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Summary 

Constructed wetlands are promising ecologically engineered systems for wastewater treatment. 

Nitrogen removal is of particular concern due to negative impacts on the receiving water bodies. This 

study assessed: (1) nitrogen removal efficiencies and pathways and the related microbial communities 

under saturated/unsaturated conditions; (2) nitrogen removal under saturated conditions with 

enhanced substrate conditions for denitrifying bacteria ; and (3) development of clogging within the 

pore spaces of the inlet filters and filter beds, which a major operational problem in wetlands. 

Chapter One introduces  wetlands as a green technology for wastewater treatment and summarized 

the current knowledge, theory and background about the design and operational parameters that 

influence wetland performance, such as manipulating the saturated/unsaturated depths, type of 

substrate media, using external and internal carbon additives, and mode of flow. Additionally, this 

chapter also summarised the theory and background related to pore clogging in wetland systems.  

Chapter Two examines differences between saturated and unsaturated zones in terms of nitrogen 

removal and the related microbial communities coating the filter bed in a laboratory-scale vertical 

flow (VFCW) constructed wetland under an influent inorganic nitrogen concentration of 508 mg/L and 

initial hydraulic loading rate of 1.5 m3/m2.d. Nitrogen compounds were removed, with total nitrogen 

removal efficiencies of 94% and 93% for unsaturated and saturated layers respectively. Heterotrophic 

nitrification/ aerobic denitrification was the major pathway for nitrate and nitrite removal; ammonium 

was removed by heterotrophic nitrification and adsorption onto the gravel substrate. Proteobacteria 

were the dominant bacterial strains involved in nitrogen transformation and accounted for 80% of the 

total bacteria in the unsaturated zone and 60% in the saturated zone. An effective VFCW design would 

be an entirely saturated wetland filter bed as the total mass removal of nitrogen depends on the water 

volume stored, which at full saturation was seven times greater per unit wetland volume than the 

unsaturated zone. 
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Chapter Three investigates enhanced denitrification in a laboratory-scale VFCD under completely 

saturated conditions, using two organic carbon additives, along with control columns (without C 

additives) under an initial hydraulic loading rate of 0.508 m3/m2.d. The investigation also included 

adding amendments of activated sludge (as another highlighted approach to enhancing 

denitrification) to the same columns treated with and without carbon sources. Kinetic and 

stoichiometric constants were obtained by monitoring nitrate and nitrite concentrations over time.  

Similar nitrate decay curves were obtained in all treatments except ethanol. Adding only ethanol 

enhanced the denitrification rate, whereas seeding activated sludge with ethanol gave denitrification 

rates that were similar to all other treatments. Nitrite, as an intermediate product of nitrate did not 

accumulate at the end of the denitrification process. It is of note to differentiate between ethanol and 

sucrose treatments as the treated volume of wastewater per unit volume of wetland was double that 

with ethanol than with sucrose at the same concentration. The positive effect, however was 

suppressed when activated sludge was added. 

Chapter Four investigates whether clogging is enhanced after adding two readily biodegradable 

organic substrates, sucrose as a sugar source and ethanol as an alcohol source.  These treatments 

were compared to synthetic wastewater without any added carbon source and a tap water control. 

The sequence of clogging occurrence across different replicated treatments (denoted as 1 and 2) was 

as follows: ethanol 2, ethanol 1, sucrose 1, sucrose 2, wastewater 2, and wastewater 1, with final 

reductions in the ratio of hydraulic conductivities/initial hydraulic conductivities of 64%, 87%, 90%, 

90%, 93%, 93%, and 60% at day 105, 154, 231, 238, 350, and 364, respectively, of system operation. 

The microbial growth and activity at the inlet area, caused more pronounced clogging at the inlet area 

rather than within the sand voids, leading to a plate blockage. Earlier availability of some bacteria, 

traces of soluble organics in the feeding tap water, and the captured gases within voids were mainly 

responsible for the decline in saturated hydraulic conductivity of the control column. However, no 

clogging was observed in the control column at the end of system operation (day 364). Based on the 

sub-column section analysis after clogging occurrence, a freeze/thaw technique, used to maintain the 
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integrity of sectioned cores appeared to affect the hydraulic conductivity values of the different soil 

sections. This was possibly due to a change in the structure of microbial mats and liberation of gas 

during thawing. The results showed that clogging of the inlet plated could be a serious concern in the 

design of vertical flow constructed wetlands. 

In summary, this Thesis has examined the performance of VFCWs on removing nitrogen under 

unsaturated and saturated conditions and then manipulating the substrate conditions to enhance 

removal processes. The impact of substrate manipulation on the internal clogging process was also 

examined. Operating a fully saturated zone is an effective and economical option as the observed rate 

declines in nitrogen concentration were similar in the saturated and unsaturated zones, with the 

difference in water content between zones accounting for a major difference in mass removal per unit 

volume of wetland. Attempts to enhance the fully saturated VFCWs by substrate manipulation showed 

that ethanol positively affected nitrate removal in the absence of activated sludge, but the effect was 

masked when activated sludge was added to the ethanol treatment. Plate clogging at the inlet area 

had a major impact on declining outflow rates over time, with additional reduction from microbial 

clogging of voids in the sand substrate. Investigation into the effect of the design and operation 

parameters of VFCWs on nitrogen removal is strongly recommended. Attention should be paid to 

designing systems that reduce inlet filter clogging, possibly by direct injection of amendments into the 

wetland away from inlet plates. 
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Introduction 

1.1. Overview of constructed wetlands 

Over the past few decades, demands on freshwater resources have dramatically increased and 

resulted in inadequate protection of water resources in many regions (Semeraro et al., 2015). For 

instance, approximately 40% of the world’s population is suffering from the scarcity of freshwater, 

particularly in developing countries (Kivaisi, 2001). This scarcity can lead to depletion of water 

reserves, rising water competition between nations and regions and deterioration of water quality 

(Kivaisi, 2001). In China, water pollution has become an important environmental issue due to rapid 

economic growth, inadequate water resources, and severe shortages of fresh water. The response has 

been to develop constructed wetlands (CWs) (Liu et al., 2009).  

New treatment technologies must be sustainable (Stefanakis et al., 2014). CWs are likely to perform 

as a possible sustainable alternative for wastewater treatment with lower environmental impacts (Liu 

et al., 2009). They usually rely on available resources, as most of the energy requirements are 

accomplished by renewable sources such as solar energy and wind power (Stefanakis et al., 2014).  

The operation strategies of CWs use several ecological processes found in natural wetland systems  

including plants, soil, and microbial populations, and their positive roles in filtration, digestion, 

oxidation, reduction, adsorption, precipitation, and sludge dewatering (EPA, 2000). CWs could 

successfully remove the contaminants from different types of wastewater including domestic 

wastewater, eutrophic lake waters, contaminated aquifers (Kivaisi, 2001), storm water and agriculture 

runoff (Liu et al., 2009).  

There are three major classifications for CWs depending on their function and purpose, including CWs 

for habitat creation, flood control, and wastewater treatment (Stefanakis et al., 2014). For wastewater 

treatment, there are generally two main types of CWs: free surface and subsurface flow systems. 

Subsurface flow wetlands can be divided into two categories depending on the direction of flow- 
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horizontal flow constructed wetlands (HFCWs) and vertical flow constructed wetlands (VFCWs) (Figure 

1.1) (Sani et al., 2013) -the difference of which are summarised in Table 1.1 (Cooper et al., 1999; 

Faulwetter et al., 2009; Stefanakis et al., 2014; Stefanakis and Tsihrintzis, 2012). The focus of this study 

was on VFCWs, which are currently considered state-of-the-art wetland technologies (Sani et al., 

2013); due to their outstanding characteristics which outweigh that of HFCWs (Table1.1). 

Table 1.1: A comparison of VFCWs vs HFCWs 

 VFCWs HFCWs 

1 Reduced space requirement (33% less 

than HFCWs); thus, reduced construction 

cost. 

Higher area requirements 

2 Highly effective in organic matter removal 

(BOD & COD) 

Efficient in suspended solids (S.S) and organics 

removal 

3 Provide higher oxygen transfer capacity 

(OTC) and unsaturated conditions 

(positively affect NH4-N removal and 

negatively affect NO3-N removal; thus, 

denitrification is not prolonged) 

Provide lower  OTC and saturated conditions 

(negatively affect  NH4-N removal and positively 

affect  NO3-N removal; thus, denitrification is 

prolonged) 

4 Fewer clogging issues Clogging issues 

5 Simple hydraulics Careful calculations of hydraulics need to be 

done 

6 Wastewater flows from the surface to the 

bottom, which improves O2 mixing 

Complex passage of wastewater through the 

packed media due to the dead zone existence 

7 Short flow distances Long flow distances 
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Figure1.1. Schematic illustration of HFCWs (top-left) vs VFCWs (bottom-right)  

 (Stefanakis et al., 2014) 
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Developing countries do not have the financial resources to construct and operate centralised 

(conventional) facilities, which are energy consuming and have a limited lifetime (30 years mean), and 

lack the technical knowledge to manage and operate those facilities (Stefanakis et al., 2014). CWs do 

not incur high costs in terms of electricity and human labour, energy use, and operation and 

maintenance. The initial investment for CWs is lower than conventional treatment systems (Lee et al., 

2009). For example, the cost of building one CW system is 33-50% less than a conventional wastewater 

treatment system (Liu et al., 2009). Furthermore, most developing countries have tropical and 

subtropical climates which can promote rapid biological activity and greater efficiency, making them 

ideal locations for CWs (Kivaisi, 2001). Due to the contradiction between developed and developing 

countries concerning satisfactory performance with minimum investment costs, there is an urgent 

need to implement a green treatment technology such as CWs (Stefanakis et al., 2014), to gradually 

eliminate the number and size of centralised wastewater treatment facilities in the near future. 

However, there are also some limitations to introducing CW technology in developing countries, 

including land requirements and the lack of knowledge on tropical wetland ecology and species 

(Kivaisi, 2001). Therefore, more detailed knowledge of chemical decay processes in CWs is required, 

with efforts underway in many developed regions such as Europe, America, and Australasia (Meng et 

al., 2014). 

1.2. Research aims 

The first part of my research investigated the transformation of nitrogen (N) products and assessed 

the relative efficiencies of unsaturated and saturated conditions for removal of N compounds from 

inorganic wastewater through VFCWs. In addition, the microbial communities coating the VFCW beds 

in the unsaturated and saturated phases of the VFCWs were identified to better understand the 

chemical decay pathways. 
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The second aim was to study the effectiveness of adding activated sludge and organic carbon sources 

(sucrose and ethanol) on nitrate removal and the possibility of nitrite accumulation. In addition, the 

behavior of denitrifiers in VFCWs treating high nitrate wastewater was assessed. 

The final aim of the thesis was to test the effect of two readily biodegradable organic substrates 

(sucrose as a sugar source and ethanol as an alcohol source) on clogging under saturated conditions.  

1.3. Thesis outline 

The thesis includes five chapters, with the main body of research presented from Chapter 2 to Chapter 

4, which corresponds with three journal papers. Chapter 2 assessed the relative performance of 

saturated/unsaturated zones in the removal of nitrogen compounds from inorganic wastewater and 

identified the microorganisms present in these layers in VFCWs. Chapter 3 investigated whether 

denitrification rates can be accelerated by enhancing substrate conditions for denitrifying bacteria in 

VFCWs. Chapter 4 investigated clogging generated by adding and not adding biodegradable organic 

substrates, sucrose and ethanol. Chapter 5 presents the general conclusions and directions for future 

research. Table 1.2 lists the specific hypotheses for each experiment.  

Table 1.2: Experiments within this thesis including the hypotheses tested 

Chapter Hypotheses tested  

2 The unsaturated and saturated zones in gravel bed differ in terms of N removal and 

microbial community coating the beds of VFCWs, due to the difference in the applied 

environmental conditions.  

3 Adding internal and external organic carbon sources enhances the denitrification rate 

under fully saturated conditions of VFCWs, due to the dominance of anoxic conditions 

and essentials of energy and cellular synthesis for microorganisms. 

4 a. Adding organic carbon substrates accelerates the clogging of pore spaces in the bed 

of VFCWs, due to the difference in organic matter concentration in wastewater and 

the effluents derived from decomposition. 

b. There is a positive correlation between biomass accumulation and clogging. 

c. The major cause of clogging is the growth of microbes that occupied the pore spaces. 
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1.4. Connections between the conducted experiments 

In downward flow VFCWs, as the wastewater flows downward by gravity, there will be inadequate 

contact time between the bed components and the wastewater. In contrast, saturated upflow mode 

(wastewater is fed from the bottom and flows upward) provides a longer contact time between the 

wastewater and the filter bed and hence enhances the removal rates of nutrients (Stefanakis et al., 

2014). Moreover, adopting upflow mode can weaken the oxygen supply, which would create 

appropriate environment for denitrification (Hu et al., 2014). Furthermore, selection of the main 

substrate is a critical design parameter in CWs (Wu et al., 2015). Gravel was hence replaced by sand 

in the second experiment as the sand can provide larger surface area for contact with the wastewater. 

We found in the first experiment a similar N removal rate between the saturated and unsaturated 

zones, with a water content of unsaturated zone seven times less than the saturated zone. Therefore, 

it was beneficial to save space and operate this vertical flow wetland as an entirely saturated system. 

Lastly, providing an external C source is an efficient enhancer for denitrification (Saeed and Sun, 2011). 

Because a complete removal of N compounds by down flow mode under high influent N loads required 

long hydraulic retention time (HRT). Therefore, searching for a removal technique that was shorter 

and more practical, along with reducing the influent N loads was worth investigating in the second 

experiment. The second experiment therefore investigated thoroughly how the factors that enhance 

denitrification could be improved by enhancing substrate conditions (Figure 1.2).  

After inoculation of N enriched wastewater, along with and without addition of carbon sources, the 

performance of N transformation pathways was monitored by following the reduction in N 

compounds over time. This was resulted in a development in the microbial growth, which changed 

the permeability levels of the pore spaces of the filter bed and caused a gradual accumulation of 

biomass and hence clogging. Thus, an investigation was carried out in the third experiment to evaluate 

the effect of N enriched wastewater with and without adding biodegradable organic carbon sources 

on clogging (Figure 1.2).  
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Figure 1.2. Conceptual map connecting the experiments 
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- Down flow mode 
- Long HRT (182 d) 
- Gravel (filter bed) 
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      EXP2  
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- Up flow mode 

- Short HRT (3 hours) 
- Sand (filter bed) 
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- Moderate N input 
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Biofilm growth and 
eventual clogging 

Exp3  
Design and operation 
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- Up flow mode 

- Long HRT (364 d) 
- With and without C sources 
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- Sand (filter bed) 
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Differences 

- Type of filter media 

- Direction of flow 

- Depth of saturated/ 
unsaturated zones 

- N loads 
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Literature review 

1.5. Removal of N compounds from wastewater through wetlands 

Inorganic nitrogen (N) species, including nitrate (NO3), nitrite (NO2) and ammonia (NH3) or ammonium 

(NH4), have a considerable impact on aquatic systems (such as eutrophication of receiving water 

bodies), due to the instant availability of these dissolved species for uptake by microorganisms (Lee et 

al., 2009; Sun et al., 2012). Various mechanisms are generally responsible for the conversion and 

removal of N compounds. In VFCWs, the removal of N often depends on the capability of essential 

biological processes such as: ammonification, nitrification, and denitrification (Stefanakis et al., 2014), 

minor biological processes such as assimilation and plant uptake, and physicochemical mechanisms 

such as, ammonia volatilization and adsorption (Saeed and Sun, 2012) (Figure 1.3). Two newly 

reported nitrogen removal transformation pathways-anammox (anaerobic ammonium oxidation) and 

canon (completely autotrophic nitrogen removal over nitrite) could enhance the removal of total 

nitrogen (TN) from receiving wastewater (Stefanakis et al., 2014). The biological degradation of N in 

CWs is generally accomplished by aerobic nitrification and anoxic denitrification (Lee et al., 2009; 

Nielsen et al., 2005; Wang et al., 2005).  

      

Figure 1.3. N compounds cycle in wetlands (Sultana, 2014) 

N2

Organic NH3

NH4

NO2

NO3

NO2
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Sun et al. (2012) stated that various nitrogen pathways involved in inorganic nitrogen removal through 

wetlands are not entirely understood, as the wetlands work as one complex mixing unit. Thus, a 

challenge for wetland design is achieving sufficient treatment of inorganic nitrogen from wastewater 

(Sun et al., 2012).  

1.6. Nitrification/ denitrification reaction chemistry and kinetics 

Estimating the values of kinetic parameters would be beneficial for predicting effluent concentrations 

under any operating conditions (Shah and Coulman, 1978).  

Nitrification is an aerobic chemo-autotrophic microbial process (Maltais-Landry et al., 2009). Firstly, 

NH4-N is oxidized to nitrite by Nitrosomonas bacteria and then to nitrate by Nitrobacter bacteria under 

aerobic conditions (Lee et al., 2009). Nitrifying bacteria can obtain energy from the oxidation process 

of ammonia where the carbon source is CO2. Indeed, the nitrification process requires high levels of 

O2 (3.16 mg O2/mg NH4-N oxidized and 1.11 mg O2/mg NO2-N oxidized) (Ahn, 2006). The overall 

nitrification reaction is (Saeed and Sun, 2012): 

NH4
+ + 2O2  NO3

– + 2H+ + H2O         

 1.1 

The main factors that affect the enhancement of nitrification are pH, temperature, dissolved oxygen, 

and amount of nitrifiers available in the reactor (Stratton and McCarty, 1967; Wild et al., 1971). The 

cell synthesis reactions for the two steps of nitrification are (EPA, 1993): 

NH4
+ + 1.38O2 + 1.98HCO3  0.018C5H7 NO2

 + 0.98NO2 + 1.04H2O + 1.89H2CO3    

 1.2 

NO2
– + 0.0025NH4

+ + 0.01H2CO3 + 0.0025HCO3 + 0.488O2  0.0025C5H7 NO2 + 0.0075H2O + NO3
– 

 1.3 

The combined reaction can be represented by the following equation 
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NH4
+ + 1.83O2 + 1.98HCO3  0.021C5H7NO2

 + 1.04H2O + 0.98NO3 +1.88H2CO3   1.4 

The second biological N removal process from wastewater is denitrification. Denitrification is the 

major pathway for TN removal (Chung et al., 2008; Reilly et al., 1999). In the denitrification process, 

NO3 is reduced to NO2 and then to N2 by heterotrophic denitrifying bacteria under low levels of O2 

(Stefanakis et al., 2014): 

NO3  NO2  NO  N2O  N2          1.5 

There are two main factors that might limit competition in the denitrification process:  the addition of 

external organic carbon and the predominance of anoxic/anaerobic conditions (Saeed and Sun, 2012).  

Most researchers have found that the Monod equation is best for determining the kinetics of 

nitrification and denitrification and describing the specific growth rate of microorganisms in treatment 

wetlands (Kadlec and Knight, 1996; Shah and Coulman, 1978).  

µ = µmax {S1 / (Ks1 + S1)}          1.6 

where: 

µ : bacterial growth rate (/day), 

S1 : concentration of a limiting substrate (mg/L), 

µmax : the maximum potential growth rate when that substrate is limiting (/day) and 

Ks1 : half-saturation constant (mg/L). 

Equation 1.6 presumes that only one substrate is growth limiting, while the remaining substrates are 

in excess (Shah and Coulman, 1978). However, the Monod equation can be modified to incorporate 

the influence of other substrates on microbial growth, e.g. when more than one substrate is limiting 

growth: 

 µ = µmax
S1

Ks1+ S1
+ S2

Ks2+ S2
            1.7    
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Neither denitrification nor nitrification can be enhanced without two substrates. For instance, 

nitrification requires both ammonium nitrogen and dissolved oxygen and denitrification requires 

nitrate nitrogen and an organic carbon source. Nevertheless, most research on nitrification and 

denitrification has been accomplished using one growth substrate limiting kinetics (Shah and 

Coulman, 1978). 

Alternatively, nitrogen removal in nitrification and denitrification in wetlands can be expressed in a 

first-order kinetic model under steady-state conditions assuming that only one substrate is growth 

limiting (EPA, 2000): 

Ce/Co = e–kT.t             1.8a 

kT = k20 (1.06)T–20                        1.8b 

Where: 

Ce : effluent N concentration (mg/L), 

Co : influent N concentration (mg/L), 

kT : removal rate coefficient at temperature T°C (/day), 

and K20 : removal rate coefficient at 20°C (/day). 

In nitrification, ammonium removal can be expressed in a zero-order kinetic model (Shah and 

Coulman, 1978). There are conflicting reports on the requisite initial ammonium concentration 

needed to accomplish a zero-order reaction. Nakos and Wolcott (1972) showed a zero-order 

nitrification reaction under influent ammonium concentrations of 400 mg/L and higher. In contrast, 

Wild et al. (1971) observed a zero-order reaction rate when initial ammonium concentrations ranged 

from of 30–40 mg/L.  

1.7. The microorganisms contributing to N removal in wetlands 
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Despite the major contribution of filtration mechanisms in the removal of contaminants from 

wetlands, pollutant removal mechanisms are also driven by microbial processes (Button et al., 2015). 

However, the metabolic function of microbes varies significantly depending on the system design, the 

spatial distribution within the wetland beds (Button et al., 2015), organic matter availability, redox 

conditions, temperature, pH, the presence of plants, and media characteristics (Meng et al., 2014). 

Additionally, the diversity of the involved microbes could affect the functioning and maintenance of 

wetland environment (Adrados et al., 2014). Nitrifying and denitrifying bacteria are the prevalent 

microbial communities responsible for nitrogen removal (Meng et al., 2014).  

Four methods have been identified to enhance microbial degradation in CWs, including carbon source 

regulation, redox control, substrate selection, and bio-augmentation. Regulation of the carbon source 

includes the addition of extra carbon and pre-treatment. The addition of a carbon source is an 

effective strategy for enhancing denitrification (Meng et al., 2014). Few studies have focused on the 

type of effective filter media to promote microbial processes and advance nitrogen and organic 

removal. To accelerate the biodegradation of pollutants, bio augmentation is another suitable 

method, which inoculates microorganisms into polluted waste bioreactors to improve microbial 

processes (Meng et al., 2014). 

Sun et al. (2012) affirmed that effective TN removal is possible by sustaining a large variety of microbial 

communities that perform simultaneously under a typical environmental habitat. The content, 

diversity, and dynamics of microbes impact the performance, robustness, and balance of wastewater 

treatment facilities, which in turn could affect wastewater treatment systems, both economically and 

environmentally (Naz et al., 2016). For that reason, knowledge of the microbes involved in treatment 

wetlands is essential for enhancing the process efficiency and developing operational strategies. 

The potential significance of some players in the nitrogen cycle in wetlands can now be deduced  by 

applying molecular techniques such as, polymerase chain reaction (PCR), denaturing gradient gel 

electrophoresis (DGGE), and fluorescent in situ hybridization (FISH) analyses (Adrados et al., 2014).  
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1.8. The role of saturated/unsaturated conditions in N removal in in single stage VFCW 

The saturated zone can be a limited oxygen environment, whereas the unsaturated zone is usually 

exposed to oxygen. Therefore, the saturated zone can enhance denitrification and weaken nitrification 

in wetlands (Hu et al., 2014; Wen, 2011). 

Dong and Sun (2007) investigated the effect of manipulating the bed depth of full-scale VFCWs 

treating domestic wastewater comparing with a completely saturated bed. The depths of unsaturated 

and saturated beds were 30% and 70% respectively of the total bed depth. The predominant pathway 

in the manipulated beds was nitrification, whereas the dominant pathway in the fully saturated bed 

was denitrification. Wen (2011) studied the effect of manipulating the depths of unsaturated zones in 

three biofilters on the removal rates of NH4 and TN and concluded that the biofilter with the greatest 

unsaturated zone depth had the highest TN and NH4 removal rates. Huang et al. (2017) compared the 

performance of single stage VFCWs at four different saturated depths (5, 30, 45, and 60 cm) treating 

digested swine wastewater. They concluded that the VFCW with 45 cm saturated depth achieved the 

highest N removal efficiency over others. Silveira et al. (2015) studied the effect of manipulating two 

different saturated depths on N performance of a single stage VFCW treating domestic wastewater. 

They found that the highest saturated depth exhibited better N removal. 

1.9. Effectiveness of adding organic carbon sources on N removal in CWs 

Saeed and Sun (2011) affirmed that the most important factors for enhancing denitrification in 

wetlands are the addition of external organic carbon and the predominance of anoxic conditions. 

Adding external organic carbon enhances nitrate removal (Gomez et al., 2000) and microbial 

degradation (Meng et al., 2014), because it provides the essentials for energy and cellular synthesis 

for heterotrophic bacteria, which use nitrogen oxides as electron acceptors in the absence of oxygen 

(Burchell et al., 2007). Another approach to denitrification enhancement includes adding activated 
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sludge which has been considered as a stable source of carbon for denitrifying bacteria (Lance, 1986). 

In recent years, activated sludge or soil extracts have been used to stimulate denitrifiers (Cherchi et 

al., 2009; Dold et al., 2007; Gomez et al., 2003; Gomez et al., 2000; Hallin and Pell, 1998; Santos et al., 

2004; Shah and Coulman, 1978; Stensel et al., 1973). A few studies  have relied on the contribution of 

the carbon sources and the main nutrient substrates (Dold et al., 2007; Moore and Schroeder, 1971).  

1.10. Clogging phenomenon in VFCWs 

Clogging is the gradual accumulation of solids within the wetland filter media (Stefanakis et al., 2014), 

which is correlated with the treatment of intentional (external) loads and incidental (internal) loads. 

To clarify, the balance between the external and internal loads results from the net accumulation rate 

of these materials, also known as clog matter. Clog matter can reduce pore spaces in the granular 

medium due to its lower density (Knowles et al., 2011). 

When the upper layers of the filter have high drainage capacity and the surface of the bed percolates 

between two loadings, the mass flow mechanism can work efficiently. The purification performance 

declines once clogging occurs (Platzer and Mauch, 1997). Clogging could lead to hydraulic 

malfunctions such as ponding of wastewater on the surface of the system and bypassing of untreated 

wastewater which, in turn, reduce treatment performance (Knowles et al., 2011). Consequently, the 

amount of O2 that enters the bed will not meet the requirements of the aerobic process (Hua et al., 

2010; Langergraber et al., 2003). Moreover, advanced clogging can ultimately constrain remediation 

of the clogged media, limiting the lifespan of the system (Langergraber et al., 2003).  

Langergraber et al. (2003) described the factors underlying substrate clogging, which include 

accumulation of suspended solids, over sludge production, production of plant-rhizomes and roots, 

generation of gas, and compression of the clogging layer. Other factors that might play a role in 

inducing clogging include the: content, amount, and accumulation mode of the organic matter 
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(Langergraber et al., 2003). Chemical processes such as: precipitation, adsorption, and deposition can 

also contribute to clogging (Stefanakis et al., 2014).  

The development of clogging is usually monitored by measuring changes in saturated hydraulic 

conductivity over time. Hydraulic conductivity is based on Darcy’s Law using the constant water head 

method (Zhao et al., 2009): 

Ksat= (Q/A) × (ΔH /L)           1.9 

Where, Ksat is saturated hydraulic conductivity (cm/min), Q is discharge flow rate (cm3/min), L is 

thickness of the sand layer (cm), A is cross-sectional area of the bed (cm2), and ΔH is applied hydraulic 

head (cm). 

