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Abstract
The accumulation of reactive nitrogen (Nr) in terrestrial and aquatic environments
is a global environmental issue that causes or contributes to climate change,
stratospheric ozone depletion, and deterioration of coastal and terrestrial waters.
Point source discharges of Nr from municipal and septic treatment systems,
agricultural tile drainage, and industrial discharges contribute to these issues.
Practical, low-cost methods are needed to reduce the Nr load into the environment
from small-volume point source discharges. Denitrification beds are one such
method. Improving the nitrate removal rate of denitrification beds will lead to
reduced bed volumes, lower construction costs that likely facilitate greater uptake
of the technology and reduced accumulation of Nr in the environment.
The main objective of this thesis was to test a number of approaches that might
increase the rate of nitrate removal rate in a denitrification bed under non-nitrate
limiting conditions, including: manipulation of carbon source, temperature and
hydraulic flow.
To date, operational denitrification beds have used wood media as the carbon
source which sustains nitrate removal rates of between 2–10 g N m-3 of media d-1
and relatively high permeability. While previous laboratory experiments have
investigated the potential of alternative carbon sources, these studies were
typically of short duration and small scale and did not necessarily provide reliable
information for denitrification bed design purposes. To address this issue, nitrate
removal, hydraulic and nutrient leaching characteristics of nine different carbon
substrates were compared in 0.2 m3 barrels, at 14oC and 23.5oC over a 23 month
period. The relationship between hydraulic efficiency and nitrate removal of the
different media was also investigated. Findings from the barrel trial were field
tested in pilot scale (2.9 m3) denitrification beds receiving municipal effluent
dosed with KNO3, over a 15 month period. The pilot scale trial tested whether
nitrate removal could be improved by using an alternative carbon media (maize
cobs) and increasing bed temperature through passive solar heating.

The

influence of bed flow regime (horizontal-point, horizontal-diffuse, downflow and
upflow) on hydraulic efficiency and nitrate removal was also investigated.
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This thesis demonstrated that more labile carbon sources, such as maize cobs, had
significantly higher nitrate removal rates (15.0 to 21.8 g N m-3 d-1) than wood
media (3.0 to 4.9 g N m-3 d-1) over the duration of the barrel trial. Nitrate removal
rates increased with increasing temperature with mean Q10 of 1.6 for all media.
The hydraulic efficiency of fragmented wood media decreased with increasing
grain-size.

However, nitrate removal rate was not dependent on hydraulic

efficiency of the media, which was attributed to the significant secondary porosity
of the media allowing denitrification to occur both on the surface and within the
media particle. In the pilot scale trial, bed temperature increased by 3.4oC due to
passive solar heating, but did not cause a measureable increase in nitrate removal
rate due to variability in removal rates and possibly low temperature
responsiveness of maize cobs for removing nitrate. Flow regime affected the
hydraulic efficiency of denitrification beds and nitrate removal rates were lower in
flow regimes with poor hydraulic efficiency. This was attributed to short-circuit
flow reducing the bed volume that contributed to nitrate removal.
The results indicate that a four-fold reduction in denitrification bed size could
potentially be achieved by using maize cobs as the carbon substrate, as opposed to
wood fragments, and increasing bed temperature by incorporating passive solar
heating techniques.
The findings of this thesis indicate that future research on improving the nitrate
removal rate of denitrification beds under non-nitrate limiting conditions should
focus on carbon substrates, increasing bed temperature, and hydraulic design of
beds rather than on hydraulic efficiency of media. For example, research on
coupling improved solar heating design with an appropriate inlet/outlet structure
and location.
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1.1

General Introduction

Introduction

Global anthropogenic production of reactive nitrogen (Nr) increased by
approximately 225% from 1970 to 2000 and exceeded all natural terrestrial
production (Galloway et al., 2003). This has resulted in accumulation of Nr in the
environment causing or contributing to global environmental issues including: an
increase in atmospheric ozone and aerosols associated with respiratory illness,
cancer, and cardiac disease in humans (Pope et al., 1995; Follett and Follett, 2001;
Wolfe and Patz, 2002); climate change and stratospheric ozone depletion
(Cowling et al., 1998); acidification and loss of biodiversity in surface waters
(Vitousek et al., 1997); and eutrophication, hypoxia, loss of biodiversity, and
habitat degradation in coastal and terrestrial surface waters (Howarth et al., 2000).
The global anthropogenic increase in nitrogen is due to cultivation of nitrogenfixing crops, combustion of fossil fuels, and production of ammonia fertilizers.
Reactive nitrogen creation and accumulation is projected to increase in the future
as human populations and per capita resource use increase (Galloway et al.,
2003).
In New Zealand, nitrogen loss from farming activity to water bodies is
considerable due to nitrogen fixation by pasture legumes, application of nitrogen
fertilizer in excess of plant demand and stocking rates (Parfitt et al., 2006).
Nitrogen fertilizer use increased by almost 700% from 1989 to 2003 (Parfitt et al.,
2006). Leaching of excess nitrogen beneath farmland has caused elevated nitrate
concentration in groundwaters, eutrophication of surface water waterways, and
algal blooms in nationally significant lakes (Larned et al., 2004; Vant and Smith,
2004). In the groundwater fed lakes of the Rotorua and Taupo districts, water
quality is predicted to continue to decline, regardless of immediate reduction in
nitrogen leaching, due to long groundwater residence times (Morgenstern et al.,
2004; 2006a; 2006b).
Nitrogen can enter receiving environments from point and non-point source
discharges.

