the pine + 

straw columns, as they were the columns with the most promising nitrate removal rates.  10-15 mL 

samples of the outlet water from the columns were taken twice per weekday.  

 

3.6.1 Modelling the tracer test 

To model the tracer results, the software STANMOD – CXTFIT , developed by Šimůnek et al in 1999, 

was used. Both equilibrium and non-equilibrium conditions were tested for both the pine and pine + 

straw column. Equilibrium conditions assume an equal flow through the substrate pores, while non-

equilibrium modelling accounts for both mobile and immobile zones. An equilibrium model was first 

tested, but found not to be suitable as there was tailings seen in the observed samples. The input 

parameters for the equilibrium modelling were the same as for the non-equilibrium modelling, presented 

in Table 1, but without the β and Ω. The parameters used for the non-equilibrium fitting of a curve to 

the bromide samples are presented in table 1. The same parameters were used for modelling of both 

columns.  

 

Table 1. Parameters used to model the breakthrough graph in CXTFIT. 

 v (cm/min) D (cm) β ω 

Initial estimate 0.52 0.23 0.9 1 

Minimum 0.5 0.1 0.01 0 

Maximum 1 2.5 0.99 100 

 



16 

 

The velocity of the mobile water (v) was taken from the flow rate settings used in the column setup, as 

well as the continuous flow rate measurements done during the experiment. The dispersion coefficient 

(D), which is from the product of velocity and dispersivity, was estimated. The velocity is the speed of 

the advective bulk flow of water passed through the columns. The dispersivity in the material is the 

spreading movement of the nitrate around the woodchip matrix, breaking off from the advective flow 

and distributing contaminants to areas of lower concentrations (Appelo & Postma, 2005). Different 

values for the coefficients were tested, although it did not impact the appearance of the fitted tracer 

graph. Beta, β, which is the portion of all pores which contribute to flow in immobile water, was initially 

estimated to be 90%. The beta is defined in equation 7 (Herbert, 2011). The parameter omega, ω, is the 

exchange of water between mobile and immobile zones, in which 0 = no exchange. The ω is calculated 

according to equation 8 (Herbert, 2011). 

 

𝛽 =
𝜃𝑚

𝜃
      (7) 

 

𝜔 =
𝛼𝐿

𝜃𝑣
      (8) 

 

where 𝜃𝑚 is the volume of mobile water, and 𝜃 is the total volume of water (equation 7). In equation 8, 

𝛼 = first-order mass transfer coefficient, 𝐿 = length of the studies system (column length) and 𝜃𝑣 = 

volumetric flux density (Darcy velocity).  

 Transport between mobile and immobile zones occur as matrix diffusion, which is contaminant 

exchange on a molecular scale (Carrera et al., 1998). Similar to the dispersion, the ω is a measure of the 

distribution of contaminant through the column, but on a smaller scale and only in matrixes with 

immobile zones. The ω was initially estimated to be low, but the model tested for both high and low 

exchange. The initially low estimation was due to the effluent samples never reaching the same bromide 

concentration as measured in the inflow water.  

 

3.7 Samples and analysis 
The development of denitrification and other processes in the columns was monitored throughout the 

experiment runtime through regular sampling and analysis. Different parameters were monitored using 

different methods, which are explained in this section. The flowrate was measured weekly to confirm 

that the pump settings were accurate.  

 

3.7.1 Tracer bromide analysis 

The samples taken for the tracer test were analysed for bromide concentration using an ion selective 

electrode. For the electrode measurements a mixture of 5 mL of each sample and 100 µL of 5M NaNO3 
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was used as a bromide Ionic Strength Adjuster (ISA) was used. The electrode potential was measured 

in mV, and a calibration curve was produced to convert the results to a bromide concentration (Figure 

A2 in appendix 2). The calibration was done for high (> 9.7 mg/L) and low (< 2.3 mg/L) bromide 

concentrations and the values in between extrapolated linearly. At low bromide concentrations, the 

relationship between the log concentration and the electrode potential is non-linear, which is why a 

separate calibration is needed. 

 

3.7.2 Nitrate, nitrite and ammonium 

Using a HACH DR19000 spectrophotometer, the nitrate, nitrite and ammonium s in the effluent water 

were measured twice per week for each column. Once per week, the inlet water was analysed for nitrate 

content to ensure a stable concentration. For analysis, the sample was added to HACH LCK-cuvettes 

341 (nitrite), 304 (ammonium) and 339 (nitrate). After a period of 10 or 15 minutes, the colour that 

developed in the vials was analysed spectrophotometrically. If sample concentration of nitrate, nitrite or 

ammonium exceeded the limit of the analytical method, the samples were diluted with deionized water 

and analysed. As the strength of the diluted sample and the chemical concentration was known, the real 

chemical concentration of the undiluted sample could be calculated. If nitrite concentrations were above 

2.0 mg/L, a knifes’ edge of amidosulphonic acid was added to the water sample before analysis of nitrate 

concentration, since the nitrate analysis is sensitive to the presence of nitrite. The amidosulphonic acid 

binds the nitrite so it is not visible during the spectrophotometric analysis of nitrate.  

 The spectrophotometer returned concentrations in mg/L nitrogen, which were used to calculate the 

removal rate in mg/L/day using equation 9. The calculations were done using the nitrate-nitrogen and 

nitrite-nitrogen concentrations in each column when they had stabilised after changes to column 

conditions. The removal rate was calculated for each of the three column conditions tested during the 

experiment.  

 

 
𝑁𝑖𝑡𝑟𝑎𝑡𝑒 (𝐼𝑁)−(𝑁𝑖𝑡𝑟𝑎𝑡𝑒 (𝑜𝑢𝑡)+𝑁𝑖𝑡𝑟𝑖𝑡𝑒 (𝑜𝑢𝑡)) [

𝑚𝑔

𝐿
]

𝐻𝑅𝑇 (𝑑𝑎𝑦𝑠)
= 𝑁𝑖𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 [

𝑚𝑔

𝐿

𝑑𝑎𝑦
] (9) 

 

3.7.3 pH 

The pH of the input water and of the effluent water from each of the four columns was analysed weekly 

using a pH electrode. Before analysis, the pH electrode was calibrated using calibration solutions with 

pH 7.00 and 4.01. All samples were measured for pH while using a magnetic stirrer.  