The discharge per unit cross sectional area is: 

Q/A = Ksat L /(b – L)                       1.10 

Where, b= ΔH + L, ΔH= b – L, b is distance between the surface of the header tank and the soil base, 

and L / ΔH is the upward gradient, so saturated hydraulic conductivity for upward flow is: 

Ksat = (Q/A) × (L / ΔH)                       1.11 

1.11. The effect of clogging on the operation of CWs   

Over the past two decades, clogging of pore spaces has been widely recognised as an operational issue 

in subsurface flow treatment wetlands (SSFTWs), with many wetland designs suffering from clogging 

problems (Knowles et al., 2011), occurring in more than 50% of CWs after five years of system 

operation (EPA, 1993).  

Clogging can be attributed to three mechanisms: physical, chemical, and biological. Physical 

mechanisms incorporate the release of entrapped air bubbles, filtration of particulates suspended in 

the percolating liquid, and continuous decomposition of the soil structure. Chemical mechanisms are 
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associated with alterations in the swelling properties of soils and diffusion of colloidal particles caused 

by changes in the composition of the liquid phase. Biological mechanisms include the production of 

slime in which living organisms, particularly bacteria, reduce hydraulic conductivity by blocking pore 

space in the filter bed. Another mechanism that might contribute to clogging is gas production by 

bacteria (Vandevivere and Baveye, 1992). 

Clogging can be significantly affected by the physical form of the wastewater composition. Most 

literature reports a positive relationship between the degree of clogging and total suspended solids 

(TSS) loading rates. The flow rate of the pollutants is the key factor in understanding the clogging 

phenomena in SSFTWs. For instance, overland flow is the result of hydraulic overloading which can 

increase the likelihood of clogging; thus, surface layer accumulation rates will greatly exceed 

mineralisation rates. In this case, intervention would be required to counter complete hydraulic failure 

(Knowles et al., 2011). Moreover, when the period between each wastewater dose does not allow 

enough wastewater infiltration and organic matter mineralisation, clogging could be more 

pronounced due to surface isolation with wastewater, prohibiting the further transmission of oxygen 

for mineralisation (Knowles et al., 2011).  

The organic matter concentration appears to be more important than total organic load. Under 

European climate conditions, the maximum load should not exceed 25 g COD/m2/d to prevent 

clogging (Platzer and Mauch, 1997). However, French VFTW systems operated with larger COD loading 

rates (67 g/m2/ d on average) did not suffer from clogging. In contrast, surface ponding occurred in 

several Catalonian HFCWs with average influent COD loading rates of 12 g/m2/d (Knowles et al., 2011). 

Various guidelines usually adapt the forms of areal loading rates for TSS, BOD, and COD to help 

designers and operators to size the system and maximize its longevity. The establishment of these 

guidelines depends on the assumption that clogged hydraulic conductivity would ultimately reach an 

equilibrium between plant growth and accumulation of clogging material. However, these guidelines 
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are normally unable to illustrate low inlet hydraulic conductivities and do not acknowledge spatial 

variations in hydraulic conductivity (Knowles et al., 2011). 

Saeed and Sun (2012) reported that VFCWs are less likely to have clogging problems as there is 

sufficient oxygen penetrating the bed to meet the requirements of various decomposition processes. 

Furthermore, Knowles et al. (2011) stated that uniformly distributing the surface flow is an important 

consideration in the future designs of SSFTWs to eliminate clogging issues. They also encouraged 

intermittent dosing of the influent because the medium is subjected to a series of pulsed saturations 

though intermittent feeding (Knowles et al., 2011). Most clogging studies in VFCW have focussed on 

the downflow mode (Fei et al., 2010; Hua et al., 2014; Hua et al., 2013; Hua et al., 2010; Langergraber 

et al., 2003; Rodgers et al., 2004; Sani et al., 2013; Skolasinska, 2006) with little research on the upflow 

mode (Ehlinger et al., 1987; Gupta and Swartzendruber, 1962; Rinck-Pfeiffer et al., 2000; Seifert and 

Engesgaard, 2012; Vandevivere and Baveye, 1992). 

1.12. The effect of adding different biodegradable organic carbon sources on clogging 

The composition of clogged material is generally classified into organic and inorganic. The 

biodegradability of accumulated clogged material is a strong indicator of the severity of clogging 

(Platzer and Mauch, 1997). Microbial tissue and decomposition products that form from adding an 

organic carbon source could reduce the size of the pore spaces and hence eliminate percolation 

(McCalla, 1950). 

Zhao et al. (2009) investigated the clogging process in down flow VFCWs fed by two types of organic 

carbon source (glucose as a source of dissolved organic matter and starch as a source of particulate 

organic matter). They found that hydraulic conductivity was influenced by the type and concentration 

of organic matter. The system fed with starch had lower hydraulic conductivity values than that fed 

glucose, and higher concentrations of organic loading caused greater reduction in hydraulic 

conductivity in both cases. Coustumer et al. (2012) studied the effect of design and operating 
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parameters on clogging in vertical downflow sandy loam biofilters fed storm water. They found that 

the hydraulic conductivity declined over 70 weeks. On the basis of hydraulic conductivity, Hu et al. 

(2014) concluded that significant clogging occurred in the upper parts of down flow coarse sand 

VFCWs (0–20 cm) fed nutrient and organic-rich wastewater (glucose as the organic carbon source), 

which then attenuated with depth. They ascribed the reason to microbial growth accumulating in the 

surface layer, which formed a biofilm and consequently blocked parts of the pore space, slowing the 

flow of water. 

Frankenberger and Troeh (1982) studied the influence of two alcohol sources (methanol and 

propanol) on bacterial activity and hydraulic conductivity. They concluded that soil was treated with 

alcohol sources suffered significant declines in hydraulic conductivity. In other studies, treatment with 

simple alcohols stimulated bacterial growth which increased the bacterial biomass (Kim and Fogler, 

2000; Lappan and Fogler, 1996; Stewart and Fogler, 2001) used sucrose as a carbon source with some 

bacteria as an inoculum. Soares et al. (1989) used ethanol, sucrose, sodium acetate, and potassium 

formate as carbon sources and nitrate as the only nitrogen source in downflow sand columns; clogging 

occurred firstly by sucrose with the maximum nitrate removal rate followed by sodium acetate, 

ethanol, and potassium formate. McCalla (1950) used sucrose as a carbon source, which stimulated 

microorganism growth in the soil under appropriate conditions.  

1.13. The role of extracellular polymeric substances on clogging 

Extracellular polymeric substances (EPS) refer to various classes of polymeric compounds, including 

polysaccharides, proteins, nucleic acids, lipids, and other macromolecules, which commonly occur in 

the intercellular spaces of microbial aggregates. Indeed, cohesive forces that maintain these 

aggregates (biofilm, flocs and sludge) are attributed to EPS. EPS are responsible for the morphology 

and architecture of the matrix, where the cells live (Flemming and Wingender, 2001). The importance 

of adhesive forces on the hydrophobic and hydrophilic surfaces has been emphasised (Flemming and 

Wingender, 2001). For instance, if these forces are exceeded by external shear forces or by decay of 
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the molecules implementing the binding, the entire biofilm can disconnect (Flemming and Wingender, 

2001). 

Flemming and Wingender (2001) stated that EPS are the key components that determine the 

physicochemical and biological characteristics of biofilms because they are primarily responsible for 

the structural and functional integrity of biofilms. EPS could be described as highly hydrated three-

dimensional gels and often charged biofilm matrix. Various sources have reported component 

concentrations for EPS (the biofilm matrix) that ranged from 40–95% for polysaccharides, 1–60% for 

proteins, 1–10% for nucleic acids, and 1–40% for lipids (Jahn et al., 1999; Palmgren and Nielsen, 1996; 

Sutherland, 1994).  

Most clogging studies have assumed that EPS forms the bulk of the biomass and are the main 

component of biofilms (Thullner, 2010; Vandevivere and Baveye, 1992). EPS are the major cause of 

biomass build up and hence clogging (Avnimelech and Nevo, 1964; Ehlinger et al., 1987; 

Frankenberger et al., 1979; Lappan and Fogler, 1996; Mitchell and Nevo, 1964). Tay et al. (2001) 

reported that the stability of biomass aggregates is sustained by EPS production, as they provide shear 

forces on the biomass, thus emphasising the role of EPS on bioclogging. 

Vandevivere and Baveye (1992) stated that exopolymers only affect the saturated hydraulic 

conductivity when generated in the form of loose slime layers. Slime excretion could influence 

saturated hydraulic conductivity by  increasing the viscosity of the percolating solution, improving cell 

adhesion and retention, enhancing frictional resistance at solid-liquid interfaces, and reducing the 

space available for transportation of the liquid phase (Vandevivere and Baveye, 1992). 

1.14. Summary 

This review summarises: the effect of manipulating unsaturated/saturated zones on inorganic N 

removal pathways and the contributed microbes; the effect of adding internal and external organic 

carbon sources on inorganic N removal; and the consequences of adding biodegradable carbon 
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sources with N constitutes on clogging in single stage VFCWs, as reported in the literature. Firstly, 

some studies have compared differences in N removal between manipulated saturated/unsaturated 

zones and completely saturated VFCWs. Others have assessed the performance of manipulating 

different unsaturated or saturated depths on N removal. However, a comparative study between the 

efficiency of saturated and unsaturated zones in terms of N removal and related microbial pathways 

in a single stage wetland reactor has not been done. Secondly, some published studies have used 

activated sludge, while a few studies have relied on the contribution of carbon sources to stimulate 

denitrification. There is however, a paucity of information on comparisons between adding and not 

adding activated sludge to the main substrate media (N+C sources) and its effect on the enhancement 

of denitrification in VFCWs. Thirdly, although studies have investigated the effect of adding different 

organic carbon sources on the development of clogging, the effect of comparing readily biodegradable 

organic substrates on clogging has not been studied in  single stage upflow VFCWs. Additionally, the 

relationship between clogging and the accumulation of biomass within the filter media requires 

further investigation in order to clarify the specific effect on the clogging process.  

This summary of current knowledge on VFCWs offers a background to the research aims and 

hypotheses of this thesis, which are addressed in the following three experimental chapters.  
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Abstract 

A laboratory-scale vertical flow constructed wetland system was designed and monitored to compare 

nitrogen removal rates and pathways from both saturated and unsaturated zones under a hydraulic 

loading rate and influent total nitrogen concentration of 1.5 m3/m2.d and 508 mg/L respectively. 

Weekly measurements of the concentrations of nitrogen compounds, chemical oxygen demand, 

temperature, dissolved oxygen, oxidation-reduction potential, and hydrogen ion concentration were 

taken throughout the study. At the end of the experiments, PCR analysis of 16S rRNA gene sequencing 

was performed to identify microbial communities in the unsaturated and saturated parts of the 

system. The nitrogen compounds were removed from the system after 182 days, with similar total 

nitrogen removal efficiencies (94% and 93%) for the unsaturated and saturated zones respectively. 

Heterotrophic nitrification/ aerobic denitrification was the major pathway responsible for the removal 

of nitrogen compounds. Adsorption into the gravel bed also contributed to ammonium removal. 

Proteobacteria were the dominant bacterial strains involved in nitrogen transformation and 

accounted for 80% of the total bacteria in the unsaturated zone and 60% in the saturated zone. With 

little difference in the concentration removal efficiencies of the unsaturated and saturated zones, a 

more effective design would be an entirely saturated wetland as the total mass removal of nitrogen 

depends on the water volume stored, which at full saturation in this design was seven times greater 

per unit wetland volume than the unsaturated zone. 

2.1. Introduction 

The removal of high nitrogen (N) loads generated from domestic effluents, animal farms, and food 

production industries is of particular concern due to negative impacts on receiving water bodies such 

as eutrophication, algal blooms, and groundwater contamination (Kantawanichkula et al., 2009; 

Terada et al., 2003). Dissolved inorganic N forms, including nitrate (NO3), nitrite (NO2) and ammonia 

(NH3) or ammonium (NH4) can impact aquatic systems because they are immediately available for 

uptake by microorganisms (Lee et al., 2009; Sun et al., 2012). Constructed wetlands (CWs) have been 



Chapter Three                                                                                                                                                      22 

widely used to efficiently treat high nitrogen wastewater (Kantawanichkula et al., 2009; Tanner et al., 

1995). In this study, we focused on vertical flow constructed wetlands (VFCW), being state of the art 

wetland technologies (Sani et al., 2013) with minimal space requirements, higher oxygen transfer 

capacity, highly effective organic matter removal, and simple hydraulics (Saeed and Sun, 2012) 

compared to other treatment systems. 

In VFCWs, the removal of N often depends on the efficiency of essential biological processes such as 

ammonification, nitrification, and denitrification (Stefanakis et al., 2014). Nitrification is the aerobic 

oxidation of NH4 to NO2 by ammonium oxidizing bacteria (AOB) and then to NO3 by nitrite oxidizing 

bacteria (NOB). Denitrification is the reduction of nitrate to N gas by heterotrophic denitrifiers under 

anoxic conditions (Saeed and Sun, 2012). The biological degradation of N in CWs is usually 

accomplished by aerobic nitrification and anoxic denitrification (Lee et al., 2009; Nielsen et al., 2005; 

Wang et al., 2005). However, heterotrophic nitrifying- aerobic denitrifying microorganisms (Table A1 

and Table A2) may contribute significantly to nitrogen removal in wetlands (Adrados et al., 2014). 

These microorganisms are able to nitrify and denitrify simultaneously under aerobic conditions, by 

oxidizing ammonium to nitrite or nitrate and then immediately denitrify these compounds to N2 gas 

(Yao et al., 2013). 

Effective TN removal can be achieved by sustaining a variety of microbial communities that perform 

simultaneously under a typical environmental habitat (Sun et al., 2012). The content, diversity, and 

dynamics of microbes impact the performance, robustness, and balance of wastewater treatment 

facilities (Naz et al., 2016). However, The final feature of the microbial community can be  influenced 

by  factors such as, organic load, the design of treatment systems, the type of substrate used, 

composition of the influent wastewater, and the operational conditions of the system (Adrados et al., 

2014). Knowledge of the microbial population involved in treatment wetlands is therefore essential 

for understanding and enhancing process efficiencies.  
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High treatment efficiency of single-stage VFCWs for N compounds, has been widely reported (Haoa 

and Martinezb, 1998; Helmer and Kunst, 1998; Menoud et al., 1999; Munch et al., 1996; Sun et al., 

2012; Tanner and Kadlec, 2002; Tanner et al., 2002). In VFCWs with gravel fill, Connolly et al. (2004) 

found effective nitrogen removal under fully saturated conditions. Dong and Sun (2007); Silveira et al. 

(2015) Huang et al. (2017) and Hu et al. (2014) improved N removal efficiency by dividing the bed into 

saturated and unsaturated layers. They reported that  manipulating the depth of a single-stage 

wetland into saturated and unsaturated zones is an effective tool for sustaining both aerobic and 

anaerobic conditions, as the unsaturated zone provides abundant oxygen, while the saturated zone 

provides limited oxygen (Dong and Sun, 2007; Hu et al., 2014; Wen, 2011). 

In this study, we design and monitor a mixed saturated/ unsaturated VFCW system under ambient 

temperatures and high N loading rate to: (1) compare the efficiency of transformation and removal of 

N products under unsaturated and saturated conditions in inorganic wastewater characterized by low 

organic constituents; (2) identify the microbial communities coating the VFCW gravel in the 

unsaturated and saturated zones to identify the most likely N removal pathways. 

2.2. Materials and methods 

2.2.1. Experimental and sampling procedure 

Three replicate laboratory-scale polyvinyl chloride (PVC) columns were set up in the laboratory and 

packed with gravel as the main filter medium under an ambient temperature regime (Figure 2.1). The 

design and sampling protocol are similar to Dong and Sun (2007) and summarized in Table 2.1. Before 

commencing the experiment, a mixed liquor activated sludge (ML) collected from a wastewater 

treatment plant was recirculated twice weekly for two weeks in the columns (4 g ML/L of tap water) 

in order to stimulate the growth of microorganisms. During the recirculation period, the water table 

height was set at 27 cm above the gravel base. The recirculated ML was then flushed from the 

columns. The columns were then saturated with a synthetic wastewater from a header tank at an 
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influent flow rate and hydraulic loading rate 0.0088 m3/d and 1.5 m3/m2.d respectively. The columns 

were then partially drained to establish the unsaturated zone over the saturated zone (Figure 2.1).  

 

Figure 2.1. Schematic diagram of the experimental wetland columns 

For each new preparation of 1 L synthetic wastewater; 4 mL of ML was added along with 2 mL and 1 

mL of mine salt solution and trace element solution respectively. The synthetic wastewater recipe, 

along with the mine salt solution and trace element solution were prepared according to Zhang et al. 

(2010) (Table A3). Small spikes of NaCl were added to the synthetic wastewater after each new 

wastewater preparation to maintain pH values within the required range. The inflow was switched off 

once the unsaturated and saturated layers were created. Sampling ports of the saturated zones were 

located 2 cm from the bottom of the column with a shut off valves and riser tubes to maintain the 



Chapter Three                                                                                                                                                      25 

level of the water table. Sampling ports for the unsaturated zone were located 27 cm from the bottom 

of the column with a shut off valves. The system monitoring was performed under no-flow conditions 

and sampling occurred every seven days until the N compound concentrations approached zero. 

Chemical analyses required only 25 mL of wastewater to be extracted from each of the unsaturated 

and saturated zones and this was replaced directly with fresh wastewater immediately after sampling.  

The water content of the saturated and unsaturated zones was calculated according to Bittelli (2011). 

The water content of the saturated zone was calculated as the mass difference between wet and dry 

gravel divided by the column volume (Table 2.1). The water content of the unsaturated zone was 

calculated as the difference between the saturated volume and the drained volume divided by the 

column volume (Table 2.1).   

Table 2.1. Characteristics of the experimental VFCW column 

 

In nitrification, when the ammonium concentration in the wetland system is depleted, some 

ammonium will be adsorbed to recover the balance with the new added concentration (Lee et al., 

2009). Therefore, ammonium adsorption capacity (AAC) onto gravel was determined from laboratory 

sorption tests. Briefly, 3 g of original gravel was placed into 50 mL plastic tubes containing 20 mL 

(NH4)2SO4 of initial different concentrations ranging from 0 to 60 mg/L. Samples were shaken for 48 h 

Parameters Values and units 

Total height of column  

Height of gravel 

Internal diameter 

Column surface area 

Volume of gravel bed 

Pore volume for saturated zone 

Gravel diameter range 

Dry bulk density  

Average gravel bed porosity 

Water content 

50 cm (10 cm free board)  

40 cm (27 cm saturated + 13 cm unsaturated) 

8.5 cm 

56.7 cm2 

2268 cm3 (1531 cm3 saturated + 737 cm3  unsaturated) 

730 cm3 

7 – 14 mm 

1.31 gm/cm3 

0.48  cm3/cm3 

0.456 cm3/cm3 (saturated), 0.064 cm3/cm3 (unsaturated) 
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at 180 rpm and 25oC, filtered through 0.45 µm membrane filters (Millipore HVLP04700) and then 

analysed for ammonium concentration with a spectrophotometer. Adsorption was calculated from 

(Sung et al., 2014): 

Adsorption capacity = (Ci – Cf ) x (V /W)                      2.1 

Where: Ci and Cf are the initial and the final concentrations (mg/L) respectively, V is the volume of 

sample (L), and W is the adsorbent weight (g). 

2.2. Analytical measurements 

N compound concentrations (NO2, NO3, and NH4) were measured regularly on a spectrophotometer 

(HACH DR/6000) using standard test kits. Temperature and dissolved oxygen (DO) were measured 

using a water quality checker (U-10 HORIBA, Japan). Oxidation-reduction potential (redox) and 

hydrogen ion concentration (pH) were measured using a waterproof WP-81 meter. Chemical oxygen 

demand (COD) test was performed with three replicates for each sample using the Closed Reflux 

Titrimetric Method (5220 C) according to APHA (1998) (Appendix A1 and Table A4). 

2.3. DNA analysis of microbial cells  

At the end of the experiment, gravel and 50 ml of wastewater were gathered from the unsaturated 

and saturated layers of each core. The samples were subjected to sonication for 5 min to separate the 

biofilm from the inert substrate. PCR amplification and sequencing was then performed by the 

Australian Genome Research Facility (AGRF). Relative abundance of the dominant bacterial 

community for the initial inoculated activated sludge was also undertaken. 

2.3.1. DNA extraction and PCR amplification, cloning and sequencing of the 16S rRNA gene 

Amplification of the 16SrRNA gene was accomplished using primers of 341F (forward primer: 

CCTAYGGGRBGCASCAG) and 806R (reverse primer: GGACTACNNGGGTATCTAAT). AmpliTaq Gold 360 

mastermix (Life Technologies, Australia) was used as a kit for the primary PCR, while TaKaRa Taq DNA 
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Polymerase (Clontech) was used to index the amplicons in a secondary PCR. PCR amplicons were 

undertaken as per the conditions outlined in Table 2.2.   

Table 2.2. Conditions for PCR amplicons 

 

 

 

 

 

Fluorimeter (Invitrogen Picogreen) was used to measure the resulting amplicons, which then were 

normalised. qPCR (KAPA) was used to measure the equimolar pool followed by paired-end sequencing 

on the Illumina MiSeq (San Diego, CA, USA) with 2 x 300 base pairs. 

Paired-ends reads were assembled by aligning the forward and reverse reads using PEAR (version 

0.9.5) (Zhang et al., 2014). Primers were trimmed using Seqtk (version 1.0) 

(https://github.com/lh3/seqtk). Trimmed sequences were processed using Quantitative Insights into 

Microbial Ecology (QIIME 1.8) (Caporaso et al., 2010) USEARCH (version 7.1.1090) (Edgar et al., 2011) 

and UPARSE software (Edgar, 2010; Edgar et al., 2011). USEARCH sequences were quality filtered, with 

full-length duplicate sequences removed and sorted by abundance. Singletons or unique reads in the 

data set were discarded. Sequences were clustered and filtered by chimera using the “rdp_gold” 

database as a reference. Reads were mapped back to OTUs with a minimum identity of 97% to obtain 

the number of reads in each OTU. Qiime taxonomy was assigned using Greengenes database (version 

13_8, Aug 2013) (DeSantis et al., 2006). 

The unsaturated samples included 76.743, 89.321, and 114.876 reads for column1, column2, and 

column3 respectively with a read length of 300 base pairs (bp). The saturated samples contained 

Target 16S: V3 - V4 

Cycle 

Initial 

Disassociate 

Anneal 

Extension 

Finish 

29 

95oC for 7 min 

94oC for 30s 

50oC for 60s 

72oC for 60s 

72oC for 7 min 
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55.443, 58.404, and 65.128 reads for column1, column2, and column3 respectively with a read length 

of 300 bp. 

3. Results 

3.1. Wetland operating conditions 

At the start of the experiment, the average influent temperature was 13oC for both zones in winter, 

rising to 24.5oC by the end of the experiment in summer. Average influent pH was 7.8±0.3, declining 

to an average of 6.65 ±0.2 for both zones by the end of the experiment. Influent redox averaged 

271.3±14.0 mV, declining to 259.2±26.3 mV and 244.3±24.8 mV for unsaturated and saturated zones 

at the end of the experimental period (Figure 2.2). The average influent DO was 5.0±0.3 mg/L for both 

zones. The average effluents of DO were 4.6±0.33 and 3.5±0.28 mg/L for unsaturated and saturated 

zone respectively (Figure 2.2).  

 

Figure 2.2. DO and redox values over time in the unsaturated and saturated zones of the columns. 
Circles are redox data (closed are unsaturated and open are saturated). Triangles are DO data (closed 
are unsaturated and open are saturated). 

 

0

1

2

3

4

5

6

7

8

9

10

0

50

100

150

200

250

300

350

0 50 100 150 200

DO
 (m

g/
L)

Re
do

x 
(m

V)

Time (d)



Chapter Three                                                                                                                                                      29 

2.3.2. Nitrogen removal 

Free ammonium (FA) and free nitrous acid (FNA) were estimated according to the equations in 

Anthonisen et al. (1976). The average influent concentrations of FA and FNA were 0.52 and 0.007 

mg/L, respectively. For the unsaturated and saturated zones, the average effluent concentrations of 

FA were 0.021 and 0.022 mg/L, respectively, and the average effluent FNA concentrations were 0.0005 

and 0.0009 mg/L, respectively. Figure 2.3 indicates a progressive decline in FA and FNA concentrations 

over time. FNA concentrations initially increased until 28 days and then declined gradually over the 

rest of the experimental period. 

 

Figure 2.3. FA and FNA values over time in the unsaturated and saturated zones of the 
columns 
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The weekly decline in inorganic N concentrations in the VFCW system over 182 days of operation are 

shown in Figures 2.5 to 2.7. The average influent concentration of total inorganic N was 508 mg/L, 

which corresponds to effluent elimination rates of 94% and 93% for unsaturated and saturated layers 

respectively. The colour of the columns became visibly reddish (Figure 2.4) after 105 days, which may 

be related to the simultaneous removal of NH4 and NO2 and the high removal efficiency of NO3 in the 

effluent. Removal of NO2 and NO3 was only slightly higher in the unsaturated zone than the saturated 

zone (Figures 2.6 and 2.7). However, the statistical analysis using GENSTAT software (VSN 

International Ltd, Hemel Hempstead, UK), found no significant difference between the curves (details 

in appendix A6). 

Figure 2.4. Colour of the biofilm that occupied the internal walls of the sampling tubes for the three 
columns 

 

The influent NH4 concentration was 60 mg/L for both zones (Figure 2.5). Until day 77, NH4 declined at 

a much slower rate than NO2 and NO3. The effluent NH4 concentrations under unsaturated conditions 

were 0, 6.7, and 0 mg/L for column1, column2, and column3 respectively and 0.4, 5.4, and 0.5 mg/L 

for column1, column2, and column3 respectively under saturated conditions. According to the 

Australian standards for effluent discharge regulation, the maximum permissible limit of NH4 is 1 mg/L 

(EPA, 2000). From the average regression equations, the curves were approaching the maximum 

permissible limit by 191 days and 182 days for unsaturated and saturated zones respectively.   
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Figure 2.5. Removal of NH4 in the unsaturated and saturated zones over time (t). Triangles are 
unsaturated samples and circles are saturated samples (column1 black; column2 grey; column3 open 
symbols); Regression lines are averages for all three columns (unsaturated zone is the solid line and 
saturated zone is the hatched line). Regression relations are: y= -0.3t + 50.5 (r20.94) (unsaturated zone) 
and y= -0.3t + 57.5 (r2 0.96) (saturated zone). 

 

The initial influent NO2 concentration was 51 mg/L for both zones (Figure 2.6). NO2 concentrations 

declined exponentially over time at a similar rate in both zones, with 90% of the NO2 removed after 

150 days of system operation. The maximum permissible limit of NO2 is 1 mg/L (EPA, 2000). From the 

average regression equations for both zones, the curves were approaching the maximum permissible 

limit by the end of the experiment but required longer to actually reach 1 mg/L (244 days and 232 

days for unsaturated and saturated zones respectively). 
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Figure 2.6. Removal of No2 in the unsaturated and saturated zones over time (t). Triangles are 
unsaturated samples and circles are saturated samples (column1 black; column2 grey; column3 open 
symbols); Regression lines are averages for all three columns (unsaturated zone is the solid line and 
saturated zone is the hatched line). Regression relations are: y= 30.36e-0.014t (r2 0.77) (unsaturated 
zone) and y = 32.64e-0.015t (r2 0.77) (saturated zone).  