Point source discharges can originate from a range of systems

including: municipal and septic wastewater treatment systems, farming drains,
2
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and industry discharges. Practical methods are needed to reduce the Nr load into
the environment from these point source discharges.

Although numerous

technologies for removing nitrogen from wastewaters exist (Oakley et al., 2010)
these methods are often unaffordable for treatment of small volume point source
discharge.
Denitrification beds (Blowes et al., 1994; Robertson et al., 2005a; Schipper et al.,
2010b) offer a practical solution for the removal of nitrate from small-volume
point-source discharges for which more expensive treatment options may be
uneconomic. The beds are relatively low cost to install and require minimal
maintenance compared to more expensive and complicated treatment options.
However, there are considerable information gaps regarding the functioning and
optimisation of denitrification beds that need to be resolved in order to increase
their use to treat a range of effluents.

1.2

Denitrification beds

A denitrification bed is essentially a lined cavity or container filled with organic
matter (typically wood fragments) through which nitrified effluent or discharge is
passed. The organic matter supports biological denitrification that converts nitrate
to dinitrogen gas under anaerobic conditions. There is evidence from laboratory
and field studies that the dominant nitrate removal process occurring in
denitrifying bioreactors is denitrification and not anaerobic ammonia oxidation
(anammox) or dissimilatory nitrate reduction to ammonia (DNRA) (Greenan et
al., 2009; Gibert et al., 2008). To date, denitrification beds have been used to
removal nitrate from municipal, septic and dairy shed effluents; hydroponic
hothouse and agricultural tile drains; geothermal water and in small streams (Fig.
1.1, Schipper et al., 2010a).

3
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A) Motutere

B) Karaka

D) Dargaville

C) Tikitere

Figure 1.1 Photos of four operation denitrification beds. A) Motutere, (Lake Taupo, NZ) treating
municipal effluent nitrified by an SBR plant. B) Karaka, (Auckland, NZ) treating hydroponic
glasshouse discharge. C) Tikitere, (Rotorua, NZ) treating nitrogen in a geothermal stream. Note
trickling filter in the background for nitrifying the water before flowing into the bed. The carbon
substrate is a combination of maize cobs and woodchips. D) Daraville, (NZ) treating dairy shed
effluent. Note the MBR plant in the background for nitrifying the effluent.

Other passive, low cost wastewater treatments systems also typically rely on the
manipulation of the denitrification process to treat nitrate contaminated waters.
These other treatment methods include constructed wetlands, pond systems, land
disposal, and subsurface treatment (e.g., peat beds).
The advantages of denitrification beds over these traditional passive low cost
reactive nitrogen treatment options are that denitrification beds are capable of
greater than 99% removal of nitrate, have a relatively small footprint and low
installation cost. One essential requirement for denitrification bed operation is
that the nitrogen must be in the oxidised form, typically as nitrate. Therefore an
upstream nitrifying process may be required.
4
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Factors regulating the rate of nitrate removal in a bed include the concentration of
available organic carbon of the substrate, concentration of nitrogen oxides (mainly
nitrate) and dissolved oxygen, presence of denitrifying bacteria, pH, and
temperature (Schipper et al., 2010a).
To date, field scale beds have used varying fractions and grain-sizes of wood
particles as the carbon media. These wood-based denitrification beds are capable
of sustained nitrate removal and hydraulic performance for more than 15 years
(Robertson et al., 2010). Nitrate removal rates range from 2–10 g N m-3 d-1
(Schipper et al., 2010a) and are the main design criteria that dictate size of
constructed beds. Identifying practical approaches that increase nitrate removal
will result in decreased beds size and likely construction costs. Higher nitrate
removal rates have been achieved in laboratory scale studies using alternative
carbon media, but the longevity of these media are unknown.
Temperature is one of the most important factors influencing microbial growth.
As temperature rises (within a given range) chemical and biological reaction rates
increase and growth becomes faster (Madigan et al., 1996).

Generally the

increase in reaction rate can be approximated by the temperature coefficient (Q10)
which is the factor by which a reaction rate increases for every 10oC rise in
temperature (Anderson and Janssen, 2006). Consequently, nitrate removal rate in
a denitrification bed will increase with increasing temperature in non-nitrate
limiting conditions (Schipper et al., 2010a).

Raising denitrification bed

temperature by incorporating techniques (such as solar heating) into the bed
design may increase the nitrate removal rate of the bed.
Short-circuit flow in a denitrification bed may also potentially decrease nitrate
removal rate by decreasing interaction of nitrate with potentially active sites of
denitrification.

Short-circuiting effectively reduces treatment volume where

denitrification in zones of slow or stagnant water becomes nitrate limited. The
degree of short-circuiting in a bed can potentially be affected by inlet-outlet
location and design, as well as hydraulic properties (e.g., porosity and grain-size)
of the carbon substrate.

