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Abstract 

Denitrification is a microbially-catalyzed reaction which reduces nitrate to N2 through a series of 

intermediate nitrogen compounds. Nitrate is a nutrient and its release into the environment may lead to 

eutrophication, depending on the amount that is released and the state of the recipient. The release of 

nitrate from the mining industry in Kiruna (Sweden) has been identified as an eutrophication risk, and 

a denitrifying bioreactor is to be constructed at the site to reduce the nitrate release.Since the 

denitrification rate decreases with temperature and the temperature in Kiruna during large parts of the 

year drops below 0˚C, the denitrifying bioreactor therefore has to be designed for the site-specific 

environment in terms of flow rate and hydraulic residence time.  

        Laboratory column studies are used to study and determine the nitrate removal rate in a low 

temperature environment (5˚C) with pine wood chips as reactive matrix/ electron donor; the input 

solution had an average concentration of 35 mg NO3-N/L and a high sulfate concentration. Nitrate 

removal was studied as a function of hydraulic residence time and temperature. Parameters that were 

monitored include pH, alkalinity and concentrations of ammonium, nitrite and sulfate in the effluent 

from the columns. On three occasions, samples were gathered along the flow path in the columns 

(concentration profiles) such that changes in nitrate, nitrite, and occasionally ammonium concentration 

could be studied in relation to each other. The study concluded that a denitrifying bioreactor utilizing 

pine wood chips as the reactive matrix is a suitable option for nitrate treatment in a low temperature 

(5˚C) environment. Under the conditions of the study, effluent nitrate, nitrite, and ammonium 

concentrations are below limits established in legislation. Nitrate removal rates are given for zero-

order nitrate reduction and overall first-order nitrate reduction, as the concentration profiles revealed a 

decrease in nitrate removal rate as nitrate concentration dropped below 3 mg NO3-N/L. 

 

 

 

 

 

 

 

 

 

 

 



 
 

Populärvetenskaplig sammanfattning 

Nitrat är ett näringsämne som kan orsaka övergödning vid utsläpp, beroende på halterna och 

recipienten. Växterna som tar upp kväve kommer så småningom att dö och sjunka mot botten där de 

förmultnar. Förmultningen kräver syre, och vid ökad växtlighet så ökar även konsumtionen av syre då 

det finns mer organiskt material att bryta ned. Detta leder i slutändan till syrefria områden, där djurliv 

och växtlighet är mer begränsade. Nitratutsläpp från gruvindustrin i Kiruna har blivit identifierad som 

en potentiell övergödningsrisk och en denitrifierande bioreaktor ska därmed installeras för att minska 

utsläppen. Denitrifikation är en mikrobiell reaktion som reducerar nitrat till kvävgas genom en serie av 

intermediära kväveföreningar. En denitrifierande bioreaktor använder sig utav denitrifikation för att 

minska nitratkoncentrationer i vatten som passerar genom bioreaktorn som består av huvudsakligen; 

(1) bakterierna som sköter denitrifikationen, och (2) en kolkälla som fungerar som ”mat” till de 

denitrifierande bakterierna,  

        Hastigheten varvid nitrat omvandlas till kvävgas genom denitrifikation, minskar med temperatur 

och den denitrifierande bioreaktorn måste därmed anpassas till omgivningen där den ska placeras med 

avseende på uppehållstid i reaktorn. Uppehållstiden måste vara tillräcklig för att minska 

nitratkoncentrationen till önskad nivå, men samtidigt så får uppehållstiden inte vara för lång då andra 

ämnen kan reagera och bilda ofördelaktiga produkter vid låga nitratkoncentrationer. 

   Kolonnstudier i en låg-tempererad miljö (5˚C) är ett första steg för att studera hastigheten av 

nitratförbrukning i en sådan omgivning, och används i detta arbete med träflis av tall som kolkälla. 

Parametrar som påverkar, och varierar som ett resultat av, denitrifikation (exempelvis pH och 

sekundära föroreningar) övervakas. Hastigheten av nitratförbrukning som fås från kolonnstudierna kan 

sedan används som riktlinjer för konstruktionen av en denitrifierande bioreaktor i fältskala i Kiruna.  

        Studiens slutsats är att en denitrifierande bioreaktor med träflis av tall som reaktivt medium är ett 

fungerande alternativ för nitrat reducering i en lågtempererad miljö (5˚C) då nitrat effektivt reduceras 

till under gränsvärden fastslagna i lag. Även andra potentiella biprodukter (exempelvis nitrit och 

ammonium) som kan resultera från den miljö som den denitrifierande bioreaktorn ger upphov till är 

under de gränsvärden som finns fastslagna i lag. 
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1. Introduction 

The dominant source of nitrogen in the mining industry is the explosives used during mining. 

Explosives used in the modern mining industry are usually composed of ammonium nitrate (NH4NO3). 

In addition, the explosives also contain a carbon-source in which the ammonium-nitrate reacts with the 

carbon during the detonation process. The ideal reaction for this is as follows (Lindeström, 2012): 

3𝑁𝐻4𝑁𝑂3 +  
1

12
 𝐶12𝐻24 →  7𝐻2𝑂 + 𝐶𝑂2 +  3𝑁2  (1) 

However, the conditions for this reaction during the detonation are not always ideal and, in many 

cases, gaseous nitrogen oxides are being created. Also, some of the explosives remain undetonated 

(Lindeström, 2012). Undetonated ammonium nitrate explosives may dissolve into mine and process 

water as NO3
- and NH4

+ (Pommen, 1983), and may also adsorb to rock waste removed from the mine 

(Lindeström, 2012). Other potential sources of nitrogen products in mining areas are (1) waste water, 

(2) areas covered with sludge as to enhance the vegetation growth at previously processed areas, and 

(3) gold-processing with cyanate (CNO-) (Lindeström, 2012): 

𝐶𝑁𝑂− + 2𝑂2 →  𝑁𝑂3
− +  𝐶𝑂2  (2) 

𝐶𝑁𝑂− + 𝐻+ +  2𝐻2𝑂 →  𝑁𝐻4
+ + 𝐻𝐶𝑂3

−  (3) 

Most of the nitrogen in effluent waters from Swedish mines is in the form of NO3-N (table 1) 

(Lindeström, 2012). 

Table 1. The total nitrogen (mg/L) in effluent waters at five Swedish mines, and the diversity of analyzed 

nitrogen species (NO3-N, NH4-N, NO2-N) in percent of the total nitrogen (Lindeström, 2012). 

Mine Total N (mg/L) NO3-N (%) NH4-N (%) NO2-N (%) 

Malmberget 36 95 2 3 

Aitik 5 76 7 10 

Garpenberg 6 79 13 8 

Zinkgruvan 7 <70 30 - 

Renström 9 88 10 2 

 

The total nitrogen in the effluent water and the distribution of nitrogen species does however vary 

during the year but in general the nitrogen concentrations are greatest during the winter and lowest 

during the summer. 

        Nitrogen in effluent waters may have detrimental effects on the aquatic environment through 

eutrophication and toxicity (Lindeström, 2012), and should hence be removed from mine waters 

before their discharge to the environment.     
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To reduce the concentration of various nitrogen compounds in the leachate before it reaches a 

recipient, a denitrifying bioreactor may be utilized. A denitrifying bioreactor utilizes denitrifying 

bacteria growing in biofilms on a permeable matrix. These denitrifying bacteria harness energy and 

thereby promote the transformation of NO3
- (aq) to N2 (g). For this reaction to occur, there must be an 

electron donor, which typically is carbon bound in organic matter. The denitrification reaction 

occurring is: 

4NO3
- + 5CH2O 2N2 (g) + 4HCO3

- + H2CO3 + 2H2O (4) 

Where “CH2O” represent organic matter. Due to its relatively simple nature, a denitrifying bioreactor 

is an attractive cost-effective solution for the in situ semi-passive treatment of nitrogen-enriched 

waters.  

1.1 Objective 

Most of Sweden’s mining operations are located in the north where temperatures are relatively low 

during large periods of the year, thereby decreasing the denitrification rate and hence the efficiency of 

nitrate removal in a bioreactor. In order to maintain a high nitrate removal efficiency, various 

strategies might be applied pertaining to the dimensioning and construction of the bioreactor, but 

before such strategies may be evaluated, the relationship between denitrification rate and temperature, 

and the production of undesirable bi-products (e.g. nitrite, hydrogen sulfide), has to be quantified for 

the specific conditions at hand. 

        The objective of the study is to determine, from laboratory column experiments, the nitrate 

removal rate at low temperatures (5-20˚C) in an organic substrate consisting of pine wood chips mixed 

with sewage sludge. The results will be used for the construction of a pilot-scale bioreactor in Kiruna. 
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2. Background 

Nitrogen accumulation in the aquatic environment has increased during the 20th century and 

intervention is required to avoid further environmental problems. Problems that can arise from N-

accumulation are described below, as well as intervention methods for managing problems related to 

nitrogen accumulation. To fully understand and to optimize the denitrifying bioreactor, a thorough 

understanding of the denitrification reaction in itself, and how hydraulic residence time and 

temperature (pertaining to the bioreactor), influences the nitrate removal is required.  

2.1 Nitrogen in the environment 

Although nitrogen comprises 79% of the atmosphere, it cannot be utilized by the majority of living 

organisms in the form of N2 (g), but must first be “fixed” (transformed into nitrogen-compounds 

which can be used by living organisms) either through industrial processes or specialized carbon-

fixing organisms (Delwiche, 1970).  

        The nitrogen cycle is comprised of (1) nitrogen fixation (transformation of N2 to ammonia (NH3) 

or nitrate (NO3
-)), (2) ammonification (production of NH3 by the decomposition of organic matter), (3) 

nitrification (aerobic transformation of NH3 to NO3
- or NO2

-), and (4) denitrification (anaerobic 

reduction of NO3
- and/or NO2

- to N2(g) gas by microorganisms) (Korstad, 2003).  

        Nitrogen compounds can be divided into (1) non-reactive nitrogen (N2), and (2) reactive nitrogen 

(NH3, NH4
+, NOx, HNO3, N2O, NO3

-, and a number of organic forms e.g. proteins). NO3
- is the 

dominant form of reactive nitrogen in aqueous environments. In prehuman times there was a balance 

between non-reactive nitrogen and reactive nitrogen in the environment. At present, this equilibrium is 

being disturbed and reactive nitrogen is now accumulating in environmental reservoirs (Galloway et 

al., 2003), due to anthropogenic activities related to nitrogen fixation (practice of fertilization, 

production of fertilizers, cultivation of various crops, and energy production) (Galloway et al., 1995). 

There is evidence that the anthropogenic alteration of the nitrogen cycle is detrimental to both humans 

and ecosystems (Galloway et al., 2008). 

        The consequences of reactive nitrogen accumulation in the atmosphere and hydrosphere are 

among others (Galloway et al., 2003):  

- Production of tropospheric ozone and aerosols 

- Acidification and loss of biodiversity in lakes and streams 

- Eutrophication, loss of biodiversity, and habitat degradation in coastal ecosystems 

- Stratospheric ozone depletion and contribution to global climate change 
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Several regions in the world have already surpassed the accumulative capacity (an absolute amount of 

a compound that may be immobilized in a system) of reactive nitrogen which is then transported in 

increasing amounts to the atmosphere or hydrosphere. The transport of reactive nitrogen has led to 

widespread hypoxic and anoxic conditions in coastal areas (referred to as “dead zones”), with one 

example being the Baltic Sea. 

        In the beginning of the 20th century, industrial processes in which N2 is reduced to NH3 (the so 

called Haber-Bosch process) in order to increase the profit from agriculture was developed (the use of 

nitrogen fertilizers increased by approximately 800% from 1960 to 2000). During the same period the 

combustion of fossil fuels increased. The industrial fixation of nitrogen and the increased fossil fuel 

use had a profound impact on the nitrogen cycle. In general, anthropogenic activities fixates nitrogen 

at a rate double the natural terrestrial, and yearly contributes with 45% of the total nitrogen fixed on 

Earth (Canfield et al., 2010).  

        The human population is expected to increase until year 2050, which also increases the demand 

of food and hence fertilizer use. This will ultimately affect the anthropogenic fixation of nitrogen and 

resulting effects on the environment, among others eutrophication. This calls for sustainable 

development pertaining to nitrogen use (Canfield et al., 2010) and to decrease the reactive nitrogen 

entering environmental reservoirs. There are two ways in doing so: (1) decrease the ineffective amount 

of anthropogenic reactive nitrogen generated during energy and food production, or (2) convert unused 

(ineffective) reactive nitrogen back to non-reactive nitrogen. Denitrification offers potential for 

reduction of ineffectively used reactive nitrogen (Galloway et al., 2003), and is the only process that 

may serve as a major nitrogen sink (Korom, 1992). 
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2.2 Legislation for nitrogen in the environment 

Swedish legislation tied to the European Water Framework Directive (WFD) requires that all lakes 

greater than 0.5 km2 and rivers draining catchments with areas greater than 10 km2 must show at a 

minimum good ecological status by year 2015.  Eutrophication is the main reason for not achieving 

such a status (Vinnova Project, 2013).  In the European Union, surface and groundwater are defined as 

contaminated when NO3
- is above 50 mg/L (11 mg/L NO3-N) and it is the responsibility (through The 

Nitrate Directive) of every member state of the European Union to identify and register waters that are 

contaminated by nitrate or are in the risk of being contaminated by nitrate, as well as the sources of 

nitrate pollution. Further, every member state is obliged to establish treatment plans for the 

contaminated sites and monitor the process of the treatment (Naturvårdsverket, 2002). 

        The World Health Organisation (WHO) guideline for drinking-water quality is 50 mg/L NO3
- (11 

mg/L NO3-N) and 3 mg/L NO2
- (0.9 mg/L NO2-N) respectively. No guidelines for ammonia (NH3 and 

NH4
+) is given, however toxicological effects is observed if consumption surpasses 200 mg NH3/kg 

body weight (WHO, 2011). In Swedish legislation (translation from European Union standards), these 

values are 50 mg/L NO3
-, 0.5 mg/L NO2

-, and 0.5 mg/L NH4
+ for drinking water, but cautions are 

given at 20 mg/L NO3
- and 0.1 mg/L NO2

- (Svenska Livsmedelsverket, 2001). 