 

3.7.4 Alkalinity 

Weekly measurements of alkalinity were done using samples of outlet water from all four columns and 

for the inlet water. Titration with 0.005 mol/L H2SO4 (0.01 mol/L H+) was done using 10 mL of each 

sample and 100 µL indicator. The alkalinity as mg/L HCO3- was calculated using equation 10 and 11. 
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The volume of each sample was always 10 ml. The volume of H2SO4 added was determined by the 

indicator shifting from green to pink. A magnetic stirrer was used when analysing all samples.  

 

𝐶𝐻2𝑆𝑂4 × 𝑉𝐻2𝑆𝑂4 = 𝐶𝑆𝑎𝑚𝑝𝑙𝑒 × 𝑉𝑆𝑎𝑚𝑝𝑙𝑒    (10) 

 

𝐶𝑆𝑎𝑚𝑝𝑙𝑒 × 61
𝑔

𝑚𝑜𝑙
=

𝑚𝑔

𝐿
𝐻𝐶𝑂3

−      (11) 

 

where  𝐶 = concentration (mol/L) and 𝑉 = volume in ml.  

 

3.7.5 Total- C and total-N in substrate 

The total carbon and nitrogen content in the woodchips and in the straw was analysed. The substrate 

samples were delivered to and analysed at Evolutionsbiologiskt Centrum using a Costech ECS 

(Elemental Combustion System) 4010, which applies combustion gas chromatography to determine the 

carbon and nitrogen content of the samples. Before analysis, the samples were dried in an oven at 50 °C 

and then grinded to a small size in a mortar.  

 

3.7.6 DOC 

Every week, 50 mL samples of effluent water was taken from all four columns. The samples were 

filtered using a 25 mm syringe filter with 0.2 µm membrane filter. Samples were delivered to 

Evolutionsbiologiskt Centrum for analysis of DOC concentration using a Shimadzu TOC-L which 

utilises a combustion catalytic oxidation method to convert the organic carbon to CO2. The DOC content 

of a sample was then established through the UV-absorption of the emitted CO2. Some samples had to 

be filtered using a 0.45 µm membrane filter. The samples filtered with a 0.45 μm filter were the ones 

from all four columns taken on 2021-03-18, and the pine and pine + straw samples taken on 2021-03-

11, as well as the samples from all columns taken on 2021-04-29. 
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4. Results 

4.1 Tracer test 
The tracer test was performed in the column with pine woodchips and the column with pine and straw 

woodchips. Only the pine and pine and straw columns were tested in the tracer experiment, as they at 

the point of the tracer test were the two best-performing columns in terms of nitrate removal. The flow 

rate during the measurement was set to 0.519 ml/minute. The hydraulic residence time (HRT) was 

defined as the 50% breakthrough of the tracer solution, which was determined as C/C0=0.5 where C is 

the measured concentration and C0 is the concentration of the injected bromide. The full concentration 

of bromide measured in the inlet (C0) was never reached in the effluent water from the columns. The 

maximum bromide concentration measured in the outlet water was 250.26 mg/L in the pine column, and 

239.99 mg/L in the pine and straw column. The bromide concentration in the inlet water was measured 

to be 266.76 mg/L. Since the maximum bromide concentrations from the columns was stable at the end 

of the experiment, C0 was adjusted to 250.36 mg/L and 266.76 mg/L for the pine and the pine and straw 

experiments, respectively. The reason for this discrepancy may be the relative insensitivity of the Br 

measurement at higher Br concentrations: since the Br electrode exhibits a log-response (see Figure A2 

in appendix 2), small variations in the measured mV readings can have relatively large impacts on 

concentrations at high concentrations.  

 The results of the tracer test and the modelled breakthrough curve is shown in Figure 9. The modelled 

parameters are presented in table 2. The coefficient of determination (R2) is 0.99, which means that the 

observed data can be explained by the model. The mean square error (MSE) is low, which indicates a 

close fit between the observed and modelled data. The model dispersion coefficient is lower than the 

initial estimate, which means there is less dispersive transport in the columns. The β of 0.56 indicate a 

large portion of the pores in the column are contributing to immobile flow, and the Ω indicate a low 

exchange between mobile and immobile zones. The breakthrough time defined as C/C0=0.5 is ~76 hours 

for both of the columns. This gives an HRT of 3.2 days, which is higher than estimates done through 

porosity measurements. Some bromide is observed ahead of the main breakthrough, called tailing. The 

HRT using a slower flow speed of 0.26 ml/min would therefore be 6.3 days in the pine and pine + straw 

columns.  

 

Table 2. Parameters estimated by the CXTFIT non-equilibrium model.  

D (cm) β Ω R2 MSE 

0.10 0.56 1.39 0.99 0.0022 
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Figure 9. Bromide tracer test results and CXTFIT modelled fit to observed data. Observed data are measured from 

the samples of effluent water from the pine and the pine + straw columns.  

 

4.2 Nitrate, nitrite and ammonium concentration 
The nitrate concentrations in the effluent water from the four columns was measured twice per week 

and is presented in figure 10a. Three different column conditions were tested, and how the nitrate 

removal capacity changed can be seen in figure 10a, as well as how the concentration of nitrate in the 

input water fluctuated across the experiment. Throughout the experiment, the nitrate removal capacity 

has varied between the substrates tested. The production of by-products such as nitrite and ammonium 

are of interest for determining a suitable substrate for a bioreactor, as this indicates the incomplete 

reduction of nitrate. The production of ammonium is connected to ammonification or DNRA. The 

substrates tested in this experiment produced very low levels of ammonium production (Figure 10c). 