5
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Objectives of this study

Denitrification beds containing woodchips have previously been used to treat
point source discharges.

Identifying simple, low cost, effective ways of

increasing the nitrate removal rate of a bed could reduce construction costs due to
smaller foot print area. Lower construction costs could promote greater uptake of
this technology and ultimately reduced Nr discharge to the environment. The
overall aim of this thesis was to test a number of approaches that might increase
denitrification bed performance, including manipulation of carbon source,
temperature and hydraulic flow.
Specifically the objectives of this study were to:
1.

Measure the long-term nitrate removal performance of different carbon
substrates, to determine if removal can be increased above removal rates
for woodchips.

2.

Determine the temperature sensitivity of nitrate removal for different
substrates.

3.

Determine whether hydraulic performance and nitrate removal rate were
dependent on woodchip size.

4.

Determine if bed temperature and nitrate removal could be increased by
passive solar heating of operational beds.

5.

Determine if different inlet/outlet structures, coupled to solar heating,
alters hydraulic efficiency and nitrate removal rate in denitrification beds.

1.4

Thesis outline

This thesis contains six chapters. The Introduction (Chapter One) is followed by a
review of denitrification bed related research (Chapter Two). The review reports
results of previous denitrification bed and carbon substrate column studies,
including nitrate removal rates, temperature and hydraulic properties. In addition,
areas of denitrification bed performance in which information is lacking are
identified in Chapter Two. Chapters Three to Five contain the research results of
this thesis. Chapter Three addresses objectives 1 to 3 in a 23 month study of
nitrate removal in large barrels containing nine different carbon media. Results of
6
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these objectives have been published as a journal paper (Cameron and Schipper,
2010).

Chapter Four addresses the hydraulic performance (objective 3) of

different carbon substrates in the same barrel study. Results of objective 3 have
been submitted as a journal paper (Cameron and Schipper, submitted). Chapter
Five addresses objectives 4 and 5 in a 15 month denitrification bed field study
treating municipal effluent and has been published as a journal paper (Cameron
and Schipper, 2011). Chapter Six synthesises findings presented in previous
chapters, provides general conclusions regarding the influence of tested
techniques on nitrate removal and discusses future research topics.
The appendix contains two journal papers on denitrification bioreactors for which
Stewart Cameron was a contributing author. The papers were produced at the
same time as work on this thesis was undertaken.

While the information

presented in these papers is not part of the main objectives of this thesis (to test
methods of improving nitrate removal performance of denitrification beds), both
papers are directly relevant to application of denitricification bed technology for
reducing nitrate discharge to the environment. Schipper et al. (2010a) is review
paper of passive technologies for overcoming the carbon limitation of
denitrification for enhanced nitrate removal. Schipper et al. (2010b) presents
performance results of three large denitrification beds used to remove nitrate from
municipal, dairy-shed and hydroponic glasshouse effluents.
Each chapter of this thesis is written to stand alone in the format of journal papers.
In some chapters minor repetition occurs between introduction and methodology
sections. Also, each chapter contains a reference list so an inclusive reference list
is not included at the end of the thesis.
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2.1

A Review of Nitrate Removal and Hydraulic Performance of Carbon Media for
Denitrification Beds

Introduction

The accumulation of reactive nitrogen (Nr) in terrestrial and aquatic environments
is recognised as a global environmental issue (Galloway et al., 2008). Reactive
nitrogen contributes to the degradation of ground- and surface-water quality,
resulting in contamination of potable water supplies, algal blooms and loss of
aquatic habitat. Three major sources of Nr are: application of nitrogen fertilizers
for the purpose of food production, fixation associated with leguminous crops,
and combustion of fossil fuels (Seitzinger et al., 2006).
The effects of Nr on receiving environments have been extensively summarised
by Galloway et al. (2003; 2004; 2008). Reactive nitrogen can enter terrestrial and
aquatic environments via point and non-point sources. Non-point sources include
the diffuse movement of Nr from: agroecosytems (Smil, 1999; Galloway and
Cowling, 2002), forests (Aber et al., 1998; Dise and Wright, 1995), grasslands
(Tartowski and Howarth, 2000), and aquatic environments (Galloway et al., 2003)
including groundwater, surface water (stream, rivers and wetlands) and marine
coastal regions.