2.3 Denitrification 

Denitrification refers to the irreversible microbial reduction of nitrate (NO3
-) to nitrogen gas (N2) by 

the transfer of five electrons per NO3-N (Appelo and Postma, 2005): 

2NO3
- + 12H+ + 10e-  N2 + 6H2O   (5) 

Depending on whether the electron-donor is organic or inorganic, biological denitrification is 

categorized into heterotrophic denitrification and autotrophic denitrification respectively (Liu et al., 

2013). In general heterotrophic denitrification occurs accordingly to the overall reaction below (with 

CH2O representing organic carbon) (Appelo and Postma, 2005): 

5CH2O + 4NO3
-  2N2 + 4HCO3

- + H2CO3 + 2H2O  (6) 

The denitrification reaction is rather complex with several metastable intermediates (Appelo and 

Postma, 2005): 

NO3
- (aq)  NO2

- (aq)  NO(enzyme complex)  N2O (g)  N2(g) (7) 

Autotrophic denitrification can further be divided into (1) hydrogenotrophic denitrification, and (2) 

sulfur autotrophic denitrification, depending on if hydrogen gas or sulfur is used as an electron donor 

(Liu et al., 2013). In this work the emphasis lies on heterotrophic denitrification as autotrophic 

denitrification does not allow for a desired cost-effective, low-maintenance, in-situ and sustainable 

nitrate treatment. 
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Researchers agree that the following environmental conditions/parameters affect denitrification 

(Gibert et al., 2008; Korom, 1992; Warneke et al., 2011; Warneke et al, 2011a):  

1. The presence/abundance of bacteria possessing the metabolic capacity 

2. Suitable e- donors/carbon availability 

3. N oxides (NO3
-, NO2

-, NO, and N2O) as terminal electron acceptors 

4. Presence of inhibition of denitrification  

5. Temperature 

6. pH 

Among the above, substrate availability and temperature are the primary factors affecting the 

performance of denitrification (Appelo and Postma, 2005; Long et al., 2011; Schmidt and Clark, 2013; 

Warneke et al., 2011, 2011a). 

2.3.1 Presence/abundance of denitrifying bacteria 

Denitrifying bacteria are chemotrophs that harness energy from the oxidation of organic or inorganic 

compounds. If the electron donor is organic the organism is organotrophic, while if the e- donor is 

inorganic the organism is lithotrophic.  

        If the organism is organotrophic it is generally also heterotrophic which implies that the bacteria 

uses its organic energy source as a source for cellular carbon. Most denitrifying bacteria are 

heterotrophs and anaerobes (Korom, 1992).  Denitrification generally refers to the microbial reduction 

of nitrate to nitrogen gas using carbon as the electron donor, as implied earlier, which constraints the 

use of “denitrifying bacteria” to bacteria that have the ability to catalyze the full transformation of 

NO3
- to N2. In order to do so, bacteria must possess the gene copies that allow for the production of 

both nitrite (NO2
-) reductase (nirS and nirK) and nitrous oxide (N2O) reductase (nosZ). There are a 

number of bacteria which only possess the gene copies of nitrite reductase (Warneke et al., 2011). 

        To estimate the abundance/presence of denitrifying bacteria the gene copies nirS, nirK, and nosZ 

can be counted (Warneke et al., 2011), but special emphasis should be given to the presence of nosZ as 

this promotes full transformation of NO3
- to the inert N2. 

2.3.2 Source of organic carbon 

In an anaerobic water environment, naturally dissolved contents (e.g. Fe2+, H2S, and CH4) promotes 

the reduction of nitrate, but does in general not have the capability of reducing nitrate in the amounts 

required to treat nitrate contaminated water. A more suitable electron donor may be found in the solid 

phase (e.g. organic matter) (Appelo and Postma, 2005; Liu et al., 2013).  
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Electron donors for heterotrophic denitrification 

In general electron donors for heterotrophic denitrification can be divided into three categories 

depending on the physical state: (1) liquid, (2) gas, (3) solid (Liu et al., 2013). 

- Liquid organic carbon donors: Examples of liquid organic carbon donors are acetate, formate, 

sucrose, methanol, vegetable oils, ethanol, starch, and volatile fatty acids. Denitrification 

utilizing liquid carbon sources has in general been successful as it is convenient. However 

liquid carbon sources require continuous pumping which increases the cost of the operation 

(Liu et al, 2013).  

- Gas organic carbon donors: Methane gas has been used to enhance biological denitrification 

in aquifers. Injected gas diffuses fast in the subenvironment and enhances the biological 

degradation of nitrate. However, methane carries risks of explosion (Liu et al., 2013) as well 

as it is a powerful greenhouse gas, and hence does not promote easy handling and an 

environment friendly use. 

- Solid organic carbon donors: Studies utilizing solid organic carbon donors have mainly 

concerned two categories: (1) Cellulose-based products, and (2) biodegradable polymers. 

Cellulose-based organic carbon donors include wood chips, cotton, newspaper, sawdust (Liu 

et al., 2013), and various softwood (e.g. wheat straw, corn stalks, mulch). Softwood cannot 

maintain a steady denitrification because insufficiency of providing carbon for extended 

periods, while sawdust and wood chips (hardwood) have proven to be able to maintain a high 

and steady denitrification e.g. Robertson (2010) and Cameron et al. (2010). Softwood may 

support greater initial denitrification rates but with the cut-off that they also may produce 

greater concentrations of total organic carbon (TOC) and ammonium byproducts (Gibert et al., 

2008; Warneke et al., 2011).  Biodegradable polymers have proven successful as organic 

carbon donors, e.g. crab-chitin (Robinson-Lora and Brennan, 2009), however they are 

typically much more expensive than cellulose-based products (Liu et al., 2013).   

Hence it may be concluded that a suitable electron donor for denitrification is solid cellulose-based 

organic carbon since it (1) favors nitrate reduction, (2) has a moderate reactivity (i.e. may provide 

carbon for extended periods), (3) is cheap and easy to handle. 

2.3.3 Promotion and inhibition of denitrification 

Inhibition of denitrification implies that reduction of nitrate to dinitrogen gas ceases or is significantly 

reduced. In essence, dissolved oxygen may be considered as the main inhibitor to denitrification as it 

will be the preferential electron acceptor instead of nitrate when present (hence nitrate is not reduced).  

Organic carbon tends to be oxidized preferentially by the electron acceptor that yields the most energy 

to the bacteria. In aerobic environments O2 is the most suitable oxidant as it yields the most energy. 

When O2 concentration decrease below a limit (depends on the type of bacteria), anaerobic bacteria 
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start catalyzing the oxidation of organic carbon by using another electron acceptor (e.g. NO3
- ) 

(Korom, 1992). In a saturated (anaerobic) environment there are other compounds which may 

adversely affect the reaction. The competing compounds may take the role as terminal electron 

acceptors in the oxidation of organic matter if the conditions are favorable. In the context of 

denitrifying bioreactors this mostly occurs when the nitrate concentration decreases below a limit in 

which other compound may compete with the available electron donor. 

Sequences of redox reactions/redox zoning 

Sequences of redox reactions pertain to the typical order in which compounds are oxidized and which 

are reduced. In neutral range pH, the reduction reactions are as follows (Appelo and Postma, 2005): 

1. O2 reduction. 

2. Denitrification. 

3. Mn4+  Mn3+. 

4. Fe(III)oxide  Fe2+. 

5. SO4
2- reduction. 

6. CH4 fermentation. 

For example; Denitrification cannot occur as long as O2 concentrations are high. The limiting 

concentration of dissolved oxygen (DO) when denitrification is affected is not well defined. There are 

a few studies that notice a decrease in denitrification rate when DO concentrations increase beyond 2 

mg L-1 (Warneke et al., 2011a), but denitrification has been reported to occur at still higher 

concentrations (Gibert et al., 2008).    

        There are also sequences of electron donating compounds, i.e. compounds that act as reductants 

(Appelo and Postma, 2005). In relation to this work, the dominant reductant is natural organic matter.  

Figure 1 (below) serves to display the concept of a reduction sequence with carbon (organic matter) as 

the electron donor. Organic carbon (CH2O) is added to an aqueous solution containing DO, NO3
-, and 

SO4
2- at initial concentrations of 62 µmol/L, 58 µmol/L, and 85 µmol/L respectively. The organic 

carbon added donate electrons to DO, NO3
-, and SO4

2-, which act as electron acceptors. The compound 

that is energetically most favorable to be reduced by organic carbon is DO, thereafter NO3
- and lastly  

SO4
2-. Hence, NO3

- is not reduced until DO concentration has decreased to a lower limit. This can be 

seen in figure 1 by following the orange line (nitrate) which represents the concentration of nitrate in 

the aqueous solution. The nitrate concentration does not decrease (i.e. nitrate is not reduced) until the 

blue line (representing DO concentration) has decreased to a lower limit. The same is evident for 

sulfate concentration (grey line), which does not start to decrease until the nitrate concentration has 

reached a lower limit. 
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In figure 1 the product (sulfide) of the redox reaction between the organic carbon (reductant) and 

sulfate can also be seen. As the sulfate concentration diminishes, sulfide (yellow line) is produced and 

increases in concentration. 

 

Figure 1. Thermodynamic reduction sequence calculated at pH 7. Constructed in PHREEQC from example by 

Appelo and Postma (2005). O2 = DO, NO3 = NO3
-, SO4 = SO4

2-, S(-2) = S2-. Nitrate (orange) cannot be 

reduced until dissolved oxygen (DO) concentration decrease. Once nitrate has reached low concentration, 

sulfate (grey) is reduced to S2- (yellow), and so on. Carbon availability is non-limiting. 

       

 Due to these characteristics, an aquatic system containing a finite concentration of a selected 

number of compounds may evolve as it flows and characteristics “zones” are often observed where the 

subsequent products of the redox sequences above dominate. Robertson et al. (2007) noted such 

characteristic zones downstream of a reactive layer (denitrifying bioreactor). SO4
2- concentration had 

decreased after passage in the bioreactor and dark-colored staining was present on the sand grains of 

the aquifer, which was related to precipitation of low-solubility sulfides. What should be noted is that 

precipitated minerals can act as electron donors for denitrification once the carbon source is depleted 

(Robertson et al., 2007).  
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In previous studies of denitrifying bioreactors sulfate reduction have been observed as NO3
- 

concentration decrease (Elgood et al., 2010; Robertson et al., 2007; Warneke et al., 2011).  Robertson 

and Merkley (2009) (cited in Warneke et al., 2011a) inducts that a possible threshold for the start of 

SO4
2- reduction could be at a nitrate concentration 0.5-1 mg NO3

- L-1 (Warneke et al., 2011a).  

Inhibition by free nitrous acid (HNO2) 

Nitrite concentration in combination with low pH may inhibit bacterial growth as the protonated nitrite 

(HNO2-N) adversely affect the bacterial enzyme activity (Liu et al., 2013; Ma et al., 2009; Vacková et 

al., 2011). Nitrite is an intermediate in the denitrification reaction chain and can accumulate in the 

system during specific conditions pertaining to temperature, pH, nitrate concentration, and salinity 

(Glass et al., 1997). NO2
- and its protonated form HNO2 exist in chemical equilibrium. The 

concentration of HNO2 therefore depends on the pH (concentration of H+) and the concentration of 

nitrite: 

𝐻+ +  𝑁𝑂2
− =  𝐻𝑁𝑂2   (8) 

𝐾𝑎 =  𝑒
(

−2300

273+𝑇
)
    (9) 

𝐾𝑎 = Acid dissociation constant. Formula from Ma et al. (2009) and references therein.  

𝑇 = Temperature in ˚C. 

In a study by Ma et al. (2009) it was found that at HNO2-N concentrations of 0.2 mg/L (260 mg NO2
—

N/L at pH 6.5) the denitrification ceased entirely, and decreased by 60% as the HNO2-N increased 

between 0.01-0.025 mg HNO2-N/L.  

2.3.4 Temperature 

Temperature is seen as one of the primary factors affecting the performance of denitrification. The 

denitrification capacity increases with temperature due to increased reaction rates, specific growth 

rates and enzyme kinetics of bacteria (Liu et al., 2013). The optimal temperature for denitrification is 

between 25 and 35 °C (Gibert et al., 2008; Liu et al., 2013). 

        The Arrhenius equation may be used for expressing the temperature dependency of denitrification 

rate (Foglar et al., 2004): 

𝑘 = 𝐴 ∗ 𝑒−
𝐸𝑎

𝑅∗𝑇    (10) 

k = Reaction rate, mg L-1 h-1. 

A = Frequency factor. 

Ea = activation energy, kJ mol-1. 

R = Universal gas constant, kJ mol-1 K-1. 

T = Temperature, K. 
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The relationship between denitrification rate and temperature can easily be illustrated using Q10, which 

describes the change in denitrification rate over 10°C, and is believed to be of exponential nature 

(Schmidt and Clark, 2013; Warneke et al. 2011a). Lewandoswki (1981) points out – Q10 depends on 

over which temperatures the denitrification rate change is measured. Some examples of measured Q10 

values are shown in table 2.  

Table 2. Q10 values reported in a selected number of articles. Temperature range = temperature span over which 

Q10 was calculated. Experimental setup = type of experimental setup that was used. Bioreactor implies 

measurement from the field, activated sludge implies no porous matrix in the experimental setup, and barrels 

implies reactive matrix in a large barrel. 

Q10 Temperature range (°C) Experimental Setup Reference 

2 16-24 Bioreactor Warneke et al. (2011a) 

2.3 15-35 Activated sludge Foglar et al. (2004) 

1.94-2.11 5-35 Activated sludge Lewandoswki (1981) 

4.7 7.9-24.1 Bioreactor Schmidt and Clark (2013) 

2 5.0-15.0 Bioreactor Elgood et al. (2010) 

1.6 14-23.5 Barrels Cameron et al. (2010) 

 

Appelo and Postma (2005) list a number of processes with typical activation energies and reaction 

rates calculated with the Arrhenius equation. For biochemical reactions in general, the average 

activation energy (Ea) is listed as 63 kJ/mol in a range of 50-75 kJ/mol. Q10 lies at 2.5 (10-20 °C) – 

which corresponds relatively well with the measured values in the table above.  

        It has been observed that as the temperature drops the “acclimation period” (lag phase for 

bacterial growth) increases (Dawson and Murphy, 1971). Vacková et al. (2011) found that a mixed 

bacterial culture had a longer “acclimation period” than pure cultures – but performed better at lower 

temperatures once acclimatized.  

2.3.5 pH 

Optimal pH for denitrification is within neutral range (7-8) (Dinҫer et al., 2000; Gibert et al. 2008; Liu 

et al., 2013). From the denitrification reaction it can be seen that the pH increases (to a certain extent) 

as the reaction proceeds, acidity is consumed and alkalinity is produced (Appelo and Postma, 2005), 

which shouldn’t adversely affect the denitrifying organisms as they can abide pH in the range of 6-9 

(Dinҫer et al., 2000). Decomposition of organic material produces H+ ions and consequently lowers 

pH (Robertson et al., 2007) which could bias the extent of denitrification measured by alkalinity. 
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2.3.6 Other processes for nitrate removal 

Denitrification is not the only process which can consume nitrate. However, there is a general 

agreement among researchers that denitrification is the main mechanism of nitrate removal in (and 

hence) denitrifying bioreactors (Cameron et al. 2010; Gibert et al. 2008; Liu et al., 2013; Warneke et 

al. 2011; Schmidt and Clark, 2013), as well as in aquifers (Mariotti et al., 1988).  