  

The influent NO3 concentration was 397 mg/L for both zones (Figure 2.7). NO3 concentrations declined 

exponentially over time at a similar rate in both zones, but did not reach the maximum permissible 

limit for discharge concentration of 10 mg/L (EPA, 2000). Extrapolating the data indicates that the 

saturated zone would require about 260 days and the unsaturated zone would require about 290 days 

to reach the maximum permissible limit.  
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Figure 2.7. Removal of NO3 in the unsaturated and saturated zones over time (t). Triangles are 
unsaturated samples and circles are saturated samples (column 1 black; column 2 grey; column 3 open 
symbols); Regression lines are averages for all three columns (unsaturated zone is the solid line and 
saturated zone is the hatched line). Regression relations are: y = 185.4e-0.01t (r2 0.79) (unsaturated 
zone) and y = 228.9e-0.012t (r2 0.88) (saturated zone). 

 

The three major routes of NH4 loss are nitrification, assimilation into microbial cells, and adsorption 

onto wetland media (Sun et al., 2005; Tyrrel et al., 2002). Assimilation into microbial cells is worth 

calculating when there is a source of organic matter, because large amounts are removed during 

microorganism growth and respiration (Sun et al., 2005). Sikora et al. (1995) estimated the ammonium 

adsorption capacity (AAC) of CWs using gravel as the primary substrate with initial NH4 concentrations 

from 0-200 mg/L; we compared the 0–60 mg/L range of Sikora’s data with our results, (influent NH4 

concentration in our experiment was 60 mg/L- Table A5). Our results (Figure 2.8) indicated that the 

AAC increased with increasing NH4 concentrations with a regression equation y= 1.07 e0.0472x; r2= 0.96; 

while data from Sikora et al. (1995) gives y= 3.36 e0.0288x; r2= 0.95. The AAC of 16.2 mg NH4/kg gravel 

at 60 mg/L in our experiment was close to the 15 mg NH4/kg gravel obtained by Sikora et al. (1995).  
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Figure 2.8. Adsorption capacity of ammonium on gravel, the regression equation of our experiment is 
a mean for three replicates, y= 1.07 e0.0472x; r2= 0.96. Sikora’s regression equation, y= 3.36 e0.0288x; r2= 
0.95. 

 

The average influent COD concentration was 128±0.3 mg/L for both zones. The effluent COD values in 

the unsaturated zone were 74, 64, and 64 mg/L for column1, column2, and column3, respectively, and 

the saturated zones were 138.7, 128.0, and 138.7 mg/L, respectively. The maximum COD permissible 

limit is 120 mg/L (EPA, 2000). The effluent values in the unsaturated zone were below this limit, but 

the saturated zone effluent values exceeded the limit. However, the increase in COD levels after 150 

days will not affect the removal efficiency of N compounds, as they were mostly removed in the first 

150 days of system operation. COD levels declined over time, but a slight increase after 140 days for 

both zones was observed (Figure 2.9).  
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Figure 2.9. Removal of COD in the unsaturated and saturated zones over time. Triangles are 
unsaturated samples and circles are saturated samples (column 1 black; column 2 grey; column 3 open 
symbols); Regression lines are averages for all three columns (unsaturated zone is the solid line and 
saturated zone is the hatched line). Downward regression equation: y = -0.52x + 121.3 (r2 0.76) 
(unsaturated zone),  upward regression equation: y = 0.96x - 105.6 (r2 0.85) (unsaturated zone),  
Downward regression equation: y= -0.55x + 143.4 (r2 0.72) (saturated zone),  upward regression 
equation: y = 1.98x - 219.2 (r2  0.91) (saturated zone).   

 

2.3.3. Bacterial community composition 

The relative abundance of bacteria phyla in the three columns of laboratory-scale VFCWs is shown in 

Figure 2.10. Proteobacteria were the most represented phylum in the inoculated activated sludge 

(39%), and appear to become more dominant in all VFCW columns at the end of the experiment, 

whereby they occupied 80% of the total bacteria accounted for in the unsaturated zones and 60% in 

the saturated zones (Figure 2.10 - red colour). Actinobacteria and Acidobacteria were the most 

dominant phyla in VFCWs after Proteobacteria. 
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Fifty classes of bacteria were identified in each column; alpha (α), beta (β), and gamma (γ) 

Proteobacteria were the most abundant, which accounted for 26%, 48%, and 7% in the unsaturated 

zone and 12%, 30%, and 15% in the saturated zone. Details of the relative abundance of bacterial 

community at class level could be found in Table A6.  

At genus level (Table A6), the most abundant genera that belong to α-Proteobacteria in the 

unsaturated samples were: Phenylobacterium, Rhodospirillum, Bradyrhizobium, Sphingomonas, 

Novosphingobium, Kaistobacter, Erythrobacter, Sphingobium, Rhizobium, mycoplana, and 

Caulobacter. For saturated samples, the located genera of α-Proteobacteria were: Phenylobacterium, 

Rhodospirillum, Rhizobium, and Rhodocyclus. The only three predominant genera of β-Proteobacteria 

in the unsaturated zones were: Oxalobacter, Janthinobacterium, Rhodoferax, Rodocyclus, and 

Comamonas. The abundant genera of β-Proteobacteria in the saturated zones were: Rodocyclus, 

Janthinobacterium, Rhodoferax, Limnobacter, Comamonas, and Burkholderia. The most dominant 

genera of γ-Proteobacteria in the unsaturated zone were: Xanthomonas, Lysobacter, and 

Pseudomonas. In the saturated zone, the predominant genera of γ-Proteobacteria were: 

Acinetobacter, Xanthomonas, Chromatium, Cellvibrio, and Pseudomonas. It is apparent that several 

dominant groups in the initial inoculated activated sludge declined at the end of the experiment, such 

as Bacteroidetes, Euryarchaeota, Chloroflexi, and Calithrix.  
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Figure 2.10. Relative abundance and composition of the dominant bacterial community based on 16S 
rRNA clone libraries at phylum level for the initial inoculation and each zone for the three studied 
columns. 

 

2.4. Discussion 

2.4.1. Wetland operating conditions 

Denitrification and nitrification function within  temperature range between 15-30oC (Lee et al., 2009). 

In our experiment, N removal occurred efficiently at temperatures between 13-25oC. The observed 

decline in the pH over the course of the experiment can arise from CO2 formation by  substrate 

fermentation (Miloslav et al., 1995). 
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 The development of various microorganism communities responsible for nitrogen removal can also 

be influenced by redox and DO levels (Sun et al., 2012; Wang et al., 2017). However, maintaining stable 

oxygen level in wetlands is extremely challenging (Huang et al., 2017), but was  achieved in this study  

over the experimental period. Overall, both the redox and DO data showed that aerobic conditions 

prevailed in both zones (Yao et al., 2013). Thus, the transformation of N compounds and organic 

matter degradation were carried out aerobically. Ong et al. (2010) reported that the aerobic 

degradation of organic matter is accomplished by aerobic heterotrophs.  

2.4.2. Nitrogen removal  

The concentrations of FA and FNA in the influent wastewater can significantly affect the performance 

of nitrification (Anthonisen et al., 1976). Literature reported that FA concentration more than 2 mg/L 

restrict the nitrogen removal (Sultana, 2014). NH4 concentration correlates positively with FA 

concentration (Sultana, 2014). Therefore, no accumulation of FA observed in this experiment as NH4 

declined over time (Figures 2.3 and 2.5). Nitrification could function well at a range of FNA less than 

0.22 mg/L (Anthonisen et al., 1976). The range obtained in this study was below that value. 

Yao et al. (2013) affirmed that if there is a progressive decline in NH4 concentration with no observed 

accumulation of NO3 and NO2 under aerobic conditions, the process would be heterotrophic 

nitrification/aerobic denitrification because  heterotrophic microbes are capable of oxidizing NH4 to 

NO3 and NO2 and then immediately denitrify these products to N2O/N2 under aerobic conditions 

(Robertson and Kuenen, 1990; Yao et al., 2013). Furthermore, Adrados et al. (2014) reported that 

unsaturated systems achieved high ammonium removal efficiency, whereas saturated systems could  

denitrify almost all the nitrified ammonium. In this experiment, the accumulation of NO3 and NO2 was 

limited, with a decline in NH4 concentration over time. Therefore, heterotrophic nitrification/aerobic 

denitrification under aerobic conditions was the dominant process in this study. This was also 

supported by the DNA results, which showed a percentage of heterotrophic nitrifiers and aerobic 

denitrifiers. 
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The fitted zero order decay curves for this study (Figure 2.5) are similar for both the unsaturated and 

saturated zone. However, the decline in NH4 in the unsaturated zone commenced at a lower initial 

concentration than in the saturated zone. Because the unsaturated zone is more exposed to oxygen, 

NH4 removal can occur earlier for the unsaturated zone than the saturated zone (Saeed and Sun, 

2012). The AAC test indicated that NH4 was also adsorbed in the bed matrices, which agrees with the 

findings of Connolly et al. (2004). Overall, NH4 removal during the experiment occurred through 

adsorption into gravel and heterotrophic nitrification.  

The high influent N concentrations  used in this study were obtained following the synthetic 

wastewater recipe from Zhang et al. (2010). Huang et al. (2017) also recently undertook research on 

manipulation the saturated/ unsaturated depths using high influent nitrogen compounds (488 mg/L). 

The long retention time results not only from the high input of N concentration but also from the 

ambient temperature. Adequate contact time is required in CWs to remove nutrients from 

wastewater (Lee et al., 2009; Wu et al., 2015) and temperature influences the retention time. The 

temperature range of 13-25oC in this experiment is  considered cold to  moderate, which can reduce 

the rate of  N removal (Valipour and Ahn, 2016). Other studies manipulating the unsaturated/ 

saturated zones have also found retention times longer than reported in this experiment a (Hu et al., 

2014; Huang et al., 2017; Silveira et al., 2015; Wang et al., 2017).  

COD is a good indicator of the amount of organic content in wastewater (Zhao et al., 2009). Organic 

matter can be decomposed by both aerobic and anaerobic microbial processes, sedimentation, and 

filtration (Fan et al., 2013). Fan et al. (2013) suggested that the degradation rate of organic matter is 

influenced by the composition of the added carbon source. We used activated sludge as the only 

organic carbon source, which was a mixture of autotrophic/heterotrophic bacteria from a wastewater 

treatment plant, along with the inorganic synthetic wastewater. Therefore, a heterogeneous 

composition of activated sludge may result in an incomplete degradation of organic matter in our 

study.  
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The removal rate of COD in the unsaturated zone was slightly higher than the saturated zone, which 

corresponds to the DO results showing that the unsaturated zone had a slightly more oxygenated 

environment than the saturated zone. A similar conclusion was reached by Fan et al. (2013) and 

Valipour and Ahn (2016).  

2.4.3. Bacterial community composition 

Kindaichi et al. (2004) and Kersters et al. (2006) reported that α, β, and γ-Proteobacteria are mostly 

denitrifiers. Our results are in agreement with Adrados et al. (2014) who showed that Proteobacteria 

were the most represented taxonomic groups in all samples of domestic wastewater treated by 

wetlands.  

Robertson and Kuenen (1990) reported that Pseudomonas species that belong to γ-Proteobacteria 

are heterotrophic nitrifiers/aerobic denitrfiers. The percentages of Pseudomonas in our samples were 

0.4% and 5.2% for the unsaturated and saturated zones respectively. Finneran et al. (2003) reported 

that the Rhodoferax genus belonging to β-Proteobacteria is able to utilize nitrate as both an electron 

acceptor and nitrogen source. The percentage of Rhodoferax in our samples was 1.1% for both zones. 

Rodocyclus genus has also been found to utilize both oxygen and nitrate as electron acceptors (Ahn 

et al., 2002). The percentages of Rodocyclus in our samples were 2.7% and 0.4% in the unsaturated 

and saturated zones respectively. 

Xanthomonas genus that belong to γ-Proteobacteria was reported as a heterotrophic nitrifier (Hu and 

Kung, 2000), which was detected in our samples with percentages of 2% and 5.8% in the unsaturated 

and saturated zones respectively. Nocardia genus that belong to Actinobacteria was also reported as 

a heterotrophic nitrifier (Robertson, 1988). The percentages of Nocardia in our samples were 0.8% 

and 1.1% for the unsaturated and saturated zones respectively. Acinetobacter species that belong to 

γ-Proteobacteria were reported as a potential denitrifiers (Adrados et al., 2014). In our study, the 

average percentages of Acinetobacter species were 0.1% and 1.6% in the unsaturated and saturated 
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zones respectively. The average percentages of Rhodnobacter species in the unsaturated and 

saturated samples were 1% and 0.1%, which were also shown to denitrify.  

The major role of the involved bacterial group was removing nitrogen from wastewater. Bacteroidetes 

are chemo heterotrophic bacteria which are able to degrade complex organic compounds (Adrados et 

al., 2014; Yao et al., 2013). In our experiment, Bacteroidetes declined from 12% in the initial inoculated 

sludge to 2% for both zones at the end of the experiment. This was also supported by the COD results, 

which showed an accumulation of COD at the end of the experiment. The decline in the Bacteroidetes 

in our study agreed with another study conducted on heterotrophic nitrification/ aerobic 

denitrification (Yao et al., 2013). In general, the bacteria detected in this study exhibited heterotrophic 

nitrifying and denitrifying activity under aerobic conditions. 

2.5. Conclusions 

In this study, there were no observed differences between the unsaturated and saturated zones of 

the wetland in terms of temperature, pH, DO, and redox potential. Heterotrophic nitrification/ aerobic 

denitrification was the major pathway for nitrogen removal from both zones; ammonium was 

removed by heterotrophic nitrification and adsorption onto the gravel substrate.  

The major decline in N compounds occurred within 150 days of system operation. The removal 

efficiencies of N compound concentrations was not substantially different between the unsaturated 

and saturated zones, ranging from 92–96%, 98–100% and 89–100% for NO3, NO2, and NH4 respectively 

under unsaturated conditions and 91-92%, 88- 94%, and 91%-99% for NO3, NO2, and NH4 respectively 

under saturated conditions. Because the final concentrations are similar between the saturated and 

unsaturated zones, the mass removed per unit volume is in proportion to the volumetric water 

content. It is therefore, advantageous to save space and operate this vertical flow wetland as an 

entirely saturated system, as the measured saturated water content is seven times greater than the 

measured water content of the unsaturated zone.    
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Abstract 

A laboratory-scale, vertical flow constructed wetland system was used to investigate whether 

substrate amendments designed to enhance conditions for denitrifying bacteria increased 

denitrification rates. Using a coarse sand filter medium under saturated conditions, we added two 

different external carbon sources (sucrose and ethanol), with and without activated sludge 

amendments. We monitored denitrification rates and nitrate and nitrite concentrations for all 

treatments relative to an untreated control and a treatment with activated sludge under a hydraulic 

loading rate of 0.508 m3/m2.d. Temperature, oxidation-reduction potential, and hydrogen ion 

concentration were measured through the recirculation of N-dosed wastewater mix to encourage 

microbial growth with standard plate counts, which were carried out for denitrifiers. All treatments 

had similar enhanced nitrate decay rates with and without adding activated sludge, except ethanol, 

which had a positive effect without activated sludge and a negative effect with activated sludge. 

Nitrite initially accumulated when C sources were added due to a shift in population between nitrate 

respirators and denitrifying bacteria, but no accumulation was evident at the end of the experiment. 

The denitrification rates differed between sucrose and ethanol, which is of technical interest, as the 

volume of wastewater treated in a unit volume of wetland for denitrification doubled with ethanol 

compared with sucrose at the same concentration.  

3.1. Introduction 

In the past few decades, CWs helped to control non-point source pollution from agricultural runoff 

(Liu et al., 2009) and point source pollution from municipal wastewater and nutrient rich wastewater 

(Kivaisi, 2001). Nitrate is the dominant source of nitrogen in agricultural runoff and can quickly move 

into the surrounding surface and ground waters that could be used for potable supply (Beutel et al., 

2009). High nitrate concentrations in drinking water have been linked to both methemoglobinemia 

and bladder cancer (Songliu et al., 2009). Furthermore, treated municipal wastewater that contains 

high amounts of nitrate, can enter water bodies and potentially stimulate algal blooms, degrade water 
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quality, and reduce biological diversity. This eutrophic phenomenon is the major cause of the hypoxic 

zone “dead zone” in water (Songliu et al., 2009).  

VFCWs provide superior oxygen transfer capacity and unsaturated conditions as a result of the vertical 

drainage of wastewater through the bed matrix (Faulwetter et al., 2009). Therefore, the ammonium 

removal rate is high, whereas nitrate elimination is not completely promoted (Stefanakis et al., 2014). 

In field and laboratory applications of VFCWs, Sirivedhin and Gray (2006) concluded that 

denitrification rates are difficult to control as they are influenced by a range of connected factors, 

including: hydraulic conditions (depth and mixing), microbial community composition, and the quality 

and quantity of organic carbon. This is one reason why the design of VFCWs has been based mainly 

on empirical observation and “rules of thumb” (Fuchs et al., 2012). Detailed information on the 

removal rates of key treatment parameters in VFCWs is needed to enhance their design and operation 

to ensure that VFCWs are an economically feasible treatment technology (Fuchs et al., 2012).  

In this study, we focused on nitrate removal using activated sludge as an inoculum with different 

organic carbon sources via bio denitrification, a progressive reaction process converting nitrate to 

nitrogen gas by enhancing indigenous denitrifying microorganisms (Lee et al., 2009) (Table B1), while 

simultaneously oxidising the additional organic carbon source to carbon dioxide via heterotrophic 

activity. Most denitrifying bacteria are facultative anaerobic chemo heterotrophs, using organic 

constituents as electron donors and nitrogen oxides as electron acceptors under anoxic conditions to 

give the following degradation pathway (Faulwetter et al., 2009): 

 NO3 → NO2 → NO → N2O → N2                                                                                                                                                                                         3.1 

Saeed and Sun (2011) affirmed that the most important factors for enhancing denitrification in 

wetlands are the addition of external organic carbon and predominance of anoxic/anaerobic 

conditions. As microbial activity seemingly dominates the N transformation route in CWs, the addition 

of a carbon source has been identified  as an efficient enhancer in nitrate removal (Gomez et al., 2000) 



Chapter Three                                                                                                                                                      44 

and microbial degradation (Meng et al., 2014). The carbon source provides the essentials for energy 

and cellular synthesis by heterotrophic bacteria which use  nitrogen oxides as electron acceptors in 

the absence of oxygen (Burchell et al., 2007). Gomez et al., (2000) found a linear correlation between 

the growth of denitrifying bacteria and the rate of carbon source consumption. Biofilms of wastewater 

are particularly complicated systems that mainly consist of bacterial cells and exopolymers. The 

structure and composition of this microbial matrix are a function of biofilm age (Lazarova and Manem, 

1995) and environmental factors such as the type of carbon source; concentration of carbon source; 

and oxygen concentration (Gomez et al., 2003). In denitrification, biofilm growth correlates positively 

with increments of depleted carbon source, which eventually leads to complete nitrogen removal 

(Gomez et al., 2000). Moreover, the amount of organic carbon source in wastewater is often 

inadequate due to the restricted availability of readily degradable organic compounds, so that adding 

external organic carbon as a readily degradable source could enhance the rate of denitrification 

(Dhamole et al., 2015). 

Another approach to enhancing denitrification is to add activated sludge as a stable source of carbon 

for denitrifying bacteria (Lance, 1986). Some studies have used activated sludge or soil extract to 

stimulate denitrifiers, in addition to carbon sources and nutrients (Cherchi et al., 2009; Dold et al., 

2007; Gomez et al., 2003; Gomez et al., 2000; Hallin and Pell, 1998; Shah and Coulman, 1978; Stensel 

et al., 1973). A few studies have not used activated sludge as an inoculum relying only on the 

contribution of existing carbon sources along with the main nutrient substrates (Ingersoll and Baker, 

1998; Moore and Schroeder, 1971). Lance (1986) tested mixing activated sludge as the sole carbon 

contribution in the upper layers of soil columns, believing it to be a stable carbon source for 

denitrifiers. He concluded that nitrogen removal increased after adding the activated sludge, which in 

turn reduced the treatment area required per unit volume of wastewater and treatment costs. 

However, there is a paucity of information on comparisons between adding and not adding activated 

sludge to the main substrate media (N compounds and organic carbon sources).  
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Nitrite accumulation (an intermediate product of nitrate reduction during the denitrification process) 

is not beneficial in wastewater treatment as extra oxygen for N removal would be required. 

Furthermore, there were problems associated with discharging wastewater into natural water bodies 

without treating nitrite (Ge et al., 2012). Glass and Silverstein (1998) reported that nitrite 

accumulation could inhibit denitrification because it hinders bacterial development.  

The present study investigated the effect of adding activated sludge and organic carbon sources 

(sucrose and ethanol) on nitrate removal efficiency and nitrite accumulation and assessed the 

behavior of denitrifiers in VFCWs treating nitrate enriched wastewater. 

3.2. Materials and methods  

3.2.1. Experimental and sampling procedure 

This study used six parallel Perspex vertical upflow columns. The column bases had plastic filters to 

support the sand layer and evenly percolate the wastewater through the columns. The characteristics 

of the sand columns used in the experiments are given in Table 3.1. 

Table 3.1. Column characteristics 

Parameters Values and units 

Column height 34 cm 

Internal diameter 6 cm 

Surface area 28.26 cm2 

Height of coarse sand bed 16 cm 

Volume of coarse sand bed 452 cm3 

Average coarse sand diameter 0.7 mm 

Dry bulk density 1.33 g/cm3 

Average sand bed porosity 50% 

Average column pore volume 225 mL 

Organic matter content 0.3% 
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To enhance nitrate removal under fully saturated conditions in vertical flow wetlands, we applied the 

following steps in the laboratory: (1) Initial upflow of wastewater through the core bases to uniformly 

distribute treated water through the saturated sand support medium and (2) addition of different 

liquid organic carbon sources with and without activated sludge. 

Nitrate reduction using ethanol and sucrose as carbon sources is represented in the following 

stoichiometric reactions (Constantin and Fick, 1997; Gomez et al., 2003): 

C12 H22 O11 + 9.6NO3
– + 9.6H +  12CO2 + 4.8N2 + 15.8H2O                                                                          3.2 

5C2H5OH + 12NO3
–   6N2 + 10HCO3

–  + 2OH– + 9H2O                                                                                   3.3 

Equations 3.4 and 3.5 show that 575 mg/L of sucrose and 309 mg/L of ethanol are required to denitrify 

1000 mg/L of nitrate. Consequently, a lesser concentration of nitrate removal would be expected in 

the sucrose columns than in ethanol using the same quantity (concentration) of organic carbon (Figure 

3.3). Therefore, if ethanol is used instead of sucrose in the denitrification process, the amount 

added/unit volume can be about half that of sucrose, using the same C/N ratio. 

The stoichiometric reactions 3.2 and 3.3 demonstrate that the theoretical C/N ratios should be 1.07 

and 0.72 for sucrose and ethanol respectively, for complete denitrification. However, Shah and 

Coulman (1978) recommended a C/N ratio of about 3 to maintain adequate carbon source for  

complete elimination of inorganic nitrogen. In addition, in the case of heterogeneous culture,  carbon 

source could be consumed by other microorganisms or by assimilation of carbon source in the biofilm 

which is usually used for cellular growth (Gomez et al., 2003). Therefore, a C/N ratio of 5 was chosen 

for this study to safely exceed the advised value.  

 



Chapter Three                                                                                                                                                      47 

In the presence of nitrate and organic carbon sources, microbes can degrade the carbon sources 

producing biomass (C5H7NO2) (Gujer, 2008). The growth equations 3.4 and 3.5 are defined in the 

format used by the authors (NO3 as the main N source + organic carbon sources). 

0.83NO3+ C2H6O   0.33C5H7NO2 + 0.33CO2 + 1.5H2O + 0.25N2 +  0.67OH                                               3.4 

2.5NO3+ C12H22O11  1.5C5H7NO2 + 4.5CO2 + 5H2O + 0. 5N2 + 1.5OH                                                           3.5 

Synthetic wastewater was prepared using potassium nitrate as the only source of nitrate, which was 

diluted in tap water with 100 mg/L of influent NO3 concentration, along with 0.28 g of sucrose and 

0.28 ml of ethanol as the organic carbon sources (Appendix B1). Two columns were used as controls 

(CONT) with only KNO3 added, two columns had liquid sucrose added (SUC), and two columns had 

ethanol added (ETH) at C: N ratios of 5 for SUC and ETH.  

Prior to commencing the experiment, microorganism activity was stimulated by feeding the system 

with the above described wastewater (CONT, SUC, and ETH) once a week for three weeks as an 

adaptation period. However, some denitrifying populations have slower growth rates (Hallin and Pell, 

1998). Therefore, the adaptation period in this experiment was extended for longer than the 12 day 

period recommended by Hasselblad and Hallin (1998) to ensure that the time required for the sludge 

to adapt to C source is enough. At the end of three weeks, the recirculated wastewaters were flushed 

from the columns, which was followed by an investigation period at an inflow rate and a hydraulic 

loading rate of 0.003 m3/d and 0.508 m3/m2.d respectively. The investigation period involved two 

operating periods. In the first operating period, the columns were completely flushed from CONT, 

SUC, and ETH and saturated from below with new synthetic wastewater (the same as flushed). Once 

saturated, the flow was switched off and denitrification allowed to progress under static, saturated 

conditions. During the adaptation and investigation periods, the water table height was set at 16 cm 

above the sand base.  
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In the second operating period, the same six columns were then fed with the same synthetic 

wastewater described previously (CONT, SUC, and ETH), but with 4 g/L of mixed liquor activated 

sludge/ added. Thus, the second period involved two columns with KNO3 and activated sludge 

(CONT+AS), two columns with liquid sucrose added with activated sludge (SUC+AS) and two columns 

with ethanol added with activated sludge (ETH+AS) at C: N ratios of 5. The activated sludge was 

supplied from a wastewater treatment plant with total inorganic nitrogen compounds of 7 mg/L and 

total nitrogen of 56.3 mg/L to give an organic nitrogen concentration of 49.3 mg/L.  

The treatment procedure was repeated twice for each column. Before repeating the treatment, the 

sand beds were sterilised and repacked, applying the same procedure of recirculating and feeding for 

each column. Sampling was undertaken by re-establishing the flow briefly at 10, 20, 30, 50, 70, 90, 

120, and 150 minutes until nitrate concentrations reached close to zero. For analyses, 10 ml of 

wastewater was removed from the surface of each column by syringe (Figure 3.1).  

 

(a) Before sampling                                      (b) During sampling 

Figure 3.1. Schematic diagram of the sampling procedure for one laboratory-scale VFCW 
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3.2.2. Analytical measurements 

The temperature was measured using an Oxygen Guard Handy Polaris2 meter. Oxidation–reduction 

potential (redox) and hydrogen ion concentration (pH) were measured using a water quality probe 

WP/81.  

For NO3 and NO2 concentrations, wastewater samples were drawn from water displaced on the soil 

surface and filtered through 0.45 µm membrane filters (Millipore HVLP04700) and then analysed with 

a HACH DR/6000 spectrophotometer. The effect of temperature on the spectrophotometer reading 

sensitivity was also tested (Appendix B2 and Table B2). 

Organic matter content of the sand was determined by loss on ignition (LOI) according to Nelson and 

Sommers (1996) which  is the difference in the dry weight of the ignited sample and the heated sample 

divided by the heated sample.  

Chemical oxygen demand (COD) is a good indicator of the amount of organic content in wastewater 

(Zhao et al., 2009); in this study, COD tests were performed in triplicate for each sample using the 

digestion method with a HACH DR/6000 spectrophotometer.  

Theoretical oxygen demand (ThOD) for organic compounds can be determined on the basis of 

chemical oxygen demand (COD) as ThOD is the amount of oxygen required to oxidise a compound to 

its final oxidation products. Table 3.2 summarises the calculations of ThOD using formulae from Gujer 

(2008), with further detail in section B3 in the appendices. 