The origin of non-point source Nr in a system is often

undiscernible due to the diffuse input and complexity of the system. In contrast,
point sources of Nr are discernable, confined and occur at a single location, e.g.
pipe, channel, conduit, well, etc. Examples of point sources of Nr are discharge
from a municipal wastewater treatment plant or stormwater drain; industrial
discharge from a factory, and flow from an agricultural tile drain. This literature
review focuses on point source discharges of Nr, although treatment options of
non-point source Nr is also briefly discussed in the following paragraph.
A number of approaches have been used to reduce the mass of Nr entering the
environment. Treatment processes are commonly used to remove Nr from point
source municipal and industrial wastewater discharges including: ammonia
volatilization,

selective ion

exchange,

reverse osmosis,

nitrification/denitrification systems (Oakley et al., 2010).

and

combined

Improved land

management practices are increasingly being advocated and implemented to
reduce non-point source Nr loss from agricultural and livestock farming activities
(Sims et al., 1995; Drury et al., 1996; Jaynes et al., 2004.). Riparian zones and
11
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wetlands are used to reduce non-point source Nr load to surface waters (Mitsch
and Grosselink, 2000; Kadlec and Wallace, 2009; Hill, 1996). Despite these
efforts, considerable cumulative mass of Nr entering terrestrial and aquatic
environments continues to originate from discrete agricultural, industrial and
household point source discharges as the above approaches for removing Nr can
be bypassed, may be expensive or not appropriate for the location. Therefore,
cost effective approaches for removing Nr from point source discharges are also
required.
Denitrification beds offer one possible approach for cost effective removal of
nitrate from small volume point source discharges. The bed utilise the naturally
occurring process of microbial denitrification to convert nitrate to dinitrogen gas.
The process requires nitrate to be in contact with a carbon source in an anaerobic
environment (Seitzinger et al., 2006).
A denitrification bed is essentially an excavated and lined cavity or container
containing particulate organic carbon matter (e.g., woodchip) through which
nitrified effluent is passed (Blowes et al., 1994; Schipper et al., 2010). Other
passive, wastewater treatment systems also typically rely on the manipulation of
the denitrification process to treat nitrate contaminated waters.

These other

treatment methods include constructed wetlands, pond systems, land disposal, and
subsurface treatment (Mitsch and Grosselink, 2000; Kadlec and Wallace, 2009;
Shilton, 2005; Sparling et al., 2006; Barton et al., 2005).
The advantages of denitrification beds over these other passive Nr treatment
options are that denitrification beds are capable of more than 99% removal of
nitrate, with a relatively small footprint and low installation/maintenance costs.
However, one essential requirement for denitrification bed operation is that the
nitrogen must be in the oxidised form, typically as nitrate, as other forms of
nitrogen (ammonium and organic nitrogen) pass through the bed untreated.
Therefore an upstream nitrifying process may be required.
Column studies to date have demonstrated that a wide variety of carbon substrates
can be used to support biological denitrification for wastewater treatment (e.g.,
12
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wood, cardboard, soil, wheat straw, cellulose, alfalfa, and greenwaste; Vogan,
1993; Gibert et al., 2008; Greenan et al., 2006). However, existing denitrification
bed trials have all incorporated wood, or a significant component of wood, as the
carbon substrate (Schipper et al., 2010a). Therefore, the use of alternative carbon
substrates are unproven under field conditions in operational beds.
The types of point source discharges for which denitrification beds may be
applicable include: farm dairy effluent, hydroponic hothouse effluents, small-scale
municipal systems (Schipper et al., 2010b), septic systems (Robertson et al.,
2005a), agricultural tile drains, (van Driel et al., 2006a; Jayes et al., 2008;
Christianson et al., 2011; Woli et al., 2010) and landfill leachates (Robertson and
Anderson, 1999). The beds would also be suitable for removal of nitrate from
some tertiary treated industrial discharges (e.g., abattoir) but have not as yet been
reported in the literature. The beds are appropriate as a final nitrate removal
process after which the effluent water can be discharged to receiving waters.
Greater uptake of denitrification bed technology would reduce the mass of Nr
entering the environment via point source discharges that contribute to
degradation of aquatic ecosystems.

Greater uptake is partially dependent on

improving the nitrate removal rate in beds. Improving the nitrate removal rate
will lead to reduced bed volumes, construction costs and likely greater uptake of
the technology.
This chapter reviews the literature on denitrification beds with an initial
description of the microbial processes of denitrification and nitrification.
Subsequently this chapter focuses on review of:

1. Nitrate removal rates of denitrification beds (Section 2.3).
2. Factors limiting nitrate removal with a particular emphasis on different
carbon substrates (Section 2.4.1), temperature (Section 2.4.2), and
hydraulic performance (Section 2.4.3).
This review draws from literature on denitrification beds but also on studies of
denitrification in denitrification walls, soil and groundwater. A denitrification
13
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wall is a vertical wall containing organic carbon material that removes nitrate
from shallow groundwater (Robertson and Cherry, 1995).

2.2

Denitrification and nitrification

2.2.1

Denitrification process

Denitrification is the reduction of nitrogen oxides to nitrogen gases including
dinitrogen gas, nitric oxide, and nitrous oxide along the following pathway:
NO3− (aq) → NO2− (aq) →

NO (gas) →

N2O (gas) →

N2 (gas)

Nitrate

Nitric oxide

Nitrous oxide

Dinitrogen

Nitrite

Denitrification can occur by both biological and chemical processes (Tiedje,
1988).

Biological denitrification can be achieved by heterotrophic and

autotrophic bacteria (Soares, 2000). Heterotrophic bacteria utilise organic carbon
substrates for the reduction of nitrate under anaerobic conditions. In autotrophic
denitrification, hydrogen or reduced sulphur compounds can serve as the substrate
and carbon dioxide or bicarbonate serve as the carbon source and can occur in
aerobic conditions (Madigan et al., 1997).