        Other processes that reduce nitrate are (1) Dissimilatory Nitrate Reduction to Ammonia (DNRA), 

(2) Anaerobic Ammonium Oxidation (Anammox), and (3) Biomass assimilation.  

Dissimilatory Nitrate Reduction to Ammonia (DNRA) 

DNRA stands for Dissimilatory Nitrate Reduction to Ammonium and is an anaerobic reduction 

reaction (Gibert et al. 2008): 

2𝐶𝐻2𝑂 + 𝑁𝑂3
− + 2𝐻+  →  𝑁𝐻4

+ + 2𝐶𝑂2 + 𝐻2𝑂 (11) 

DNRA competes with denitrification for the available nitrate and organic carbon when C:NO3
- ratios 

are high, and is seen as a contra-productive process to denitrification, resulting in the production of 

intermediate stage nitrite and end-stage ammonium. Increases in ammonium concentration could 

hence be due to DNRA (Gibert et al., 2008; Korom, 1992; Warneke et al., 2011). NH4
+ can be 

converted back to nitrate through nitrification in aerobic environments (Korom, 1992). 

Anaerobic Ammonium Oxidation (Anammox) 

Anammox is the oxidation of ammonium by nitrate/nitrite under anoxic conditions, catalyzed by 

microorganisms. The reduction of nitrate by ammonium is thermodynamically possible (Van De Graaf 

et al., 1995): 

5𝑁𝐻4
+ +  3𝑁𝑂3

− →  4𝑁2 +  9𝐻2𝑂 + 2𝐻+  (12) 

The study of nitrogen isotopes has however revealed that the most likely reducing agent of ammonium 

is nitrite (Dalsgaard et al. 2005; Van De Graaf et al. 1995): 

𝑁𝑂2
− +  𝑁𝐻4

+  →  𝑁2 +  2𝐻2𝑂  (13) 

Hence, for anammox to occur, nitrite has to be produced by other mechanisms such as denitrification 

or DNRA, which both have nitrite as an intermediate (Dalsgaard et al., 2005). 

Biomass assimilation 

Assimilatory reduction into microbial biomass pertains to the cellular uptake of nitrogen in 

microorganisms and can be assumed negligible (Gibert et al., 2008) as studies have shown that the 

nitrate removed through biomass assimilation only amount to a few percent (study by Greenan et al., 

2006, cited in Schipper et al., 2010). But biomass assimilation is still an occurring process. 



13 
 

2.3.7 Denitrification reaction kinetics 

The relationship between nitrate concentration and denitrification rate has been speculated to follow 

Michaelis-Menten/Monod kinetics, but studies are somewhat ambiguous in confirming this hypothesis 

(Schmidt and Clark, 2013). The Monod equation may be expressed as (Foglar et al., 2004): 

𝑟𝐷 =  
𝑑𝐶𝑁

𝑑𝑡
=  

𝜇𝑚𝑎𝑥∗ 𝐶𝑁

(𝐾𝑁+ 𝐶𝑁)
∗  

𝐶𝑋

𝑌
=  

𝑘𝐷∗ 𝐶𝑁

(𝐾𝑁+𝐶𝑁)
  (14) 

𝑟𝐷= Denitrification rate (mg NO3-N L-1 h-1) 

𝐶𝑁= Nitrate-nitrogen concentration (mg NO3-N L-1) 

𝐶𝑋= Biomass concentration (mg biomass L-1) 

𝜇𝑚𝑎𝑥= Maximum specific growth rate (L-1 h-1) 

𝐾𝑁= Half velocity constant (mg NO3-N L-1) 

Y = Growth yield (mg biomass/mg NO3-N L-1 h-1). 

𝐾𝐷= Maximum denitrification rate (mg NO3-N L-1 h-1) 

    

The denitrification rate (𝑟𝐷) may be used to calculate a suitable hydraulic retention time for nitrate 

removal (Liu et al., 2013).  

        Research points toward zero-order kinetics with respect to high nitrate concentration (i.e. 

denitrification rate independent of nitrate concentration/nitrate concentration is not limiting the 

denitrification rate) (Foglar et al., 2004; Gibert et al., 2008; Liu et al., 2013; Robertson et al., 2010; 

Schmidt and Clark, 2013; Warneke et al., 2011a), but as nitrate concentration decrease below 1 mg N 

L-1 first-order kinetics (i.e. denitrification rate depends on nitrate concentration) is valid for 

denitrification (Robertson et al., 2010).  
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2.4 Denitrifying Bioreactors 

Denitrifying bioreactors utilize denitrifying bacteria growing in biofilms on a permeable matrix. These 

denitrifying bacteria harness energy and thereby promote the transformation of NO3
- (aq) to N2 (g). For 

this reaction to occur, there must be an electron donor, which typically is carbon bound in organic 

matter. 

        The use of reactive barriers to treat nitrate contaminated water has been widely applied and 

proved effective for various sets of contamination sites e.g. landfill leachate, agricultural runoff, 

sewage treatment (Robertson and Anderson, 1999), and industrial water (Robertson et al., 2000). 

        Guidelines for construction of bioreactors based on wood type, particle size, and wood volume 

ratios may be ambiguous due to the fact that there are inherent differences in wood pertaining to 

species, age, plant components, the climate where previous studies were conducted, as well as 

differences in preparation methods (Schmidt and Clark, 2013). General guidelines for which materials 

to use and how to construct the bioreactor may however be of value. 

2.4.1 Pilot-scale denitrifying bioreactor at Malmberget  

Herbert and Winbjörk (2013) constructed a pilot-scale denitrifying bioreactor at the Malmberget iron 

ore mine in order to treat the mine leachate rich in NO3
- (30 mg N/L). Laboratory column tests had 

shown that a mixture of sewage sludge and sawdust could maintain a high nitrate removal rate over 2 

years at temperatures ranging from 5-22°C, removing >95% of the influent nitrate at temperatures 

above 15°C. Below 15°C the nitrate removal efficiency decreased to 25-50%, and acetate was added 

as an external carbon source to increase the nitrate removal efficiency (Herbert and Winbjörk, 2013): 

5CH3COO− + 8NO3
− + 3H+ →  4N2(g) + 10HCO3

− + 4H2O       (15) 

This resulted in an >95% nitrate removal at 5°C and a hydraulic residence time (HRT) of 0.8d.  

        During the field scale trials at the site the bioreactor permeable matrix was constructed with 

crushed rock, water-saturated sawdust, and sewage sludge in different ratios. Before addition of 

acetate the nitrate removal efficiency varied between 11 and 77%, and after addition of acetate the 

concentrations of nitrate and nitrite in the effluent dropped below the detection limit. Nitrate and 

nitrite concentration in effluent increased again due to changes in hydraulic conditions – which 

resulted in water flow on the top of the bioreactor. Herbert and Winbjörk (2013) suggested that the 

hydraulic change was due to a decrease in permeability as a result of matrix degradation.  

        The conclusion of the study was however that a denitrifying bioreactor was able to maintain a 

high nitrate-removal efficiency at the site specific conditions, during the months of operation (Herbert 

and Winbjörk, 2013). The longevity of the system was compromised due to the encountered change in 

hydraulic conditions which is why a new permeable matrix mixture of pine wood chips is to be tested 

in this study. 

        The terminology relating to denitrifying bioreactors pertain to their construction outline. The 
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pilot-scale denitrifying bioreactor constructed by Herbert and Winbjörk (2013) at Malmberget iron ore 

mine site was constructed as a variant of a “denitrifying bed” – a permeable matrix, spiked with 

denitrifying bacteria encapsulated in a steel container placed on the ground surface. This construction 

exemplifies the main parts of a denitrifying bioreactor: (1) permeable matrix, (2) denitrifying bacteria, 

and (3) nitrate-contaminated water. The permeable matrix and the nitrate-containing water create the 

environment in which denitrifying bacteria thrive, and hence where denitrification is occurring. This 

environment was dealt with in the previous section.  

2.4.2 Permeable Reactive Material/Matrix 

There are many studies of different materials used as reactive material for denitrifying bioreactors. In 

general, denitrifying bioreactors utilize solid organic material as the reactive matrix, but studies where 

the matrix material has been inorganic (e.g. sand) and the labile carbon has been provided to the 

system externally (e.g. methanol, glucose, acetate) have also been successful.  

        Researchers agree that the reactive matrix for a denitrifying bioreactor should be chosen based on 

the following characteristics (Gibert et al., 2008; Liu et al., 2013; Robertson and Anderson, 1999; 

Robertson et al., 2000; Warneke et al., 2011): 

1. High C:N ratio 

2. Readily and easily available 

3. Inexpensive 

4. Provide a high permeability to the reactor 

5. Able to provide consistent denitrification efficiency for a long time (moderate reactivity) 

6. Easy to handle 

7. Minimum production of adverse compounds (e.g. ammonium, DOC, sulfide) 

8. Large specific surface area as to promote biofilm formation 

Due to the above factors, wood particles are commonly used as the permeable reactive matrix (; Liu et 

al., 2013; Warneke et al. 2011a). Warneke et al. (2011) concluded that woodchips appeared to be the 

paragon substrate for denitrifying bacteria, and had the least side effects for operation of a denitrifying 

bioreactor. Gibert et al. (2008) proposed that barriers that consist of several different (mixture of) 

organic sources may support a larger pool of mutually beneficial bacteria and hence increase the 

bacterial activity. 

Studies have shown that reactive material consisting of finer particles (e.g. sawdust) creates a by-pass 

of the flow due to the inherent decrease in permeability, and hence reduces the efficiency of treatment. 

Reactive matrices that consist of larger particles, on the other hand, create a convergence of flow in the 
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bioreactor due to greater permeability (Robertson, 2010) and hence may increase the treatment 

efficiency.  

        In the study by Cameron et al. (2010) no correlation between denitrification rate and wood grain 

size was found, and it seems that denitrification rate has no correlation to specific surface area which 

may be explained by the penetrating reaction rim that develops on reactive material grains (Robertson 

et al., 2000). Schmidt and Clark (2013) confirmed this relationship but added that micropore surface 

area had a strong relation to nitrate-N reduction rates.  

2.4.3 Long term performance 

The longevity of denitrifying bioreactors is dependent on environmental conditions such as sufficient 

labile carbon, DO concentration, nitrate concentration, and physical parameters such as matrix 

degradation, it is difficult to determine the lifetime of a bioreactor (Robertson et al., 2000)  

        Consistent long-term (5-15 years, 1-20 g N m-3 media d-1) NO3
- removal rates have been 

measured when using wood particle media (woodchips/sawdust) as the permeable matrix material 

(Robertson, 2010). 

        Over time the hydraulic conductivity, effective porosity/porosity, and hence also the flow pattern 

in the bioreactor change due to biomass growth, gas production (e.g. N2 (g)), and matrix degradation 

(change in shape of the grains and restructuring). However, there are few long time experimental 

studies with which to evaluate these changes (Cameron et al., 2010; Seifert and Engesgaard, 2007).  
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3. Methods 

In this section the experimental setup, equipment and analytical methods used, methods of calculation 

are described, and the modeling procedure with the computer program PHREEQC are described. 

3.1 Experimental setup 

Three columns (named column 1, 2, 3 respectively) were constructed in Plexiglas®, with inner 

dimensions of 10 cm in diameter and 40 cm height. The columns have one inlet at the side in the 

bottom disk in which it rests on, four measurement points along the side of the column – each 

separated by 8 cm and sealed with plugs. Two outlets are available at the top of the column, one at the 

side of the top disk and one at the top; one of these is selected during the experiment. The top and 

bottom disks are attached to the column cylindrical body by six screws respectively. 

        The bottom and top disks are radially grooved with cylindrical pathways such that the fluid from 

the inlet may enter the column evenly (and hence not point-wise) in the bottom disk, and be collected 

from the entire top of the column (and hence not point sampled). Sampling from the side of the 

columns were point-wise, from the center of each column. 

        Tubing to the inlet and from the outlet of the columns is constructed of PTFE 

(polytetrafluoroethylene, Teflon®). The PTFE tubes were connected to the columns by Flangeless 

Fittings which lets the tube pass through it such that water can enter the column. 

        The inlet PTFE tubes are connected to an adjustable peristaltic pump. From the pump the tubes 

leads to the inlet solution (see below). The outlet effluent is led to sinks in the laboratory.  

 
Figure 2. The columns (from the left: 1, 2, and 3 respectively) filled with pine woodchips. At this stage, no 

sewage sludge or distilled water had been added to the columns. Notice the larger size of the woodchips in 

column 2. 
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3.1.1 Column packing and determination of porosity 

Activated sewage sludge was gathered at Kungsängen waste-water plant in Uppsala (Sweden) so as to 

provide the denitrifying bacteria to the column bioreactors. The activated sewage sludge contains a 

mixed bacterial culture, cultivated in an environment with average temperature of 15-20°C but which 

occasionally drops to 10°C. Pine woodchips were used as the carbon donating reactive matrix. The 

woodchips were cut in one larger size (“big woodchips” ≈ 2 x 2.5 x 0.8 cm), and one smaller size 

(“small woodchips” ≈ 0.7 x 2.5 x 0.8 cm) from planks made of pine wood bought at Byggmax®, 

Sweden (supplier of carpeting materials).The planks were scratched with a file before they were cut in 

pieces so as to provide a rough surface for the denitrifying bacteria to attach. 

           To obtain an initial estimate of the porosity of the columns, the columns were first packed in 

the sequence described above. The pine woodchips were compressed as much as possible as to 

minimize larger cavities between them. Distilled water was pumped into the columns via the inlet until 

the column reached saturation (i.e. when water reached the outlet, note that no tube was connected to 

the outlet). The columns were then left to soak the water for 24 hours, and then again filled to 

saturation. The initial estimate of porosity (table 3) was determined as the total volume of distilled 

water pumped into each respective column during the two pumping sessions. 

Table 3. The results of the porosity measurement. Water added (mL) refers to the total volume of water that was 

pumped into the columns. The bald value under porosity is the average porosity of the columns. 

Column Woodchips Total volume (mL) Water added (mL) Porosity (%) 

1 Small 3141.6 1880.00 66.21 

2 Big 3141.6 2080.00 62.07 

3 Small 3141.6 1950.00 59.84 

    62.71 

After determination of porosity in the columns, the pine wood chips were removed from the columns 

and mixed with the activated sewage sludge, then added in batches to the columns. Between each 

batch of pine woodchips mixed with sewage sludge, the previous batch was compressed as much as 

possible as to minimize larger cavities between the individual grains.  

        From bottom to top the columns are layered as: (1) permeable cloth, (2) approximately 1 cm 

medium-grained sand layer which spreads the inlet solution evenly through the bottom of the columns, 

(3) permeable cloth, (4) 39 cm (height) of pine woodchips of two sizes (column 1 and 3 consisting of 

smaller woodchips, while column 2 have larger woodchips), and (5) permeable cloth. The permeable 

cloth act as barriers such that fine-grained material (e.g. sand) does not migrate into the inlet/outlet 

tubing.  