Table 3.2.  ThOD and Y values for substrates and biomass 

 C2H6O C12H22O11    Biomass C5H7NO2 

Formula weight (g/mol) 46 342 113 

ThOD (g/mol) 96 384 160 

gThOD/g organic carbon or biomass 2.09 1.12 1.42 

Y g ThOD biomass/g ThOD organic carbon 0.81 0.5 – 
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3.2.3. Standard quantification of denitrifying bacteria  

Denitrifying bacteria were quantified by a standard plate count, using nitrate sucrose agar medium as 

described by Rodina (1972) (Table B3). The pH of the agar medium was adjusted each time to 7.0 by 

adding small spikes of sodium bicarbonate. During the adaptation period (21 days), 1 g of soil was 

transferred-using a sterilised spoon-from the anoxic zone to a sterile glass bottle containing 100 ml of 

0.9% NaCl. The soil samples underwent sonication for 5 min to separate the biofilm from the inert 

substrate. A dilution series (1:10) with 10 mL Pyrex tubes was made using a sterile saline solution 

(0.9% NaCl). 0.1 mL was extracted from each dilution and spread on the prepared medium in Petri 

dishes, with three replicates for each dilution. The dishes were incubated anaerobically using 

Anaerogen system OXOID (28–30oC) for two weeks. The number of bacteria (CFU) per gram of sample 

was calculated on plates of the series displaying ~10–100 CFU. 

3.3. Kinetic coefficients of denitrification in VFCWs 

Estimating  values of kinetic parameters is  beneficial for predicting effluent concentrations under 

any operating conditions (Shah and Coulman, 1978).  

The change of the NO3 stock in the water column of the wetland during the investigation (dNO3/dt) 

equals the difference between NO3 sources [NO3 input (in) and nitrification] and NO3 sinks [NO3 output 

(out), denitrification, and uptake of NO3 (up) (mg/m2/d)](Reinhardt et al., 2006).  

dNO3 /dt  = in + nit. –out–deni– up                                                                                                                3.6 

Where, 

In = NO3
–  input (mg/m2/d), 

Nit = nitrification (mg/m2/d), 

Out = NO3
– (mg/m2/d), 

Denit. = denitrification (mg/m2/d), and 
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Up = uptake of NO3
– by plant (mg/m2/d). 

The effect of the nitrification process and uptake of NO3
–  by plants on the denitrification rate has been 

neglected by many researchers (Banchuen, 2002). Equation 3.2 is reduced to:  

Denit. = In – dNO3/dt                                                                                                                                              3.3 

The loss of nitrate in a vertical flow wetland treatment system follows the first order kinetic model 

(equation 1.8), particularly when the influent nitrate concentration in the wastewater is about 100 

mg/L (Reed and Brown, 1992; Shah and Coulman, 1978).  

3.4. Results  

3.4.1 Wetland operating conditions 

Average influent temperatures for CONT, CONT+AS, SUC, SUC+AS, ETH, and ETH+AS were 19.6, 19.5, 

19.5, 19.5, 18.5, and 18.4oC, respectively. Average effluent temperatures for CONT, CONT+AS, SUC, 

SUC+AS, ETH, and ETH+AS were 18.2, 18.4, 18.9, 18.3, 17.4, and 17.6oC respectively.  

Influent pH levels were 7.3, 7.5, 7.3, 7.8, 7.3, and 7.6 for CONT, CONT+AS, SUC, SUC+AS, ETH, and 

ETH+AS respectively. Effluent pH values were 7.8, 7.7, 7.8, 7.3, 8.3, and 7.9 for CONT, CONT+AS, SUC, 

SUC+AS, ETH and ETH+AS, respectively. All pH values  in this study were close to optimal (7.0-7.5) for 

promoting denitrification (Saeed and Sun, 2012).  

Influent redox values in the feed wastewater for CONT, CONT+AS, SUC, SUC+AS, ETH, and ETH+AS 

were 194, 193, 195, 194, 195, and 195 mV, respectively. Effluent redox values were 30, 14, 24, - 105, 

22, and 122 mV for CONT, CONT+AS, SUC, SUC+AS, ETH, and ETH+AS respectively. Redox values >100 

mV promote aerobic conditions and <100 mV promote anaerobic conditions (Ong et al., 2010). The 

oxidation– reduction conditions for all columns were identical in the first week of the adaptation 

period and became completely anaerobic (highlighted values) at day 10 for SUC+AS and ETH+AS, days 
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15 and 17 for ETH and SUC respectively, and at days 19 and 15 for CONT and CONT+AS, respectively 

(Table 3.3).                

Table 3.3. Redox values over the adaptation period 

Time (d) CONT CONT+AS SUC SUC+AS ETH ETH+AS 

0 194 193 195 194 195 195 

1 174 160 166 149 164 144 

3 166 142 157 144 147 143 

5 160 142 145 142 146 143 

7 154 127 144 121 126 118 

9 147 113 133 109 123 104 

11 136 107 128 78 115 77 

13 122 101 116 10 113 8 

15 115 98 101 –56 98 –65 

17 107 91 88 –90 86 –95 

19 95 87 83 –104 75 –116 

21 30 14 24 –105 22 –122 

 

3.4.2. Theoretical oxygen demand and chemical oxygen demand  

The COD removal performance had influent concentrations of 11, 62, 365, 433, 441, and 584 mg/L 

for CONT, CONT+AS, SUC, SUC+AS, ETH, and ETH+AS, respectively. CONT and CONT+AS differed from 

the columns supplemented with external carbon sources (Figure 3.2). The COD values for CONT and 

CNT+AS increased in the first 50 minutes of the experiment. At the end of the experiment, effluent 

values reached 37, 34, 43, and 42 mg/L for CONT1, CONT2, CONT+AS1, and CONT+AS2, respectively. 

Effluent concentrations of COD for SUC, SUC+AS, ETH, and ETH+AS were 50, 46, 66, 51, 53, 43, 88, 

and 86 mg/L, respectively. The biodegradation of organic matter mainly occurred in the first 50 

minutes of the total time (2.5 h). 
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Figure 3.2. COD removal over time 

3.4.3. Nitrate removal 

Nitrate decay curves for all treatments are summarised in Figure 3.3 with an influent concentration of 

100 mg/L. The average effluent nitrate concentrations for CONT1, CONT2, CONT+AS1, CONT+AS2, 

SUC1, SUC2, SUC+AS1, SUC+AS2, ETH1, ETH2, ETH+AS1, and ETH+AS2 columns were 17.5±0.5, 11±4.8, 

16.4±2, 25.6±4.4, 14.3±0.65, 20.1±0.9, 9.55±0.05, 18.8±7.7, 14.5±2.8,9.8±0.2, 20.7±4.7 and 21.2±0.4 

mg/L, respectively. No significant differences were observed between CONT and other columns 

treated with organic C sources.  

The nitrate decay data were analysed using treatment as the grouping factor in the fitted exponential 

nonlinear regression to investigate the consistency of a nonlinear relationship across the six 

treatments. We specifically sought to determine whether treatments had a significant effect on 

response, assuming that nitrate concentration declines exponentially with time. The fitted model 

tested whether the rates and curvature of the fitted curves differed in response to the treatments. 

The fitted exponential curve is 
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Y=A + BRx                                                                                                                                                                                3.7 

Where A, B and R are constants, R is restricted to <1 and x is time. 

The model allowed the parameters to vary between treatments. All statistical analyses were 

conducted using GENSTAT software (VSN International Ltd, Hemel Hempstead, UK). The output from 

GENSTAT is in Appendix B4. The output suggests that we need different asymptote parameters (A), 

different rate parameters (B), and different nonlinear shape parameters (R) to obtain the best model 

fit to the data. The fitted model explains 93% of the variation across all nitrate decay data. Time, 

treatment and their interaction are significant (p<0.05) and interaction is borderline significant, 

(p=0.052). Five of the six treatments had similar rates of decay (R), around 0.98, with the ethanol 

treatment having a higher rate of decay (0.96) (Figure 3.3).  

 
Figure 3.3. Nitrate decay over time (solid lines are fitted curves for each treatment) 
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3.4.4. Nitrite production and decay 

Influent nitrite concentrations were 0, 0, 7, 6, 1, and 0 mg/L for CONT, CONT+AS, SUC, SUC+AS, ETH, 

ETH+AS respectively. Nitrite production and decay curves are shown in Figures 3.4 a to 3.4 b.  From 

the data, three comparative metrics can be obtained: time to peak, peak concentration, and reaction 

time, are summarised in Table 3.4.   

 

Figure 3.4 a. Nitrite behaviour over time (without activated sludge) 
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Figure 3.4 b. Nitrite behaviour over time (with activated sludge)  

 

Table 3.4.  Metrics for nitrite accumulation across wetland treatments. 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200

N
itr

ite
 (m

g/
L)

Time (min)

CONT1+AS

CONT2+AS

SUC+AS1

SUC+AS2

ETH+AS1

ETH+AS2

Columns Time to peak 

(min) 

Peak concentration 

(mg/L) 

Reaction time 

(min) 

CONT1 60 32 80 

CONT2 60 33 80 

CONT1+AS 60 39 85 

CONT2+AS 60 36 85 

SUC1 80 71 130 

SUC2 80 75 130 

ETH1 80 63 140 

ETH2 80 72 130 

SUC1+AS 90 77 145 

SUC2+AS 90 67 145 

ETH1+AS 70 73 95 

ETH2+AS 70 75 95 
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Differences between treatments for peak concentration and production rate were checked 

statistically using standard analysis of variance in GENSTAT software (VSN International Ltd, Hemel 

Hempstead, UK). For concentration peaks the L.S.D. at the 5% level is 10.26, so treatments must have 

a difference greater than this value to be significantly different. All treatments are therefore 

significantly greater than the controls (with no difference between the CONT and CONT+AS peaks), 

but all SUC and ETH treatments with and without AS are not significantly different. Similarly, the L.S.D. 

for the reaction time at the 5% level is 7.06. Again, there is no difference between the CONT and CONT 

+AS but all SUC and ETH treatments have significantly longer reaction times, reflecting the increased 

production of nitrite compared to the controls. There is no significant difference between ETH and 

SUC, but addition of AS significantly reduces the reaction time with ETH and significantly increases the 

reaction time with SUC. All nitrite statistical results are summarised in appendix B5.  

3.4.5 Behaviour of denitrifying bacteria during the adaptation period  

Table 3.5 shows an increase in the bacterial population during the adaptation period, which indicates 

the successful growth of denitrifying bacteria before sampling commenced. The inoculated activated 

sludge was a mixture of autotrophic/heterotrophic bacteria from a wastewater treatment plant. 

Bacterial counts on day 1 indicate that the addition of AS increased bacterial numbers. By day 7, all 

treatments had an order of magnitude higher counts than the controls with and without AS. However, 

by day 21 count numbers had increased substantially in the controls such that only the ETH+AS 

treatment had higher numbers. At the start of the experiment (after 21 days of recirculating flow), the 

bacterial counts in the control equalled the sucrose treatments and the CONT+AS treatment exceeded 

all but the ETH+AS treatment. All treatments, therefore, had active microbial populations of similar 

magnitude to the start of the experiment.    
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Table 3.5. Denitrifying bacteria growth over the recirculation period 

Time (d) 

Denitrifying bacteria number (CFU×104) 

CONT CONT+AS SUC SUC+AS ETH ETH+AS 

1 0.01 0.002 0.06 0.3 0.023 0.04 

3 0.024 0.02 0.2 0.32 0.042 0.08 

5 0.2 0.06 0.8 0.98 0.54 0.2 

7 0.8 0.13 1.62 1.07 2.03 1.9 

14 2 3.43 2.2 2.1 8.208 10.02 

21 25.87 40.233 30.12 34 12.011 64 

 

3.5. Discussion 

3.5.1. Wetland operating conditions 

Microbial growth and metabolic rates are strongly related to temperature (Meng et al., 2014), which 

can affect the performance of denitrifying bacteria (Songliu et al., 2009). Denitrification generally 

functions well at water temperatures from 15-30oC (Kuschk et al., 2003; Lee et al., 2009) so we 

operated our system in this range.  

In a wetland matrix, the chemistry and biology of water are influenced by pH because healthy aquatic 

microorganisms can only function within a restricted pH range (Kadlec and Wallace, 2008). The results 

indicated a slight increase in pH level during the recirculation period as denitrification is an alkaline 

producing process, consuming hydrogen ions and producing carbon dioxide (Grady, 2011). In theory, 

every 1000 mg/L of NO3
– may consume 309 mg/L of ethanol and produce 820 mg/L of alkalinity as 

HCO3 (stoichiometric equation 3.5). 

Numerous researchers have reported that the dominant respiration activities and the related terminal 

electron acceptors, and hence elimination of nitrogen compounds are actively influenced by the 

prevailing oxidation-reduction potential (redox) in the wetland matrix (Faulwetter et al., 2009; Meng 
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et al., 2014; Mitsch and Gosselink, 2000; Sun et al., 2012). Therefore, redox can be a powerful tool for 

predicting the biological state of wetlands (e.g. aerobic, anoxic, or anaerobic). Reddy and DeLaune 

(2008) reported that the oxidation state of N compounds (from nitrate to nitrogen gas) in 

denitrification drops from +5 to 0, as it is mediated by microbial activity, whereby facultative microbes 

acquire the enzymes that permit them to utilise nitrate, nitrite, and nitrous oxide as the terminal 

electron acceptor throughout oxidation of organic carbon under anoxic conditions. Although  aerobic 

microbial growth is usually dominant in VFCWs (Stefanakis et al., 2014), the presence of 

anoxic/anaerobic conditions (low redox values) in this study was observed during the adaptation 

period, which was due to  the saturated conditions and selecting a suitable substrate medium to 

promote microbial growth and denitrification (Meng et al., 2014; Sirivedhin and Gray, 2006). 

3.5.2. Theoretical oxygen demand and chemical oxygen demand  

The theoretical amount of biomass formed (g) per unit of organic carbon used (g) (Table 3.3) is greater 

for ethanol (0.81) than sucrose (0.5). Gomez et al. (2000) found that, in contaminated groundwater, 

biofilm development was greater in ethanol than sucrose and led to greater nitrate removal. The 

reason for this difference is that  ethanol has a high catabolism capability to produce NADH2, an energy 

source for microorganisms that is easier to metabolise than sucrose (Constantin and Fick, 1997). 

Sucrose is composed of two monosaccharide sugars (glucose + fructose) snapped together to form a 

disaccharide. Disaccharides are considered simple sugars but must be broken into two 

monosaccharides before becoming  available for assimilation (Inamdar, 2012).  

In the process of nutrient removal, the rate limiting factor is the carbon source. Therefore, the degree 

of biodegradability of COD is a key limiting factor for denitrification (Henze et al., 1994). Organic 

compounds can be categorised into three major groups: readily biodegradable (such as alcohols, 

volatile fatty acids, amino acids, and glucose and other monosaccharides), slowly biodegradable (such 

as starch), and inert or non-biodegradable organic compounds (such as soluble non-biodegradable 

compounds). COD is an indicator of the total organic fractionation of wastewater (readily + slowly + 
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inert). In our experiment, the added  organic carbon sources (sucrose and ethanol) are readily 

biodegradable compounds that can be assimilated by microorganisms immediately (converted to 

storage products or biomass) (Makinia, 2010).  

The COD levels of CONT+AS initially accumulated and then declined. Barnard and Meiring (1977) 

affirmed that an increase in the COD removal rate is an indicator of the reduced state of organic 

compounds in wastewater due to bacterial performance. Therefore, some accumulation of COD in the 

CONT+AS columns could be attributed to the bacterial limitation to oxidise the organic matter in the 

activated sludge. Christensson et al. (1994) attributed to low COD removal to endogenous respiration 

in the column. An enhanced COD removal rate in columns fed external carbon sources was observed, 

which may be due to the presence of an electron acceptor (nitrate) and electron donor (carbon 

source), that stimulates a simultaneous removal of COD and nitrate (Rodriguez-Caballero et al., 2012). 

COD removal was highly correlated to redox data, which implied that the removal of organic matter is 

correlated positively with the reduction state of the substrate. This was also supported by the 

definition of theoretical oxygen demand, indicating that a more reduced state of substrate means 

more organic matter removal (Barnard and Meiring, 1977). 

3.5.3. Nitrogen removal 

3.5.3.1. Nitrate removal 

Figure 3.3 shows that the removal of NO3 was achieved efficiently at the top of the saturated zone as 

long as the anoxic conditions and microorganisms were maintained.  

The average decay rate of nitrate for CONT columns was 0.0118/min, which is higher than the values 

reported elsewhere (Burchell et al., 2007; Zaman et al., 2008). Zaman et al. (2008) studied nitrate 

removal in a wetland treating nitrate- rich wastewater without any addition of C sources. Their decay 

rates were 0.00174/min and 0.00255/min in surface and ground water samples respectively. Burchell 

et al. (2007) studied enhanced nitrate removal by adding a dredged material as an organic C source 
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into subsurface wetlands; their nitrate decay values for controls were 0.0000111, 0.00004167, 

0.0000382, and 0.0000354/min across four investigation periods, with a significant improvement in 

the performance of columns treated with organic matter relative to the control.  

The initial recirculation resulted in sufficient bacteria in the control for reasonably efficient decay, as 

there were no differences between most of the treatments. While many studies have investigated the 

effect of adding organic carbon on nitrate removal rate, no study has compared the effect of adding 

commercial organic carbons with the control on the performance of denitrification in wetlands. 

As the growth of denitrifying bacteria is affected by the organic carbon contribution and considering 

ethanol as the most appropriate carbon source (Gomez et al., 2000), adding ethanol increased the 

rate of growth (Table 3.5), and the apparent denitrification rate (Figure 3.3). The initial decline in 

nitrate with added ethanol was related to the reduced state of the organic source in the wastewater 

(Barnard and Meiring, 1977). However, in the current study, the observed nitrate reduction with ETH 

+AS did not differ significantly from the controls or sucrose treatments, and only ETH alone produced 

a significantly higher decay rate.  Makinia (2010) reported that only readily biodegradable compounds 

(including sucrose and ethanol) are considered substrates in heterotrophic growth under anoxic 

conditions. Thus, adding activated sludge hindered denitrification, because the non-biodegradable 

compounds (particularly the soluble part) in wastewater cannot be easily metabolised by 

microorganisms (Makinia, 2010). Furthermore, the inoculated activated sludge was a mixture of 

autotrophic /heterotrophic microorganisms from a wastewater treatment plant. Hallin and Pell (1998) 

confirmed that adding ethanol to the substrate media might affect the ability of denitrification to 

utilise other substances in the substrate rather than the external carbon sources. Andersson et al. 

(1995) reported that adding an external C source alters the microbiology of the activated sludge due 

to new biomass production, which changes the overall biocenosis (an association of different 

organisms forming a closely integrated community) of the sludge. However, the selective effect of 
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ethanol for very special groups of bacteria, which require ethanol for their growth, has not been well 

documented (Andersson et al., 1995). 

Rodriguez-Caballero et al. (2012) studied the treatment efficiency of biological sand filters fed tap 

water (control), tap water + ethanol, and tap water + nutrients + ethanol. They reported that up to 

day 8 the tap water + nutrients + ethanol treatment had similar enzyme activity as tap water + ethanol 

treatment; after which, it started to decline. To date, no investigation compared sucrose and ethanol 

saturated with N compounds with and without activated sludge.  

3.5.3.2. Nitrite production and decay 

Nitrite accumulation in the denitrification process has been attributed to several factors including 

environmental conditions (abundance or lack of oxygen) (Ge et al., 2012), increased competition 

between nitrate and nitrite reductases for electrons (Glass and Silverstein, 1998; Hu et al., 2011), and 

changes in the metabolism of competing bacteria (Ge et al., 2012). In this study, the control columns 

had the lowest accumulation peak relative to other columns. Ge et al. (2012) reported that the 

accumulation range increased when C sources were added due to a shift in microbial population (a 

temporary increase in nitrate respiratory bacteria that only reduce nitrate to nitrite compared with 

true denitrification bacteria that reduce nitrate to nitrite and then to nitrogen gas). The ETH+AS 

treatment had a faster decay rate of nitrite than the other treatments which could be attributed to 

the competition of true denitrifiers over nitrate respirators (Ge et al., 2012), this was also supported 

by the bacterial count data, with the most denitrifying bacteria in the ETH+AS treatment. 

3.5.4. Denitrifying bacteria behaviour 

Hallin et al. (1996) used an activated sludge inoculum as the control and ethanol with activated sludge 

in a pre-denitrification activated sludge system with an average mixed liquor of 2560 and 2790 mg/L 

for control and ethanol treatments respectively. The nitrogen removal efficiency with ethanol was 

approximately double that of the control after 12 days of adaptation. The authors attributed the rapid 
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increase in denitrification rate with activated sludge fed ethanol to increased enzyme activity rather 

than altered bacterial species composition. Furthermore, Gomez et al. (2003) concluded that the 

presence of various denitrifying bacteria might affect denitrification, due to differences in the ability 

of these bacteria to reduce nitrate. In our study, denitrifying bacteria in the sludge might not fully 

adapted to ethanol, due to incomplete availability of the very selected microbial population that are 

necessary for metabolise ethanol (Andersson et al., 1995). The decline in the denitrification capacity 

of ethanol with added activated sludge may be due to a change in bacterial species composition, but 

this will not be evident in bacterial counts. Therefore, evaluation of the functional microbial 

community along with a taxonomic identification of the 16S rDNA fragments to identify species of 

denitrifying bacteria is required. 

3.6. Conclusions 

All of the treatments (including control) had similar decay curves of nitrate, except ethanol, which 

increased the rate of nitrate decay. Adding sucrose as a carbon source did not increase the rate of 

decay. For the control columns, the microbial population must have been sufficient to initiate the 

nitrate decay. Additional microbes via activated sludge did not increase the rate of decay in any 

treatment. Ethanol plus activated sludge reduced the denitrification rate relative, to ethanol alone. 

Nitrite accumulation increased when C sources were added due to a shift in population between 

nitrate respirators and denitrifying bacteria. Overall, no nitrite was released from this wetland. At the 

end of the recirculation period, the ethanol columns had the lowest denitrifying bacteria count, and 

the ethanol with activated sludge columns had the highest denitrifying bacterial count, yet the ethanol 

columns had the highest nitrate removal efficiency and, the ethanol with activated sludge columns 

suppressed the nitrate removal rate, possibly due to a shift in bacterial species rather than enzyme 

activity.  
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Overall, COD removal was linked to the redox conditions in the treatments. In the non-treated sand, 

a heterogeneous composition of activated sludge initially hindered COD removal. However, the 

addition of C sources resulted in efficient COD removal, and no effect of activated sludge on COD 

removal was observed. 

Of particular note are the differences in the denitrification rate between the individual ethanol and 

sucrose treatments, as the volume of wastewater treated in a unit volume of wetland for 

denitrification doubled with ethanol compared with sucrose at the same concentration. This positive 

effect was, suppressed if activated sludge was added. 
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Abstract 

The addition of biodegradable carbon sources to constructed wetlands can enhance microbial activity 

but may lead to substrate clogging, a major operational problem in constructed wetlands. In 

laboratory-scale vertical flow constructed wetlands, the clogging effect of two readily biodegradable 

organic substrates-sucrose as a sugar source and ethanol as an alcohol source-were examined with 

coarse sand as the substrate medium. Wastewater without the addition of supplemental organics and 

a ‘control’ treated with tap water were also monitored as a reference. Changes in saturated hydraulic 

conductivities were measured for all treatments over time. Other parameters that can influence the 

clogging rate including temperature, dissolved oxygen, chemical oxygen demand, protein, and 

polysaccharides were measured in the influent and effluent wastewater on a weekly basis. At the end 

of the clogging experiment, the main layer of each filter bed was separated into three sections; 

saturated hydraulic conductivity, organic matter content, and protein and polysaccharide 

concentrations were measured in each section. The rate of clogging development in the columns 

depended on treatment, with ethanol-treated cores clogging more quickly than sucrose-treated cores. 

Wastewater treated cores took far longer to clog and the tap water control did not clog, but the 

saturated hydraulic conductivity declined by 60% over a year. The wastewater treatment cores 

clogged eventually and the saturated hydraulic conductivity in the tap water control declined by 60% 

over a year, but not due to clogging. Saturated hydraulic conductivity within the cores declined far 

less than the calculated decline in column flow rates over time, indicating that plate clogging was a 

major factor influencing the reduction in flow through the wetland.    

4.1. Introduction 

Clogging is a gradual accumulation of solids within the wetland filter media (Stefanakis et al., 2014). 

Clog matter can considerably reduce pore spaces in the granular medium because of its lower density 

(Knowles et al., 2011). Clogging is often initiated in the top zone of the main filter layer, where 

abundant biological growth can occur due to contact between the fine media, nutrients, and organic 
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matter in the influent wastewater. For example, microbial biomass was most abundant within the top 

10% of a vertical flow wetland filter (Knowles et al., 2011). 

Clogging can be attributed to three mechanisms: physical, chemical, and biological (Langergraber et 

al., 2003). Gajewska (2013) reported that bed clogging is influenced by organic matter accumulation. 

Wanner (1994) considered all saccharides (including monosaccharides, disaccharides, and 

polysaccharides) and alcohols (except methanol) to be readily biodegradable substrates, which are 

easily assimilated by microorganisms. Sucrose is a disaccharide sugar, which must be broken into two 

monosaccharides before becoming available for hydrolysis or assimilation (Wanner, 1994). Ethanol as 

an alcohol substrate, must firstly transform into acetate before being used by microorganisms 

(Constantin and Fick, 1997). Various studies have tested the effects of glucose (as a type of soluble 

organic substrate); (Caselles-Osorioab and García, 2006; Ehlinger et al., 1987; Frankenberger et al., 

1979; Zhao et al., 2009), starch (as a particulate organic substrate) (Caselles-Osorioab and García, 

2006; Zhao et al., 2009), sucrose (Kim and Fogler, 2000; Lappan and Fogler, 1996; Soares et al., 1989), 

propanol and methanol (Frankenberger and Troeh, 1982), ethanol, sodium acetate and potassium 

formate (Soares et al., 1989), and volatile fatty acids (Ehlinger et al., 1987) on clogging. Easily 

biodegradable organic carbon sources supply high energy yields and hence stimulate bio-clogging 

(Ehlinger et al., 1987; Frankenberger and Troeh, 1982; Frankenberger et al., 1979; Soares et al., 1989; 

Stewart and Fogler, 2001). To date, no studies have compared the effect of readily biodegradable 

organic sources on clogging.  

Extracellular polymeric substances (EPS) refer to various classes of polymeric compounds, including 

polysaccharides, proteins, nucleic acids, lipids, and other macromolecules, which commonly occur in 

the intercellular spaces of microbial aggregates (Flemming and Wingender, 2001). Most clogging 

studies have assumed that EPS forms the bulk of the biomass and are the main component of biofilms 

(Thullner, 2010; Vandevivere and Baveye, 1992). Extracellular polymeric substances are the major 

cause of biomass build up and hence clogging (Avnimelech and Nevo, 1964; Ehlinger et al., 1987; 
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Frankenberger et al., 1979; Lappan and Fogler, 1996; Mitchell and Nevo, 1964). Some researchers 

have found  positive correlations between exopolymer accumulation and the clogging severity 

(Avnimelech and Nevo, 1964; Chang et al., 1974; Mitchell and Nevo, 1964), while others have found 

no relationship   (Hilton and Whitehall, 1979; Jawson, 1976; Thomas et al., 1966). 

Some studies have shown that the intensity of clogging is greatest at the inlet of the column, due to 

the highest nutrient concentration occurring at this location. Clogging can be accentuated at the inlet 

if a biomass mat is formed (Baveye et al., 1998; Vandevivere and Baveye, 1992). 