Biological denitrification is a

dissimilatory process performed by bacteria. Assimilative nitrate reduction is
where nitrate is reduced to ammonia by plants, fungi or bacteria (Tiedje, 1998).
There are other processes that remove nitrate from a system and should not be
confused with biological denitrification including: dissimilatory nitrate reduction
to ammonia (DNRA; Tiedje, 1998), ammonification of nitrate and anaerobic
ammonia oxidation (anammox; Kunen, 2008).
Chemical denitrification is catalysed by abiological agents (Tiedje, 1998),
including various metals: manganese, magnesium, zinc, iron and aluminium
(Della Rocca et al., 2006; Sabzali et al., 2006). The final reduction product(s) is
governed by temperature, pH and the metal involved.

Generally, chemical

denitrification is considered to be minor in comparison to biological
denitrification.

14

Chapter 2

A Review of Nitrate Removal and Hydraulic Performance of Carbon Media for
Denitrification Beds

The focus of this thesis is on dissimilatory biological denitrification and other
process of removing nitrate from a system are not discussed in detail. Hereafter,
the use of the term denitrification in this thesis refers to dissimilatory biological
denitrification, unless otherwise stated. Denitrification is an anaerobic respiration
process

by

which

facultative

heterotrophic

denitrifying

bacteria

(e.g.

Pseudomonas sp and Bacillus sp) simultaneously oxidise organic carbon
compounds (as an electron donor) and utilise nitrogen oxides as the terminal
electron acceptor, (Delwiche, 1981) i.e.,
4NO3- + 5CH2O → 2N2 (g) + 5CO-2 (g) + 3H2O+ 4OH-

(1)

More than one enzymatic pathway has been identified for the reduction of nitrate
to dinitrogen (Atlas, 1995). Some species of bacteria can complete the entire
pathway while other pathways involve several species. The process involves four
consecutive reactions by metalloenzymes: nitrate reductase, nitrite reductase,
nitric oxide reductase and nitrous oxide reductase. Denitrifiers are represented in
all main phylogenetic groups and are ubiquitous in most soils and aquatic
environments (Zumft, 1997).
In the presence of oxygen, denitrifying bacteria may be capable of normal aerobic
respiration and thus these organisms are generally considered to be facultative
anaerobes.
Denitrification is the major pathway by which potentially damaging nitrogen
oxides are returned to the atmosphere as harmless molecular nitrogen. It is an
important process in natural and modified wetlands and riparian zones for the
removal of nitrate from ground and surface waters. It is also commonly promoted
to remove nitrate in municipal, industrial and septic treatment systems, with an
additional carbon source often added to increase denitrification. Therefore, it is
an important process for the return of nitrogen from terrestrial and aquatic
environments to the atmosphere.
Factors regulating the rate of denitrification include: the concentration of available
organic carbon and nitrogen oxides; presence of denitrifying bacteria; pH;
15
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temperature; and most importantly anaerobic conditions (Seitzinger et al., 2006;
Tiedje, 1988; Parkin et al., 1985). How some of these factors can be used to
improve nitrate removal rate in denitrification beds are discussed in Section 2.4.
Denitrification is inferred to be the main mechanism for nitrate removal in
denitrification beds. Very high rates of denitrifying enzyme activity have been
measured in beds (Warneke et al., 2011) compared to rates in denitrification walls
(Schipper et al., 2005; Moorman et al., 2010) and natural and constructed
wetlands (Duncan and Groffman, 1994). Furthermore, Warneke et al. (2011)
measured rates of insitu denitrification that were sufficient to account for nitrate
removal rates. There has been no evidence for anammox or DNRA being a
significant process in the beds as ammonium concentrations are generally low in
denitirifcation beds unless added with incoming effluent (Robertson et al., 2000).
Indeed in a laboratory experiment using

15

N isotope enrichment, Greenan et al.

(2006) showed that less than 4% of nitrate removed from columns filled with
woodchips was due to DNRA.

2.2.2

Nitrification process

Reactive nitrogen must be in an oxidized form, typically as nitrate, for
denitrification beds to remove nitrogen from influent water. Many sources of Nr
are in the reduced form such as ammonium and require a nitrification step before
the effluent enters the bed. Therefore, the nitrification process can be vital for
removal of nitrogen from point source discharge by denitrification beds and it is
appropriate to provide a brief description of this biological process.
Nitrification is the biological oxidation of ammonia to nitrate, in which nitrite is
the intermediate form. The microorganisims responsible for the transformation
include Nitrosomonas and Nitrobacter (Prescott et al., 1993). At temperatures
below 10oC, the bacterial metabolism decreases significantly, and below 4oC it
stops completely. Dissolved oxygen concentrations above 1 mg L-1 are needed
for nitrification to occur. The nitrification step is much slower and more likely to
be disrupted than the denitrification step (Madigan et al., 1997).