        An addition to the construction of column 3 was made by adding three 0.7 mm thick ring-shaped 

plastic disks constructed in the same material as the columns at approximately 10 cm intervals, as to 

force the flow to converge to the middle of the column.  

The columns were covered with aluminum foil to prevent any light to enter. 
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3.1.2 Input solution  

The input solution was prepared in accordance with the observed average NO3-N concentration of 30 

mg/L and consisting 400 mg SO4
2- /L at the Malmberget iron ore mine (Herbert and Winbjörk, 2013). 

NO3
- is the compound to be treated while SO4

2- was included to study possible sulfate reduction at low 

nitrate concentration. The solution was produced by dissolving reagent grade KNO3 and K2SO4 in 

distilled water. This solution was remade approximately three times a week, but always with the same 

guidelines. Later the SO4
2- concentration was reduced to 100 mg/L. 

3.1.3 Recirculation 

Recirculation of the remaining sewage sludge (not used in the packing of the columns) was done in 

order to allow the denitrifying bacteria to establish a denitrifying biofilm in the columns. One 

recirculating solution with sewage sludge diluted with distilled water was prepared for each column. 

Sodium-acetate was added to the solutions as an external carbon source so as to make the denitrifying 

bacteria thrive, as well as 30 mg NO3-N/L such that the denitrification reaction could proceed. The 

effluent was recirculated as an input solution. The nitrate concentration in the input solutions was 

monitored during the recirculation. After 10 days the recirculation was halted, and the columns were 

flushed with distilled water for 2 days to remove residual acetate. 

3.1.4 Determination of pumping rate 

Flow rate was calibrated (table 4) by weighing effluent from column 1-3 after sampling, and dividing 

by the sampling time interval. HRT for each column (figure 3) was obtained by dividing the pore 

volume with the flow rate at the time of measurement. 

Table 4. The average HRT [h] for pump RPM set at 10 and 31 and the sample standard deviation (STD of HRT) 

[h].  

Column RPM Average HRT [h] STD [h] 

1 10 56.1 2.1 

2 10 60.2 0.7 

3 10 75.5 0.1 

1 31 20.4 3.2 

2 31 20.4 1.9 

3 31 20.2 3.0 
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Figure 3. The hydraulic residence time (HRT) column 1-3 in hours (left y-axis), average flow rate (ml/h) for 

correlation (right y-axis). Date of measurement on the x-axis.  

3.2 Tracer tests 

Tracer tests were performed in order to obtain information about the hydraulic properties of the 

column material (dispersion, advective velocity, hydraulic conductivity). The outlet PTFE tube of the 

column studied was connected to a CF-2 fraction collector (SPECTRUM®). 

For the tracer test the inlet solution was spiked with 100 mg/L Cl- (conservative tracer) by adding 

reagent grade NaCl. This was later changed to KCl for the third tracer test, as Na+ might interfere with 

NH4
+ measurements in the ion chromatograph. 

        The fraction collector was programmed such that it automatically changed test vials at a selected 

time interval. The test tubes were of limited volume (6 mL) so two consecutive test vials were mixed 

as to provide 10 mL. During the third tracer test, the hydraulic residence time in the columns was too 

low to use the CF-2 Fraction Collector, and output water was sampled manually.  The samples were 

then analyzed by ionchromatography (see below). Note that the measured concentration is an average 

over two time intervals which slightly reduced the resolution of the test, but not significantly. 

        The sampling times were chosen depending on the pumping rate and expected advective velocity, 

with closer sampling intervals around the expected breakthrough and progressively larger sampling 

intervals before and after the breakthrough. 

        The results of the tracer test samples were analyzed in CXTFIT utilizing a deterministic two-

region physical (i.e. consisting of mobile and immobile water) equilibrium ADE (Advection-

Dispersion-Equation) model to quantify pore water velocity, dispersion, and kinematic porosity. 
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Figure 4. The CF-2 fraction collector used to collect the 

effluent during tracer tests. The test vials are constructed of 

glass and have a volume of approximately 6 mL. The outlet 

PTFE tube from the column studied are connected to the 

black rectangular box attached to the rod in the back of the 

apparatus. The black rectangular box is then adjusted so 

that the effluent collects in the test vials. The rack are 

moving clockwise at a user defined rate. 

 

 

 

 

 

 

3.3 Column denitrification 

The column experiments was conducted to study the change of nitrate removal rate with temperature 

(T) and the hydraulic residence time. 

        For the experiments the temperature was changed three times for column 1 and 3 (by placing 

them in a refrigerator in which the temperature could be controlled) for each pumping rate – starting at 

room temperature (≈22°C), lowered to 12°C, then to 5°C, and then raised to 12˚C. Column 2 remained 

at room temperature throughout the experiment.  

        The temperature was lowered when the effluent NO3
- concentration had been stable during a 

number of consecutive days. Once the nitrate concentrations in the effluent had been measured at 

room temperature, 12°C, and 5°C for the same flow rate and the nitrate removal rate was assumed to 

be stable, the flow rate was changed (changing the hydraulic residence time) with guidelines that the 

flow rate should be increased if the nitrate removal was complete at the previous flow rate for all 

temperatures, while lowered if it was incomplete. See table 5 for a schedule of the changes in 

temperature and hydraulic residence time made. 
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Figure 5. Column 1 (left), and column 3 (right) placed in the refrigerator 

3.4 Analyses 

This section describes the analytical methods used during the experiment. Samples for analysis were 

collected three times a week for analysis with the nitrate ion selective electrode during the whole 

project. Additional effluent samples were collected, filtered and frozen 1-3 times a week. On three 

occasions (47 days, 80 days, and 94 days after start respectively) samples were collected along the 

flow path in the columns (from the outlets on the side of the columns), filtered and then frozen. All 

frozen samples were analyzed by ion chromatography (see next section) primarily for NO3
-, NO2

-, and 

NH4
+. 

3.4.1 Nitrate analyses 

Two measurement techniques were utilized for measurement of nitrate concentrations: (1) Nitrate Ion-

Selective Electrode (NISE), and (2) ion chromatography.  

Nitrate Ion-Selective Electrode (NISE) 

The Orion 9707 ionplus® Nitrate Combination Electrode was used to manually measure nitrate 

concentration in effluent and input waters from/to the columns. 

        10 mL of sample were collected. The samples were conserved by applying 100 µL of 1M Boric 

Acid to 10 mL sample (NISE operation manual) to prevent further reduction of nitrate through 

microbial activity. The samples were stored in approximately 10°C until analysis. After the 43rd day of 

the column denitrification experiment, samples were also filtered. 
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Figure 6. The collection procedure of effluent from column 1 and 3, using the 50 mL plastic test vials. 

Before each analysis a calibration curve for the NISE at high nitrate concentrations, and from the 17th 

of March and onwards also for low nitrate concentrations as this proved to measure low nitrate 

concentrations more accurately. The reason for separate calibration curves at high and low NO3
- is 

because the electrode behaves non-linearly at low NO3
- concentrations (below ≈ 1 ppm NO3

-) and 

linearly at high NO3
- concentrations (see figure 7 and 8). 

        Before retrieving the calibration curve the NISE was rinsed with deionized water and filled with 

Optimum Results F filling solution (Orion 900046), and then left soaked in 99 ppm NO3
- solution for 

1-2 hours. 100 g (100 mL) of deionized H2O, 10 mL of Nitrate Interference Suppressor Solution (ISS) 

(Thermo Scientific Orion® 930710), and 1 mL of 1M Boric Acid were mixed in a glass beaker. The 

ISS precipitate ions that might interfere with nitrate during the measurements (most importantly Cl-, 

HS-, and natural organic matter), not adding ISS could result in 10% error of nitrate measurements 

(Thermo Electron Corporation, 2003). Known additions of 995 ppm NO3
- and 99 ppm NO3

- standards, 

for low-level and high-level calibration curves respectively, were added to the solution. The 

relationship between the independent variable log(NO3
-) and the dependent variable potential (mV) 

was plotted in excel to provide a calibration curve. The trendline equation for the calibration curve 

could then be used to calculate log(NO3
-) from measured potential in the previously collected samples 

(for analysis of samples, 1 mL ISS was added to 10 mL of the previously collected samples) with 

unknown nitrate concentrations. Samples were measured at room temperature. 
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Figure 7. Example of a high-level calibration curve. Measured potential in [mV] on the y-axis and the logarithm 

of the NO3
- concentration in [mg/L or ppm] on the x-axis. Trendline is a 2nd degree polynomial. 

 

 
Figure 8. Example of a low-level calibration curve. Measured potential in [mV] on the y-axis and the logarithm 

of the NO3
- concentration in [mg/L or ppm] on the x-axis. Trendline is linear. 
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Figure 9. The use of the NISE to measure the nitrate concentration in the 

effluent from column 3. Notice the whitish precipitate in the glass beaker. 

This is due to precipitation of chloride compounds after the addition of 

ISS. Cl- originated from the tracer tests. 

 

 

 

 

 

 

 

 

 

Ion chromatography 

Ion chromatography was used for the analysis of NO2
-, NH4

+, Cl- and SO4
2-. 

        The Metrohm Professional Ion Chromatograph 850 at the department of Earth Sciences, Uppsala 

University, was used for the ion chromatography, utilizing elution chromatography. Columns packed 

with granules of an ion exchange resin are flushed with sample solution. Different columns are used 

for cations (Metrosep C4 + Metrosep Guard 4/5) and anions (Metrosep Anion SUPP 5 (25) + 

Metrosep Guard 4/5), due to their different charges. The ions in the sample solutions are sorbed to the 

ion-exchanger granules in the columns, and then a solution (eluent) containing ions of lower affinity to 

the ion exchange resin is flushed through the columns. The sample ions previously sorbed are 

displaced in a manner pertaining to their respective selectivity, i.e. the ions with least affinity for the 

ion exchange resin are flushed first. This produces a concentration pattern at the end of the column 

containing the ion exchange resin (Appelo and Postma, 2005). The eluent used for anion and cation 

analyses were NaHCO3 + Na2CO3 and HNO3 + organic acid respectively. 

        Before analysis, the frozen samples were defrosted by placing them in a water bath. For samples 

collected and frozen before the 17th of March - anion and cation analysis was performed on the same 

samples, starting with anion analysis. Samples collected (filtered and frozen) after day 43 of the 

column denitrification experiment were split for anion and cation analysis (approximately 5 mL for 

each) after defrosting. Since analysis on the cation column in the ion chromatograph requires pH of 

samples to be between 2 and 7, the cation samples were acidified to a pH of approximately 6 by 

adding 0.005 M H2SO4. 
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3.4.2 Sulfide measurement 

Measurement of sulfide in samples was only done if a pungent smell was noted from the effluent 

(indicating presence of H2S). For the measurements a Silver/Sulfide Ion Selective Electrode (SISE) 

from Thermo Scientific was used to measure the potential change (mV) during titration of the sample 

with 0.001M Pb(NO3)2. 

        10 mL effluent from the column exhibiting the pungent smell was allowed to drip into a 50 mL 

plastic test vial containing 10 mL 2M NaOH. The exact amount of sample collected was measured by 

weighing the test vial before and after addition of the sample. 

        After collection of the sample, the sample was titrated with 0.001 M Pb(NO3)2 and between each 

addition the potential. The HS- concentration of the sample was calculated through stoichiometry from 

the added 0.001 M Pb(NO3)2 at the inflection point of the titration curve using the following 

relationship: 

𝐶𝐻𝑆−,𝑠𝑎𝑚𝑝𝑙𝑒 =  𝐶𝑇𝑖𝑡𝑟𝑎𝑛𝑡 ∗ 
𝑉𝑇𝑖𝑡𝑟𝑎𝑛𝑡

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
   (16)  

𝐶𝐻𝑆−,𝑠𝑎𝑚𝑝𝑙𝑒 = Hydrogen-sulfide concentration in sample (mol/L). 

𝐶𝑇𝑖𝑡𝑟𝑎𝑛𝑡 = Concentration of Pb2+ in Pb(NO3)2 solution (0.001 mol/L). 

𝑉𝑇𝑖𝑡𝑟𝑎𝑛𝑡= Volume of Pb(NO3)2 added once the inflection point of the potential (mV) – Sulfide 

concentration is reached. 

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = Volume of sample collected. 
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3.4.3 pH measurement 

pH was measured once a week for column 1-3 effluent and input water with a 713 pH meter from 

Metrohm. The pH meter was calibrated before every measurement using a two-point procedure with 

buffer-solutions (pH 7.00 and pH 4.00). The pH-electrode was rinsed with deionized water and blot 

dried with paper between each measurement. The change in pH across the columns was then used as 

an approximate measure of the denitrification occurring. 

3.4.4 Alkalinity titration 

Alkalinity was determined once a week by titrating samples from column 1-3 with 0.005 M H2SO4. 

Using a pH-indicator that changes color from green to pink at pH 5.00, the amount of alkalinity was 

calculated through stoichiometry by noting the amount of 0.005 M H2SO4 added. Bicarbonate was 

assumed to dominate the alkalinity (deduced from pH). Alkalinity was sometimes measured on the 

input solution which showed no alkalinity. 

3.4.5 Total Organic Carbon analysis 

The samples collected (5th of February to 23rd of April, approximately once a week for each column) 

for TOC analysis were brought to the Department of Ecology and Genetics, Uppsala University, and 

analyzed in a Shimadzu TOC-L with sample changer ASI-L. 

        Samples were defrosted before analysis by placing them in a water bath. Samples were shaken to 

detach any bacterial growth on the inner walls of the 50 mL plastic tubes in which the samples was 

collected in, then 30 mL was poured into 40 mL glass beakers. The samples were not filtered. 

        The Shimadzu TOC-L sampled 50 µL from each sample for each measurement (three to four per 

sample) to analyze, then an average of these measurements was provided as a measure of the TOC 

concentration in the sample. In the Shimadzu TOC-L samples were acidified and bubbled as to remove 

any inorganic carbon. This could lead to the escape of some volatile organic compounds, which is why 

the true analysis is for NPOC (Non Purgeable Organic Carbon). Following acidification and bubbling 

the samples were combusted at 720°C in a stream of carbon-free air. After cooling, drying, and 

halogen removal the formed CO2 was detected in a NDIR infrared detector which provide peaks 

proportional to the carbon content of the sample. The area under the peaks was then compared to areas 

from calibration samples (potassium hydrogen pthalate) with known carbon content. 
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3.5 PHREEQC modeling 

PHREEQC was used to model the relation between nitrate removal rate and temperature, using the 

Arrhenius equation combined with Monod kinetics. The description of the nitrate removal rate model 

can be found in Appendix 1. 

3.5.1 PHREEQC – pH-REdox-EQuilibrium 

PHREEQC is a computer program capable of simulating transport and chemical reactions of water 

(Parkhurst and Appelo, 2013), and is based on thermodynamics.  