In this study, we monitored the evolution of clogging in VFCWs by applying a saturated upflow mode 

to: (1) examine if clogging occurs with the addition of two readily biodegradable organic substrates 

that are potentially useful for enhancing microbial activity (sucrose as a sugar source and ethanol as 

an alcohol source); (2) explore the relationship between clogging and biomass accumulation; (3) 

observe whether more pronounced clogging occurs at the inlet area or within the pore spaces of the 

filter bed.  

4.2. Materials and methods 

4.2.1. Experimental setup and sampling procedure 

Seven identical Perspex laboratory-scale vertical upward flow columns were setup in the laboratory 

with shutoff valves at the base of each core and a filter medium of coarse sand. The bases of the 

columns were fitted with drilled plastic filters (with gauze on top) to support the sand layer and evenly 

percolate the wastewater through the bed. Table 4.1 shows the major characteristics of the columns 

used.  
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Table 4.1. Characteristics of the laboratory-scale VFCWs 

Parameters Values and units 

Column height 34 cm 

Height of coarse sand bed 22 cm 

Internal diameter 6 cm 

Surface area 28.26 cm2 

Volume of coarse sand bed 621.72 cm3 

Average coarse sand diameter  0.7 mm 

Dry bulk density  1.45 g/cm3 

Average sand bed porosity 45 % 

Average column pore volume 

Plastic filter diameter of drilled holes 

280 mL 

6 mm 

 

Of the seven columns, one was used as a control (with only tap water) and the remaining six were fed 

with inorganic synthetic wastewater. These six columns were divided into three groups, each with two 

replicates. Group 1 and 2 were fed with ethanol (ETH) and sucrose (SUC), respectively, as sources of 

organic carbon in addition to inorganic synthetic wastewater. Group 3 was only fed with inorganic 

wastewater (WW). The synthetic wastewater recipe is described in Zhang et al. (2010) (Table A3). One 

column was used as a control (CONT), which was fed only with tap water.  

For every core, wastewater was fed from a header tank and percolated upward from the base of the 

column. The shutoff valves were closed once the wastewater level reached the surface of the sand 

bed. The hydraulic head was recorded as the distance from the level of the header tank to the water 

surface of the saturated column. By opening the valve, the time required for the water to rise to 2 cm 

level above the medium was recorded. The water volume that accumulated on the surface of the sand 

was removed and recorded to determine the discharge rate (Figure 4.1). The described feeding 

procedure was repeated three times at each sampling interval and the values averaged for the 
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saturated hydraulic conductivity of each column. We chose this feeding technique to look at how 

clogging could progress under static conditions. Clogging development was monitored weekly by 

measuring the changes in saturated hydraulic conductivity over time. Complete clogging was the point 

at which the flow had effectively ceased. 

 
Figure 4.1. Schematic diagram of the experiment 

Hydraulic conductivity was calculated from Darcy’s Law using the constant water head method (Zhao 

et al., 2009). For upward flow (Figure 4.1):    

Ksat = (Q/A) x (L/ΔH)                                                                                                                                               4.1 

Where: Ksat is saturated hydraulic conductivity (L/T), Q is discharge flow rate (L3/T), L is thickness of 

the sand layer (L), A is cross-sectional area of the bed (L2), and ΔH is applied hydraulic head (L). 
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The amounts of ethanol and sucrose added to each filter bed were determined from the 

stoichiometric relationships of carbon degradation with nutrients (Appendix C1). Increasing the 

concentration of the supplied carbon source can accelerate the occurrence of clogging (Thullner, 

2010). Therefore, the added C/N ratio was initially set to 2 (stage1) and then increased to 4 after 105 

days (stage2) to accelerate the clogging process for both ethanol and sucrose columns under 

laboratory conditions.  

4.2.2. Analytical measurements 

4.2.2.1. Wastewater samples 

Some water quality parameters also affect clogging, including  temperature (McCalla, 1950), dissolved 

oxygen (Rinck-Pfeiffer et al., 2000), chemical oxygen demand (Zhao et al., 2009), and nutrient 

concentrations (Sani et al., 2013).  

Temperature and dissolved oxygen (DO) were recorded weekly for the influents and effluents using 

an Oxygen Guard Handy Polaris 2 meter. The influent and effluent wastewater samples were analysed 

for NO3, NO2, NH4, TN, and TP concentrations with a HACH DR/6000 spectrophotometer using 

standard kits. The chemical oxygen demand test was performed with three replicates for each sample 

using the Closed Reflux Titrimetric Method (5220 C) according to APHA (1998) (Table C1).  

The amount of polysaccharides in wastewater samples was determined using the anthrone-sulfuric 

acid method (Appendix C2) as recommended for wastewater analysis (Frolund et al., 1996; Gerhardt 

et al., 1994). The protein content test was accomplished using a Protein Assay Kit-method 23200 of 

Bradford Pierce Coomassie (Thermo Scientific) (Appendix C3). 

The loss on ignition (LOI) method was performed according to Nelson and Sommers (1996) to 

determine the organic matter content in sand layers. The LOI (%) is calculated from the difference in 

dry weight between the ignited and heated samples divided by the heated sample (Appendix C4 and 

Table C2).  
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4.2.2.2. Column sub-section samples 

Once clogging had progressed to the point where outflow had effectively ceased, each column was 

stored in the freezer to stop the growth of microorganisms. The biofilms generated at the inlet area 

(when clogging occurred) were collected and analysed for protein and polysaccharides 

concentrations. After freezing, the column with the main layer of the filter bed was then cut into three 

7.5 cm sections using an electric band saw. Each section was then placed on a porous sieve base. After 

thawing, the saturated hydraulic conductivity for each layer was tested in triplicate by measuring the 

rate of supply to a small ponded head on the soil surface and applying Darcy’s equation for vertical 

flow through a column with the base open to the atmosphere.  In this case, the hydraulic gradient is 

(H+L)/L, where H is the height of water ponded on the column surface. For very small values of H (0.2 

cm in these tests) the hydraulic gradient is very close to 1.     

The LOI (%), and protein and polysaccharide concentrations (mg/L) in all sections along the column 

were quantified in triplicate for each sampling. Direct extraction of protein from soil layers was carried 

out as described by Ogunseitan (1993) using “the boiling method”. Briefly, 1 g of soil was collected 

from each soil layer and then washed in ice-cold Tris-HCL at pH 7.4. The samples were resuspended 

by vortexing for 30 s in 500 µl of water. A freshly made solution, consisting of Tris-HCL at pH 6.8, 

dithiothreitol, SDS, glycerol, and bromophenol blue was added in certain concentrations to the 

samples with continuous vortexing for 2 min. The samples were then placed in a boiling water bath 

for 10 min before centrifuging (at 12000 g for 30 min at 4oC) to remove cellular debris and other 

particulates. The supernatant was gathered and passed through a gastight syringe to shear any DNA. 

Centrifuging was then undertaken at 12000 g for 10 min at room temperature and the supernatant 

was transferred to a new test tube for protein content testing according to the Bradford method (as 

described previously for wastewater samples). 

To extract the polysaccharides from soil sections, the “hot water” method was performed as described 

by Ghani et al. (2003). Briefly, 3 g of soil (oven dried) was mixed with 30 mL of distilled water, were 
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shaken for 30 min at 30 rpm at 20oC using digital shaker, then centrifuged for 20 min at 3500 rpm. The 

supernatant was discarded and another 30 mL of distilled water was then added to the sediments and 

vortexed for 10 s. The tubes were then heated in a hot water bath for 16 h at 80oC, and vortexing for 

10 s was also repeated. The samples were repeatedly centrifuged for 20 min at 3500 rpm and the 

supernatant filtered through a 0.45 µm cellulose nitrate membrane filter. The polysaccharide contents 

in the soil samples were determined (as described previously for wastewater samples) using the 

anthrone-sulfuric acid method. All results for saturated hydraulic conductivity, organic matter %, and 

polysaccharide and protein contents are in Table 4.2.  
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Table 4.2: Values of Ksat (mm/hr), protein and polysaccharide contents (mg/L), and organic matter content (%) in three different sections of the sand column 

(detailed values are in Tables C3– C6). 

 Parameters Layers 

 

 

Column (Mean ± L SD) 

     ETH1                ETH2           SUC1        SUC2               WW1             WW2       CONT 

Ksat Lower 661 468 616 513 577 648 616 

Middle 477 488 545 545 645 574 577 

Upper 498 351 407 577 611 506 475 

Protein Lower 360.3±5.2 354±17.1 374±7.1 418.7±3.5 326±2.6 346±3.2 326±7.1 

Middle 312.7±12.4 328±15.7 363.3±14.7 308.3±12.3 320.7±5.5 332.7±8.1 326.7±12.7 

Upper 337±4 322.7±3.8 230.6±8.1 311.3±6.5 323.6±3.8 333.3±3.3 326±2.6 

Polysaccharides Lower 136.7±3 117.3±4.7 125.3±2.7 120±11.8 121.3±0.9 111±0.6 113±0.6 

Middle 118.3±2.9 116±4 112.3±4.8 112.7±0.7 122±0.6 112.6±2 111±1.2 

Upper 115.6±0.3 115.3±0.3 112±4 117.7±0.7 116.7±0.9 117.6±1.9 116.3±1.3 

Organic matter  Lower 0.47±0.04 0.3±0.02 0.57±0.02 0.35±0.007 0.48±0.05 0.38±0.03 0.46±0.006 

Middle 0.41±0.008 0.46±0.03 0.44±0.03 0.34±0.03 0.45±0.04 0.4±0.008 0.45±0.02 

Upper 0.36±0.02 0.34±0.01 0.46±0.02 0.43±0.03 0.39±0.01 0.48±0.03 0.38±0.03 
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The columns were photographed at the end of the clogging experiment and after the freeze–thaw 

proves (Figure 4.2). Where clogging had occurred, the biomass (black colour) appeared to  accumulate 

more in the third part of the column for ETH and SUC columns,  with no obvious build-up of biomass 

in the WW and CONT columns (Figure 4.2 a). After freeze- thaw, discolouration in the ETH and SUC 

columns did not change, but the internal nature of the clogged material may have altered (possible 

disruption of hyphae/films by ice crystal formation). The WW and CONT columns also maintained the 

same internal nature after the freeze-thaw (Figure 4.2b). 
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Figure 4.2: The internal nature of the clogged material (a) after clogging and (b) after freeze–thaw 
for the ETH, SUC, WW, and CONT columns. 

 

4.3. Results 

4.3.1 Wastewater samples 

4.3.1.1. Temperature 

The system operation started with influent temperatures of 18.4±0.38oC and 18.5±0.4oC for ETH and 

SUC columns, respectively, and 18.4±0.38oC and 17.6±0.59oC for WW and CONT columns respectively, 

indicating that temperature conditions were relatively uniform throughout. The effluent 

temperatures at the end of the experiment were 20, 15.6, 21.3, 24.2, 16.2, 20.6, and 17.2oC for ETH1, 

ETH2, SUC1, SUC2, WW1, WW2, and CONT columns respectively 

4.3.1.2 Theoretical oxygen demand (ThOD) and chemical oxygen demand (COD) 

In the presence of DO and nutrients, microbes can degrade carbon sources producing biomass 

(C5H7NO2) (Gujer, 2008). The growth formulas 4.2 and 4.3 are in the same format as in Chapter 3, but 

in this chapter NH4 and NO2 as the main N sources instead of NO3 with ethanol and sucrose as the 

organic carbon sources.  

1.167NO2+ 0.083NH4+ C2H6O   0.33C5H7NO2 + 0.33CO2 + 2H2O + 0.46N2                                            4.2 

a. CONT                                                                                b. CONT 
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1.5NO2+ NH4+ C12H22O11  2C5H7NO2 + 2CO2 + 6H2O + 0.25N2      4.3 

hThe theoretical oxygen demand for organic compounds can be determined on the basis of COD as 

ThOD is the amount of oxygen required to oxidise a compound to its final oxidation products. Table 

4.3 summarises the ThOD calculations using the equations stated by Gujer (2008). (Further detail in 

Appendix C5). 

Table 4.3. ThOD and Y values for substrates and biomass 

          Substrate             Biomass 

 C2H6O C12H22O11             C5H7NO2 

Formula weight (g/mol) 46 342 113 

ThOD (g/mol) 96 384 160 

G ThOD/g substrate or biomass 2.09 1.12 1.42 

Y g ThOD biomass/g ThOD substrate 0.81 0.66 - 

 

The average DO influents were 4.9±0.4 mg/L for ETH and SUC columns, and 5.0±0.3 mg/L and 7±0.3 

mg/L for WW and CONT columns respectively (Figure 4.3a). The effluent DO concentrations were 4.8, 

6.4, 6, 5.6, 4.8, 4.6, and 5 mg/L for ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT columns 

respectively. Figure 4.3 b shows the behaviour of COD over time for all configurations. In the first 

investigation period (C/N=2), the influents of COD were 426.7, 426.7, 128, and 10.7 mg/L for ETH, SUC, 

WW, and CONT columns respectively. For the second investigation period (C/N=4), the influent COD 

were 512.3, 608, 128, and 10.7 mg/L for ETH, SUC, WW, and CONT columns respectively. The final 

COD concentrations were 85.3, 138.7, 74.7, 74.7, 138.7, 64.0, and 85.3 mg/L for ETH1, ETH2, SUC1, 

SUC2, WW1, WW2, and CONT columns respectively. Changes to both COD and DO throughout the 

experiment are shown in Figures 4.3a and 4.3b.  
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Figure 4.3 a. Dissolved oxygen over time 

 
Figure 4.3 b. Chemical oxygen demand over time 
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4.3.1.3. Saturated hydraulic conductivity (Ksat) 

Clogging development can be tracked by Ksat measurements over time (Hua et al., 2010). The relative 

changes (Ksat /Ko), where Ko is the initial Ksat at time zero) over time for all configurations are shown in 

Figure 4.4.  

The relative saturated hydraulic conductivity decreased over time for all treatments. By the end of the 

first period at 105 days, the tap water control had declined to 89% of the original value. In comparison, 

the WW treatments had declined to 67%, and the SUC and ETH treatments to 70% and 37–46% 

respectively. Relative to the tap water control, this represents additional declines in relative saturated 

hydraulic conductivity due to potential clogging of 22% for WW, 19% for SUC and 43–52% for ETH.   

After 105 days, doubling the input COD resulted in a sharp decline in the relative saturated hydraulic 

conductivity of the ETH 2 treatment and increased the rate of clogging in the SUC treatments. In 

contrast, the rate of clogging remained relatively constant in the control and appeared to slow slightly 

after about 200 days in the WW treatments.  

Final clogging occurred first in the ETH columns (105 days for ETH1 and 154 days for ETH2), followed 

by SUC (231 days for SUC1 and 238 days for SUC 2) and WW (364 days for WW1 and 343 days for 

WW2). At the end of the experiment, the CONT treatment was at 40% of the original starting value.  
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Figure 4.4. Relative saturated hydraulic conductivity (Ksat/Ko) over time 
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SUC2, WW1, WW2, and CONT respectively. Figure 4.5 shows consistent protein concentrations for all 

treatments until 112 days; after which, there was a gradual increase. After 170 days, the protein 

concentrations declined again, returning to original levels by 265 days.  

 
Figure 4.5. Polysaccharide and protein concentrations over time; black is protein data, grey is 

polysaccharides data 
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Figure 4.6 shows the fate and transport of nitrogenous compounds over time. The influent TN 

concentrations of ETH, SUC, WW, and CONT were 44, 17, 24, and 0 mg/L, respectively and all 

approached zero after 20 days of system operation. All the influent NH4 concentrations were about 

60 mg/L except CONT which had an influent value of 0 mg/L. The influent NO3 concentrations were 

401, 415, 407, and 0 mg/L for ETH, SUC, WW, and CONT columns respectively. The influent values for 

NO2 were 8, 0, 1, and 0 mg/L for ETH, SUC, WW, and CONT columns respectively. Figure 4.6 indicates 

an earlier decline in all types of N compounds, which reached close to zero after only 20 days of system 

operation. 

Figure 4.6. Nutrient transport over time  
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4.3.2. Column sub-section samples 

Figure 4.7 shows the results of polysaccharides, protein, and organic matter contents for soil sections 

at the end of the experimental period. Polysaccharides generally ranged from 110–120 mg/L, proteins 

ranged from 310–370 mg/L and OM contents from 0.3–0.5%. Compared to the original sand, the 

average polysaccharide, protein, and OM contents increased by about 4, 2.5, and 1.6 times, 

respectively, for each column across all treatments. 

The average polysaccharides concentrations for the accumulated biomass near the inlet ranged 150–

165 mg/L across all treatments. The average concentrations of polysaccharides and proteins detected 

at the entrance base were 1.3 times that developed across the column sections for all treatments. 

However, the average concentration of protein at the inlet area was 0.7 times less than the total 

proteins developed across the CONT column sections, indicating a lower concentration of the bacterial 

part of the biofilm in the CONT column at the inlet area than inside the sand column and hence the 

sand was inert biologically. 

Ehlinger et al. (1987) studied the effect of two different substrates, glucose and volatile fatty acids 

(VFA), on biofilm and clogging development in upflow anaerobic filters. Protein concentrations ranged 

from 1500 -3400 mg/L for glucose and from 500–20000 mg/L for VFA. The range of polysaccharides 

concentration was 6500 to 1500 mg/L for glucose and 250 –1500 mg/L for VFA. Hua et al. (2014) added 

glucose as the only C source to the main nutrient medium and measured protein (1300 mg/L) and 

polysaccharides (900 mg/L) for the clogged system. Rinck-Pfeiffer et al. (2000) tested polysaccharide 

concentrations along different depths of an upflow column treated only with wastewater without any 

organic carbon additives. They found that polysaccharides ranged from 500–1000 mg/L in the lower 

layer near the inlet area, 200–500 mg/L in the middle layer, and 100–300 mg/L in the upper layer. 

Rodgers et al. (2004) studied clogging on down flow sand filters. They found that LOI was 2.35% at the 

upper layer where clogging occurred.  
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 In the lower layer (0–7 cm), average Ksat values were 661, 468, 616, 513, 577, 648, and 616 mm/h for 

ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT columns, respectively. In the middle layer (7–14 cm), 

average Ksat values were 477, 488, 545, 545, 645, 574, and 577 mm/h for ETH1, ETH2, SUC1, SUC2, 

WW1, WW2, and CONT columns respectively. In the upper layer (14–21 cm), average K values were 

498, 351, 407, 577, 611, 506, and 475 mm/hr for ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT 

columns respectively.  

 

 

Figure 4.7. (a) Ksat (mm/h), (b) protein concentrations (mg/L), (c) polysaccharides concentrations 
(mg/L), and (d) OM (%) at different sand depths above the base, values are mean±SE (n=3) 
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4.4. Discussion 

4.4.1. Wastewater samples analysis 

4.4.1.1. Temperature 

Platzer and Mauch (1997) reported that higher temperatures can increase biological performance and 

growth rates in wetlands, resulting in faster degradation of organic matter that filled the pores. In our 

study, the increase in seasonal temperatures over time, and the addition of carbon sources under 

laboratory conditions stimulated microorganism growth and eventually caused clogging.  

4.4.1.2. ThOD and COD 

Hua et al. (2014) reported that microorganisms create a biofilm as they grow, which clogs a portion of 

the pore spaces and hinders water flow which, in turn decreases oxygen availability. This agrees with 

our study, as DO concentrations declined over the experimental period (Figure 4.3a). 

According to an investigation on 21 VFCWs, the composition of wastewater (particularly COD) plays a 

major role in clogging, as the loading rates of COD correlate positively with the degree of clogging 

(Winter and Goetz, 2003). Therefore, the influent CODs doubled in the second period of system 

operation (C/N=4) to accelerate to full clogging within a reasonable timeframe. However, there was a 

rapid drop in COD levels in the first three weeks of system operation. Ma et al. (2010) affirmed that 

the rate of COD removal increases with the stimulation microorganism growth, and implies microbial 

acclimatisation (Sani et al., 2013). After the initial drop, COD levels remained consistent or dropped 

slightly over time, which suggests the accumulation of organic matter. This agrees with Ma et al. (2010) 

who stated that organic matter accumulation in the pores of the filters decreased COD removal 

efficiency, and caused hydraulic malfunction when clogging commenced. The trends in DO and COD 

were generally similar (Figures 4.3a and 4.3b), which agree with the definitions of theoretical oxygen 

demand and COD (stated earlier). 

 



Chapter Four                                                                                                                                                       85 

4.4.1.3. Saturated hydraulic conductivity 

In general, the Ksat/Ko ratios initially declined in all treatments, including the control (Figure 4.4). In the 

tap water control (CONT) treatment, this decline was attributed to encapsulated air effects and 

biological clogging of soil pores (Frankenberger and Troeh, 1982). All other treatments had a greater 

rate of decline in relative to control, which was attributed to the addition of an external organic source 

and nutrients.   

The theoretical amount of biomass formed (g) per unit of organic carbon used (g) was greater for 

ethanol (0.81) than sucrose (0.66) (Table 4.3). In a contaminated groundwater study, the ethanol 

treatment developed biofilm than the sucrose treatment, which led to greater nitrate removal (Gomez 

et al., 2000). The reason for these differences between organic sources is that ethanol has a higher 

catabolism capability to produce NADH2, an energy source for microorganisms that is easier to 

metabolise than sucrose (Constantin and Fick, 1997). Sucrose is composed of two monosaccharide 

sugars (glucose + fructose) snapping together to form a disaccharide. Disaccharides are considered 

simple sugars but must be broken into two monosaccharides before becoming available for 

assimilation (Inamdar, 2012). Soares et al. (1989) monitored clogging in sand columns saturated with 

ethanol and sucrose. The initial Ksat value for both treatments was 1250 mm/h and reached a final Ksat 

value after the filter clogged of 125 mm/h in the ethanol column, while the sucrose column was close 

to zero as it clogged earlier than ethanol. In contrast in our study, the ethanol column clogged earlier 

than the sucrose column, but the relative saturated hydraulic conductivity for both treatments at 

clogging (0.1) agreed with that of Soares et al. (1989). McCalla (1950) only tested sucrose as a carbon 

source on clogging of soil columns; Ksat for sucrose declined by 91%, relative to 50% in the control, by 

the end of the experiment (when clogging occurred). These reductions are similar to our results (95% 

for sucrose and 40% for the control).  

Once clogging had developed, changes in the lower sand layers were observed (Figure 4.2 a), which 

reduced the sand porosity, and prohibited the particles in the influent wastewater from passing 
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through the filter bed and thus accelerated clogging (Hua et al., 2010; Knowles et al., 2011). Biofilms 

are often heterogeneous. Knowles et al. (2011) and thus have variable effects on hydraulics. For 

instance, filamentous colonies created from biofilms promote webs within the pore spaces. Particles 

will usually pass through uniform biofilm coatings more efficiently than developing webs in saturated 

environments. In our experiment, the collected biofilms generated at the inlet area (when clogging 

occurred) are shown in Figure 4.8.  

 

 

 

            a                           b                             c                            d 

 

 

             e                         f                             g  

Figure 4.8. The accumulated biomass at the inlet area, a-b for ETH columns (left-up), c-d for SUC 
columns (right-up), e-f for WW columns (left-down), g for CONT column (right-down). The size of the 
entangled biomass  (yellow line length) ranged from 3–14 mm, 3–18 mm, 3-16 mm, 3–14 mm, (3–10 
mm), 3–12 mm, and 500µm for ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT, respectively. 

 

The difference in the time required for clogging in the two ethanol columns could be due to a blockage 

in the inlet mesh, which would affect the transformation of wastewater to the filter bed (Baveye et 

al., 1998; Vandevivere and Baveye, 1992). The ETH1 column generated more polysaccharides in the 

lower section of the soil (after clogging) than the ETH2 column that clogged first, lending support to 

this explanation. Kim et al. (2010) concluded that clogging could be accelerated from the entrapment 

and build-up of sloughed biofilms rather than local growth of biofilms. Furthermore, Kim and Fogler 
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(2000) reported that biofilm resistance to shear stress near the base film becomes stronger as 

exopolymers in the biomass become denser and eventually form a gel.  

In our study, the WW columns also clogged, after 364 and 343 days of system operation for WW1 and 

WW2 respectively. Clogging under conditions of only wastewater addition could be due to the 

availability of an internal organic source (activated sludge), which eventually accumulated, forming 

occlusions in the interstitial spaces and lowering the saturated hydraulic conductivity (Knowles et al., 

2011). However, the sand colour did not change in the wastewater columns as clogging proceeded, 

while those in the ethanol and sucrose columns did (Figure 4.2a and 4.2b). Accordingly, accumulation 

of organic matter produced a blanket near the interface of the column, leading to clogging (Knowles 

et al., 2011). Thullner (2010) reported bio-clogging in natural porous media without adding a carbon 

source. Frankenberger et al. (1979) noted that adding 50 mg/L of TN as an N source also produced 

bacterial metabolic products.  

Despite feeding only tap water to the CONT column, there was a noticeable decline in the relative 

saturated hydraulic conductivity over time. Gupta and Swartzendruber (1962) used deionised water 

in the reference column and observed a decline in Ksat over time, which they attributed to the 

biologically inert. In our study, the relative saturated hydraulic conductivity of the CONT treatment 

declined the most, relative to the  other treatments,  because the available nutrients and energy were 

inadequate to stimulate bacterial production of metabolic products (Frankenberger et al., 1979). A 

decline in hydraulic conductivity has been attributed to factors such as gas production, destruction of 

soil structure by microbes, and build-up of metabolic products in soil pores ((Frankenberger et al., 

1979). Gases formed by microbes may reduce  saturated hydraulic conductivity by blocking of pore 

spaces and stimulating particle movement (Frankenberger et al., 1979). Allison (1947) reported that 

the characteristics of tap water used in the Ksat test are important since most tap waters contain some 

bacteria and traces of soluble organics. The final value of the CONT column in our experiment was 

close to the data obtained by McCalla (1950). 
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4.4.1.4. Polysaccharides and protein  

The major constituents of biofilms are bacterial cells and exopolymers. Polysaccharides can be defined 

as an extracellular matrix of the biofilm. Polysaccharides occupy more than 65% of extracellular 

materials (Lazarova and Manem, 1995). Moreover, the adhesive characteristic of polysaccharides can 

eventually lead to clogging (Hua et al., 2014). Polysaccharides produce a portion of the biofilm 

composition. Thus, a polysaccharides test is a good indicator of the composition of the biofilm.  

An extensive review of biofilm characterisation and activity analysis in water and wastewater 

treatment recommended the total protein content test as an effective and simple assay of microbial 

activity (Lazarova and Manem, 1995). Ehlinger et al. (1987) reported that the protein content test 

could be used to examine the bacterial part of biofilm. 

Proteins and polysaccharides form most of the EPS (Hua et al., 2014), that are important for biofilm 

stimulation. The connection of a cell to a solid matrix can be promoted by EPS, which in turn can 

sustain the capability of biofilm to maintain a multicellular structured microbial community (Hua et 

al., 2014). Figure 4.7 shows the trend in protein and polysaccharide concentrations over time. An 

accumulation of protein mass and then a decline for a certain period was observed in this experiment 

(Figure 4.5). This indicated that the bacterial part of the biofilm (i.e., protein) increased and then 

returned to its original levels which may be  due to the doubling of the C/N ratio in that period, which 

stimulated bacteria growth (Knowles et al., 2011). 

Accumulation of bacterial polysaccharides is related to rapid clogging in the filter bed, which decreases 

its permeability. The captured solids fill the pores between the EPS were enhanced (Hua et al., 2014) 

with increasing polysaccharides and  protein concentrations (Figure 4.7).   

4.4.1.5. Nutrient removal 

Despite the difficulty in removing phosphorus from the wastewater of constructed wetlands (Sani et 

al., 2013), sufficient TP was removed  in the first 40 days of system operation, with removal efficiencies 
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of 93%, 97%, 91%, 100%, 100%, and 100% for ETH1, ETH2, SUC1, SUC2, WW1, and WW2, respectively. 