16

Chapter 2

A Review of Nitrate Removal and Hydraulic Performance of Carbon Media for
Denitrification Beds

Nitrification can occur naturally in topsoils and the vadose zone as ammonia
bearing water infiltrates to groundwater. In water treatment systems, the aeration
for nitrification is commonly achieved by passing the effluent through a trickling
filter or by the use of blowers to aerate the effluent.

2.3

Denitrification bed performance (rates of nitrate removal)

It has been well established that denitrification beds remove nitrate from incoming
waters and effluents but the extent of nitrate removal varies between studies
(Schipper et al., 2010a). The performance of a denitrification bed can be described
by the percentage removal of nitrate between influent and effluent. However,
percentage removal does not take into account the volume of carbon incorporated
in the bed.

For comparative purposes it is more meaningful to describe

denitrification performance as a reaction rate using mass of nitrate removed per
unit volume of organic media per unit time (e.g., g N m-3 of media d-1) or per unit
of mobile fluid volume (e.g., g N L-1 d-1; Robertson et al., 2005a; van Driel et al.,
2006b). Such units are scalable and can be used for denitrification bed design
when influent volumes and concentrations are known.

The rate also allows

comparison of nitrate removal performance between different denitrification bed
designs and studies.
Table 2.1 provides a summary of long-term nitrate removal rates for a variety
denitrifying reactors in units of g N m-3 d-1, which has been updated from the
summary of removal rates presented by Schipper et al. (2010a).

All of the

removal rates are for reactors that contain all, or component of, wood media of
varying particle size. For denitrification beds, long-term sustainable rate varies
between about 2 to 10 g N m-3 d-1 for operating bed temperatures of 8 to 20oC and
influent nitrate concentrations of 5 to 250 mg L-1. Higher shorter term nitrate
removal rates (up to 32 g N m-3 d-1) for operational wood based beds have been
reported (Blowes et al., 1994; Robertson et al., 2000; Schipper et al., 2010b), but
are not sustained over the longer-term operation of the bed. Schipper et al.
(2010b) showed that denitrification beds were capable of removing all of the
nitrate from the influent stream when nitrate limiting conditions occurred in the
bed.
17

Robertson et al. (2000)
Schipper et al. (2005)
Jaynes et al., 2008
Fahrner, 2002

Robertson et al. (2000)
Robertson et al. (2005)

Walls

Beds

18

NR Not reported

*Nitrate removal rate limited by nitrate concentrations

Leverenz et al. (2010)
Woli (2010)

van Driel et al. (2006a)
upflow reactors
Robertson and Merkley
(2009)
Robertson et al., 2009
Schipper et al. (2010)

Study

System
design

(Adapted from Schipper et al., 2010a).

5
17
38
35
14
9
13
5
10
53
5.5
250
82
15

17
83
294
1320
7.7
40

Typical nitrate
inputs
(g N m-3)
50
5–15
87
>60

2
9
108
120
360
0.7
0.2
40

1
78
79
160

Size of bioreactor
(m3)

7.7
15–25
NR
20
22
NR

10
15
15
15
15
9
13
8

Temperature annual
average
(°C)
14
12
10
19

3.4
1.4*
0–11*
9.7
NR
6.4

10
1.8*
2.4*
2.5*
5.1*
2.1
3.7
3.2

Average rate of N
removal
(g N m-3 d-1)
1.7
1.4*
0.62
12.7

limit the rate of denitrification and consequently are likely underestimates of potential removal rate. Units are g N m-3 d-1 where m-3 refers to volume of bioreactor.

Table 2.1 Avearge rates of nitrate removal for a range denitrifying bioreactors in the field. Many of the systems recorded here had complete nitrate removal which would
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Lower average reaction rates (0.95 to 2.5 g N m-3 d-1) were reported by van Driel
et al. (2006a) in lateral and vertical flow denitrification beds utilising sawdust and
woodchip. The lower reaction rates in these beds were attributed to more frequent
occurrence of nitrate limiting conditions and relatively low average water
temperatures (7o to 9oC). Similar reaction rates (0.7 to 3.6 g N m-3 d-1) were
achieved in column studies and denitrification wall trials that utilised a mix of
sawdust and sand/aquifer material (matrix), at about 20% sawdust to matrix ratio
(Schipper and Vojvodic-Vukovic, 1998; Healy et al., 2006).
Reaction rates achieved in denitrification wall studies are generally an order of
magnitude less than denitrification bed reaction rates most likely due to the lower
proportion of carbon media to wall matrix (typically 15–30% by volume),
compared to 100% carbon media utilised in denitrification beds. Lower reaction
rates achieved in column studies of wood media compared to operational beds are
generally attributed to the presence of dissolved oxygen in the influent water that
must be removed by microbial activity before denitrification can occur (Tiedje,
1988).
Van Driel et al. (2006a) compared reaction rates measured in the two
denitrification beds to rates reported for constructed wetlands in the US and
Sweden. The reaction rates for the constructed wetlands were generally an order
of magnitude lower than the denitrification beds.

2.4

Factors constraining denitrification bed performance

Factors that regulate the rate of denitrification include the concentration of
available organic carbon and nitrogen oxides, presence of denitrifying bacteria,
pH, temperature, and most importantly anaerobic conditions (Seitzinger et al.,
2006; Tiedje, 1988; Parkin et al., 1985).
Anaerobic conditions are required for denitrification as oxygen is a more
energetically favourable electron acceptor than nitrogen oxides and is
preferentially respired by the facultative denitrifying bacteria.