The effluent water from all four columns measured some amount of ammonium during the start-up 

period, with the highest concentration measured being 3.91 mg/L in the birch column. As the experiment 

progressed and the substrates matured, the ammonium concentrations went down to below the detection 

limit of the HACH spectrophotometer. 
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 During the initial column conditions, with an HRT of 6.3 days and a temperature of 21 °C, the pine 

woodchips were very efficient. The average nitrate concentration in the effluent was 0.59 mg/L. When 

lowering the temperature to 5 °C, the average pine nitrate concentration went up to 4.2 mg/L. This was 

expected, as the literature study showed that denitrification is most successful above 10 °C. The pine 

denitrification performance at 5 °C can still be considered good. When the HRT was decreased to 3.2 

days the nitrate concentration in the effluent water went up to an average of 16.0 mg/L. The column 

with pine woodchips had low concentrations of nitrite throughout the experiment, with only a minor 

peak during the first 11 days runtime (Figure 10b). The pine woodchips had the lowest nitrite production 

out of all substrates tested. The pine column had occasional detectable concentrations during the third 

column conditions tested, averaging 0.04 mg/L. 

 The combination of pine and straw as a substrate performed well during the initial column conditions 

and had low concentrations of nitrate and nitrite. At a temperature of 5 °C, the average nitrate 

concentration in the effluent water went up to 8.2 mg/L, compared to an average of 1.4 mg/L in 21 °C. 

The nitrite production increased to an average of 4.9 mg/L for a duration of 14 days. After the 14 days, 

the nitrite in the pine and straw column increased further up to concentrations of 12.7 mg/L, without any 

changes to the column conditions. Compared to the pine column, the pine and straw column takes longer 

to level out at a stable removal rate after changing the column conditions. At an HRT of 3.2 days, the 

nitrate concentration went up and stabilised at an average of 12.5 mg/L in the effluent water. The nitrite 

production increased rapidly before levelling out at an average of 17.7 mg/L. The nitrate concentration 

is lower concentration than the pine column, but the nitrite production is considerably higher.  

 The nitrate concentration in the column with spruce woodchips stabilised at an average concentration 

of 1.8 mg/L during the initial conditions, and the nitrite at an average of 0.2 mg/L. After lowering the 

temperature to 5 °C, the nitrate concentration in the effluent water increased and stabilised at an average 

of 27.6 mg/L and the nitrite increased to 8.9 mg/L. This is the highest effluent nitrate concentration 

during the secondary column conditions tested, out of all four substrates. Decreasing the HRT to 3.2 

days led to an increased nitrate and decreased nitrite concentration in the outlet water from the spruce 

column. The nitrite concentration averaged 43.0 mg/L and the nitrite 2.5 mg/L. The spruce column had 

the lowest initial average ammonium concentration, of 0.4 mg/L, which after 14 days had reached 

undetectable levels.  
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 The column with birch had low levels of denitrification for the first 25 days, after which the 

denitrification increased drastically, lowering the concentration down to an average of 3.8 mg/L. The 

average nitrite concentration was 5.2 mg/L. During the first 25 days, the nitrate in the outlet water from 

the birch column was at its highest. For the duration of the experiment, the nitrate concentration in the 

outlet water never reached the same high levels as the start-up period. At a temperature of 5 °C, the 

nitrate concentration in the column increased to an average of 17.8 mg/L in the effluent water, and the 

nitrite concentration increased continuously to 20.0 mg/L. After decreasing the HRT to 3.2 days, the 

nitrate concentration increased to 30.6 mg/L and the nitrite concentration averaged 13.49 mg/L, making 

birch the second least effective substrate for denitrification. The birch column took the longest to flush 

out the initial ammonium concentration, which did not reach undetectable limits until the 27th day. The 

initial concentration in the effluent water was 3.9 mg/L. 

 At a runtime of 84 days for the pine and pine + straw columns, and a runtime of 76 days for the 

spruce and birch columns, the temperature in the refrigerator went up due to the door lining not being 

tight enough. The temperature was re-established at a runtime of 94 and 83 days for the respective 

columns. The temperature inside the refrigerator varied between 7.3 and 9.8 °C before the thermostat 

was adjusted and the fridge door taped shut. The impact of this is seen in the drastic decreases in nitrate 

concentration in the effluent water during this period.  
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Figure 10. a. Concentration of nitrogen as nitrate (NO3
--N), in mg/L measured in the effluent water from each of 

the four columns, and in the input solution at a given time (x-axis). During the initial period, the column was kept 

in 21°C and had an HRT pf 6.3 days. During the second period, the temperature was lowered to 5°C and the HRT 

was maintained at 6.3 days. During the final period, the temperature was 5°C and the HRT was lowered to 3.2 

days. 10.b. Concentration of nitrogen as nitrite (NO2
--N) concentration in mg/L in the effluent water from each of 

the four columns. 10.c. Concentration of nitrogen as ammonium (NH4
+-N) concentration in the effluent water from 

the columns. The red vertical line indicates the time the pine and pine & straw columns were refrigerated to a 

temperature of 5 °C. The brown vertical line indicate when the spruce and birch columns were refrigerated to 5°C. 

The vertical light and dark green lines indicate the time when HRT was lowered from 6.3 to 3.2 days, according 

to the tracer experiment. Samples with ammonium concentrations below the detection limit were plotted as 0 mg/L.  
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4.5 Nitrate removal rate 
The nitrate removal rate for each column during the column conditions tested are presented in table 3. 

The nitrate removal is presented in mg/L water /day and g/m3 woodchip/day NO3-N and NO2-N removed 

from the effluent water, as well as a percentage of NO3-N and NO2-N removed compared to the inlet 

water. The pine woodchips have the highest nitrate removal rate in all three conditions tested. The 

performance of the substrates is the most similar to each other at room temperature and with a 6.3 days 

HRT.  

 

Table 3. Nitrate removal rate in mg/L/day and g/m3/day for all for columns during the three period of column 

conditions tested. The percentage nitrate removal is also presented as a percentage of the inlet water concentration. 

The first period conditions are 21 °C and an HRT of 6.3 days. The second are 5 °C and an HRT of 6.3 days. The 

third period conditions are 5 °C and an HRT of 3.2 days. 