This reflects the high performance of VFCWs using sand as a filter bed in removing TP from 

wastewater. All plots of N compounds indicated that the major transformation mechanism was 

denitrification. Hua et al. (2014) reported that when microorganisms grow, they create a biofilm, 

which clogs portions of the pore spaces and hinders water flow which in turn decreases the chance of 

nutrient availability in the effluents. Therefore, all treatments had relatively high nutrient removal 

efficiencies due to the dominance of active microbes that occupied pore spaces and caused an 

eventual decline in hydraulic conductivity (Sani et al., 2013). 

4.4.2. Column sub-section samples 

Clogging can be attributed to three mechanisms: physical, chemical, and biological. Physical 

mechanisms involve the release of entrapped air bubbles, filtration of particulates suspended in the 

percolating liquid, and continuous decomposition of soil structure (Vandevivere and Baveye, 1992). 

Chemical mechanisms are associated with alterations in the swelling properties of soils and the 

diffusion of colloidal particles caused by changes in the composition of the liquid phase (Vandevivere 

and Baveye, 1992). Biological mechanisms include the production of slime by living organisms 

(particularly bacteria), which reduces hydraulic conductivity (Vandevivere and Baveye, 1992). 

However, clogging can be avoided as long as biofilm growth does not exceed decomposition process 

(Kadlec and Wallace, 2008; Stefanakis et al., 2014).   

Since the ethanol and sucrose substrates in this experiment were prepared synthetically and therefore 

free from suspended solids, clogging would be either chemical or microbiological. Nitrogen 

compounds were measured in all treatments over time, but no excessive accumulation of these 

compounds was found, which might affect the clogging process. Therefore, clogging could be 

microbiological. This is supported by the fact that ethanol and sucrose are well-known microbial 

simulators (Kim and Fogler, 2000; Lappan and Fogler, 1996; McCalla, 1950; Stewart and Fogler, 2001) 
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with the involvement of gas bubbles (Soares et al., 1989), this was also supported by the photos 

(Figure 4.2 a), which showed an accumulated biomass from the internal nature of the clogged matter.  

Vandevivere and Baveye (1992) concluded that the accumulation of bacterial growth in the inlet 

chambers caused severe clogging by forming an impenetrable mat on the inlet mesh. To understand 

the clogging phenomenon, the head profile along the medium sections needs to be measured 

(Thullner, 2010). Therefore, the Ksat values along different sections of soil were tested at the end of 

the experiment (after freeze–thaw and dividing the soil section). 

The build-up of polysaccharides greatly affects the hydraulic conductivity of the sand at the inlet 

section of the column, where most of the polysaccharides were detected (Button et al., 2015; 

DeLozada et al., 1994; Gupta and Swartzendruber, 1962; Ragusa et al., 1994; Vandevivere and Baveye, 

1992). However, the only study that used mesh plate at the entrance area was conducted by 

Vandevivere and Baveye (1992), who compared two set of experiments. The first set was conducted 

by injecting wastewater through the mesh, while the second set was conducted by injecting 

wastewater 20 mm above the mesh to examine the influence of mesh on clogging development. They 

found that the k dropped by three order of magnitudes after 9 days of continuous system operation 

when wastewater was injected into the mesh inlet area. However, the k proceeded at a much slower 

rate when wastewater was injected 20 mm far from the inlet area , which decreased by two order of 

magnitudes after 22 days than at the inlet area. They also confirmed that the mat would be 

progressively compressed as the pressure drop rises across it, based on filtration theory and practice. 

In the current study, most of the OM content, protein, and polysaccharides that resulted from biofilm 

growth were distributed uniformly through the layers, with no clear relationship between Ksat and 

biomass build-up. The range of polysaccharides and protein concentrations, and OM contents 

detected by Ehlinger et al. (1987); Hua et al. (2014); Rinck-Pfeiffer et al. (2000); Rodgers et al. (2004) 

using different organic C sources (column sub-section results section) were higher than our results. To 
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our knowledge, no study has tested polysaccharides, proteins, and OM contents in clogging 

experiments using sucrose and ethanol as carbon sources. 

Sharma et al. (2006) studied the influence of freeze–thaw on the structure and function of microbial 

communities in soils enriched with nutrients and organic carbon sources. They concluded that freeze–

thaw did not affect the amount of microbial biomass, but affected the microbial community structure. 

Furthermore, Soares et al. (1989) used four different organic carbon sources, including ethanol and 

sucrose, and observed large accumulation of biologically produced gas, which could be easily liberated 

after thawing the sample (Sharma et al., 2006) and hence increased the  saturated hydraulic 

conductivity. Therefore, we cannot exclude the possibility that freeze–thaw affected the structure of 

the biofilm within the pore spaces and thus the saturated hydraulic conductivities of the samples.   

4.5. Conclusion 

Although clogging in VFCWs decreased hydraulic conductivity, the VFCW functioned as an efficient 

biological filter, with high removal efficiencies for the nutrient parameters, with average TP removal 

efficiencies of 95%, 96%, and 100% and average TN removal efficiencies of 100%, 100%, and 100% for 

ethanol, sucrose, and wastewater columns respectively.  

A decline in DO concentration, along with relatively stable COD degradation over time in all treatments 

is attributed to biofilm formation and accumulation of organic matter within the pore spaces of the 

filter bed and hence clogging development. 

This prolonged investigation included the addition of two readily biodegradable organic carbon: 

sources sucrose as a sugar source and ethanol as an alcohol source—to sand columns that were 

saturated for 364 days. Ethanol and sucrose columns became microbiologically clogged between 105 

and154 days and 231and 238 days, respectively. The cause of the reductions appears to be partially 

related to the growth and activity of microbes. Columns fed only with wastewater blocked after 350–

364 days which was attributed to the inoculation of activated sludge and N compounds that produced 
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bacterial metabolic products within the pore spaces and hence reduced the saturated hydraulic 

conductivity. Despite of feeding only tap water to the control column, there was a noticeable decline 

in hydraulic conductivity over the experimental period, but no clogging. The decline in hydraulic 

conductivity may be the result of gas captured in the voids, and earlier availability of some bacteria 

and traces of soluble organics in the feeding tap water. 

Although microbiological clogging alters the hydraulic profile in the system, it is plate clogging that 

impacts the time course of the reduction in the column outflow rates to a greater extent than internal 

pore clogging. Furthermore, any changes to the microbial community structure from the freeze–thaw 

of the soil sections after clogging could increase the saturated hydraulic conductivity in the layers.  

Finally, no clear relationship between clogging and biomass accumulation. 

To reduce bio-clogging in inlet filters, it may be advantageous to inject organic amendments directly 

into the bed, rather than pass them through the filters, as is usually the case.   
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Years of research on CW systems has identified that CWs offer a reliable treatment technology for 

wastewater treatment. However, CWs are complicated systems, where nitrogen removal is easily 

influenced  by the design and operation parameters, including, substrate selection, wastewater type, 

hydraulic loading rate, hydraulic retention time, water depth, plant selection and operation mode 

(Dong and Sun, 2007; Wu et al., 2015). The challenges using CWs to treat wastewater were already 

illustrated in chapter one. 

One of the key objectives of this thesis was to maximise nutrient removal in single-stage VFCWs by 

controlling design and operating parameters, such as manipulating the saturated/unsaturated depths, 

type of substrate media, external and internal carbon additives, and mode of flow. Furthermore, the 

consequences of manipulating those parameters on the clogging development was investigated. 

Based on what is known in the literature (Chapter 1) and the experimental results presented in 

Chapters 2, 3 and 4, the key findings, conclusions and recommendations for future research are 

summarised below. 

5.1. Key Findings 

In the first experiment, the effluent elimination rates of total inorganic N were indistinguishable 

between unsaturated and saturated zones, with a high average concentration decline of 93.5% over 

the period of the experiment.  According to the DNA analysis at phylum level, Proteobacteria were the 

most predominant phylum in both zones. Genus/species levels showed that there was a percentage 

of heterotrophic nitrifiers/ aerobic denitrifers detected in both saturated and unsaturated samples. 

Therefore, it can be concluded from N transformation routes for ammonium, nitrite, and nitrate, along 

with DNA analysis that heterotophic nitrification/aerobic denitrification was the major N conversion 

pathway in the first experiment. Ammonium adsorption onto the gravel bed substrate also 

contributed to ammonium removal. Saturated water content was seven times greater than the 

unsaturated water content and this confers an advantage to the saturated zone in terms of nitrogen 

mass removal per unit volume. 
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In the second experiment, we examined the effect of adding organic carbon sources to the substrate 

in order to enhance nitrogen removal. We showed statistically that only ethanol addition led to a 

higher rate of decay. Nitrite was removed earlier in the control columns and reached a lower peak 

concentration than any of the treatments. Suc+As had the longest time to decay. Eth+As had a sudden 

rapid decay between 70-90 minutes of treatment. The peak level of nitrite was partially dependent on 

C source availability. Over the recirculation period (before commencing the experiment), redox data 

showed that the aerobic conditions prevailed in the first week and  complete anaerobic conditions 

prevailed at the end of the recirculation period. Denitrifying bacteria counts increased over the 

adaptation period and all treatments had active denitrifying populations at the beginning of the 

experimental period. 

In the third experiment we examined clogging by microbial growth using the same treatments as 

reported in experiment 2. The relative saturated hydraulic conductivity of the VFCW columns 

decreased over time for all treatments. ETH columns clogged firstly between 105-154 days and SUC  

columns then clogged between 231- 238 day of system operation. Wastewater columns required  343-

366 days of system operation before clogging. Tap water control columns did not clog but exhibited a 

60% reduction in the relative saturated hydraulic conductivity after 365 days.  The average 

concentrations of polysaccharides, and proteins at the mesh plate was higher than within the sand 

pore spaces in all treatments, except the tap water control column. OM content, polysaccharides, and 

proteins were distributed uniformly along the bed sections, indicating the significance of plate 

blockage on clogging development.  In order to measure final layer hydraulic conductivities cores were 

frozen in order to prevent slumping of the sand and then sectioned and thawed prior to performing 

measurements. This freeze/thaw technique appeared to disrupt the hyphae/ films by forming ice 

crystal, leading to a change in the nature of the clogged material, which affected the measured 

saturated hydraulic conductivities and prevented direct comparison to the bulk measurements 

obtained from the entire cores.  
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5.2. Conclusions 

This thesis presents new insights into the performance of vertical flow constructed wetlands under 

controlled conditions. Initial laboratory studies of artificial wetlands with defined saturated and 

unsaturated zones showed similar declines in nitrogen concentrations in both zones over time. The 

bacterial community structure analysis identified Proteobacteria as the major phyla with a percentage 

of heterotrophic nitrifiers/aerobic denitrifiers detected in the substrate medium involved in nitrogen 

removal during saturated and unsaturated phases under ambient temperatures. Heterotrophic 

nitrification/ aerobic denitrification was the main N conversion route in this experiment with a 

progressive decline in ammonium and no observed accumulation of nitrate or nitrite under aerobic 

conditions. Mass loss of nitrogen per unit volume of wetland is therefore dependent on volumetric 

water content and favours the saturated zone by a factor of seven. From a practical operational 

perspective, this implies that a saturated system requires one-seventh of the wetland volume to 

remove the same mass of nitrogen as an unsaturated system, which offers considerable space saving 

in an operational treatment system and subsequently reduces the cost of the treated wastewater.  

Enhancing the performance of a vertical flow constructed saturated wetlands by adding external 

carbon sources had some promising yet confounding results. Addition of ethanol enhanced 

denitrification in the absence of activated sludge as an additional carbon source and was the only 

treatment to significantly increase denitrification, relative to the untreated sand control. The addition 

of activated sludge alone had no effect on denitrification nor did sucrose addition with and without 

activated sludge. Nitrite temporarily accumulated when organic carbon sources were added, due to 

alterations in the bacterial population composition, but nitrite was then consumed over time and was 

totally removed by the end of the experimental period.  

The influence of clogging on saturated porous media has been investigated under experimental 

conditions in this study with and without additions of organic carbon sources. Clogging can limit the 

lifespan of VFCWs and may consequently threaten the widespread use of wetland technology. Ethanol 
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as a biodegradable alcoholic C source resulted in faster clogging than sucrose as a biodegradable sugar 

C source. The bacterial metabolic products produced from the inoculation of activated sludge and N 

compounds within the pore spaces caused clogging in the wastewater columns. The control column 

exhibited a noticeable decline in hydraulic conductivity over the experimental period, but no clogging 

occurred. The amount of clog matter does not necessarily correlate with the corresponding changes 

in saturated hydraulic conductivity. Column clogging was more pronounced when the bacteria were 

grown at the inlet mesh plate. The freeze/thaw technique of the soil sections after clogging affected 

the microbial structure by liberating gases, which resulted in higher saturated hydraulic conductivity 

in the layers than was observed in the bulk cores.   

According to the Australian standards for effluent discharge, the final effluent N constituents (NO3, 

NH4 and NO2) in these experiments met the maximum permissible limits. Thus, application of such a 

system could be significant for countries with strict effluent limitations for nitrogen.  

5.3. Recommendations for future work 

We have examined the performance of vertical flow constructed wetlands for removing nitrogen in 

unsaturated and saturated conditions and manipulated substrate conditions in an attempt to enhance 

the removal processes. We investigated whether substrate manipulation has a negative impact on 

system performance via acceleration of internal clogging processes. 

There appears to be no practical benefit for nitrogen removal in operating a mixed unsaturated 

/saturated wetland system. Comparative mass removal of nitrate, for example, requires considerably 

more operational volume in an unsaturated system than a fully saturated wetland. It must be 

acknowledged that the role of plants in the wetland system has not been considered. Plants play a 

major role in wetland treatment processes, due to their direct uptake of nutrients and supply dissolved 

organic matter from root exudates, which could enhance heterotrophic activity (Saeed and Sun, 2012). 

Furthermore, plants could enhance oxygen inputs from the air and serve as a substrate for microbial 
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attachment, thereby impacting nutrient retention and substrate enzyme activity (Meng et al., 2014). 

Therefore, the effect of plants in wetlands should be considered in future research. The ecological role 

of heterotrophic nitrifiers/aerobic denitrifiers in the overall circulation of N in wetlands has not been 

fully established (Robertson and Kuenen, 1990; Verstraete, 1975; Yao et al., 2013). These findings 

dictate the need to investigate the qualitative and quantitative potential of heterotrophic nitrification/ 

aerobic denitrification in laboratory-scale wetlands and in natural systems. Future ecological 

investigations could assist wetlands operations. Moreover, further research into the factors affecting 

wetland design and operation in tropical environments is needed, as there is a lack of knowledge and 

inappropriate design criteria for local weather conditions that affects N removal efficiency in CWs 

(Silveira et al., 2015). 

Considerable scope exists to expand the research undertaken here to better define the role of ethanol 

in enhancing nitrate loss from saturated wetlands and why activated sludge depresses this effect. This 

is important for the practical operation of nutrient treatment plants because activated sludge is 

routinely added (Cherchi et al., 2009; Dold et al., 2007; Gomez et al., 2003; Gomez et al., 2000; Hallin 

and Pell, 1998; Shah and Coulman, 1978; Stensel et al., 1973) but appears to negate any positive effect 

of adding ethanol to the system. Analysis of the functional microbial communities involved in N 

removal and taxonomic identification of the 16S rDNA fragments to identify species of denitrifying 

bacteria is recommended. In addition, using different C/N ratios (lower and higher than the 

investigated ratio) for ethanol with different concentrations of activated sludge is recommended. 

Furthermore, microbial activity and stoichiometry changes were only assessed on the operational 

data, so performing batch tests such as measuring oxygen and nitrate uptake rates should be 

undertaken.  

In the clogging experiment, we chose these experimental conditions to control variables so that 

treatment effects could be isolated. In practical applications flow rate needs to be considered, 

not only in terms of hydraulic loading, but also in terms of shear effects. It may be possible to 
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induce a ‘fast flow’ flush to dislodge clogged material, but this will be influenced by the pore size 

of the filter bed. This interaction should be a topic for future research.   

Clogging could also be investigated without using the inlet mesh plate at the entrance for feeding 

nutrients in order to precisely quantify the effect of bacterially related pore clogging compared to 

plate clogging. Moreover, scanning electron microscopy photography could be done to show the 

build-up of clogging material at different depths of the filter. The effect of plant vegetation on clogging 

development could also be considered in future research, as plant vegetation affects hydraulic 

conductivity and thus flow rate (Coustumer et al., 2012). An alternative substrate medium, with  

higher porosity and specific surface area, is encouraged because these materials allow good biofilm 

adhesion and high hydraulic conductivity, which in turn could reduce clogging (Meng et al., 2014).  

Overall, clogging should be considered at the design stage to avoid problems with the maintenance of 

VFCWs. Therefore, insight under the experimental conditions imposed in the particular operating 

system is needed to elucidate the causes of clogging when similar inoculations in the porous medium 

are applied to ensure the long-term effectiveness and sustainability of wetlands. 

These conclusions are important for the successful removal of nutrient rich wastewater, agriculture 

runoff, and treated municipal wastewater. 
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Appendix A 

Table A1. Review on heterotrophic nitrifiers 

Taxonomic position (class/ family/ genus/ species) Reference 

Arthrobacter globiformis   (Robertson, 1988) 

Aspergillus flavus  (Robertson, 1988) 

Streptomyces sp.  (Robertson, 1988) 

Mycobacterium phlei  (Robertson, 1988) 

Aerobacter aerogenes  (Robertson, 1988) 

Rhodotorula sp.  (Robertson, 1988) 

Ustilago sphaerogena  (Robertson, 1988) 

Neurospora crassa  (Robertson, 1988) 

Streptomyces griseus  (Robertson, 1988) 

Thiosphaera pantotropha  (Robertson, 1988) 

Proteus sp.  (Robertson, 1988) 

Alcaligenes sp.  (Hu and Kung, 2000; Robertson, 1988) 

Pseudomonas aeruginosa  (Robertson, 1988) 

Flavobacterium sp.  (Robertson, 1988) 

Nocardia sp.  (Robertson, 1988) 

Aspergillus parasiticus (Robertson, 1988) 

Aspergillus wentii  (Robertson, 1988) 

Pseudomonas sp. (Robertson, 1988) 

Chlorella sp. (Robertson, 1988) 

Acinetobacter sp. (Hu and Kung, 2000) 

Xanthomonas sp. (Hu and Kung, 2000) 

Corynebacterium sp. (Hu and Kung, 2000) 

Alcaligenes faecalis (Joo et al., 2006) 
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Table A2. Review on aerobic denitrifiers 

Taxonomic position (class/ family/ genus/ species) Reference 

Alcaligenes faecalis  (Joo et al., 2006; Robertson, 1988) 

Chromobacterium violaceum  (Robertson, 1988) 

Flavobacterium sp.  (Robertson, 1988) 

Paracoccus denitrificans  (Robertson, 1988; Takaya et al., 2003) 

Pseudomonas aeruginosa  (Robertson, 1988) 

Pseudomonas aureofaciens  (Robertson, 1988) 

Pseudomonas denitrificans (Robertson, 1988) 

Pseudomonas fluorescens (Robertson, 1988) 

Pseudomonas stutzeri (Robertson, 1988; Takaya et al., 2003) 
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Table A3. Synthetic wastewater recipe 

Major components of the recipe gm/L 

(NH4)2 SO4 

NaNO2 

KHCO3 

KH2PO4 

FeSO4. 7H2O 

EDTA 

0.2 

0.075 

0.125 

0.054 

0.009 

0.005 

Mine salt solution  

NaCl 

KCl 

CaCl. 2H2O 

MgSO4. 7H2O   

0.5 

0.7 

0.7 

0.5  

Trace element solution   

CuSO4. 5H2O 

ZnSO4. 7H2O 

CoCl2. 6H2O 

MnCl2. 4H2O 

NaMoO4. 2H2O 

NiCl2. 6H2O 

NaSeO4 

H3BO3 

0.00025 

0.00043 

0.00024 

0.00099 

0.00022 

0.00019 

0.00011 

0.000014 
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A1. Principal of COD test (closed reflux titrimetric method - 5220C) 

Potassium dichromate (K2Cr2 O7) has a complete ability to oxidize the organic matter present in the 

samples, along with sulphuric acid (H2SO4), silver sulphate (AgSO4), and mercury sulphate (HgSO4) to 

produce CO2 and H2O. Briefly, the sample was refluxed with a known amount of K2Cr2O7 in the 

sulphuric acid medium. The excess K2Cr2O7 is determined by titration against ferrous ammonium 

sulphate using ferroin as an indicator. The dichromate consumed by the sample is equivalent to the 

amount of O2 required to oxidize the organic matter (APHA, 1998). 

COD in mg/L can be calculated by the following equation (APHA, 1998) 

COD (mg/L) = 
(A−B) .  𝑁𝑁 .  8 .  1000

𝑉𝑉
                                                                                                                  A4 

Where: 

A: volume of ferrous ammonium sulphate for blank (4 mL) 

B: volume of ferrous ammonium sulphate for sample (as shown in table A4) 

N: normality of ferrous ammonium sulphate (0.1) 

V: volume of sample taken (2.5 mL)  
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Table A4. Burette readings (mL) for unsaturated and saturated zones 

Time (d) Unsaturated 1 Unsaturated 2 Unsaturated 3 Saturated 1 Saturated 2 Saturated 3 

0 

7 

14 

21 

28 

35 

42 

49 

56 

63 

70 

77 

84 

91 

98 

105 

112 

119 

126 

133 

140 

147 

154 

161 

168 

175 

182  

2.8 

3.2 

3.0 

2.9 

3.0 

2.9 

3.1 

3.0 

3.2 

          3.1 

3.2 

3.3 

3.0 

3.2 

3.2 

3.3 

3.5 

3.5 

3.6 

3.6 

3.7 

3.7 

3.7 

3.6 

3.5 

3.4 

           3.3 

2.8 

3.1 

3.0 

2.9 

3.0 

3.0 

3.2 

3.1 

3.3 

3.2 

3.3 

3.4 

3.1 

3.2 

3.2 

3.5 

3.4 

3.5 

3.6 

3.6 

3.7 

3.6 

3.6 

3.7 

3.5 

3.4 

           3.4 

2.8 

3.1 

3.0 

2.9 

2.9 

2.9 

3.1 

3.0 

3.2 

          3.2 

3.2 

3.4 

3.0 

3.1 

3.0 

3.3 

3.2 

3.3 

3.5 

3.6 

3.7 

3.6 

3.5 

3.6 

3.4 

3.3 

           3.4 

2.8 

2.9 

2.5 

2.8 

2.9 

2.8 

2.9 

2.8 

2.9 

       2.9 

3.0 

3.0 

3.0 

2.9 

3.1 

3.2 

3.4 

3.5 

3.2 

3.5 

3.6 

3.3 

3.4 

3.3 

2.9 

2.7 

        2.7 

2.8 

2.8 

2.5 

2.8 

2.8 

2.8 

3.0 

3.1 

3.0 

       2.9  

3.0 

3.1 

2.9 

2.8 

2.9 

3.4 

3.1 

3.3 

3.1 

3.2 

3.6 

3.3 

3.2 

3.1 

3.0 

2.7 

        2.8 

2.8 

2.9 

2.5 

2.8 

2.7 

2.6 

3.0 

3.1 

3.0 

        2.9 

3.0 

3.1 

2.9 

2.9 

2.8 

3.2 

3.5 

3.3 

3.2 

3.5 

3.6 

3.2 

3.2 

3.1 

2.8 

2.8 

        2.7 

 

 



Appendices                                                                                                                                                         116                                                                                                                                                                                                                                                                                                         

 

Table A5. Data of ammonium adsorption capacity test 

 
Ci of NH4 (mg/L) 

Ammonium adsorption capacity (mg NH4/kg gravel) 

Replicate 1 Replicate 2 Replicate 3 Mean 

61.5 18 14.7 16 16.2 

52 12.7 14 14.6 13.8 

49.8 11.3 11.3 11.3 11.3 

41.5 7.3 6 6.7 6.7 

31.8 5.3 5.3 6 5.5 

22.8 3.3 4.7 4 4 

18.3 3.3 3.3 2.7 3.1 

9.7 2.6 1.3 1.3 1.7 

3.6 1.3 0.67 0.67 0.9 

 

A6. Output Nitrate data from GENSTAT software 

Model 1 

Nonlinear regression analysis  

Response variate: Nitrate 

Explanatory: Time 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

 Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  2  823760.  411880.  371.15 <.001 

Residual  159  176447.  1110.     

Total  161  1000207.  6212.     
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 Percentage variance accounted for 82.1 

Standard error of observations is estimated to be 33.3. 

The following units have large standardized residuals. 

 Unit Response Residual 

 29  130.2  -4.17 

 30  109.6  -3.32 

 57  99.1  -3.64 

 110  150.9  -3.53 

 The residuals do not appear to be random; for example, fitted values in the range 68.3 to 88.4 are 

consistently smaller than observed values and fitted values in the range 52.4 to 54.1 are consistently 

larger than observed values. 

The error variance does not appear to be constant; large responses are more variable than small 

responses. 

The following units have high leverage. 

 Unit Response Leverage 

 1  397.0  0.110 

 28  397.0  0.110 

 55  397.0  0.110 

 82  397.0  0.110 

 109  397.0  0.110 
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 136  397.0  0.110 

Estimates of parameters 

Parameter estimate s.e. 

R  0.96542  0.00276 

B  276.5  10.9 

A  49.87  4.10 

Model 2 

Nonlinear regression analysis  

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, constant parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  3  828659.  276220.  254.40 <.001 

Residual  158  171549.  1086.     

Total  161  1000207.  6212.     
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Change  -1  -4898.  4898.  4.51 0.035  Not strong 

significance, I would ignore it. 

Percentage variance accounted for 82.5 

Standard error of observations is estimated to be 33.0. 

The following units have large standardized residuals. 

   Unit Response Residual 

 29  130.2  -3.95 

 30  109.6  -3.15 

 57  99.1  -3.47 

 110  150.9  -3.66 

The residuals do not appear to be random; for example, fitted values in the range 55.6 to 58.6 are 

consistently larger than observed values and fitted values in the range 93.7 to 118.4 are consistently 

smaller than observed values. 

The error variance does not appear to be constant; large responses are more variable than small 

responses. 

Estimates of parameters 

Parameter estimate s.e. 

R  0.96542  0.00266 

B  276.5   

A Treatment Saturated   55.37   
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A Treatment Unsaturated   44.37   

Model 3 

Nonlinear regression analysis  

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, all linear parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  4  834227.  208557.  197.27 <.001 

Residual  157  165981.  1057.     

Total  161  1000207.  6212.     

Change  -1  -5568.  5568.  5.27 0.023  Again, not strong 

significance! 

 Percentage variance accounted for 83.0 

Standard error of observations is estimated to be 32.5. 

The following units have large standardized residuals. 

 Unit Response Residual 
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 1  397.0  2.98 

 28  397.0  2.98 

 29  130.2  -3.56 

 30  109.6  -2.89 

 55  397.0  2.98 

 57  99.1  -3.22 

 110  150.9  -4.12 

The residuals do not appear to be random; for example, fitted values in the range 170.3 to 234.9 are 

consistently larger than observed values and fitted values in the range 84.4 to 94.5 are consistently 

smaller than observed values. 

The error variance does not appear to be constant; large responses are more variable than small 

responses. 

Estimates of parameters 

Parameter estimate s.e. 

R  0.96625  0.00253 

B Treatment Saturated   298.0   

A Treatment Saturated   50.62   

B Treatment Unsaturated   252.6   

A Treatment Unsaturated   47.49   
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Model 3 

Nonlinear regression analysis  

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, all parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  5  843679.  168736.  168.17 <.001 

Residual  156  156529.  1003.     