Transport equation 

PHREEQC utilize the advection-reaction-dispersion (ARD) equation for transport modeling 

(Parkhurst and Appelo, 1999): 

𝑑𝐶

𝑑𝑡
=  −𝑣

𝑑𝐶

𝑑𝑥
+  𝐷𝐿

𝑑2𝐶

𝑑𝑥2 −  
𝑑𝑞

𝑑𝑡
   (17) 

𝐶 = Concentration of solute in water (mol/kgw). 

𝑡 = time (s). 

𝑣 = pore water flow velocity (m/s). 

𝑥 = distance in flow direction (m). 

𝐷𝐿 = Hydrodynamic dispersion coefficient (m2/s) = 𝐷𝑒  + 𝛼𝐿𝑣. 

𝐷𝑒 = Effective diffusion coefficient (m2/s). 

𝛼𝐿 = Dispersivity (m). 

𝑞 = Concentration in solid phase (mol/kgw in pores). 

The first term on the right-hand side of the ARD equation represents advection, the second dispersion, 

and the third change in concentration in the solid phase due to reactions. By specifying boundary 

conditions in the model, the ARD equation may be solved. 
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Nitrate removal rate expression 

As denitrification is a biologically-mediated process, an equilibrium may take time to achieve due to 

environmental parameters controlling the enzyme kinetics of the microorganisms facilitating the 

reaction – especially at low temperatures. Therefore, to accurately model denitrification in PHREEQC, 

rate expressions have to be included, otherwise reactions proceed to equilibrium. Environmental 

parameters guiding the efficiency and completeness of nitrate reduction have been discussed in the 

previous section on denitrification. 

        Monod kinetics is used to model the observed nitrate removal rate in column 3 as it has been 

speculated that Monod kinetics is a valid approximation of the controlling kinetics in denitrification. 

The Monod equation may be expressed as (Parkhurst and Appelo, 1999): 

𝑟𝑘 =  𝑟𝑚𝑎𝑥 (
𝐶

𝐾𝑚+𝐶
)  (18) 

rk = Actual nitrate removal rate. 

rmax = Maximal nitrate removal rate. 

Km = Concentration of compound at which the rate is half of rmax. 

C = Concentration of compound. 

 

This is a less rigorous expression of the Monod kinetics than the definition given by Foglar et al. 

(2004) (equation 14) as separate terms for biomass concentration, growth yield, and maximum specific 

growth rate are not included. Even though denitrification depend on these parameters, they are all 

included in the “rmax” parameter (Appelo and Postma, 2005). In essence, rmax may be seen as the nitrate 

rate of removal when nitrate concentration is not limiting the breakdown (calculated through the 

Arrhenius equation, includes all nitrate removing processes). As the nitrate concentration decrease to a 

lower limit, the nitrate concentration becomes limiting for nitrate removal. This phenomena may be 

modelled by the factor(
𝐶

𝐾𝑚+𝐶
), which is multiplied with the maximal nitrate removal rate 

(multiplicative Monod kinetics). Multiplicative Monod expressions are commonly used if a solute is 

limiting the breakdown (i.e. rate-limiting) (Appelo and Postma, 2005). 
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4. Results  

This section presents the results of the column denitrification experiment. The tracer test results are 

presented, followed by the chemical analyses related to the denitrification experiments. The results of 

the tracer test are interpreted in CXTFIT, while nitrate removal in column 3 modelled in PHREEQC. 

        The change in temperature and hydraulic residence time during the denitrification experiment are 

displayed in table 5. 

Table 5. The changes in temperature in columns 1 and 3, as well as the changes in the hydraulic residence time 

(HRT) during the column denitrification experiment. Time indicates days after the start (2nd of February) of the 

column denitrification experiment. The column denitrification experiment was terminated after 94 days. 

Time (days) Temperature [˚C] Hydraulic residence time [h] 

Column 1 Column 2 Column 3 

0 22  56.1 60.2 75.5 

19 12 56.1 60.2 75.5 

29 5 56.1 60.2 75.5 

59 5 20.4 20.4 20.2 

80 12 20.4 20.4 20.2 

94  5  20.4 20.4 20.2 
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4.1 Tracer tests 

Three tracer tests was performed, although only one (the third) reached completion where outlet 

concentrations equaled input concentrations (C/C0 =1). Tracer tests 1 and 2 were performed at the 

same flow rate (table 5, day 2-5 and 29-33 respectively), while tracer test 3 was performed once the 

flow rate had been increased (table 5, day 71-80). All tracer tests were performed in column 3. 

4.1.1 First tracer test  

Tracer test 1 was performed between the 4th and 7th of February never reached completion as 
[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 at 

the end of the test was less than 1.0 (where C0 is input concentration and Ci is initial concentration 

prior to tracer test) (figure 10). The travel time in the tubing leading to and from the column was 

subtracted from the total time, thereby only accounting for the travel time in the column.  

        Breakthrough at 
[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 = 0.5 corresponded to approximately 53 hours for a flow rate of 40 mL/h. 

From this the advection velocity and hydraulic residence time of the input water can be calculated: 

1) Advection velocity = 
40 𝑐𝑚

53 ℎ𝑜𝑢𝑟
 ≈ 0.75 cm/h. 

2) Hydraulic residence time (column 3) is assumed to correspond to 50% breakthrough, 

corresponding to ca. 53 hours. 

Notice that the HRT calculated from this tracer test in column 3 was before the installment of the ring-

shaped plastic disks (see section 3.1.1). The first tracer test was not analyzed in CXTFIT. 

 

Figure 10. Tracer test 1. The change in Cl- concentration in column 3 effluent on the y-axis (normalized; C = 

Concentration at time t, Ci = background Cl- concentration, C0 = Input chloride concentration = 92.8 mg/L), 

and time in hours after start on the x-axis. 
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4.1.2 Second tracer test  

The second tracer test was performed between the 3rd and 7th of March and did not reach completion 

(
[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 =1.0) (figure 11). The second tracer test exhibits less tailing than the first tracer test (figure 

10). Breakthrough at 
[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 = 0.5 corresponded to approximately 75.5 hours for a flow rate of 26 

mL/hour. With this the advection velocity and hydraulic residence time can be calculated: 

1) Advection velocity = 
40 𝑐𝑚

75.5 ℎ𝑜𝑢𝑟𝑠
 ≈ 0.53 cm/h. 

2) Hydraulic residence time (column 3) = 75.5 hours. 

The result of the second tracer test were analyzed in CXTFIT, yielding the following results: 

DL = Hydrodynamical dispersion coefficient = 0.64 cm2/h. 

vx = advection velocity = 0.51 cm/h. 

β =  
𝜃𝑚

𝜃
= 0.99 

ω =
𝛼𝐿

𝜃𝑣
= 13.27 

β describes the ratio of mobile water (𝜃𝑚) to the total water content (𝜃), and ω is the mass 

transfer coefficient. As ω approaches 0, the mass transfer between the immobile and mobile 

phases becomes negligible, while for high values of ω (ω>100), solute concentration are in 

equilibrium between immobile and mobile phases (Herbert, 2011). 

Table 6. Parameter constraints used for fitting of the deterministic nonequilibrium ADE to the breakthrough 

curve from tracer test 2 (figure 11). 

Parameter name    vx     DL    β   ω 

Initial estimate 0.5 0.5 0.5 50 

Minimum value 0.01 0.01 0.01 0.01 

Maximum value 2 4 0.99 100 
 

The longitudinal dispersion coefficient was then used to estimate the dispersivity (αL) in the column 

(with the assumption that mechanical dispersion >> diffusion): 

𝐷𝐿 =  𝛼𝐿𝑣𝑥 →  𝛼𝐿 =  
𝐷𝐿

𝑣𝑥
=  

0.64

0.51
 ≈ 1.26 𝑐𝑚 = 0.0126 𝑚  (19) 
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Figure 11. The fitted deterministic nonequilibrium ADE CXFIT model (blue line) to tracer test 2 data (red dots).  

 

4.1.3 Third tracer test  

The third tracer test was performed between the 14th and 23rd of April, and reached completion with   

[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 = 1. The breakthrough curve in figure 12 displays tailing, with 

[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 = 0.5 at approximately 

14.5 hours for a flow rate of 105 mL/hour. The advection velocity cannot accurately be approximated 

as there are no measurement points close to 
[𝐶−𝐶𝑖]

[𝐶0−𝐶𝑖]
 = 0.5 (figure 12), and any approximation would be 

inaccurate. The advection velocity and the hydrodynamic dispersion coefficient were hence only 

estimated by analysis in CXTFIT (figure 12): 

DL = Hydrodynamical dispersion coefficient = 0.12 cm2/h 

vx = advection velocity = 1.98 cm/h. 

β = 0.82 

ω = 0.01 

Table 7. Parameter constraints used for fitting of the deterministic nonequilibrium ADE to the breakthrough 

curve from tracer test 3 (figure 12). 

Parameter name Vx DL β ω 

Initial estimate 2 0.8 0.5 50 

Minimum value 1.5 0.01 0.01 0.01 

Maximum value 3 4 0.99 100 
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The longitudinal dispersion coefficient was then used to estimate the dispersivity (αL) in the column 

(with the assumption that mechanical dispersion >> diffusion): 

𝐷𝐿 =  𝛼𝐿𝑣𝑥 →  𝛼𝐿 =  
𝐷𝐿

𝑣𝑥
=  

0.12

1.98
 ≈ 0.058 𝑐𝑚 = 0.00058 𝑚 (20) 

 

 
Figure 12. The fitted deterministic nonequilibrium ADE CXFIT model (blue line) to tracer test 3 data (red dots).  

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

4.2 Recirculation 

With only the recirculation of a nitrate solution, NO3-N concentrations are increasing from an initial 

concentration of approximately 3 mg/L between the 24th of January and 29th of January in effluent 

from column 1 and 3, while NO3-N concentration is decreasing in effluent from column 2 (see figure 

13). After addition of sodium acetate (CH3COONa) on the 29th of January, the NO3-N concentration 

decreased in the column 1-3 recirculation solutions.  

 
Figure 13. Variations in the NO3-N concentration during initial solution recirculation  
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4.3 Nitrate measurements 

Below, nitrate measurements by the NISE and in the ion chromatograph are presented. An increase in 

average flow rate [ml/h] in figures 14-19 is synonymous with a decrease in hydraulic residence time, 

and represent the inflow of input water to the columns.  At the 11th of April, 8 days after the HRT had 

been decreased, the pump failed and air was being pumped into the columns. A new identical pump 

was installed with the same settings as the previous. Consequently, the residence time in the columns 

at the 11th of April increased and inevitably also the nitrate removal.  

4.3.1 Nitrate measured with the NISE and ion chromatograph 

The variation with nitrate with time, and at different temperature and flow conditions, is shown in 

Figure 14. Nitrate removal seems to have a proportional relationship with temperature, since the 

degree of nitrate removal increase as temperature increases (see figure 14).  

        Hydraulic residence time has an inverse relationship on nitrate removal: as the hydraulic retention 

time decreases, the degree of nitrate removal decreases as well. This is truly evident when the HRT 

decreases, the NO3-N concentration in the effluent from all columns increases with 10-23 mg/L (see 

figure 14).  

        Notice the rather large increase in NO3-N concentration in effluent from column 3 between the 

11th and 23rd of April in figure 14. From the 14th to the 23rd of April, a tracer test (third tracer test) was 

performed in column 3.  

        Measurements provided by ion chromatography display a lower NO3-N concentration than 

measurements done with the NISE in general (compare figure 14 with 15). However, the pattern of 

nitrate-nitrogen concentration change is coherent between figures 14 and 15. The peak increase in 

column 3 NO3-N concentration during the time of the third tracer test (14th to 23rd of April) is also 

evident in figure 15. 
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Figure 14. The NO3-N concentration measured with the NISE in column 1-3 effluent. Temperature (˚C) (in 

column 1 and 3) and average flow rate [ml/h] on the right y-axis.  

 

Figure 15. The NO3-N concentration in effluent from column 1-3 measured by the ion chromatograph 

Temperature [°C] in column 1 and 3 and average flow rate are shown along right y-axis.  
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4.3.2 Nitrate removal efficiency  

The efficiency of treatment (figure 13) is determined as  
[𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑂3

−𝑖𝑛𝑝𝑢𝑡]−[𝑁𝑂3
−𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡]

[𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑂3
−𝑖𝑛𝑝𝑢𝑡]

× 100. The 

input solution measured during the experiment had an average concentration of 35.7 +/- 4.2 mg NO3-N 

L-1. The efficiency of NO3-N removal displays a proportional relationship with temperature. The 

temperature decrease from 12˚C to 5˚C merely disturbs the removal efficiency which returns to the 

relatively high efficiency (> 95%) before the temperature change. When the hydraulic residence time 

was decreased, the efficiency of nitrate removal decreased significantly. The greatest decrease in 

efficiency was experienced by column 3, followed by column 1, with the least effect in column 2 

(room temperature), but with the same response is evident in all columns.  

        Values in column 3 between the 18th and 25th of April were removed since these displayed an 

increase in NO3-N concentration as water was passed through the column, providing a negative 

efficiency. These measurements were done during the time of the third tracer test and probably 

indicate ion exchange in the columns organic substrate. 

 

 
Figure 16. The efficiency of the nitrate removal in column 1-3. Temperature in column 1 and 3 [°C], and 

average flow rate shown on right y-axis. Values in column 3 between the 18th and 25th of April removed due to 

misleading results during the third tracer test. 
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4.4 Nitrite measurements  

Nitrite concentrations measured in the effluent from column 1 and 3 are influenced by temperature and 

flow rate (figure 17). An initial peak increase in NO2-N is seen in column 1 and 3 as temperature is 

decreased to 5˚C from 12˚C. This peak has a greater magnitude in column 3 than in column 1. NO2-N 

concentration in column 1 and 3 effluent then decreases with time to a stable value. The greatest 

decrease is experienced in column 3 (with the plastic rings installed). As the temperature is increased 

from 5˚C to 12˚C there is an initial increase in NO2-N in column 1 and 3. The NO2-N concentration 

then diminishes in column 1 but remains stable in column 3. The initial increase in NO2-N 

concentration after the temperature rise is also seen in column 2 which is at room temperature. 

        The decrease in hydraulic residence time increases the NO2-N concentration in effluent from all 

columns; with the greatest increase in column 3, followed by column 1, and lastly column 2. NO2-N 

concentration then diminishes with time in effluent from all columns. 

 

 

Figure 17. The NO2-N concentration in column 1-3 effluent measured by the ion chromatograph. 
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4.5 Ammonium measurements  

Neither the change in temperature and/or hydraulic residence time in column 1 and 3 during the course 

of the column denitrification experiment induce changes in effluent NH4
+ concentrations (see figure 

18). However, as the HRT is decreased the ammonium concentration increases in effluent from 

column 2 (room temperature), which can be seen in figure 18 between the 4th of April and the 5th of 

May. 