 Pine Pine + Straw Spruce Birch 

 (mg/L/day) 

/(g/m3/day) 

% (mg/L/day) 

/(g/m3/day) 

% (mg/L/day) 

/(g/m3/day) 

% (mg/L/day) 

/(g/m3/day) 

% 

Period 1 8.01 / 13.43 98.6 7.94 / 13.23 97.2 7.78/12.97 95.3 7.32 / 12.21 89.7 

Period 2 7.49 /12.49 91.7 6.05 / 10.09 74.1 2.39 / 3.98 29.2 2.27 / 3.79 27.8 

Period 3 11.06 / 18.43 67.7 6.84 / 11.41 41.9 1.44 / 2.40 8.8 1.58 / 2.64 9.7 
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4.3 DOC 
Initially, the DOC in the effluent from the pine column went up to 109.6 mg/L during the first 17.6 days. 

The DOC then decreased down to an average of 15.5 mg/L (Figure 11). The DOC for the pine and straw 

was initially high, with a concentration of 332 mg/L. Over 41.6 days, the concentration decreased down 

to an average of 12.3 mg/L in the pine and straw column. The column with birch substrate had the 

highest initial DOC. The average TOC while in operation was 23.5 mg/L in the birch column. The DOC 

concentration in the spruce column decreased slowly, and after the initial flush-out the concentration 

was 16.6 mg/L. The increase in DOC in the final samples could be due to being filtered with a 0.45 μm 

membrane syringe filter, rather than a 0.2 μm filter. It could also be due to the increase in temperature 

during this period.  

 
Figure 11. Concentration of dissolved organic carbon (DOC) measured in the effluent water from all four columns 

throughout the experiment.  
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4.4 Total C and N in substrates 
The composition of a substrate affects the microbial community that develops, and the denitrifying 

capacity of that community. The substrates were similar in carbon content, with barley straw having 

slightly less weight percentage carbon than the woodchips (Table 4). The straw also contained the 

highest amount of nitrogen, seen to the weight percentage, out of the substrates tested. The carbon 

content in the birch and pine woodchips was very similar, and the spruce carbon content is slightly 

higher. Spruce and pine both have the same nitrogen content, and the birch contains a slightly higher 

amount. 

 

Table 4. Carbon content in the substrates, given in weight and weight percentage. C/N ratios from other 

experiments have been included for comparison.   
Carbon weight Nitrogen weight  C/N ratio Source 

 % %   

Pine 1 47.4 0.13 371.5 This study 

Pine 2 46.9 0.12 407.0 This study 

Straw 1 44.1 0.35 127.2 This study 

Straw 2 43.6 0.43 101.6 This study 

Spruce 1 47.9 0.13 378.6 This study 

Spruce 2 48.0 0.13 381.3 This study 

Birch 1  46.9 0.22 217.3 This study 

Birch 2 47.3 0.20 231.9 This study 

Pine needles   26.8 Herbert -unpublished data 

Spruce 

needles 

  45.7 Herbert - unpublished data 

Leached pine 

woodchips 

  743.3 Herbert - unpublished data 

Oak 

woodchips 

  393.3 Herbert - unpublished data 
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4.5 Alkalinity 
Alkalinity is produced when denitrification occurs, and is therefore an indicator of which columns are 

most efficient at removing nitrate. The alkalinity as HCO3
- for the pine column started being produced 

after 17 days runtime and increased up to 116.5 mg/L (Figure 12). After decreasing the HRT to 3.2 days, 

the alkalinity decreased slightly, and remained stable at an average concentration of 103.5 mg/L.  

 The effluent water from the column with pine and straw started producing alkalinity after 13 days 

runtime (Figure 12). At a temperature of 5 °C the average alkalinity was of 88.9 mg/L. The HRT 

decrease led to a drop in alkalinity, which stabilised at an average of 59.7 mg/L.  

 The spruce column started producing alkalinity after 6 days, and the alkalinity increased during the 

initial column conditions (Figure 12). After decreasing the temperature to 5 °C, the alkalinity decreased. 

After decreasing the HRT, the alkalinity decreased further to an average of 7.3 mg/L. 

 The birch started producing alkalinity after 20 days (Figure 12).  At 5 °C the average alkalinity was 

29.6 mg/L. After decreasing the HRT, the alkalinity decreased in the birch column. The alkalinity of the 

effluent water from the birch column is the lowest of all substrates tested.  

 

 

Figure 12. Concentration of alkalinity measured as HCO3
-
 measured in the effluent water from all four columns 

throughout the experiment. Alkalinity was measured in the influent water but was never present.  
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4.6 pH 
The pH of the input water fluctuated between 5.5 and 6.5 throughout the experiment, with an average 

of 5.9.  The pH of the effluent water in the pine column was an average of 5.3 with the initial conditions 

of 21 °C and an HRT of 6.3 days (Figure 13). The pH increased steadily until the HRT was set to 3.2 

days, after which the pH remained around 7.24.  Pine and straw had a pH that fluctuated more than the 

column with only pine (Figure 13). The initial pH was an average of 5, but increased during the run of 

the experiment. In the final period of column conditions tested, when the HRT was set to 3.2 days, the 

pH levelled out at an average pH of 6.6. The birch had an average pH of 4.5 during the initial column 

conditions, 21 °C and an HRT of 6.3 days (Figure 13). After lowering the temperature to 5 °C, the pH 

increased to 6.4 until the HRT was decreased and the pH began fluctuating a lot. Effluent water from 

the spruce column increased steadily to a pH of 6.9 during the first 48 days (Figure 13). After decreasing 

the HRT, the average pH was 6.2.  

 
Figure 13. pH measured in influent water and the effluent water from all four columns throughout the experiment. 
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5. Discussion 
The purpose of this project was to compare woodchips of different types, as well as barley straw, and 

determine which would be the most suitable as a long-term bioreactor substrate. The best performing 

substrate is one capable of maintaining satisfactory levels of denitrification in column conditions similar 

to the climate conditions in Kiruna, Sweden, which was matched by the columns being kept in a 

refrigerator at 5 °C. Two HRTs were compared, to see which substrate could maintain a satisfactory 

degree of denitrification, even at higher flow rates. The HRT at the different flow rates was measured 

though a tracer test (Section 5.1 Tracer test). Since the hydraulic properties and flow conditions in the 

woodchips will affect the performance of these substrates, tracer tests were also used to investigate the 

transport properties of two of the materials.  