However,

completely anoxic conditions are not required and denitrification can occur at
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diminished rate at dissolved oxygen concentrations up to 0.2 g m-3 (Seitzinger et
al., 2006). Denitrification can also occur at anaerobic microsites within a more
oxic system. Dissolved oxygen in the influent water of denitrification beds may
allow aerobes to out-compete denitrifiers for available carbon. This is most likely
an issue when hydraulic retention time (HRT) is short (<1 hr; Robertson, 2010)
such as in small beds with high flow rates but less of an issue in large beds with
longer HRT. Healy et al. (2006) attributed low nitrate removal rates (3.7 to 7.3 g
N m-3 d-1) in a 0.036 m3 denitrification bed trial to high influent DO concentration.
The availability of organic carbon to microbes is dependent upon the carbon
substrate used in bed construction. Carbon substrate and temperature have been
shown previously to effect nitrate removal rates in denitrification column studies
and denitrification bed trials (Vogan, 1993; Gibert et al., 2008; Greenan et al.,
2006; van Driel et al., 2006a; Robertson et al., 2000, 2009; Robertson and
Merkley, 2009; Schipper et al., 2010a). Additionally, short-circuit flow through a
bed may reduce nitrate removal due to decrease in the volume of the bed in
contact with nitrate. Therefore, the influences of these three factors (carbon
substrate, bed temperature and bed hydrology) on nitrate removal rate in a bed are
discussed in more detail in the following three sections (2.4.1, 2.4.2 and 2.4.3). A
briefer discussion on how concentration of nitrogen oxides, presence of
denitrifying bacteria and pH influences denitrification is provided in section 2.4.4,
as these factors were not investigated in this thesis.

This study focused on

improving denitrification bed performance when nitrate was non-limiting.

2.4.1

The effect of carbon substrate on nitrate removal

The availability of organic carbon as an electron donor for denitrification becomes
critical if the system is receiving excess nitrate. Organic carbon plays two roles in
regulating denitrification. Firstly, aerobic micro-organisms utilise organic carbon
to respire oxygen creating an anaerobic environment for denitrifiers to compete
for remaining carbon and, secondly to act as electron donor for denitrification.
Generally the nitrate removal rate of a denitrification bed or wall is carbon limited
if there is excess nitrate (Schipper et al., 2005; Warneke et al., 2011). The long20
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term availability of carbon for denitrification is then dictated by the rate of
microbial decomposition of the organic carbon media by fermentative bacteria
which release carbon to other anaerobic microbes including denitrifiers (Tiedje,
1988).
Selection of organic carbon material for use in operational denitrification beds is
governed by site specific factors, such as permeability requirements, hydraulic
retention time, required rate of nitrate removal, size restrictions of the bed,
acceptable frequency of maintenance, and local availability of the organic carbon
materials.
Laboratory and field trials have demonstrated that a wide variety of carbonaceous
material can be used to induce denitrification in groundwater environments and in
wastewater treatment process including:
•

Sawdust (Vogan, 1993; Schipper and Vojvodic-Vukovic, 1998;
Robertson and Anderson, 1999; Healy, 2006).

•

Woodchip (Robertson et al., 2000; Healy, 2006; Schipper et al., 2010a).

•

Combination of bark, sawdust and woodchips (Robertson et al., 2005a).

•

Combination of grow bark, wood chips and composted leaf mulch
(Blowes et al., 1994).

•

Wheat straw, alfalfa, wood pulp (Vogan, 1993).

•

Grain seed (type unspecified) (Robertson et al., 2000).

•

Corn (Erickson, 1974; Fay, 1982; Xu et al., 2009).

•

Soil (Stewart et al., 1979), soil and sawdust (Healy, 2006).

•

Newspaper (Volokita et al., 1996a).

•

Raw cotton (Volokita et al., 1996b).

•

Jute pellets and soil (Wakatsuki et al., 1993).

•

Vegetable oil (Hunter et al., 1997).

•

Rice husk (Shao et al., 2009).

The highest reported nitrate removal rates are from column studies. For example,
Vogan (1993) using cellulose, alfalfa, and wheat straw as the carbon substrate
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reported removal rates of between 27 to 116 g N m-3 d-1. Xu et al. (2009) using
corn cobs achieved a removal rate of about 200 g N m-3 d-1. However, column
studies are generally short-term (1–6 months) and reported removal rates are not
indicative of longer-term sustainable removal rates that are required for
denitrification bed design purposes (Robertson et al., 2000; Schipper and
Vojvodic-Vukovic, 2001; Jaynes et al., 2008). Stewart et al. (1979) found that
humus rich soil was ineffective for long-term nitrate removal from septic tank
effluent due to relatively rapid depletion of available carbon.
The carbon source most commonly used in passive in-situ denitrification trials are
the wood-based by-products sawdust and woodchip.