 

 

Figure 18. The NH4
+ concentration in measured by the ion chromatograph in effluent from column 1-3).  
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4.6 Sulfate measurements  

The average input SO4
2- concentration before and after the 1st of April was 390.4 ± 64.7 mg/L (sample 

standard deviation) and 95.2 ± 0.4 mg/L, respectively. The large variability in input sulfate 

concentration before the 1st of April was due to errors in the preparation of the input solution. The 

variability in effluent sulfate concentration in column 1 and 3 is most likely a result of that. The sulfate 

concentration in effluent from column 2 decreases with time at the greater HRT/lower flow rate (see 

figure 19 before the 2nd of April). Before the decrease in hydraulic residence time, the smell of H2S (g) 

in the outlet from column 2 was significant and white precipitate was noted in the outlet tube. 

Measurements revealed the presence of sulfide in effluent from column 2 (see section A1.3 in 

Appendix 1). 

        When the hydraulic residence time is decreased after the 2nd of April, the input sulfate 

concentration is equal to the sulfate concentration in effluent from all columns (figure 19).  

 
Figure 19. The SO4

2- concentration in effluent from column 1-3 and the average input SO4
2- concentration 

measured by the ion chromatograph. 
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4.7 Nitrate, nitrite, and ammonium concentration profiles 

The change in concentration of NO3
- and NO2

- along the flow path of the columns are displayed in 

figures 20-28; in some cases, NH4
+ concentrations are shown as well. The diagrams have titles 

pertaining to the column they belong to (e.g. C1 = Column 1), the hydraulic residence time in hours 

and the temperature at the time of measurement (HRT and T respectively).  

4.7.1 Nitrate in the columns 

Comparing nitrate removal in figures 20-28, the following is evident: 

1. With an increase in temperature, the nitrate concentration diminishes faster in the columns 

(compare figure 21 with 22). In figure 21 and 22, the NO3-N concentration change is 8 mg 

N/L and 14 mg N/L respectively as temperature changes from 5˚C to 12˚C, while the 

residence time remains the same 

2. As the hydraulic residence time decreases, the total NO3-N concentration change across the 

column decrease (compare figure 20 with 21). In figure 20 and 21, the NO3-N concentration 

change is 26.2 mg N/L and 8 mg N/L respectively as the hydraulic residence time decreases 

from 56.1 hours to 20.4 hours 

3. The nitrate reduction rate seems to be overall first order, going from zeroth order to first order 

at low nitrate concentration (see figure 20, 23, and 26). The nitrate reduction rate decreases 

(i.e. the slope of the NO3-N lines decreases) in figure 20, 23, and 26 as nitrate concentration 

reaches approximately 3.4 mg N/L, 3 mg N/L, and 2.8 mg N/L respectively. This apparent 

change in rate is observable at high hydraulic residence times.  

4. The effect of tracer test 3 is visible in column 3 for the 14th to the 23rd of April, where the 

change in nitrate concentration across column 3 (figure 27) is only 4.5 mg N/L.  

5. In figures 20, 23, and 26, NO3-N concentration goes to below detection limits in all column 2 

and 3, but not in column 1 where it reaches a minimum of 1.7 mg N/L. 

4.7.2 Nitrite concentration in the columns 

Comparing nitrite-nitrogen concentrations in figures 20-28, the following is evident: 

1. NO2-N concentration increases as NO3-N concentration decreases in figures 20-28 

2. The NO2-N concentration increase (on a molar basis) is less than the total NO3-N 

concentration decrease in all columns (figure 20-28) 

3. In general, NO2-N concentration increases as temperature decreases (compare figure 21, 22 

and 25). However, in column 3 and as temperature increases from 5˚C to 12˚C (figure 27 and 

28), the nitrite-nitrogen concentration also increases  
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4. NO2-N is first produced and then consumed along the flow paths in columns 2 and 3. The 

decrease in nitrite concentration occurs when NO3-N concentrations decrease below 3 mg N/L 

and 2.8 mg N/L in column 2 and 3 (figure 23 and 26) respectively. This is not observed in 

column 1 (figure 20), where the NO2-N concentration increases throughout the column 

5. The NO2-N concentration increases faster in column 3 (HRT = 20.2, T = 5˚C) once NH4
+ has 

been depleted (figure 27) 

4.7.3 Ammonium concentration in the columns 

Comparing ammonium concentrations in figure 21, 24, 26, and 27 the following is evident: 

1. In all columns the NH4
+ concentration increases at the beginning of the column, reaching its 

maximum value at 8 cm into the column. Thereafter it decreases (except in column 2 at the 

lower HRT, figure 24). 

2. The NH4
+ concentration increases with temperature (compare figure 21 with 24). For the same 

hydraulic residence time (20.4 hours) and at temperatures of 5oC (column 1) and 22oC 

(column 2), the NH4
+ maximum concentration is 0.038 mg NH4

+/L (figure 21) and 0.66 mg 

NH4
+/L (figure 24) , respectively. 

 

 
Figure 20. The change in NO3-N and NO2-N concentration along the flow path in column 1 at HRT=56.1 hr and 

T=5oC. Sampled on the 21st of March. 
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Figure 21. The change in NO3-N, NH4
+ and NO2-N concentration along the flow path in column 1 at HRT=20.4 

hr and T=˚C. Sampled on the 23rd of April. 

 
Figure 22. The change in NO3-N and NO2-N concentration along the flow path in column 1 at HRT=20.4 hr and 

T=12˚C. Sampled on the 7th of May.  
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Figure 23. The change in NO3-N and NO2-N concentration along the flow path in column 2 at HRT=60.2 hr and 

T=22˚C . Sampled on the 21st of March. 

 
Figure 24. The change in NO3-N, NH4

+ and NO2-N concentration along the flow path in column 2 at HRT=20.4 

hr and T=22˚C. Sampled on the 23rd of April. 
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Figure 25. The change in NO3-N and NO2-N concentration along the flow path in column 2 at HRT=20.4 hr and 

T=22˚C. Figure is the same as figure 24 above, although NH4
+ has been removed to get a closer look at how 

NO3-N and NO2-N concentrations are related. 

 

 
Figure 26. The change in NO3-N, NH4

+ and NO2-N concentration along the flow path in column 3 at HRT=75.5 

hr and T=5˚C. Sampled on the 21st of March. 

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40

N
O

2
-N

 [
m

g/
L]

N
O

3
-N

 [
m

g/
L]

Distance [cm]

C2 (HRT = 20.4, T = 22˚C)

NO3-N NO2-N

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40

N
O

2-
N

, N
H

4+
[m

g/
L]

N
O

3-
N

 [
m

g/
L]

Distance [cm]

C3 (HRT = 75.5 h, T = 5˚C)

NO3-N NH4+ NO2-N



47 
 

Figure 27. The change in NO3-N, NH4
+ and NO2-N concentration along the flow path in column 3 at HRT=20.2 

hr and T=5˚C. Sampled on the 23rd of April. 

Figure 28. The change in NO3-N and NO2-N concentration along the flow path in column 3 at HRT=20.2 hr and 

T=12˚C. Sampled on the 7th of May. 
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4.8 pH and alkalinity 

In figures 29 and 30, an increase in average flow rate [ml/h] is synonymous with a decrease in 

hydraulic residence time. The pH increases as the input water (average pH = 6.1) passes through the 

columns (see figure 29). pH appears to be affected by the hydraulic residence time, e.g. as flow rate is 

increased (hydraulic residence time decreased) on the 2nd of April, the pH in all columns decreases. 

The pH increase is greatest in column 2.  

        Along with the increase in pH, alkalinity increases as the input water passes through the columns 

(see figure 30). Hydraulic residence time exhibits an inverse relationship with alkalinity – as the flow 

rate is increased (hydraulic residence time decreased) on the 2nd of April, alkalinity decreases 

significantly in all columns. During periods when the temperature and hydraulic residence time are 

stable (e.g. between the 5th of March and 2nd of April), the alkalinity increases with time in all 

columns. The alkalinity increase is greatest in column 2. 

 

 
Figure 29. The pH in effluent from column 1-3. 
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Figure 30. The alkalinity [g/L] in effluent from columns 1-3.  
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4.9 TOC in effluent from column 1-3 

In figure 31, an increase in average flow rate [ml/h] is synonymous with a decrease in hydraulic 

residence time. The TOC in effluent from columns 1-3 diminishes with time (see figure 31). Effluent 

from column 3 was collected and analyzed from the 5th of February, while effluent from column 1 and 

2 was collected and analyzed from the 5th of March. The TOC concentration in effluent during the 

early stages of the laboratory experiment is high – 146 mg/L in column 3 (5th of February). 

        There seems to be no correlation between the flow rate (HRT) and TOC in column effluent – as 

the flow rate is increased (decrease in HRT), the TOC concentration in effluent from the columns 

remains stable.  

         

 

Figure 31. Total (non-purgeable) Organic Carbon concentration [mg/L] in samples of effluent from column 1-3.  
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4.10 Nitrate removal rates, activation energy, and modeling 

This section presents the calculated nitrate removal rates in column 1-3 (see table 8), and how they 

were used in PHREEQC to model the nitrate removal across column 3. Nitrate removal rates 

calculated in column 3 at 5˚C and 12˚C were used to determine the activation energy and the 

frequency factor in the Arrhenius equation. The Arrhenius equation were then coupled with the 

Monod expression (equation 18) to provide a nitrate reduction rate expression used in PHREEQC. 

        The calculated nitrate removal rates are to be used as basic data for the construction of a field-

scale denitrifying bioreactor. The PHREEQC model may be used to aid the dimensioning of the field-

scale denitrifying bioreactor in terms of hydraulic residence time required to reduce nitrate 

concentrations of contaminated water to a preferred concentration at the site specific temperature. 

4.10.1 Calculation of nitrate removal rates 

Nitrate removal rates are calculated for column 1-3 from the NO3-N concentration profiles (figure 20-

28). The observed change in NO3-N concentration [mg N/L] is divided by the time [d] over which the 

concentration change occurs. Nitrate removal rates are calculated for two cases: 

1.  Removal rates not limited by low nitrate concentrations. This pertain to the removal rates 

observed at the lower HRT (figure 20, 23, and 26). The NO3-N concentration change between 

the input solution and at 16 cm into the columns is used to calculate the nitrate removal rate.  

2. Removal rates limited by low nitrate concentrations. The NO3-N concentration change 

between the input solution and at the outlet is used to calculate the concentration change.  

Figure 32 and 33 display calculation examples of (1) and (2) above, respectively.  
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Figure 32. Change in nitrate concentration with travel time in column 3. 

 

Figure 33. Change in nitrate concentration with travel time in column 3 

The slopes of the trendlines in figure 32 and 33 are synonymous with the maximal nitrate reduction 

rates [mg NO3
- L-1 h-1] at 5˚C and 12˚C (not limited by low nitrate concentration): 

k1 = Nitrate reduction rate at 5˚C = -2.63 [mg NO3
- L-1 h-1]. 

k2 = Nitrate reduction rate at 12˚C = -3.37 [mg NO3
- L-1 h-1]. 

y = -2.6274x + 130.17
R² = 0.9941

0

20

40

60

80

100

120

140

0 10 20 30 40 50 60 70 80

N
O

3-
[m

g/
L]

Time [h]

NO3 zeroth order kinetics NO3 first-order kinetics

y = -3.3734x + 127.39
R² = 0.998

0

20

40

60

80

100

120

140

0 2 4 6 8 10 12 14 16 18

N
O

3
-
[m

g/
L]

Time [h]



53 
 

Table 8. Nitrate removal rates in mg N L-1 d-1 (per liter fluid volume) measured in this and other similar studies. 

“Age” refers to age of the material used (i.e. how long it had been operated before used in the laboratory 

studies) 

a Average of several woodchip sizes. 

b Nitrate removal rate not limited by low nitrate concentration. 

c Nitrate removal rate limited by low nitrate concentration. 

 

 

 

 

 

 

 

 

 

Material Age (years) Temperature 
(°C) 

Nitrate removal 
rate (mg N L-1 d-1) 

Reference 

Pine woodchip 7 years 21-23.5 9.1 Robertson (2010) 

Pine woodchip 2 years 21-23.5 12.1 Robertson (2010) 

Hardwood Fresh 21-23.5 15.4-23 Robertson (2010) 

Pine woodchip Fresh 21-23.5 15.4-23 Robertson (2010) 

Sawdust and sand 15 years 20-22 4.6 Robertson et al. (2008) 

Sawdust and sand 1 year 20-22 10.2 Robertson et al. (2008) 

Sawdust and sand 15 years 6 0.22 Robertson et al. (2008) 

Sawdust and sand 15 years 10 1.1 Robertson et al. (2008) 

Pine woodchip 1-10 month 14 5.7a Cameron et al. (2010) 

Pine woodchip 1-10 month 23.5 10.1a Cameron et al. (2010) 

Pine woodchip 10-23 month 14 3.3a Cameron et al. (2010) 

Pine woodchip 10-23 month 23.5 4.4a Cameron et al. (2010) 

Column 1 Fresh 5 22.0b This study 

Column 2 Fresh 22 26.0b This study 

Column 3 Fresh 5 14.7b This study 

Column 1 Fresh 5 11.3c This study 

Column 2 Fresh 22 11.5c This study 

Column 3 Fresh 5 9.2c This study 

Column 1 Fresh 12 17.1b This study 

Column 2 Fresh 22 17.4b This study 

Column 3 Fresh 12 16.4b This study 
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4.10.2 Nitrate reduction rate expression in PHREEQC 

The nitrate reduction rates at 5°C (k1) and 12°C (k2) (from figure 34 and 35, section 4.13.1) are used to 

solve the Arrhenius equation for the frequency factor (A) and the activation energy (Ea), using a 

system of two linear equations. The Arrhenius equation is then coupled with the Monod expression to 

provide a nitrate reduction rate expression that can be used in PHREEQC. The Arrhenius equation is 

first rewritten in a linear form.  

𝑘 = 𝐴 ∗ 𝑒−
𝐸𝑎

𝑅∗𝑇  → ln 𝑘 = ln 𝐴 − 
𝐸𝑎

𝑅∗𝑇
    (21) 

{
 ln 𝑘1 = ln 𝐴 −  

𝐸𝑎

𝑅∗𝑇1

ln 𝑘2 = ln 𝐴 − 
𝐸𝑎

𝑅∗ 𝑇2

      (22) 

{
 ln 𝑘1 = ln 𝐴 −  

𝐸𝑎

𝑅∗𝑇1

ln 𝐴 = ln 𝑘2 + 
𝐸𝑎

𝑅∗ 𝑇2

      (23) 

 ln 𝑘1 =  ln 𝑘2 +  
𝐸𝑎

𝑅∗ 𝑇2
−  

𝐸𝑎

𝑅∗ 𝑇1
=  ln 𝑘2 +  

𝐸𝑎

𝑅
 (

1

𝑇2
−  

1

𝑇1
)   (24) 

 𝐸𝑎 =  𝑅 ∗
(ln 𝑘1− ln 𝑘2)

(
1

𝑇2
− 

1

𝑇1
)

= 𝑅 ∗
𝑙𝑛(

𝑘1
𝑘2

)

(
1

𝑇2
− 

1

𝑇1
)
     (25) 

 

k1 = Nitrate reduction rate at 5°C [mg L-1 h] = -2.63 mg NO3
- L-1 h -1. 

k2 = Nitrate reduction rate at 12°C [mg L-1 h] = -3.37 mg NO3
- L-1 h-1. 