 

5.1 Tracer test 
The tracer test was conducted when the estimated HRT was 2.5 days, but showed a true HRT of 3.2 

days. Due to the variations in settings between the two water pumps used, the HRT varied for the pine 

and pine & straw column, and the birch and spruce columns. As the flow speeds were lower for the birch 

and spruce, the HRT was longer. However, this did not provide any obvious benefit since, even though 

the HRT was longer, both the birch and spruce performed considerably worse than the pine and straw 

substrates. 

 The modelled breakthrough graph (Figure 9) does not fully fit the observed values, as the observed 

values exhibited an earlier breakthrough of bromide than the simulated values. Also, the fit around 60 

days is not very good for the pine and straw column. This early breakthrough, called tailing, could occur 

due to smaller volumes of water taking “shortcuts” along less obstructed flow paths in the column. Along 

the sides of the column there is less friction, which is potentially where some water passed through the 

column ahead of the larger mass of water.  

The non-equilibrium modelling in CXTFIT resulted in parameter values for beta and omega 

indicating more immobile zones than anticipated. The coefficient of determination was 0.99, and the 

mean square error was 0.0022, which signals a good fit of the model to the observed data. Different 

values of the beta and omega were tested in the model in an attempt to account for the tailings seen in 

the observed samples, but without any noticeable changes to the breakthrough graph. 
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5.2 DOC 
The weekly measurements show initially high DOC concentrations, which drop to more stable levels 

over the majority of the experiment runtime. The birch woodchips releasee the most DOC out of the 

substrates tested, which in theory should make it suitable for a denitrifying bioreactor, as it supplies 

carbon to the microbes (Griessmeier, 2019; Chapin et al., 2011). This is however not the case in this 

experiment, as the birch column has a low nitrate removal rate and high nitrite accumulation, which 

means that full denitrification is not occurring. Perhaps this is due to what type of DOC produced, as 

available DOC is only useful if it can be consumed by the denitrifying microbes in the column. The 

specific type of DOC was not analysed as part of this experiment. The pine column takes 17.6 days 

before reaching peak DOC concentration in the effluent water, after which the concentration decreases 

to a more stable long-term level. The build-up of DOC is due to the pine woodchips being broken down 

through hydrolysis (Lopez-Ponnada et al., 2017). The initially high DOC in all columns compared to 

the stabilised long-term levels, can be explained by there being a small supply of easily hydrolysed 

organic carbon in the woodchips. After the initially high DOC from easily hydrolysed carbon, the DOC 

concentrations in the woodchips level out a what can be considered representative of the different 

woodchip’s long-term carbon release. 

 The release of DOC is affected by the changes in temperature, as the DOC decrease in all columns 

when they are refrigerated to 5 °C. This is expected, as in theory, the DOC should decrease when the 

columns are refrigerated, as the microbial community is what causes the decomposition of the 

woodchips (Porter et al., 2015). Microbial activity is higher in warmer temperatures, and refrigeration 

to match the Kiruna climate conditions should therefore lead to a decrease in activity and a lower nitrate 

removal (Equation 6; Gibert et al., 2008; Warneke et al., 2011).  

 

5.3 Denitrification 
The occurrence of denitrification in the column is determined through analysis of several parameters. 

The primary determining factor is the nitrate concentration in the effluent water from the columns, paired 

with the concentration of nitrite and ammonium produced in the columns. Analysis of how pH and 

alkalinity changes over time suggests that denitrification is a dominating process.  

 

5.3.1 Nitrate removal 

As seen in section 4.2, the column with pine woodchips and the column with pine and straw had the 

lowest effluent nitrate concentrations in temperatures around 5 °C. Looking at the rate of nitrate removal, 

including nitrite, the pine woodchips produced the best results (Table 3, section 4.5). The pine 

woodchips had the highest nitrate removal out of the substrates tested, with the highest removal rate of 

11.1 mg/L/day while the HRT was 3.2 days and the temperature 5 °C. This is in contrast with the spruce 

and birch substrates, which had their lowest removal rates during these conditions. The pine woodchips 

have a higher removal rate during the shorter HRT, rather than with an HRT of 6.3 days. While less 
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nitrate is removed with the shorter HRT, the removal is still effective in relation to the time given for 

the denitrification to occur. Seen to the actual nitrate concentrations, the performance is better at longer 

HRT. This confirms the suggestion made by Gibert et al (2008), in which a longer HRT can be used to 

compensate for a lower nitrate removal in colder conditions. In the spruce and birch columns, there is 

barely any denitrification occurring at 5 °C with a 3.2 day HRT, with a nitrate removal rate of only 8.8% 

for spruce, and 9.7% for the birch column.  

 Compared to previous experiments comparing substrates for denitrifying purposes, the nitrate 

removal from this experiment is within the same range of removal (Table 3; Figure 3; Figure 4, Table 

A1). The pine woodchips have performed similar to pine used in other studies, even at temperatures of 

5 °C, which is lower than many other experiments (Table A1; Healy et al., 2012; Cameron & Schipper, 

2010; Nordström & Herbert, 2017). The addition of barley straw to pine woodchips has not resulted in 

as high nitrate removal rates as seen in other experiments using straw of different types (Table A1; Healy 

et al., 2012; Griessmeier & Gescher, 2018; Cameron & Schipper, 2010).  The nitrate removal rate of the 

birch is comparable to other studies while kept at 21 °C, but in 5 °C, the birch had low nitrate removal 

rate compared to other hardwoods (Table A1; Šereš et al., 2019; Hoover et al., 2016; Robertson, 2010). 

As many studies have used unspecified hardwood, it is however difficult to make a direct comparison. 