Total  161  1000207.  6212.     

 Change  -1  -9452.  9452.  9.42  0.003 

 Percentage variance accounted for 83.8 

Standard error of observations is estimated to be 31.7. 

The following units have large standardized residuals. 

 Unit Response Residual 

 29  130.2  -3.88 

 57  99.1  -2.74 
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 110  150.9  -4.28 

 111  150.4  -2.84 

The residuals do not appear to be random; for example, fitted values in the range 182.2 to 280.4 are 

consistently larger than observed values and fitted values in the range 91.9 to 115.7 are consistently 

smaller than observed values. 

The error variance does not appear to be constant; large responses are more variable than small 

responses. 

The following units have high leverage. 

 Unit Response Leverage 

 1  397.0  0.277 

 28  397.0  0.277 

 55  397.0  0.277 

 82  397.0  0.197 

 109  397.0  0.197 

 136  397.0  0.197 

Estimates of parameters 

Parameter estimate s.e. 

R Treatment Saturated   0.97240  0.00291 

B Treatment Saturated   289.8  13.7 

A Treatment Saturated   42.20  6.57 
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R Treatment Unsaturated   0.94036  0.00650 

B Treatment Unsaturated   287.1  16.8 

A Treatment Unsaturated   60.81  4.36  
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Table A6. Full details of the relative abundance of the bacterial communities at different levels in the initial activated sludge inoculum and both saturated 
and unsaturated zones 

 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Euryarchaeota-Methanomicrobia-Methanomicrobiales-

Methanoregulaceae-Candidatus Methanoregula 

3% 0.10% 0.20% 0.10% 0.30% 0.30% 0.30% 

Acidobacteria-Acidobacteria-6-CCU21 0.30% 0.20% 0.20% 0.20% 0.90% 0.90% 0.50% 

Acidobacteria-Solibacteres-Solibacterales 0.60% 0.30% 0.50% 0.50% 0.80% 0.90% 1.30% 

Acidobacteria-Sva0725-Sva0725 0.50% 0.20% 0.10% 0.10% 0.20% 0.10% 0.10% 

Acidobacteria-Chloracidobacteria-RB41-Ellin6075 0.50% 1.00% 0.90% 1.20% 1.20% 2.00% 0.90% 

Acidobacteria-iii1-8-DS-18 0.50% 0.50% 0.60% 0.70% 0.40% 0.20% 0.30% 

Actinobacteria-Acidimicrobiia-Acidimicrobiales 8% 0.60% 1.80% 1.30% 0.40% 0.50% 0.70% 

Actinobacteria-Actinobacteria-Actinomycetales 0.50% 0.10% 0.30% 0.30% 0.10% 0.10% 0.10% 

Actinobacteria-Actinobacteria-Actinomycetales-

Intrasporangiaceae 

0.50% 0.20% 0.30% 0.20% 0.30% 0.20% 0.20% 

Actinobacteria-Actinobacteria-Actinomycetales-

Micrococcaceae 

0.40% 4.20% 5.40% 4.10% 11.80% 18.20% 14.20% 

Actinobacteria-Actinobacteria-Actinomycetales-

Nocardioidaceae 

0.40% 0.30% 0.50% 0.40% 0.10% 0.10% 0.20% 

Actinobacteria-Actinobacteria-Actinomycetales- 

Pseudonocardiaceae- Pseudonocardia 

0.40% 1.00% 1.10% 0.80% 0.50% 1.00% 0.30% 

Actinobacteria- Thermoleophilia- Gaiellales 0.40% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 



Appendices                                                                                                                                                                                                                                                             126                                                                                                                                                                                                                                                                                                         

 

 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Actinobacteria- Thermoleophilia- Solirubrobacterales 0.40% 0.10% 0.30% 0.20% 0.40% 0.30% 0.40% 

Armatimonadetes-Fimbriimonadia-Fimbriimonadales-

Fimbriimonadaceae-Fimbriimonas 

0.40% 0.20% 0.20% 0.20% 0.50% 0.70% 1.10% 

Bacteroidetes-Cytophagia-Cytophagales-

Cytophagaceae-Dyadobacter 

0.40% 0.80% 1.70% 0.70% 0.60% 0.80% 0.70% 

Bacteroidetes-Sphingobacteriia-Sphingobacteriales-

Sphingobacteriaceae 

4.80% 0.30% 0.30% 0.20% 0.10% 0.10% 0.10% 

Bacteroidetes-Saprospirae-Saprospirales-

Chitinophagaceae-Sediminibacterium 

0.40% 0.20% 0.50% 0.50% 0.70% 1.00% 0.90% 

Bacteroidetes-Saprospirae-Saprospirales-

Chitinophagaceae 

2% 0.50% 0.60% 0.50% 0.50% 0.70% 0.30% 

Chloroflexi-Anaerolineae-Caldilineales-Caldilineaceae 0.40% 0.00% 0.00% 0.00% 0.40% 0.30% 0.50% 

Chloroflexi-Anaerolineae-envOPS12 0.40% 0.20% 0.10% 0.00% 0.90% 1.10% 0.80% 

Chloroflexi-TK17-mle1-48 0.40% 0.40% 0.40% 0.40% 0.60% 0.70% 0.70% 

Cyanobacteria-4C0d-2-MLE1-12 0.40% 0.00% 0.10% 0.20% 0.60% 1.00% 0.70% 

Gemmatimonadetes-Gemm-1 0.40% 0.20% 0.30% 0.10% 0.40% 0.40% 0.50% 

Gemmatimonadetes-Gemmatimonadetes 0.40% 0.80% 1.10% 0.90% 0.70% 1.10% 1.50% 

Nitrospirae-Nitrospira-Nitrospirales-Nitrospiraceae-

Nitrospira 

0.40% 0.50% 0.80% 0.80% 2.80% 1.30% 3.10% 

Planctomycetes-Phycisphaerae-Phycisphaerales 0.40% 0.00% 0.00% 0.00% 0.20% 0.30% 1.20% 
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Planctomycetes-Brocadiae-Brocadiales-Brocadiaceae-

Candidatus Brocadia 

0.40% 0.00% 0.00% 0.00% 0.10% 0.20% 0.20% 

Proteobacteria-Alphaproteobacteria-Caulobacterales-

Caulobacteraceae  

0.40% 7.40% 9.50% 8.70% 0.60% 0.40% 0.60% 

Proteobacteria-Alphaproteobacteria-Caulobacterales-

Caulobacteraceae-Phenylobacterium 

Proteobacteria-Alphaproteobacteria-Rhizobiales-

Bradyrhizobiaceae 

0.40% 

 

0.50% 

2.40% 

 

2.10% 

1.60% 

 

2.50% 

1.80% 

 

3.00% 

0.80% 

 

1.70% 

1.00% 

 

1.60% 

1.20% 

 

1.80% 

Proteobacteria-Alphaproteobacteria-Rhizobiales-

Hyphomicrobiaceae-Devosia 

0.30% 0.20% 0.20% 0.20% 0.30% 0.30% 0.80% 

Proteobacteria-Alphaproteobacteria-Rhizobiales-

Hyphomicrobiaceae-Hyphomicrobium 

0.70% 0.10% 0.20% 0.20% 0.20% 0.20% 0.20% 

Proteobacteria-Alphaproteobacteria-Rhizobiales-

Hyphomicrobiaceae-Rhodoplanes 

0.40% 0.10% 0.20% 0.20% 0.30% 0.40% 0.40% 

Proteobacteria-Alphaproteobacteria-Rhizobiales-

Methylobacteriaceae-Methylobacterium 

0.50% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Proteobacteria-Alphaproteobacteria- Rhizobiales- 

Xanthobacteraceae- Xanthobacter 

0.30% 0.00% 0.00% 0.00% 0.10% 0.70% 0.10% 

Proteobacteria- Alphaproteobacteria- Rhodobacterales- 

Hyphomonadaceae 

0.30% 0.20% 0.10% 0.10% 0.30% 0.60% 0.70% 
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Proteobacteria- Alphaproteobacteria- Rhodospirillales- 

Rhodospirillaceae- Azospirillum 

0.40% 0.50% 0.80% 1.10% 0.40% 0.50% 0.90% 

Proteobacteria-Alphaproteobacteria-

Sphingomonadales- Erythrobacteraceae  

0.30% 1.60% 1.40% 1.80% 0.00% 0.10% 0.30% 

Proteobacteria- Alphaproteobacteria- 

Sphingomonadales-Sphingomonadaceae- Kaistobacter 

0.30% 3.80% 3.20% 2.80% 0.00% 0.00% 0.20% 

Proteobacteria- Alphaproteobacteria- 

Sphingomonadales- Sphingomonadaceae-Sphingobium 

Proteobacteria-Alphaproteobacteria- 

Sphingomonadales- Sphingomonadaceae- 

Sphingomonas 

0.40% 

 

0.30% 

0.70% 

 

4.00% 

0.60% 

 

6.60% 

1.00% 

 

7.70% 

3.10% 

 

0.70% 

4.30% 

 

3.10% 

4.60% 

 

1.50% 

Proteobacteria- Betaproteobacteria- Burkholderiales 0.30% 1.10% 1.40% 1.50% 1.10% 1.50% 0.80% 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae 

1.50% 6.90% 9.70% 9.30% 23.70% 13.20% 10.50% 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae- Rhodoferax 

0.50% 0.70% 1.00% 1.70% 0.90% 1.10% 1.30% 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae- Alicycliphilus 

0.30% 0.10% 0.10% 0.10% 0.30% 0.10% 0.00% 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae- Limnobacter 

0.60% 0.00% 0.10% 0.20% 0.30% 1.80% 2.20% 
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae- Methylibium 

1.90% 0.40% 0.40% 6.00% 0.20% 0.20% 1.10% 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Comamonadaceae- Ramlibacter 

1.50% 0.20% 0.20% 0.20% 0.10% 0.10% 0.10% 

Proteobacteria- Betaproteobacteria-Burkholderiales-

Oxalobacteraceae 

0.30% 8.40% 5.80% 5.60% 0.5 0.4 0.6 

Proteobacteria- Betaproteobacteria- Burkholderiales- 

Oxalobacteraceae- Janthinobacterium 

0.30% 32.10% 23.50% 22.60% 0.70% 0.80% 0.90% 

Proteobacteria- Betaproteobacteria- Ellin6067 

Proteobacteria- Betaproteobacteria- Nitrosomonadales- 

Nitrosomonadaceae 

0.80% 

0.30% 

0.30% 

0.20% 

0.40% 

0.10% 

0.50% 

0.10% 

0.70% 

0.20% 

0.80% 

0.10% 

0.60% 

0.10% 

Proteobacteria- Betaproteobacteria- Nitrosomonadales- 

Nitrosomonadaceae- Nitrosovibrio 

0.30% 0.10% 1.00% 0.10% 0.10% 0.10% 0.10% 

Proteobacteria- Betaproteobacteria- Rhodocyclales- 

Rhodocyclaceae 

9.80% 0.40% 0.20% 0.20% 1.50% 1.70% 0.90% 

Proteobacteria- Betaproteobacteria- Rhodocyclales-

Rhodocyclaceae- Azospira 

2.50% 0.00% 0.10% 0.10% 0.10% 0.10% 0.30% 

Proteobacteria- Betaproteobacteria- Rhodocyclales- 

Rhodocyclaceae-Methyloversatilis  

0.70% 0.00% 0.00% 0.10% 0.80% 0.90% 0.70% 
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Proteobacteria- Betaproteobacteria- Rhodocyclales- 

Rhodocyclaceae- Zoogloea 

0.40% 0.10% 0.00% 0.10% 0.10% 0.20% 0.00% 

Proteobacteria- Betaproteobacteria- SC-I-84 0.30% 0.60% 0.90% 0.50% 1.60% 1.70% 1.00% 

Proteobacteria- Deltaproteobacteria- Myxococcales 0.60% 0.30% 0.40% 0.40% 1.00% 1.60% 1.60% 

Proteobacteria- Deltaproteobacteria- Myxococcales- 

Polyangiaceae-  

0.30% 0.00% 0.00% 0.00% 1.10% 1.00% 0.60% 

Proteobacteria- Deltaproteobacteria- 

Syntrophobacterales- Syntrophobacteraceae 

0.60% 0.20% 0.20% 0.20% 0.40% 0.50% 0.90% 

Proteobacteria- Gammaproteobacteria- 

Alteromonadales- Alteromonadaceae- Cellvibrio 

0.30% 0.10% 0.30% 0.30% 4.90% 6.20% 10.20% 

Proteobacteria- Gammaproteobacteria- Chromatiales 0.50% 0.00% 0.00% 0.00% 0.70% 1.60% 0.70% 

Proteobacteria- Gammaproteobacteria- Legionellales- 

Coxiellaceae  

0.20% 0.10% 0.20% 0.10% 0.10% 0.10% 0.10% 

Proteobacteria- Gammaproteobacteria- 

Pseudomonadales- Moraxellaceae- Acinetobacter 

0.30% 0.10% 0.10% 0.00% 4.20% 0.30% 0.30% 

Proteobacteria- Gammaproteobacteria- 

Pseudomonadales- Pseudomonadaceae- 

Pseudomonas 

5.30% 0.30% 0.40% 0.30% 5.20% 5.20% 5.00% 

Proteobacteria- Gammaproteobacteria- 

Xanthomonadales- Sinobacteraceae 

0.60% 0.50% 0.70% 0.50% 1.60% 1.70% 1.30% 
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Proteobacteria- Gammaproteobacteria- 

Xanthomonadales-Xanthomonadaceae-  Dokdonella 

0.40% 0.40% 1.30% 0.60% 0.40% 0.50% 0.20% 

Proteobacteria- Gammaproteobacteria- 

Xanthomonadales- Xanthomonadaceae- Lysobacter 

0% 0.90% 0.90% 1.40% 0.10% 0.10% 0.10% 

Proteobacteria- Gammaproteobacteria- 

Xanthomonadales- Xanthomonadaceae-Rhodanobacter 

0.30% 0.50% 1.20% 1.30% 0.10% 0.00% 0.10% 

Verrucomicrobia- Opitutae- Opitutales- Opitutaceae- 

Opitutus 

Verrucomicrobia- Verrucomicrobiae- 

Verrucomicrobiales- Verrucomicrobiaceae- 

Prosthecobacter 

0.30% 

 

1% 

 

0.00% 

 

0.00% 

0.00% 

 

0.10% 

0.10% 

 

0.10% 

0.20% 

 

0.30% 

0.20% 

 

0.70% 

0.50% 

 

0.40% 

Verrucomicrobia- Pedosphaerae- Pedosphaerales- 

Ellin517 

0.40% 0.20% 0.20% 0.20% 0.70% 1.30% 0.80% 

Verrucomicrobia- Spartobacteria- Chthoniobacterales- 

Chthoniobacter 

0.90% 0.00% 0.00% 0.00% 0.40% 0.20% 0.10% 

Archaea-Euryarchaeota-Methanobacteria-

Methanobacteriales-Methanobacteriaceae-

Methanobrevibacter 

0.30% 

 

3.30% 

0.00% 

 

0.00% 

0.00% 

 

0.00% 

0.00% 

 

0.00% 

0.10% 

 

0.10% 

0.10% 

 

0.10% 

0.10% 

 

0.10% 

javascript:gg('g__Methanobrevibacter');
javascript:gg('g__Methanobrevibacter');
javascript:gg('g__Methanobrevibacter');
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Archaea-Euryarchaeota-Methanomicrobia-

Methanomicrobiales-Methanoregulaceae-

Candidatus Methanoregula 

       

Archaea-Euryarchaeota-Methanomicrobia-

Methanomicrobiales-Methanoregulaceae-

Methanolinea 

0.50% 0.00% 0.00% 0.00% 0.10% 0.10% 0.10% 

Actinobacteria-Acidimicrobiia-Acidimicrobiales-

Microthrixaceae-g 

0.90% 0.00% 0.00% 0.00% 0.10% 0.10% 0.10% 

Actinobacteria-Acidimicrobiia-Acidimicrobiales-

Microthrixaceae-Candidatus Microthrix 

0.90% 0.00% 0.00% 0.00% 0.10% 0.10% 0.10% 

Actinobacteria-Thermoleophilia-Solirubrobacterales-g 0.70% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Bacteroidetes-Saprospirae-Saprospirales-

Saprospiraceae-g 

1.90% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chlorobi-gnavibacteria-gnavibacteriales-

gnavibacteriaceae-g 

1.00% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chlorobi-PB56-g 0.30% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-Anaerolineales-

Anaerolinaceae-g 

1.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

javascript:gg('g__Candidatus+Methanoregula');
javascript:gg('g__Candidatus+Methanoregula');
javascript:gg('g__Candidatus+Methanoregula');
javascript:gg('g__Methanolinea');
javascript:gg('g__Methanolinea');
javascript:gg('g__Methanolinea');
javascript:gg('g__');
javascript:gg('g__');
javascript:gg('g__Candidatus+Microthrix');
javascript:gg('g__Candidatus+Microthrix');
javascript:gg('g__');
javascript:gg('g__');
javascript:gg('g__');
javascript:gg('g__');
javascript:gg('g__');
javascript:gg('g__');
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 Phylum- Class- Order- Family- Genus Initial 

inoculum 

Column1 

unsaturated 

Column2 

unsaturated 

Column3 

unsaturated 

Column1 

saturated 

Column2 

saturated 

Column3 

saturated 

Chloroflexi-Anaerolineae-Anaerolineales-

Anaerolinaceae-Anaerolinea 

1.40% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-Caldilineales-Caldilineaceae-g 0.90% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-Caldilineales-Caldilineaceae-

Caldilinea 

0.70% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-GCA004-g 

Chloroflexi-Anaerolineae-SBR1031-A4b-g 

0.80% 

0.60% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

0.10% 

Chloroflexi-Anaerolineae-SBR1031-SHA-31-g 0.50% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-SJA-15-g 0.50% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Anaerolineae-envOPS12-g 0.80% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Chloroflexi-Dehalococcoidetes-FS117-23B-02-g 0.40% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 

Proteobacteria-Betaproteobacteria-Rhodocyclales-

Rhodocyclaceae-Rodocyclus 

0.00% 2.90% 3.10% 2.10% 0.60% 0.30% 0.40% 

Proteobacteria-Gammaproteobacteria-

Xanthomonadales- Xanthomonas 

0.90% 2.10% 2.30% 1.70% 8.70% 4.60% 4.20% 

Actinobacteria-Actinobacteria-Actinomycetales-

Nocardiaceae- Nocardia 

0.00% 0.60% 1.10% 0.60% 1.20% 1.30% 0.90% 

Unassigned- Other 1.70% 0.00% 0.10% 0.00% 0.90% 0.20% 0.10% 

 

 

javascript:gg('g__');
javascript:gg('g__');
javascript:gg('o__Xanthomonadales');
javascript:gg('o__Xanthomonadales');
javascript:gg('f__Nocardiaceae');
javascript:gg('f__Nocardiaceae');
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• Heterotrophic nitrifiers/ aerobic denitrifiers were bolded 

• Denitrifiers were highlighted by grey colour 

• The g means that it did match a reference sequence well (not named at genus level). 
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APPENDIX B 

Table B1. Review on bacteria that contribute in denitrification 

Taxonomic position (class/ family/ genus/ species) Reference 

Thiobacillus thioparus (Kuenen and Robertson, 1988) 

Lysobacter antibioticum (Kuenen and Robertson, 1988) 

Achromobacter nephrii (Kuenen and Robertson, 1988) 

Aquaspirillum itersonii (Kuenen and Robertson, 1988)  

Xanthomonas*  

Paracoccas denitrificans 

(Gerardi, 2006) 

(Kuenen and Robertson, 1988) 

Rhodospeudomonas sphaeroides (Kuenen and Robertson, 1988) 

Alcaligenes eutropha (Kuenen and Robertson, 1988) 

Hyphomicrobium (Kuenen and Robertson, 1988) 

Halobacterium sp. (Kuenen and Robertson, 1988) 

Neisseria sp (Kuenen and Robertson, 1988) 

Flavobacterium (Kuenen and Robertson, 1988) 

α – Proteobacteria Paracoccus sp.  (Shipin et al., 2005) 

γ - Proteobacteria Pseudomonas sp.  (Shipin et al., 2005)  

α, β, γ Proteobacteria (Cheng et al., 2016) 

Firmicutes (Cheng et al., 2016) 

Bacteroidetes (Cheng et al., 2016) 

Bacillus  (Cheng et al., 2016) 

Arthrobacter globiformis (Robertson and Kuenen, 1990) 

Aerobacter Aerogenes (Robertson and Kuenen, 1990) 

Thiosphaera Pantotropha (Robertson and Kuenen, 1990) 

Streptomyces grisens (Robertson and Kuenen, 1990) 

α – Proteobacteria- Brucellaceae- Brucella ovis (Heylen et al., 2006) 

α – Proteobacteria-  Brucellaceae -anthropic  (Heylen et al., 2006) 

α – Proteobacteria- Brucellaceae - Ochrobactrum Intermedium (Heylen et al., 2006) 

α – Proteobacteria- Brucellaceae - Ochrobactrum tritici (Heylen et al., 2006) 
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Taxonomic position (class/ family/ genus/ species) Reference 

α – Proteobacteria- Methylobacteraceae-  Methylobacterium 
suomiense 

(Heylen et al., 2006) 

α – Proteobacteria- Rhizobiaceae- Rhizobium giardini  

α – Proteobacteria- Rhizobiaceae- Rhizobium radiobacter 

(Heylen et al., 2006) 

(Heylen et al., 2006) 

α – Proteobacteria - Rhizobiaceae-Rhizobium  sullae (Heylen et al., 2006) 

α – Proteobacteria- Rhizobiaceae- Sinorhizobium morelense  (Heylen et al., 2006) 

α – Proteobacteria- Rhodobacteraceae- Paracoccus aminophilus  (Heylen et al., 2006) 

α – Proteobacteria- Rhodobacteraceae- Paracoccus alcaliphilus  (Heylen et al., 2006) 

α – Proteobacteria- Rhodobacteraceae- Paracoccus aminovorans (Heylen et al., 2006) 

α – Proteobacteria-- Rhodobacteraceae- Paracoccus 
carotinifaciens 

(Heylen et al., 2006) 

α – Proteobacteria- - Rhodobacteraceae- Paracoccus 
pantotrophus 

(Heylen et al., 2006) 

α – Proteobacteria-- Rhodobacteraceae- Paracoccus yeei (Heylen et al., 2006) 

α – Proteobacteria-- Rhodobacteraceae- Paracoccus versutus (Heylen et al., 2006) 

α – Proteobacteria- Rhodobacteraceae- Pannonibacter 
phragmitetus 

(Heylen et al., 2006) 

β- Proteobacteria -Comamonadaceae- acidovorax avenae subsp. 
Citrulli 

(Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae- acidovorax defluvii (Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae- acidovorax temperans (Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae- alicycliphilus denitrificans (Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae- Comamonas aquatic (Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae- Comamonas denitrificans (Heylen et al., 2006) 

β- Proteobacteria- Comamonadaceae-Diaphorobacter 
nitroreducens 

(Heylen et al., 2006) 

β- Proteobacteria- Neisseraceae- Aquaspirillum metamorphum (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae- Azospira oryzae (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae- Azovibrio restrictus (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-dechloromonas agitata (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-dechloromonas denitrificans (Heylen et al., 2006) 
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Taxonomic position (class/ family/ genus/ species) Reference 

β- Proteobacteria-Rhodocyclaceae-Thauera aromatica (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-Thauera aminoaromatica (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-Thauera chlorobenzoica 

β- Proteobacteria-Rhodocyclaceae-Thauera mechernichensis 

(Heylen et al., 2006) 

(Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-Thauera phenylacetica (Heylen et al., 2006) 

β- Proteobacteria-Rhodocyclaceae-Thauera selenatis  (Heylen et al., 2006) 

γ - Proteobacteria Pseudomonadaceae- Pseudomonas aeruginosa (Heylen et al., 2006) 

γ - Proteobacteria Pseudomonadaceae- Pseudomonas alcaligenes (Heylen et al., 2006) 

γ - Proteobacteria Pseudomonadaceae- Pseudomonas mendocina (Heylen et al., 2006) 

γ - Proteobacteria Pseudomonadaceae- Pseudomonas 
nitroreducens 

(Heylen et al., 2006) 

γ - Proteobacteria Pseudomonadaceae- Pseudomonas  putida (Heylen et al., 2006) 

γ - Proteobacteria -Pseudomonadaceae- Pseudomonas  stutzeri (Heylen et al., 2006) 

Epsilonproteobacteria- campylobacteraceae- Acrobacter 
cryaerophilus 

(Heylen et al., 2006) 

Epsilonproteobacteria- - campylobacteraceae- Acrobacter 
skirrowii 

(Heylen et al., 2006) 

Epsilonproteobacteria- campylobacteraceae- Acrobacter 
nitrofigilis 

(Heylen et al., 2006) 

Firmicutes- Bacillaceae- Bacillus clausii (Heylen et al., 2006) 

Firmicutes - Bacillaceae- Bacillus mojavensis (Heylen et al., 2006) 

Firmicutes - Carnobacteraceae- Trichocococcus flocculiformis (Heylen et al., 2006) 

Firmicutes - Enterococcaceae- Enterococcus casseliflavus (Heylen et al., 2006) 

Firmicutes - Paenibacillaceae- Paenibacillus agaridevorans (Heylen et al., 2006) 

Firmicutes - Staphylococcaceae- Staphylococcus hominis subsp. 
Hominis 

(Heylen et al., 2006) 

Bacteroidetes- Flavobacteriaceae- Chryseobacterium gleum (Heylen et al., 2006) 

Agrobacterium*   (Gerardi, 2006) 

Chromobacterium* (Gerardi, 2006) 

corynebacterium* (Gerardi, 2006) 

Enterobacter* (Gerardi, 2006) 
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Taxonomic position (class/ family/ genus/ species) Reference 

Glucononobacter* (Gerardi, 2006) 

Holobacterium* (Gerardi, 2006) 

Kingella* (Gerardi, 2006) 

Methanonas* (Gerardi, 2006) 

Moraxella* (Gerardi, 2006) 

Propionibacterium* (Gerardi, 2006) 

Rhodopseudomonas* (Gerardi, 2006) 

*Some species of this genera contain denitrifiers 

B1. Calculations of the dosage of carbon sources added to the system and C/N ratio based on the 

stoichiometric equations 

According to the atomic mass calculations: NO3 is 61.27% of KNO3 stock powder 

As the target NO3 input concentration is 100 mg/L; therefore dissolve 0.163 gm of KNO3 stock. 

1. Ethanol columns 

From the stoichiometric equation 3.4; 1 g NO3 = 0.309 g C2H6O 

C2 = 0.52 C2H6O; N = 0.14 KNO3 

N = 0.14 x 0.163 = 0.023 g 

Dissolved C2H6O = 0.023/0.52= 0.0442 g (in case of C/N = 1) 

Density of ethanol = 0.79 g/mL; volume of ethanol added = 0.0442/0.79= 0.056 mL 

For C/N ratio 5; volume of ethanol added should be 5 times of 0.056 mL= 0.28 mL 

2. Sucrose columns  

From the stoichiometric equation 3.5; 1 g NO3 = 0.575g C12H22O11 
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C12= 0.42 C12H22O11; N = 0.14 KNO3 

Dissolved C12H22O11 = 0.023/0.42= 0.055 g (in case of C/N = 1) 

For C/N ratio 5; dissolved sucrose should be 5 times of 0.055 g = 0.28 g 

B2. Effect of temperature on the spectrophotometer reading sensitivity 

The effect of temperature on the spectrophotometer reading sensitivity with some standard solutions 

at various temperature levels was carried out as shown in table B3 

Table B2. Values of nitrate at different temperatures and different prepared standard solution 
concentrations 

            Temperature Range 
Standard                     (oC) 
Solutions (mg/L) 

10 20 30 35 

100 68.4 100 95.6 100.7 
50 34.5 50 43.1 47.3 
20 15.5 20 17.2 19.1 
10 4.7 10 7.8 9.4 
5 3.3 5 4 4.9 

 

It can be concluded from the table that there was no change in nitrate concentrations at 20oC. In the 

same time, the change at 10
 
oC was close to 65% of their corresponding values at 20oC. The relationship 

between nitrate concentrations and temperature range could be drawn to adjust nitrate 

concentrations samples, which had a temperature range between (16 – 21oC).   