A = Frequency factor [mg L-1 h-1] 

Ea = Activation energy of nitrate reduction [J mol-1] 

R = Universal gas constant ≈ 8.314 [J mol-1 K-1] 

T1 = Absolute temperature in system where k1 is measured = 273.15 + 5 K = 278.15 [K]. 

T2 = Absolute temperature in system where k2 is measured = 273.15 + 12 K = 285.15 [K]. 

Equation 25 is solved to yield Ea ≈ 23.55 kJ mol-1 which is substituted into equation 23 to yield A ≈ 

0.0983 mol NO3
- L-1 h-1. 

At low nitrate concentrations, nitrate is limiting the nitrate reduction rate. Hence, multiplicative 

Monod kinetics are used to model the rate (Parkhurst and Appelo, 1999): 

𝑟𝐷 =  𝑘𝑖 (
𝐶

𝐾𝑚+𝐶
)  (26) 

𝑟𝐷 = Actual nitrate removal rate 

𝑘𝑖 = Maximal rate of nitrate reduction calculated through the Arrhenius equation 

Km = Concentration of nitrate at which the rate is half of 𝑘𝑖 

C = Nitrate concentration  
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The maximal rate of nitrate reduction (ki) is the rate when the nitrate concentration is not limiting the 

reduction rate of nitrate (rate calculated through the Arrhenius relationship alone). This rate is hence 

temperature dependent. Km is set as the nitrate concentration at which the kinetic order of nitrate 

reduction apparently goes from zeroth-order to first-order. The concentration profiles reveal that the 

change in kinetic order occurs where the nitrate concentration drops below approximately 3 mg N/L. 

The nitrate concentration (C) is calculated automatically by PHREEQC. This gives the following 

parameters: 

 

Km = 3 mg N L-1 ≈ 2.14*10-4 mol L-1 (1 mol NO3-N ↔ 1 mol NO3
-) 

 

The rate expression entered in PHREEQC is thus as follows: 

𝑟𝐷 = 𝐴 ∗  𝑒
−𝐸𝑎
𝑅∗𝑇    (27) 

𝑟𝐷 = 𝐴 ∗  𝑒
−𝐸𝑎
𝑅∗𝑇 ∗  (

𝐶

𝐾𝑚+𝐶
)    (28) 

Rate expression (27) is used at nitrate concentrations above 3 mg N L-1. 

 

4.10.3 Comparison of observed and modelled concentration profiles 

To determine how well the PHREEQC model corresponds to observed data, modelled and observed 

nitrate concentration change across column 3 at 5˚C and 12˚C were compared (see figure 34 and 35). 

The model results displayed in figure 34 and 35 were modeled in PHREEQC with the rate expression 

and parameters (frequency factor and activation energy) from section 4.10.2. The rate expression and 

its parameters were not changed between simulation in figure 34 and 35, although dispersivity and 

hydraulic residence time were changed.  
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Figure 34. The PHREEQC modelled (orange line) and observed (blue line, figure 22) change in NO3-N 

concentration [mg/L] (y-axis). Dispersivity for this simulation were retrieved from tracer test 2. 

 

Figure 35. The PHREEQC modelled (orange line) and observed (blue line, figure 25) change in NO3-N 

concentration [mg/L] (y-axis). Dispersivity for this simulation were retrieved from tracer test 3. 
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4.11 Calculation of Q10 

Using the formula provided by Lewandoswki (1981), Q10 is calculated as: 

𝑄10 =  
𝑘𝑡+10

𝑘𝑡
=  

𝑘𝑇=22˚𝐶

𝑘𝑇=12˚𝐶
 

From table 8 kT=22˚C = 26.0 mg N L-1 d-1 (column 2), and kT=12˚C = 16.4 mg N L-1 d-1 (column 3). These 

values were chosen because they are not limited by low nitrate concentrations.This gives: 

𝑄10 =  
26

16.4
 ≈ 1.6 
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5. Discussion 

There are a number of potential processes that could work to reduce nitrate, nitrite, and ammonium 

concentrations in the columns (see section 2.3.6). From the concentration profiles in section 4.7, the 

changes in nitrate, nitrite, and ammonium concentrations across the flow path can be studied in 

relation to each other. This is done in order to get an understanding of the relative importance of each 

process in the columns. The differences in the concentration profiles between column 1 and 3 (see 

section 4.7), and the results of the tracer tests in column 3 (see section 4.1), could be connected as to 

explain why column 1 and 3 behaves differently and how the relative importance of compound 

producing/reducing processes changes with temperature and hydraulic residence time. With all the 

results at hand, is a denitrifying bioreactor a viable option for nitrate removal in a low temperature 

environment? 

5.1 Process of solute transport in the columns 

Based on the tracer tests in column 3, some information can be gathered about solute transport in the 

columns. Before installation of the plastic ring-shaped disks in column 3, all columns were constructed 

equally. Hence it may be correct to assume that the first tracer test in column 3 (figure 10) is 

representative of the solute transport process in column 1 and 2 as well.  

        ”Tailing” is used to describe an exceedingly asymmetrical or nonsigmoid concentration profile, 

and can be assumed to arise due to a number of reasons (Van Genuchten and Wierenga, 1976): 

1) Unsaturated Flow. Unsaturated flow diminishes the water flow in macropores thereby 

increasing the ratio of “immobile” water (i.e. water not actively moving) 

2) Aggregated Media. In media with a high proportion of micropores, water becomes 

increasingly stagnant even though the flow is saturated 

3) Pore-Water Velocity. Lower pore-water velocities can lead to increased tailing. 

The media filling the columns could be regarded as heterogeneous (larger cavities were quite 

extensive along the side of the columns), and in places the media is unsaturated due to gas formation. 

The breakthrough in the first tracer test occurs early after start (figure 10), which could indicate that 

the solute transport is mainly advective and probably occur along the side of the column. Solute 

transport in column 1 and 2 is probably dominated by advection due to similar construction as column 

3 during the first tracer test. The tailing of the breakthrough curves from the second and third tracer 

tests (figures 11 and 12) is more pronounced due to a decrease in linear pore velocity. After 

installation of the ring-shaped plastic disks in column 3, the HRT increased from about 53 hours to 

approximately 76 hours (compare figure 10 with 11). With the plastic disks installed the flow is forced 

away from the sides of the column and through the matrix. This could lead to an increase in the 

fraction of mobile water, and a decrease in tailing. The decreased tailing could mean that the 
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proportion of solute transport through diffusion increased (with regards to advection). Hence, it might 

be assumed that the solute transport is mainly advective in columns 1 and 2, and to a larger extent 

influenced by diffusion in column 3 (after installation of the plastic disks). This means that some of 

the solute that is passed through column 1 and 2 do not really come into contact with the pine 

woodchips as they travel along the sides of the column.  

5.2 Nitrate and nitrite  

5.2.1 Dominating nitrate-reducing process in the columns 

There are in essence two processes of nitrate reduction that may be considered as important in the 

column denitrification experiment: (1) denitrification and (2) DNRA. Denitrification is certainly 

occurring as the alkalinity increases as water is passed through the column. If DNRA was occurring, it 

would lead to a production of NH4
+. This is observed. The increase in NH4

+ concentration is however 

low compared to the total nitrate reduced and cannot account for the total reduction of nitrate. 

Therefore, the results suggest that denitrification is the main mechanism of nitrate removal. 

5.2.2 Relationship between nitrate and nitrite 

The changes in compound concentrations along a flow path (figures 20-28) is, as might be expected, 

from the denitrification reaction chain (equation 7). NO2
- concentration does not start to increase until 

NO3
- concentration start to decrease. It may be assumed that all nitrite is produced from the reduction 

of nitrate. 

        In general, as the temperature decreases, the concentrations of nitrite increase (figures 20-28) and 

the change in nitrate along the flow path is less. This may also be seen in figures 14-16. This is 

because a lower temperature results in lower reaction rates due to a decrease in bacterial enzymatic 

activity. The nitrate reduction through denitrification is therefore slowed down, and accumulation of 

intermediate nitrate species is seen. 

5.2.3 Nitrate removal rates  

The concentration profiles obtained for the larger HRT (figure 20, 23, and 26) display a two-fold 

nitrate reduction rate. The nitrate reduction rate during the first 16 cm of flow could be approximated 

by a linear relationship. The nitrate reduction rate then diminishes at the nitrate-nitrogen concentration 

at or below 3 mg/L. This could be justified by previous observations by Robertson et al. (2010): as 

nitrate concentration decrease to a lower limit, denitrification kinetics go from zero-order to first-order 

(i.e. denitrification goes from independency to dependency on nitrate concentration). This is an 

important aspect for dimensioning a denitrifying bioreactor. If low nitrate-nitrogen concentration (a 

few mg/L nitrate-nitrogen) is detected in the effluent, the outlet nitrate-nitrogen concentration may 

have been attained earlier along the flow path before actually reaching the outlet. Hence the bioreactor 
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may be oversized. Oversizing could in turn lead to reduction of sulfate, and hence production of 

undesirable compounds such as sulfide. 

        Comparing nitrate removal rates measured in this study with the removal rates measured in other 

studies (table 8), it may be seen that the rates measured in this study are quite high. One explanation 

could be that the rates in this study are calculated from samples collected along the flow path, at 

positions where the rates were not limited by nitrate concentration; most of the studies in table 8 were 

limited to concentrations at the inlet and outlet of the system for rate calculations. The Q10 calculated 

in section 4.11 is, however, comparable to Q10 values calculated in other studies (see table 2). 

5.2.4 Is the tracer test disturbing the ongoing nitrate reduction? 

Examining the concentration of nitrate measured in effluent from column 3 (figure 14 and 15) one can 

notice that during periods when tracer tests were performed, the nitrate concentration in the effluent 

increases.  

        There are a number of studies treating the subject of high salinity and denitrification (Dinҫer et al. 

1999; Glass et al., 1998 Mariángel et al., 2008; Panswad et al., 1998), and all seem to agree that 

salinity decreases the denitrification/denitrification rate. However, most studies pertaining to salinity 

and denitrification consider systems at or around 30˚C and high salinity contents (concentrations at the 

g/L level instead of mg/L level used in this work). The tracer tests conducted in this work were run at 

5˚C. The lower temperature could possibly increase the susceptibility of denitrification to salinity. For 

example Hajaya et al. (2011) found that inhibition of denitrification due to benzalkonium chloride 

(BAC) concentrations was greater at lower temperatures. BAC and NaCl effects should not be 

qualitatively compared since they might not affect the nitrate reduction in the same way; nevertheless 

Hajaya et al. (2011) displayed that the inhibition of nitrate reduction through salinity may be 

temperature-dependent. 

        The increase in nitrate in effluent from column 3 at the same time as the tracer tests were 

performed could also be related to ion-exchange. Ion-exchange processes are being utilized to treat 

drinking water for high nitrate concentration; nitrate is adsorbed on an ion-exchange resin and then the 

resin is flushed with a concentrated solution of Cl- once the nitrate adsorption capacity of the resin is 

reached (Samatya et al., 2006). Harmayani et al. (2012) used sawdust made out of pine wood for 

examining its possibility to remove nutrients from storm water through adsorption. Harmayani et al. 

(2012) concluded that the sawdust provided a good surface for NO3
- sorption at low concentrations of 

NO3-N (≈1 mg/L, 100% adsorption in 15 minutes), but that the adsorption declined as nitrate 

concentration increased. This suggests that, in this study, pine wood could act as a surface for the 

adsorption for nitrate. During the tracer tests when Cl- was injected, adsorbed nitrate was exchanged 

and removed from the column with the effluent, hence increasing the nitrate in the effluent. 

. 
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5.3 Ammonium  

5.3.1 Process of ammonium production 

Processes responsible for ammonium production are either ammonification or DNRA. From previous 

observations (see section 4.7.3) that NH4
+ concentrations increased and often reached a maximum 

concentration early along the flow path in the columns, it may be likely that both processes are 

occurring. However, as nitrate is reduced early in the columns as well, oxygen levels must inevitably 

be low (at least 8 cm into the column). It may be so that ammonification is occurring in the first few 

centimeters of the column, and after DO has been consumed, nitrate is reduced. The resolution of the 

concentration profiles (figure 20-28) is too low (i.e. sampling port spacing is too far apart) to 

determine if this is a plausible explanation. DNRA could also be responsible as it facilitates both 

nitrate reduction as well as ammonium production. As explained in the background section, DNRA 

effectively competes with denitrification for the available nitrate when C:NO3
- ratios are high. 

Therefore, a possible explanation for the increase in NH4
+ concentration at the beginning of the 

column could be that ammonification is first decomposing the organic material and releasing labile 

carbon. When oxygen levels are too low to facilitate ammonification, DNRA continues to produce 

ammonium. 

5.3.2 Process of ammonium consumption 

The processes responsible for ammonium consumption are either nitrification or anammox. Since 

NH4
+ is consumed at the same time as nitrate is reduced as well, nitrification is not a plausible 

explanation since oxygen levels are bound to be low. This leaves anammox as the main ammonium-

consuming process. If anammox is occurring, either nitrite production should be depressed or the 

nitrite concentration should decrease in the same manner as NH4
+ is consumed (nitrite is reduced in the 

anammox reaction). This can be seen in figure 27; as long as there is NH4
+ present, nitrite does not 

increase. 

5.3.3 Differences in ammonium consumption between the columns 

In figures 21, 24, and 27 it can be seen that concentrations of NH4
+ are not effectively being consumed 

in column 1 and 2, while they are effectively reduced in column 3. This is probably related to the 

construction of the columns, since the only difference between column 1 and 3 is the plastic disks. 

Since NH4
+ does not seem to be consumed along the flow path in column 1 and 2 (figure 21 and 24), it 

may be assumed that the process consuming the NH4
+ is not effectively operating, and/or that the 

production of NH4
+ has increased. It was previously discussed that the process responsible for 

ammonium consumption is either nitrification and/or anammox, and that solute transport is dominated 

by advection in column 1 and 2. One explanation could be that the decreased hydraulic residence time, 

leading to an increase in the advective velocity, further decreased the proportion of diffusional solute 
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transport relative to advection. At a greater advective velocity, the significance of advection relative to 

diffusion should increase, thereby limiting the diffusion of nutrients into the column, affecting the 

performance of e.g. anammox. In column 3, the fraction “immobile water” is probably less than in 

column 1 and 2 as water is forced to converge to the middle of the column – thereby effectively 

increasing the nutrient supply to the interior.  