The denitrification rate within the softwoods varies greatly, and some previous studies have had removal 

rates similar to the spruce woodchips (Table A1; Šereš et al., 2019; Gibert et al., 2008). The spruce 

woodchip column in this experiment performed below the removal rates achieved using other types of 

woodchips (Table 3; Table A1).    

 The initially high nitrate, nitrite and ammonium concentrations seen in all four columns can be 

explained by the substrate needing to mature and degrade through hydrolysis before becoming available 

as fuel for the denitrifying microbes (Nordström & Herbert, 2018; Sanderson, 2011). It could also be a 

case of the microbial communities needing time to develop before the denitrification becomes effective.  

 

5.3.2 By-products 

 

5.3.2.1 Ammonium 

Ammonium was not produced in any of the columns, aside from an initial peak in the start-up period. 

The lack of ammonium production indicates that denitrification is the process reducing the nitrate, rather 

than DNRA (Gibert et al., 2008). There is a possibility of ammonium production occurring in the earlier 

parts of the column flowpath. If this is the case, the ammonium is returned to nitrate and is then 

denitrified further along the flowpath as the column conditions become more anoxic. The decline in 

ammonium production in the birch column is slower than the other three, but drops below detection 

limits after lowering the temperature to 5 °C. This could indicate that a process such as DNRA are not 

effective in colder temperatures (Nordström & Herbert, 2018). There is also an overlap of ammonium 

production and high DOC. Having a high ratio of organic carbon relative to the nitrate concentrations 
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has been seen to favour DNRA over denitrification, which could explain the ammonium production 

decreasing after the DOC decreased (Figure 10c; Figure 11; Gibert et al., 2008).  

 

5.3.2.2 Nitrite  

The nitrite production during the initial 15 days is high for the spruce and pine & straw columns. This 

correlate to initially lower rates of nitrate removal. As nitrite is an intermediary product of 

denitrification, the presence of both nitrate and nitrite in the effluent water indicate that denitrification 

is occurring, but slowly (Betlach & Tiedje, 1981 Via Nordström, 2019). The complete chain of reactions 

has not occurred by the time the water has passed through the columns. After 15 days, both the nitrate 

and nitrite levels drop, indicating full denitrification is occurring. The effluent water from the birch 

column has high nitrate concentrations during the first 40 days, with low concentrations of nitrite. This 

indicates that very little denitrification is occurring. As denitrification occurs in the birch column, the 

nitrite accumulates continuously. The denitrification process is not complete, as indicated by the high 

levels of nitrite produced. The initially low pH coupled with a high DOC concentration in the birch 

column may have inhibited the denitrifying microbes, and instead favoured reactions such as 

fermentation (Griessmeier, 2019). 

 The pine substrate produced the least nitrite, and although the nitrate concentrations for the pine and 

straw column are lower at an HRT of 3.2 days, the total nitrogen concentration in the effluent water is 

lower using only pine as a substrate. The drop in nitrite concentration after increasing the flow speed in 

the birch and spruce columns can be explained by the increase in nitrate concentrations, and less 

denitrification occurring. Less denitrification gives less by-products.  

 

5.3.3 Denitrification indicated by pH  

The pH increased in the columns throughout the experiment runtime with a 6.3 day HRT, and either 

decreased or stabilised when the HRT was 3.2 days. Increasing pH is an indicator of denitrification 

occurring, as alkalinity is produced (Equation 2). Fluctuation in pH in the spruce column after 41 days 

runtime may be explained by the fluctuating inflow pH or by the fluctuations in the column temperature. 

The same fluctuations are seen in the birch column pH, which also could be due to the microbial 

community being sensitive to changes in temperature, which affects the denitrification (Aalto et al., 

2020; Gibert et al., 2008). The birch column took the longest before the pH increased above inlet water 

pH, which would indicate denitrification occurring.    

 

5.3.4 Denitrification indicated by Alkalinity 

The alkalinity is produced when denitrification occurs (Equation 2). A high concentration of alkalinity 

is indicative of high levels of denitrification. The spruce column had high levels of alkalinity early in 

the runtime, which overlaps with low concentration of nitrate and nitrite in the effluent water from the 
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column. This is indicative of efficient nitrate removal. The birch column produced the least alkalinity 

throughout the runtime of the experiment, which indicates a low rate of denitrification. The column with 

pine substrate took 17 days before producing alkalinity, which can be explained by the need for the 

substrate to decompose to be made available to the denitrifying microbial community before 

denitrification occur. The alkalinity increasing in the pine column during the following 35 days indicate 

denitrification occurring until the HRT is decreased, after which there is a drop in alkalinity and the 

alkalinity production is stabilised. This indicates more effective denitrification at higher HRT. The 

column containing both pine and straw begin producing alkalinity earlier than the column with only 

pine, which can be attributed to the straw being easier to decompose and make available for the microbial 

community (Cameron and Schipper, 2010). The pine and straw column had the same response to column 

condition changes as the pine column, but with less overall alkalinity produced. The decrease in HRT 

decreased the alkalinity production by a lot (Figure 12). Perhaps the straw works best as a substrate in 

warmer conditions with longer HRT.  

 

5.4 Which substrate is the most suitable? 
The goal of the experiment was to identify which of the substrates performed the best in conditions 

similar to the climate in Kiruna, Sweden. To emulate this, the columns were kept in 5°C.  