Table B3. Nitrate sucrose agar medium composition used in exp2 (Rodina, 1972) 

component Mass or volume 
Tap water 1000 ml 
NaNO3 2 g 
K2HPO4 1 g 
MgSO4. 7H2O 0.5 g 
KCl 0.5 g 
FeSO4. 7H2O trace  
Sucrose 30 g 
Agar 15 g 

 

Number of bacteria (CFU/ ml sample)  = Number of colonies (CFUs)
dilution x amount plated (ml)

                                B3-1  
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B3. Calculations of the growth formula for nitrate (the main source of nitrogen) with ethanol and 

sucrose (organic carbon sources) 

1. Ethanol (growth equation 3.6) 

Formula weight of ethanol = 46 gm/mol; formula weight of biomass (C5H7NO2) = 113 gm/mol 

ThOD of substrate (C2H6O) = 2x32 + 6x8 - 1x16 = 96 gm/mol 

gThOD/g substrate = 96/46 = 2.09 g COD/g ethanol 

ThOD of biomass = 5x32 + 7x8 -24 – 2x16 = 160 gm/mol 

gThOD/g biomass = 160/113 = 1.42 g COD/g ethanol 

Y g ThOD biomass / g ThOD substrate = 0.33 x 113/46 = 0.81 

2. Sucrose (growth equation 3.7) 

Formula weight of sucrose= 342 gm/mol; formula weight of biomass (C5H7NO2) = 113 gm/mol 

ThOD of substrate (C12H22O11) = 12x32 + 22x8 – 11x16 = 384 gm/mol 

gThOD/g substrate = 384/342 = 1.12 g COD/g sucrose  

ThOD of biomass = 160 gm/mol 

gThOD/g biomass = 64/113 = 1.42 g COD/g sucrose 

Y g ThOD biomass / g ThOD substrate = 1.5 x 113/342 = 0.5  

Note1: 0.33 and 1.5 are number of moles of biomass in the stoichiometric reactions 3.6 and 3.7 

for ethanol and sucrose respectively 

Note2: the numbers with negative or positive charges which highlighted in the blue colour are from 

Table (5-8) chapter5 transformation processes (Gujer, 2008) 
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B4. Output Nitrate data from GENSTAT software 

Model 1 

Nonlinear regression analysis 

Response variate: Nitrate 

Explanatory: Time 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

 

Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  2  139362.  69680.87  800.37 <.001 

Residual  213  18544.  87.06     

Total  215  157906.  734.44     

  
Percentage variance accounted for 88.1 

Standard error of observations is estimated to be 9.33. 

The following units have large standardized residuals. 

 Unit Response Residual 

 5  19.80  -3.20 

  
Estimates of parameters 

Parameterestimate s.e. 

R  0.98319  0.00149 

B  82.32  2.66 

A  14.25  2.88 

  

Accumulated analysis of variance 

Change d.f. s.s. m.s. v.r. F pr. 

+ Time  2  139361.73  69680.87  800.37 <.001 

Residual  213  18543.93  87.06     

Total  215  157905.66  734.44     
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Model 2 

Nonlinear regression analysis 

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, constant parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

  
Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  7  145683.  20811.86  354.17 <.001 

Residual  208  12223.  58.76     

Total  215  157906.  734.44     

Change  -5  -6321.  1264.26  21.51 <.001 

Therefore the difference between model 1 and model 2 is highly significant. 

Percentage variance accounted for 92.0 

Standard error of observations is estimated to be 7.67. 

The following units have large standardized residuals. 

 Unit Response Residual 

 77  72.30  2.98 

  
Estimates of parameters 

Parameter estimate s.e. 

R  0.983540  0.000949 

B  83.05   

A Treatment CON   13.22   

A Treatment CON+AS   18.17   

A Treatment ETH   2.562   

A Treatment ETH+AS   19.05   

A Treatment SUC   15.37   

A Treatment SUC+AS   11.96   

   



Appendices                                                                                                                                                         143 

 

Accumulated analysis of variance 

Change d.f. s.s. m.s. v.r. F pr. 

+ Time  2  139361.73  69680.87  1185.80 <.001 

+ Treatment  5  6321.28  1264.26  21.51 <.001 

Residual  208  12222.64  58.76     

Total  215  157905.66  734.44     

  
  
Model 3 

Nonlinear regression analysis 

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, all linear parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 

  
Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  12  146261.  12188.39  212.47 <.001 

Residual  203  11645.  57.36     

Total  215  157906.  734.44     

Change  -5  -578.  115.53  2.01  0.078 

Therefore the difference between MODEL 2 and MODEL 3 is not significant. 

 Percentage variance accounted for 92.2 

Standard error of observations is estimated to be 7.57. 

The following units have large standardized residuals. 

 Unit Response Residual 

 77  72.30  3.03 

 78  60.70  2.82 
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Estimates of parameters 

Parameter estimate s.e. 

R  0.983298  0.000944 

B Treatment CON   81.60   

A Treatment CON   14.22   

B Treatment CON+AS   78.25   

A Treatment CON+AS   20.79   

B Treatment ETH   90.61   

A Treatment ETH   -0.8633   

B Treatment ETH+AS   76.84   

A Treatment ETH+AS   22.27   

B Treatment SUC   80.34   

A Treatment SUC   16.98   

B Treatment SUC+AS   89.60   

A Treatment SUC+AS   9.107   

  
Accumulated analysis of variance 

Change d.f. s.s. m.s. v.r. F pr. 

+ Time  2  139361.73  69680.87  1214.70 <.001 

+ Treatment  5  6321.28  1264.26  22.04 <.001 

+ Time. Treatment  5  577.64  115.53  2.01  0.078 

Residual  203  11645.00  57.36     

Total  215  157905.66  734.44     

 
Model 4 

Nonlinear regression analysis 

Response variate: Nitrate 

Explanatory: Time 

Grouping factor: Treatment, all parameters separate 

Fitted Curve: A + B*(R**X) 

Constraints: R < 1 
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Summary of analysis 

Source d.f. s.s. m.s. v.r. F pr. 

Regression  17  147693.  8687.85  168.44 <.001 

Residual  198  10212.  51.58     

Total  215  157906.  734.44     

Change  -5  -1433.  286.56  5.56 <.001 

Therefore the difference between model 3 and model 4 is highly significant. 

Percentage variance accounted for 93.0 

Standard error of observations is estimated to be 7.18. 

 The following units have large standardized residuals. 

 Unit Response Residual 

 77  72.30  3.19 

 78  60.70  2.98 

 
Estimates of parameters 

Parameter estimate s.e. 

R Treatment CON   0.98493  0.00275 

B Treatment CON   83.79  5.82 

A Treatment CON   11.01  6.43 

R Treatment CON+AS   0.98827  0.00269 

B Treatment CON+AS   87.55  8.82 

A Treatment CON+AS   8.54  9.79 

R Treatment ETH   0.96927  0.00347 

B Treatment ETH   85.04  3.68 

A Treatment ETH   13.94  2.75 

R Treatment ETH+AS   0.98950  0.00260 

B Treatment ETH+AS   89.5  10.2 

A Treatment ETH+AS   5.9  11.3 

R Treatment SUC   0.98681  0.00269 

B Treatment SUC   86.04  7.18 

A Treatment SUC   9.13  8.01 

R Treatment SUC+AS   0.98316  0.00259 

B Treatment SUC+AS   89.42  5.01 
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A Treatment SUC+AS   9.38  5.41 

  
Accumulated analysis of variance 

Change d.f. s.s. m.s. v.r. F pr. 

+ Time  2  139361.73  69680.87  1351.01 <.001 

+ Treatment  5  6321.28  1264.26  24.51 <.001 

+ Time.Treatment  5  577.64  115.53  2.24  0.052 

+ Separate nonlinear  5  1432.79  286.56  5.56 <.001 

Residual  198  10212.21  51.58     

Total  215  157905.66  734.44 

     
  
B5. Output Nitrite data from GENSTAT software 

Analysis of variance 

Variate: peak concentration 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Treatment 5  3651.42  730.28  41.53 <.001 

Residual 6  105.50  17.58     

Total 11  3756.92       

  

Tables of means 

Variate: peak concentration 

Grand mean 59.4  

Treatment                 CONT       CONT+AS  ETH  ETH+AS  SUC  SUC+AS 

   32.5  37.5  67.5  74.0  73.0  72.0 

   

Standard errors of differences of means 

Table Treatment   

rep.  2   

d.f.  6   

s.e.d.  4.19   

 

Least significant differences of means (5% level) 
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Table Treatment   

rep.  2   

d.f.  6   

l.s.d.  10.26   

 Analysis of variance 

Variate: Reaction time 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Treatment 5  7966.667  1593.333  191.20 <.001 

Residual 6  50.000  8.333     

Total 11  8016.667       

  

The following units have large residuals. 

*units* 7    5.00  s.e.   2.04 

*units* 8    -5.00  s.e.   2.04 

  

Tables of means 

Variate: Reaction time 

Grand mean 111.67  

Treatment                  CONT    CONT+AS           ETH        ETH+AS  SUC  SUC+AS 

             80.00  85.00        135.00  95.00  130.00  145.00 

 

Standard errors of differences of means 

Table Treatment   

rep.  2   

d.f.  6   

s.e.d.  2.887   

   

Least significant differences of means (5% level) 

Table Treatment   

rep.  2   

d.f.  6   

l.s.d.  7.064 
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Appendix C 

C1. Calculations of the dosage of carbon sources added to the system and C/N ratio based on the 

stoichiometric equations C1.1 and C1.2 

According to the atomic mass calculations; and based on the basic nitrogen components in the 

diluted synthetic wastewater  

For (NH4)2.SO4; N = 2(14)/36= 0.78(NH4)2 

For NaNO2; N=14/46= 0.304 NO2 

1. Ethanol columns 

3C2H6O+12NO2+NH4  6HCO3+2OH+7H2O+6.5N2                                                                                                                                      C1.1      

From the stoichiometric equation C1.1; 1 g of (NO2 and NH4) = 0.05 g C2H6O; C2 = 0.52 C2H6O 

C/N= 0.05 (0.52)/(0.78+0.304)= 0.024 

Target influent of (NO2+NH4) = 50+60 = 110 mg/L 

N= 0.21 of (NH4)2.SO4; N= 0.2 NaNO2 = 0.21 (0.2) + 0.2 (0.075) = 0.042+0.015 = 0.057 gm 

0.2 gm and 0.075 gm are the weights of (NH4)2.SO4 and NaNO2 stocks that dissolved in the tap water 

C2 should be 0.057gm as well to obtain C/N= 1 

Dissolved C2H6O = 0.057/0.52= 0.11 gm 

Volume of ethanol added = 0.11/0.79= 0.14 mL 

For C/N= 2; volume of ethanol added = 0.28mL 

For C/N= 4; volume of ethanol added = 0.56mL 

2. Sucrose columns 

C12H22O11+ 13NO2+ NH4  12CO2 + 7N2+ 13H2O                                                                                        C1.2 
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From the stoichiometric equation C1.2; 1 g of (NO2 and NH4)= 0.34 g C12H22O11; C12= 0.42 C12H22O11 

C/N= 0.34 (0.42)/ 1.084 = 0.132; N= 0.057 gm 

C12 should be 0.057 gm as well to obtain C/N= 1  

For C/N= 2; weight of dissolved sucrose= 0.272 gm 

For C/N= 4; weight of dissolved sucrose= 0.544 gm 

Table C1. Burette readings (mL) of COD test for each column 

Time (d) ETH1 ETH2 SUC1 SUC2 WW1 WW2 CONT 

0 0 0 0 0 2.8 2.8 3.9 

28 3.0 3.2 3.0 2.9 2.8 3.3 3.1 

42 2.3 2.9 3.0 3.2 3.1 3.3 3.2 

49 2.6 2.7 2.5 3.3 3.2 2.6 3.2 

56 2.7 2.8 2.9 2.8 3.1 3.2 3.1 

63 2.8 3.1 2.9 3.2 2.0 3.1 2.5 

70 3.3 3.3 3.0 2.8 3.2 2.8 3.2 

77 3.1 3.3 2.8 3.0 3.4 2.8 3.2 

84 3.1 3.1 3.3 2.5 3.2 2.6 3.0 

91 2.6 3.3 3.2 3.0 3.3 3.1 3.2 

98 3.1 2.9 2.8 1.6 2.8 3.3 3.3 

105 3.3 2.7 2.6 1.9 2.9 3.0 2.7 

112 3.3 clogged 2.5 3.4 2.5 3.2 3.1 

119 3.1  2.5 3.4 3.3 3.1 3.1 

126 3.1  3.0 3.0 1.1 2.9 3.1 

133 3.1  3.1 3.0 3.3 3.2 3.4 

140 3.4  3.1 3.1 2.8 2.9 2.9 

147 2.5  3.1 2.7 2.2 2.7 0.6 

154 3.2  3.1 3.3 2.3 3.1 3.2 

161 clogged  2.8 3.1 2.6 2.5 3.3 

168   2.5 3.4 2.2 3.2 3.4 

175   3.4 3.3 3.0 3.2 2.9 



Appendices                                                                                                                                                         150 

 

Time (d) ETH1 ETH2 SUC1 SUC2 WW1 WW2 CONT 

182   3.1 2.8 2.9 2.1 3.2 

189   2.1 2.8 2.7 2.9 2.7 

196   2.8 3.1 2.9 2.8 3.1 

203   3.5 1.6 2.8 3.5 3.4 

210   3.2 3.3 3.5 3.6 2.7 

217   3.3 3.3 3.4 3.3 3.4 

224   3.3 3.4 3.4 3 3.4 

231   3.3 3.3 3.4 3.4 3.5 

238   clogged clogged 3.6 3.1 2.6 

245     2.3 2.0 1.8 

252     3.1 1.5 3.2 

259     3.3 2.7 3.7 

266     2.8 2.5 2.4 

273     3.5 2.8 3.3 

280     4.0 4.0 4.0 

287     4.0 4.0 4.0 

294     4.0 4.0 4.0 

301     3.4 3.4 3.4 

308     2.3 3.7 3.3 

315     3.2 3.0 3.5 

322     3.5 3.3 3.0 

329     3.5 2.9 3.6 

336     3.6 3.7 2.8 

343     3.7 3.4 2.7 

350     2.5  3.2 

357     2.7  3.2 
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C2. Polysaccharides test procedure 

Glucose standard curve preparation: Ten 15 mL tubes were used to prepare 10 dilutions (50, 100, 

150, 200, 250, 300, 350, 400, 450, and 500 mg/L) from glucose stock solution with enough distilled 

water to make a final solution volume of 10 mL in the tubes.  

Standard dilutions and samples analytical procedure: 1 mL of each diluted stock solution/ 

wastewater samples (three replicates) was taken from each tube and placed in a labelled glass test 

tubes.  After transferring all the dilutions/ samples into glass test tubes, the tube rack was placed on 

ice to chill. Then, 2 mL of already chilled 75% H2SO4 solution was added to the tubes, followed by 

vortexing.  Then, 4 mL of already chilled anthrone solution was added to the tubes, followed again by 

vortexing. Then, the tubes were placed in a heating block at 100oC for 15 min. After that, the tubes 

were removed from the heating block and cooled down to room temperature. Finally, the absorbances 

of dilutions/ samples were measured at 578 nm using a spectrophotometer (HACH DR/6000). The 

absorbance values for the standard dilutions were drawn (Figure C1). Then, polysacchraides content 

of wastewater and soil samples, expressed in terms of glucose (mg/L) were calculated from the 

corrected absorbance of the standard curve in Figure C3 (Frolund et al., 1996; Gerhardt et al., 1994).  
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Figure C1. The absorbance values for the standard glucose dilutions 

 

C3. Protein test procedure 

The test methodology is basically based on Bradford method (Bradford, 1976) that is summarised as 

below: 

Preparation of diluted albumin (BSA) standards: A set of protein standards (25, 125, 250, 500, 750, 

1000, 1500, and 2000 mg/L) was prepared by diluting the content of Albumin Standards (BSA) ampules 

into several vials with distilled water with a three replicates for each diluted standard. 

Standard dilutions and samples analytical procedure: the procedure of testing is simply by mixing 

well 30 µL of each standard/ sample with Coomassie reagent (supplied by Thermo Scientific, method 

No. 23200) in each tube. The tubes were then incubated for 10 minutes at room temperature. Finally, 

the absorbance of dilutions/ samples were measured at 595 nm using a spectrophotometer (HACH 

DR/6000). A standard curve was prepared by plotting the average corrected measurement of each 

y = 0.0021x + 7E-05
R² = 0.9949
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BSA standard vs. its concentration in mg/L. The standard curve was then used to determine the protein 

concentration of each sample (Figure C2). 

 

Figure C2. The absorbance values for the standard protein dilutions 

 

C4. Details of LOI sampling procedure and calculations 

1. Heat crucibles in furnace @ 400oC for 2 hours 

2. Cool and determine weight (W) 

3. Add 3 gm of air dried soil ground and heat at 105oC for 24 hours. 

4. Cool in desiccator and determine W crucible + sand 

5. Obtain W of oven dried sample by subtraction 

6. Ignite sample in furnace @ 400oC for 16 hours. 

7. Cool and determine W crucible + ignited sample 

8. Obtain W of ignited sample by subtraction 

9. Calculate   LOI (%) = W105
o

C- W400 
o

C /W 105 
o

C X 100   

y = 0.4377ln(x) - 1.1757
R² = 0.8972
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 Table C2. Detailed calculations of LOI test    

Sample 
name 

Layer Replicate 
number 

W  crucible 
after 

cooling 
(gm) 

W oven 
dried  

crucible + 
sand (gm) 

W ignited  
crucible + 
sand (gm) 

W oven 
dried 
sand  
(gm) 

W 
ignited 
sand 
(gm) 

ETH1  Upper 1 9.9998 12.5638 12.5555 2.564 2.5557 

2 9.9506 12.5158 12.5056 2.5652 2.555 

3 9.9276 12.5649 12.5553 2.6373 2.6277 

Middle 1 14.184 16.7087 16.6978 2.5247 2.5138 

2 15.1323 17.6399 17.6172 2.5076 2.4849 

3 14.6057 17.1699 17.1595 2.5642 2.5538 

Lower 1 10.2612 12.7849 12.7735 2.5237 2.5123 

2 10.5086 13.0383 13.0383 2.5398 2.5297 

3 10.4674 13.0017 13.0017 2.5483 2.5343 

ETH2 Upper 1 10.9251 13.5766 13.567 2.6515 2.6419 

2 10.5535 12.9824 12.9742 2.4289 2.4207 

3 10.4867 12.9786 12.9707 2.4919 2.484 

Middle 1 15.6661 18.0359 18.024 2.3698 2.3579 

2 16.3174 18.8534 18.8429 2.536 2.5255 

3 14.9138 17.4635 17.4521 2.5497 2.5383 

Lower 1 10.8522 13.3988 13.39 2.5466 2.5378 

2 10.8322 13.385 13.3779 2.5528 2.5457 

3 10.4622 13.1205 13.113 2.6583 2.6508 

SUC1 Upper 1 11.4303 13.6735 13.6565 2.2432 2.2262 

2 9.8698 12.3138 12.3035 2.444 2.4337 

3 11.0194 13.562 13.5496 2.5426 2.5302 

Middle 1 16.3682 18.9746 18.9646 2.6064 2.5964 

2 14.7702 17.2246 17.2138 2.4544 2.4436 

3 17.4054 19.9633 19.9504 2.5579 2.545 

Lower 1 10.5331 11.5397 11.5305 1.0066 0.9974 

2 10.0271 12.7123 12.6786 2.6852 2.6515 

3 11.0199 14.0159 13.999 2.996 2.9791 

SUC2 

 

 

Upper 1 10.4342 13.5378 13.523 3.1036 3.0888 

2 9.6178 12.1869 12.1773 2.5691 2.5595 

3 11.3647 13.9427 13.9317 2.578 2.567 
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WW1 

 

Middle 1 16.7564 19.3786 19.3607 2.6222 2.6043 

2 14.7786 17.2316 17.2244 2.453 2.4458 

3 17.0638 19.5716 19.5631 2.5078 2.4993 

Lower 

 

 

Upper 

1 10.435 12.9555 12.9465 2.5205 2.5115 

2 11.596 14.1814 14.1726 2.5854 2.5766 

3 10.445 13.0627 13.0532 2.6177 2.6082   

1 16.75 19.6113 19.5996 2.8613 2.8496 

  2 16.317 19.0938 19.0835 2.7768 2.7665 

  3 15.6668 18.5565 18.5453 2.8897 2.8785 

 Middle 1 14.1834 16.7125 16.7023 2.5291 2.5189 

  2 15.1194 17.9661 17.9542 2.8467 2.8348 

  3 14.6001 17.4326 17.4173 2.8325 2.8172 

 Lower 1 16.3688 19.1738 19.1618 2.805 2.793 

  2 10.5057 13.3377 13.3213 2.832 2.8156 

  3 14.9137 17.7035 17.6357 2.7898 2.722 

WW2 Upper 1 10.9249 13.6896 13.675 2.7647 2.7501 

  2 10.5536 13.3937 13.3819 2.84011 2.8283 

  3 10.4865 13.307 13.2934 2.8205 2.8069 

 Middle 1 9.9271 12.9481 12.9356 3.021 3.0085 

  2 10.832 13.8643 13.8525 3.0323 3.0205 

  3 9.9995 12.9422 13.0034 2.9427 3.0039 

 Lower 1 10.8525 13.5408 13.5319 2.6883 2.6794 

  2 10.2569 13.0143 13.0038 2.7574 2.7469 

  3 10.4614 13.1547 13.1433 2.6933 2.6819 

CONT Upper 1 11.4225 14.1517 14.1399 2.7292 2.7174 

  2 9.8696 12.4466 12.4371 2.577 2.5675 

  3 9.9489 12.5662 12.5571 2.6173 2.6082 

 Middle 1 14.7789 17.4776 17.4647 2.6987 2.6858 

  2 14.7712 17.4952 17.4825 2.724 2.7113 

  3 17.4061 20.2829 20.2714 2.8768 2.8653 

 Lower 1 11.5961 14.3854 14.3645 2.7893 2.7684 

  2 10.533 13.1907 12.8020 2.6577 2.269 

  3 10.0271 12.6711 12.4814 2.644 2.4543 
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 Table C3. Hydraulic conductivity (mm/hr) data for soil sections at the end of the experiment 

Layers                       Upper Middle     Lower 

Column Run1            Run2            Run3           Run1          Run2          Run3    Run1        Run2          Run3 

ETH1 498 498 498 477 477 477 661 661 661 

ETH2 351 351 351 488 488 488 468 468 468 

SUC1 407 407 407 545 545 545 616 616 616 

SUC2 577 577 577 545 545 545 513 513 513 

WW1 611 611 611 645 645 645 577 577 577 

WW2 506 506 506 574 574 574 648 648 648 

WW3 475 475 475 577 577 577 616 616 616 

 

Table C4. LOI (%) data for soil sections at the end of the experiment 

 

  

Layers                       Upper Middle     Lower 

Column Replicate 

1 

Replicate 

2 

Replicate 

3 

Replicate 

1 

Replicate 

2 

Replicate 

3 

Replicate 

1 

Replicate 

2 

Replicate 

3 

ETH1 0.324     0.398 0.364 0.432 0.405 0.406 0.452 0.398 0.549 

ETH2 0.362     0.338 0.317 0.502 0.414 0.45 0.346 0.278 0.282 

SUC1 0.458     0.421 0.488 0.384 0.44 0.504 0.55 0.914 1.255 

SUC2 0.48     0.374 0.427 0.383 0.294 0.339 0.357 0.34 0.363 

WW1 0.409     0.37 0.388 0.403 0.418 0.54 0.428 0.428 0.428 

WW2 0.528     0.416 0.482 0.414 0.389 0.41 0.331 0.38 0.423 

CONT 0.432     0.369 0.348 0.478 0.466 0.4 0.449 0.46 0.47 
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Table C5. Polysaccharides data (mg/L) for soil sections at the end of the experiment   

Layers                       Upper Middle     Lower 

Column Replicate 

1      

Replicate 

2 

Replicate 

3 

Replicate 

1          

Replicate 

2 

Replicate 

3 

Replicate 

1       

Replicate 

2 

Replicate 

3 

ETH1 115 116    116 113 119 123  138      131 141 

ETH2 115 115    116 123 109 116  126      110 116 

SUC1 115 104    117 107 108 122  127     129 120 

SUC2 117 117    119 112 112 114  143     104 113 

WW1 118 117    115 122 121 123  121     120 123 

WW2 120 114    119 113 116 109  112     111 110 

CONT 119 115    115 111 109 113  114     113 112 

 

Table C6. Protein data (mg/L) for soil sections at the end of the experiment 

Layers                       Upper Middle     Lower 

Column Replicate 

1      

Replicate 

2 

Replicate 

3 

Replicate 

1          

Replicate 

2 

Replicate 

3 

Replicate 

1       

Replicate 

2 

Replicate 

3 

ETH1    330 337 344 305 337   296 351 361 369 

ETH2    330 317 321 321 305   358 340 334 338 

SUC1    217 230 245 365 388   337 388 369 365 

SUC2    314 321 299 317 324   284 412 420 424 

WW1    324 330 317 311 321   330 321 327 330 

WW2    330 340 330 317 337   344 340 347 351 

CONT    321 327 330 302 334   344 321 317 340 
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C5. Calculations of the growth formula for nitrite and ammonium (the main source of nitrogen) 

with ethanol and sucrose (organic carbon sources) based on the growth equations 4.4 and 4.5 

1. Ethanol 

Formula weight of ethanol = 46 gm/mol; formula weight of biomass (C5H7NO2) = 113 gm/mol 

ThOD of substrate (C2H6O) = 2x32 + 6x8 - 1x16 = 96 gm/mol 

gThOD/g substrate = 96/46 = 2.09 g COD/g ethanol 

ThOD of biomass = 5x32 + 7x8 -24 – 2x16 = 160 gm/mol 

gThOD/g biomass = 160/113 = 1.42 g COD/g ethanol 

Y g ThOD biomass / g ThOD substrate = 0.33 x 113/46 = 0.81 

2. Sucrose 

Formula weight of sucrose= 342 gm/mol; formula weight of biomass (C5H7NO2) = 113 gm/mol 

ThOD of substrate (C12H22O11) = 12x32 + 22x8 – 11x16 = 384 gm/mol 

gThOD/g substrate = 384/342 = 1.12 g COD/g sucrose  

ThOD of biomass = 160 gm/mol 

gThOD/g biomass = 64/113 = 1.42 g COD/g sucrose 

Y g ThOD biomass / g ThOD substrate = 2 x 113/342 = 0.66 

Note: the numbers with negative or positive charges which highlighted in the blue colour are from 

Table (5-8) chapter5 transformation processes (Gujer, 2008). 


	One of the key objectives of this thesis was to maximise nutrient removal in single-stage VFCWs by controlling design and operating parameters, such as manipulating the saturated/unsaturated depths, type of substrate media, external and internal carbo...