        Another aspect could be the linear pore water velocity. In column 1 and 2, as mentioned above, 

the fraction of immobile water is probably greater, thereby increasing the linear pore water velocity in 

those pores participating in the flow (in comparison to column 3 with a lesser fraction of immobile 

water). This could affect the hydrodynamics of the environment in the pores, and lead to a decrease in 

ammonium removal. 

5.3.4 Ammonium concentration and temperature 

The NH4
+ concentration in the effluent at the lower HRT/higher flow rate (figure 18) from column 2 is 

greater than in effluent from column 1 and 3. This is in accordance with previous observations by 

Warneke et al. (2011) that denitrifying organisms increase in proportion at lower temperatures in 

relation to other nitrate reducing organisms. Hence, at higher temperatures other nitrate reducing 

microorganisms (e.g. bacteria facilitating DNRA) can compete with denitrifying bacteria for the 

available nitrate. 

5.4 Sulfate  

Sulfate reduction (and HS- production) was only discovered in column 2. Column 2 was consistently 

maintained at higher temperatures than column 1 and 3, and this led to complete nitrate reduction at 

the greater HRT. Once the nitrate had been consumed entirely, sulfate was the most suitable electron 

acceptor. Even though column 1 and 3 successfully diminished nitrate concentrations to levels 

comparable to nitrate concentration in the outlet of column 2 at the greater HRT, no sulfate reduction 

was detected (i.e. no pungent smell was noticed). There are two possible explanations for this: 

1. Nitrate concentration was still high enough as no prohibit sulfate reduction in column 1 and 3 

2. Reaction rates and bacterial enzyme activity was diminished at the lower temperatures such 

that sulfate reduction rate was to slow in the column 

 

 

 

 

 



63 
 

5.5 Total Organic Carbon in effluent from column 1-3  

The TOC in effluent from column 1-3 diminishes with time from the start of the experiment (see 

figure 31). This is in accordance with previous column studies concerning denitrifying bioreactors 

utilizing organic carbon as the reactive matrix; a “flush-out” of TOC in the early stages of the 

experiment and a declining TOC content in the effluent with time is observed, e.g. Gibert et al. (2008). 

        The observation that the TOC concentration in effluent seems to be proportional to temperature 

(TOC concentration in effluent from column 1 and 3 placed in 5°C is less than TOC concentration in 

effluent from column 2 placed in room temperature) is justified as the breakdown of organic carbon is 

catalyzed by bacterial activity which in turn is affected by temperature (lower reaction rates, specific 

growth rates, and bacterial enzyme kinetics).  

        The high concentrations of TOC during start-up of the bioreactor may be of concern to the 

recipient, depending on its nutrient state. The effluent, rich in TOC during the first months, could 

perhaps be recirculated to provide an additional liquid carbon donor.  

5.6 Modeling the nitrate reduction 

In essence, the modeling of the nitrate reduction with the Monod equation was successful. The 

comparison between the observations of nitrate reduction in column 3 and the PHREEQC-modeled 

nitrate reduction (figure 34 and 35) displays that the PHREEQC model can replicate the observations. 

To validate the model, it should be tested on other experiments in which nitrate concentrations in 

profiles are measured. If the model should be proven valid, it might be used when determining the size 

of a bioreactor. However, the PHREEQC model is essentially 1D, which might not be applicable in a 

field scale bioreactor. 

5.6.1 Activation energy and frequency factor for rate limited by nitrate concentration 

The activation energy (Ea) of 23.55 kJ mol-1 calculated for nitrate removal rate not limited by nitrate 

concentration in section 4.10.2 is small when compared to values presented by Appelo and Postma 

(2005) for biochemical processes; 𝐸𝑎
̅̅ ̅ = 63 kJ mol-1, range = 50-75 kJ mol-1 (presented in section 

2.3.4). When calculating the activation energy via the Arrhenius equation for the full reduction of 

nitrate, i.e. for rates limited by low nitrate concentration, the calculated activation energy is more in 

accordance with the values presented by Appelo and Postma (2005). Note that the nitrate reduction 

rate in column 3 at 12˚C never is limited by low nitrate concentration (see figure 25). 
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From table 8, the nitrate reduction rates at 5˚C and 12˚C in column 3 are as follows: 

k5˚C = -9.2 mg N L-1 d-1 

k12˚C = -16.4 mg N L-1 d-1 

Using equation 25 the activation energy is calculated: 

 𝐸𝑎 =  8.3145 ∗
𝑙𝑛(

−9.2

−16.4
)

(
1

285.15
− 

1

278.15
)
 ≈ 54459.9 J mol-1 ≈ 54.5 kJ mol-1 

5.6.2 Transport parameters 

The parameters (hydrodynamic dispersion coefficient, advection velocity, β, and ω) attained from the 

CXTFIT analysis of tracer test 2 and 3 should be used with care. The parameters β and ω attained from 

the CXTFIT analysis of tracer test 2 and 3 (figure 11 and 12) equals the maximum and minimum 

parameters constraints (see table 6 and 7), respectively. This suggests that the dispersivities from the 

CXTFIT results used in the PHREEQC modeling (figure 34 and 35) might be inaccurate.  

5.7 Denitrifying bioreactor, a viable option at low temperature? 

From the observed reduction in nitrate concentrations occurring in the columns, the first conclusion to 

be drawn is that the columns are effectively reducing nitrate at low temperatures (5˚C) to below the 

guideline concentrations established in legislation (11 mg NO3-N L-1). If a hydraulic retention time of 

≈ 1 day is desired, an additional carbon source will have to be provided (e.g. acetate) as NO3-N 

concentrations are not effectively reduced (observed at the lower hydraulic residence time) to the limit 

established through legislation (Svenska Livsmedelsverket, 2001). 

        NO2-N production in the columns lies below the limit 0.9 mg NO2-N L-1 established through 

legislation (Svenska Livsmedelsverket, 2001). 

        NH4
+ concentration is of no concern as it is close to the detection limit (0.01 mg NH4

+ L-1) in 

effluent from column 1 and 3. Column 1 and 3 are the columns of concern relating to this project as 

they are run in a low temperature environment. 

        For effective nitrate treatment in the planned denitrifying bioreactor, a field-scale equivalent of 

the plastic ring-shaped disks should be installed as to force the flow to converge to the middle of a 

bioreactor, to counteract the possible “by-pass” of flow as discussed for column 1 and 2.  
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6. Conclusions 

The following conclusions have been reached for this project: 

1. For treatment of nitrate contaminated water in a low temperature environment (≈5°C), a 

denitrifying bioreactor is a viable option. 

2. Pine woodchips are a suitable electron donor as they are inexpensive, readily available, and 

can maintain a stable and high nitrate reduction rate (if the hydraulic residence time/flow rate 

through the bioreactor is appropriate).  

3. To optimize the denitrifying bioreactor to the site specific conditions, the size may be adjusted 

so as to obtain an appropriate hydraulic residence time. An additional electron donor (e.g. 

acetate) may be provided as a supplement at lower hydraulic residence times. 

4. The production of NH4
+ and NO2

- were low at all temperatures, although NO2
- concentration 

decreased and NH4
+ concentration increased with temperature. 

5. Denitrification is the main nitrate-reducing process operating in the columns. 

6. Anammox is the most probable ammonium oxidizing process operating in the columns. 
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Appendix 1 

A1.1 PHREEQC model 

A1.1.1 Solution species 

 

 In order to simulate a kinetically controlled reaction, the PHREEQC database was 

decoupled from the model by defining “new” compounds to work with, hence these compounds are 

only affected by the processes defined in the model built by the user. This is of importance since 

PHREEQC is built on equilibrium chemistry, and not kinetics. 

   The definition of new species requires entry of two keywords in PHREEQC: (1) 

SOLUTION_MASTER_SPECIES, and (2) SOLUTION_SPECIES. 

SOLUTION_MASTER_SPECIES is used to define the aqueous basic chemical characteristics of the 

compound studied (primary aqueous species, contribution to alkalinity, molar weight, and elemental 

weight). SOLUTION_SPECIES is then used to define the chemical behavior of the aqueous species. 

Since denitrification is a bacterial catalyzed reaction it is also kinetically controlled (i.e. often in 

disequilibrium), which makes the use of equilibrium chemistry rather inconvenient, and in relation to 

denitrifiying bioreactors the time it takes to reduce nitrate is of importance and interest. This is why 

the chemical compounds defined under SOLUTION_MASTER_SPECIES are defined as inert, i.e. 

their equilibrium constants are defined as 1, by defining the subkeyword log_k as 0. 

   Since denitrification has a number of intermediate stage reactants, one could also include chemical 

equations for the full chain of intermediates (NO2
- to NO(enzyme complex) to N2O to N2(g)). However since 

neither NO(enzyme complex), N2O, or N2(g) is measured in the column experiments, no rate data can be 

provided and these would all react to equilibrium, and no actual calibration data could be attained. 

A1.1.2  Input solution 

The input solution is defined by the keyword SOLUTION 0. This is the solution that is 

entering in the bottom of the columns. The solution temperature, pH and composition (among others) 

are defined. The sub-keyword units lets the user define which units that the concentration of the 

solutes are entered in. 

 

A1.1.3 Rates 

In the case of a limited residence time in a column with a biologically mediated reaction 

(often in disequilibrium), time is an important factor. The time aspect of denitrification may be added 

to the PHREEQC model through the keyword RATES, in which the rate of a chemical reaction may 

be defined accordingly to user preferences. As this work investigates denitrification in a low 

temperature environment, an equation relating temperature to denitrificaton rate is of interest – such as 
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the Arrhenius equation. The Arrhenius equation was consequently entered as the rate expression 

governing breakdown in the PHREEQC model. The Arrhenius equation is of convenience since all the 

parameters required (i.e. denitrification rate and temperature) was measured during the column 

experiments, which is also why the model can be evaluated by comparison with the laboratory 

columns.  

A1.1.4 Kinetics 

In addition to an expression for the rate of degradation, the kinetic reaction occurring must be 

specified. This is done under the keyword KINETICS, which adds the compound that is 

participating in the kinetic reaction. In the case of nitrate reduction, nitrate is added. Adding 

reactants is done through the subkeyword formula. The subkeyword “m0” defines the initial 

moles of the reactant present.  

   Under KINETICS, parameters used in the rate expression are also defined. Hence for the 

Arrhenius equation; the frequency factor “A”, the gas constant “R”, and the activation energy 

“Ea” is defined for each kinetically controlled reaction. The absolute temperature used by the 

Arrhenius equation to calculate the rate of reaction is deduced from the temperature of the 

input solution (“SOLUTION 0”) through the parameter “TK” (“Total Kelvin”) that is already 

preprogrammed in PHREEQC. 

A1.1.5 Transport 

There are two keywords in PHREEQC that enables movement of water through a 1D porous media: 

(1) ADVECTION, (2) TRANSPORT. TRANSPORT was chosen as this allows the user to more 

rigorously incorporate inherent hydraulic properties that might occur as a solution flows through a 

porous media (e.g. dispersion, diffusion, and “immobile water”) (Parkhurst and Appelo, 2013).  

   Under the keyword TRANSPORT the following things may be defined (Parkhurst and Appelo, 

2013): 

- Number of cells in the model (i.e. number of cells in the 1D column in which the 

advection.dispersion equation are evaluated). Defined by the sub-keyword cells. Since the 

columns has five points of measurement separated by approximately 8 cm, a 40 cm 1D 

column with five cells was defined in PHREEQC. 

- How many times a solution are shifted to the next cell, defined by the sub-keyword shifts. 

This was set to the time in which two pore volumes had been discharged, such that a 

equilibrate state would have been achieved once graph produced. 

- How long time each shift takes (i.e. hydraulic retention time in each cell). Defined by the sub-

keyword time_step. This defines the total hydraulic residence time in the column. The total 
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hydraulic residence time in the column is divided by the number of cells to get the residence 

time in each cell. 

- The length of each cell (indirectly defines the length of the flow path). Defined by the sub-

keyword lengths. Since the column/flow path is 40 cm in height, the length of each cell equals 

40 cm/number of cells in the model = 5 cm. 

- Boundary conditions. Defines how the concentration of a solute is allowed to change at the 

boundary. Three types of boundary conditions are allowed: (1) Closed, (2) Flux, (3) Constant. 

Closed (Neumann boundary condition) implies that the flow and the solute concentration at 

the boundary is zero (𝑣 = 0,
𝑑𝐶(𝑥𝑒𝑛𝑑,𝑡)

𝑑𝑥
= 0). Flux (Cauchy boundary condition) implies that 

the concentration is allowed to change at the boundary(𝐶(𝑥𝑒𝑛𝑑, 𝑡) =  𝐶0 + 
𝐷𝐿

𝑣

𝑑𝐶(𝑥𝑒𝑛𝑑,𝑡)

𝑑𝑥
). 

Constant (Dirichet boundary condition) implies that the concentration is constant at the 

boundary(𝐶(𝑥𝑒𝑛𝑑 , 𝑡) =  𝐶0). Boundary conditions are defined by the sub-keyword 

boundary_conditions first last, where first implies the boundary condition applied at the first 

cell, and last implies the boundary condition at the last cell. The concentration of the input 

water is assumed constant (first boundary/bottom of column, Dirichlet boundary), while the 

concentration at the end of the column is allowed to change (last boundary/top of column, 

Cauchy boundary). 

- The dispersivity of the flow. May be defined for each cell or one value for the whole column. 

Defined by the sub-keyword dispersivities. The dispersivity is retrieved from the tracer tests. 

In addition, which information that is written to the output file and graphed may be defined by the sub-

keywords punch_cells (defines for which cells information is written to the output file) and 

punch_frequency (defines for which shift the information is written to the output file).  

   Also, the TRANSPORT keyword requires initial solutions in each cell modelled. These are defined 

with the keyword SOLUTION n-m where n is set as 1 (first cell) and m is set as the total number of 

cells (i.e. last cell).  If no composition is given to SOLUTIONS n-m, they are interpreted by 

PHREEQC as distilled water.  
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A1.2 Sulfide measurements with the SISE 

Sulfide was measured on one occasion with the SISE in effluent from all columns and input solution. 

However, only column 2 effluent (in which the effluent had a distinct smell) was found to contain 

sulfide. 

 
Figure A1.1. The sulfide titration curve from titration of effluent from column 2. Potential (mV) measured with 

the SISE (y-axis), and volume titrant [µL] added (x-axis). 

The inflection point occurs at approximately 125 µL addition of 0.004 M PbNO3. This gives a S2- 

concentration of (using equation 24): 

𝐶𝐻𝑆−,𝑠𝑎𝑚𝑝𝑙𝑒 =  𝐶𝑃𝑏(𝑁𝑂3)2
∗ 

𝑉𝑃𝑏(𝑁𝑂3)2

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
=  0.004 ∗  

125∗ 10−6

9.23∗ 10−3  ≈  5.42 ∗  10−5 𝑀 ≈ 1.8 mg/L.
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