 Comparing the denitrifying capacity of the substrates tested in the four columns, the pine woodchips, 

which are currently used in field bioreactors in Kiruna, have been the most successful. Using pine as a 

substrate in 5 °C temperature, with an HRT of either 6.3 or 3.2 days, led to denitrification. The pine 

column produced the least nitrite, and only occasionally detectable levels of ammonium. The increase 

in pH and production of alkalinity during the experimental runtime further confirms that the process 

occurring is denitrification, and not other competing processes such as fermentation or DNRA (Equation 

2; Equation 3; Equation 4; Equation 5). Even at colder temperatures, with lower microbial activity, the 

pine woodchips provided enough energy for the denitrifying community to remain active. The start-up 

period with higher nitrate, nitrite and ammonium concentrations can be explained by the pine woodchips 

having to by hydrolysed to an extent before the carbon becomes available to the micro-organisms 

(Nordström and Herbert, 2018; Sanderson, 2011). This is supported by the DOC concentration, which 

took a few weeks before reaching its peak. The gas production in the pine and the pine & straw columns 

also indicate denitrification occurring, as gas from those columns has to be removed between once and 

twice per week throughout the experiment. The final product of the denitrifying process is nitrogen-gas 

(Equation 2). The highest measured C/N ratio was in a pine sample, which could mean C/N ratio is a 

good parameter to look at for assessing a material’s suitability as substrate in a denitrifying bioreactor 

(Table 4). The spruce woodchips did however also have a high C/N ratio, similar to that of the pine 

woodchips, but performed considerably worse in the column experiments. Based on these column 

experiments, the C/N ratio should only be used as an indicator of substrate suitability when paired with 

other parameters.  
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 The performance of the column with pine woodchips and barley straw has been similar to the column 

with only pine, in terms of reaction to changes in column conditions. The main difference is a higher 

production of the by-product nitrite, as well as a lower pH and alkalinity production. The lower pH and 

alkalinity indicate less denitrification occurring in the column with both pine and straw. Even though 

the nitrate concentration is lower than in the pine column, when the HRT is 3.2 days, the nitrite 

concentration indicates that full denitrification is not occurring in the pine and straw column. The 

difference in performance between the pine, and the pine and straw column is attributed to the barley 

straw. The nitrogen content in the straw is higher than in the woodchips, seen to the weight percentage, 

and the carbon content is lower (Table 4). This could affect the denitrifying capacity of the substrate. 

The straw more readily releases organic carbon than woodchips, but is less stable, which makes it less 

sustainable in longer time periods (Sailing et al., 2007; Cameron and Schipper, 2010). 

The spruce substrate had the worst performance, and in conditions similar to the climate in Kiruna, 

essentially no denitrification is occurring. The initially high alkalinity, high pH and low concentration 

of nitrite and nitrate in the effluent water from the spruce column indicate an effective denitrification in 

the early stage of the project (Equation 2). After changing the conditions to 5 °C temperature, and later 

decreasing the HRT, the denitrification dropped down to a removal rate of 1.75 mg/L/day. The spruce 

column only performed well in 21 °C and with a longer HRT. At lower temperatures and a shorter HRT, 

no gas had to be removed from the column which indicates that denitrification was not occurring. While 

the C/N ratio of the pine and spruce are similar (Table 4), the difference in performance could be due to 

the wood composition. While both pine and spruce are softwoods, with similar composition of lignin, 

cellulose and hemicellulose, there are variations in composition between species of pine and spruce (Fan 

et al., 1987). A lower cellulose content in the spruce woodchips would lead to less available glucose for 

consumption by the denitrifying microbes (Sanderson, 2011).   

Using birch as a substrate did not provide the nitrate removal needed in a bioreactor. The nitrate 

removal rate was only 1.58 mg/L/day in conditions similar to the climate in Kiruna, and with a shorter 

HRT.  Even though there is nitrate removed from the effluent water, there is a high production of nitrite, 

which indicates that the entire denitrification process is not occurring (Chapin et al., 2011). This is 

further supported by the low production of alkalinity and the low pH, as these do not indicate any 

significant levels of denitrification occurring (Equation 2). Gas formation occurred while the HRT was 

6.3 days, but only minor amounts of gas had to be removed from the birch column after decreasing the 

HRT. There was high production of DOC, which means there was high supply of organic carbon for the 

microbes to consume. In spite of this, there was very little denitrification. A reason for this could be the 

type of DOC produced, which might not have been one suited for the denitrifying community that 

developed in the column, which varies depending on substrate used (Hellman et al., 2020). The C/N 

ratio of the birch woodchips was considerably lower than that of the other woodchips, which could be a 

contributing factor to the low rates of nitrate removal.  
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Although the pine woodchips have outperformed the other substrates tested, the runtime of the 

experiment has only been 106 days, and the lifespan of a bioreactor is measured in years. How the 

denitrifying capacity of the woodchips develop over time, how the woodchips degrade, and how the 

denitrifying communities develop, will be crucial for the efficiency of a bioreactor.  

  



36 

 

Conclusions 
The pine woodchips were the most effective out of all substrates tested, as denitrification was occurring 

in all column conditions tested, with good nitrate removal rates and no nitrite accumulation. The pine 

woodchips released the least amount of DOC, but the nitrate removal was the most efficient. The 

denitrifying process stopped in the spruce column when the temperature was lowered to 5 °C, even 

though there was more DOC available than in the pine woodchip column, in which denitrification 

occurred. Denitrification occurred in the birch column, but nitrite accumulated, which indicates 

incomplete denitrifying processes. The birch column had the highest DOC, which should make it 

suitable for denitrifying microbacteria and lead to high nitrate removal rates. This was not the case in 

this experiment. Even though there was organic carbon available, the rate of denitrification was low. 

Adding barley straw to pine woodchips resulted in rapid initial denitrification but produced more nitrite 

than using only pine as a substrate. The bioreactor substrate most suitable for the climate conditions in 

Kiruna, northern Sweden, is pine.  
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Appendix 1: Literature comparison 
 

Table A1. Performance of woodchips used as substrate in denitrifying bioreactors or column experiments, in terms 

of percentage nitrate removal and nitrate removal rate. 

Type NO3-N 

removal 

(%) 

Nitrate removal 

rate  
HRT(days) Temperature 

(°C) 

Source 

Softwood 

Pine  99.63  1.51 (g NO3-N m-3 d-

1) 
17.5 10 Healy et al. 2012 

Pine 99.60  2.02( g NO3-N m-3 d-

1) 

13 10 Healy et al. 2012 

Pine 99.73  1.79 (g NO3-N m-3 d-

1) 
14,. 10 Healy et al. 2012 

Pine   15.5-29.7 (mg N L-1 

d-1) 

  Robertson, 2010 

Softwood 98.7 0.067 (mg NO3
--N 

dm-3 d-1) 

 22 Gibert et al, 2008 

Pine  6.0 (g N m-3 d-1) 1.526042 14 Cameron & 

Schipper, 2010 

Pine  11(g N m-3 d-1) 1.526042 23.5 Cameron & 

Schipper, 2010 

Softwood >96 0.034 (mg NO3
--N 

dm-3 d-1) 

6.6 22 Gibert et al, 2008 

Softwood 66 0.022 (mg NO3
--N 

dm-3 d-1) 

1.7 22 Gibert et al, 2008 

Spruce 85  1.2  (mg N dm-3 d-1)   4.3  Šereš et al, 2019 

Coniferous 95.1 0.048 (mg NO3
--N 

dm-3 d-1) 

 22 Gibert et al, 2008 

Pine   20 (g N m-3 d-1) 2.5 22 Nordström & 

Herbert, 2017 

Pine  22 (g N m-3 d-1) 0.9 22 Nordström & 

Herbert, 2017 

Pine  12.3 (g N m-3 d-1) 0.9 12 Nordström & 

Herbert, 2017 

Pine  11.2 (g N m-3 d-1) 0.8 12 Nordström & 

Herbert, 2017 

Pine  15.8 (g N m-3 d-1) 2.3 5 Nordström & 

Herbert, 2017 

Pine  7.2 (g N m-3 d-1) 0.9 5 Nordström & 

Herbert, 2017 

Pine  14.4 (g N m-3 d-1) 3.1 5 Nordström & 

Herbert, 2017 

Pine  3.6 (g N m-3 d-1) 0.8 5 Nordström & 

Herbert, 2017 

Hardwood 

Hardwood  57  6.1 (g N m-3 d-1)   Hoover et al, 2016 

Hardwood 35 6.9 (g N m-3 d-1)   Hoover et al, 2016 
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Hardwood 27  8.3 (g N m-3 d-1)   Hoover et al, 2016 

Hardwood 18 8.0 (g N m-3 d-1)   Hoover et al, 2016 

Hardwood   11-18.6 (mg N L-1 d-

1) 

  Robertson, 2010 

Aspen  0.42 (g NO3-N kg-1 

dry weight wood 

day-1) 

  Yamashita & 

Yamamoto-Ikemoto, 

2014 

Hardwood 

(Eucalyptus) 

 3.8 (g N m-3 d-1) 1.5625 

 

14 Cameron & 

Schipper, 2010 

Hardwood 

(Eucalyptus 

 7.4 (g N m-3 d-1) 1.5625 

 

23.5 Cameron & 

Schipper, 2010 

Hardwood 98.7 0.035 (mg NO3
--N 

dm-3 d-1) 

 22 Gibert et al, 2008 

Birch  96  1.4 (mg N dm-3 d-1)  3.9  Šereš et al, 2019 

Maple + 

Birch 

88    Ergas et al, 2010 Via. 

Lopez-Ponnada et al, 

2017 

Mixed 

Spruce + 

Poplar + 

Beech  

72 3.33 (g NO3-N m-3 d-

1) 

0.75 13 Aalto et al, 2020 

Spruce + 

Poplar + 

Beech 

48 2.34 (g NO3-N m-3 d-

1) 

0.75 9 Aalto et al, 2020 

Spruce + 

Poplar + 

Beech 

43 8.20 (g NO3-N m-3 d-

1) 

0.75 13 Aalto et al, 2020 

Spruce + 

Poplar + 

Beech 

24 4.32 (g NO3-N m-3 d-

1) 

0.46 9 Aalto et al, 2020 

Spruce + 

Poplar + 

Beech 

60 7.48 (g NO3-N m-3 d-

1) 

0.46 13 Aalto et al, 2020 

Spruce + 

Poplar + 

Beech 

54 7.62 (g NO3-N m-3 d-

1) 

0.42 9 Aalto et al, 2020 

Straw 

Wheat straw  5.8 g N m-3 d-1 54.3 14 Cameron & 

Schipper, 2010 

Wheat straw  7.8 g N m-3 d-1 54.3 23.5 Cameron & 

Schipper, 2010 

Wheat straw 96.6-

99.9 

930-1980 g N m-3 d-

1  

  Sailing et al, 2007 

Wheat straw  43.1 (mg NO3—N 

m-3 d-1) 

  Grießmeier & 

Gescher, 2018 

Wheat straw  71.4 (mg NO3—N 

m-3 d-1) 

  Grießmeier & 

Gescher, 2018 

Wheat straw  26.6 (mg NO3—N 

m-3 d-1) 

  Grießmeier & 

Gescher, 2018 
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Wheat straw 86 0.52  25 Soares and 

Abeliovich, 1998, 

Via Grießmeier et al, 

2019 

Wheat straw 38 0.31  25 Soares and 

Abeliovich, 1998, 

Via Grießmeier et al, 

2019 

Wheat straw  4.5 g N m-3 d-1   27.1 Warneke et al, 2011 

Barley 

Straw 

99.92  1.75 (g N m-3 d-1) 14 10 Healy et al, 2012 

Barley 

Straw 

99.96  1.12 (g N m-3 d-1) 21.8 10 Healy et al, 2012 

Barley 

Straw 

99.94  1.34 (g N m-3 d-1) 18.2 10 Healy et al, 2012 
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Appendix 2: Bromide calibration 
 

To determine the calibration curve at high concentrations (10-100 mg/L NaBr) the ion selective 

electrode was used to measure the mV while adding a 1000 ppm bromide solution to a beaker with 100 

g deionized water and 2 ml ISA in increments of 1, 2 and 5 ml. For low concentrations, a 100 ppm 

bromide solution was added to 100 g deionized water and 2 mL ISA in increments of 100, 200, 400 and 

1000 µL. Values between the two calibration curves were extrapolated linearly. Using the relationship 

between the electrode potential and the log concentrations in the calibration curve, the concentration of 

bromide in mg/L in each sample could be calculated.  

 

Figure A2. Calibration curve for bromide 
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