This is because these

materials are commonly available, relatively low cost, support high permeability,
have a high C:N ratio (e.g., 300:1; Robertson and Anderson, 1999) and have long
durability. Wood based products do not support as high initial nitrate removal
rates as more labile carbon sources such as corn cobs but they are likely to sustain
removal for longer duration. Although removal rates of up to 32 g m-3 d-1 have
been reported for wood based beds (Blowes et al., 1994) longer-term removal
rates are between 2 to 10 g m-3 d-1 (Schipper et al., 2010a). The commercially
available Nitrix filter used in denitrification bed trials by Robertson et al. (2005)
contained bark, sawdust and woodchips and provided removal rates of 2 to 5 g N
m-3 d-1, however, testing of this system was generally conducted under nitrate
limiting conditions and maximum nitrate removal rates could be higher.
While alternative and more liable carbon sources (e.g., corn) may support higher
denitrification rates, they may require more frequent replacement because of
carbon depletion and decreased permeability in the bed as the carbon structure
breaks down (Erikson et al., 1974; Fay, 1982).
Comparative studies have not been published on the benefit of using hardwood
by-product as opposed to by-product from softer, faster growing tree species (e.g.
Pinus radiata, D.Don). It is possible that hardwood by-products may maintain
physical properties for longer duration due to greater density and/or physical
stability. However, hardwood by-product is not as readily available and may be
more expensive. Robertson et al. (2000) used hardwood sawdust as the primary
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carbon source (in conjunction with leaf compost and grain seed) in denitrification
walls, however, these authors made no inference as to any denitrification
performance advantage over softwood sawdust.
2.4.1.1 Particle size of carbon media
Higher nitrate removal rate might be expected for a given media with smaller
grain-size due greater surface area. However, Carmichael (1994) observed that
the rate of nitrate consumption was not correlated with surface area of the
sawdust, in laboratory studies using sawdust of varying grain size. Robertson et
al. (2000) speculated that denitrification was associated with reaction rims that
penetrate, by diffusion, into the carbonaceous solids, rather than being restricted
to the grain surfaces. They supported this suggestion by examination of media
after 4 years of operation, which revealed that the larger centimetre-sized wood
particles exhibited dark coloured rims that extended several millimetres into the
particles, while the centre of the particles remained light coloured and appeared
unaltered from their original condition. They interpreted this to mean that the
darker rim indicated where the zone of denitrification was occurring, although no
supporting measurements were made. The smaller particles were dark coloured
throughout.
Van Driel et al. (2006a) compared two denitrification beds, one constructed with
predominantly coarse-grained wood particles (wood chip) and the other
constructed with fine grained wood particles (sawdust). They measured similar
rates of nitrate removal for these two particle sizes (5.9 vs 5.5 g N m-3 d-1 in the
coarse and fine grained particles, respectively). They suggested that this was
caused by the dual porosity characteristics of the media as proposed by Robertson
et al. (2000), which allowed denitrification to occur several millimetres into the
wood particles rather than being restricted to the particle surfaces.

2.4.2

The effect of bed temperature on nitrate removal

Temperature is an important factor controlling the rate at which denitrification
occurs (Sedlak, 1991). This is because enzyme activity generally increases with
increasing temperature, typically over the range 0 to about 40oC, due to increase
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in kinetic energy of molecules. Enzyme activity begins to decline above an
optimum temperature limit as enzymes start to denature. Generally, the change in
reaction rate with change in temperature can be approximated by the temperature
coefficient (Q10) which is the factor by which a reaction rate increases for every
10oC rise in temperature (Anderson and Janssen, 2006).
While many studies of denitrification beds have acknowledged the temperature
dependence of denitrification reaction rates, few studies have quantified the
temperature-reaction rate relationship in field conditions. The variability of other
factors that influence nitrate removal (e.g., influent nitrate concentration and
chemistry) makes it difficult to isolate the effect of temperature under field
conditions. Canadian-based studies (van Driel et al., 2006a; Robertson et al.,
2000) reported a range of denitrification rates achieved in denitrification beds for
water temperatures up to 22oC.

The removal rates reported in these studies

increased from 2–7 g N m-3 d-1 at 2–5oC up to 4–30 g N m-3 d-1 at 10–22oC.
However, in the study of van Driel et al. (2006a), precise calculation of nitrate
removal rates at temperatures >12oC were compromised because denitrification
was constrained as all the nitrate had been removed. Temperature dependence of
nitrate removal has been shown in a column study using shredded paper (Volokita
et al., 1996a). Nitrate removal was approximately three times higher at 25 to
32oC than at 14oC, but denitrification rates were not reported.
Temperature dependence of denitrification rate is also indicated in denitrification
wall studies. Schipper and Vojvodic-Vukovic (2001) reported reaction rates of
0.014 to 0.43 g N m-3 d-1 for temperature range of 11o to 22oC. In comparison,
Fahrner (2002) measured higher removal rates of 15 g N m-3 d-1 when soil
temperatures regularly exceeded 30oC.
While it is acknowledged that temperature is an important factor in constraining
denitrification rate in a bed, no reported study has shown a definitive relationship
between temperature and nitrate removal rate under field conditions.
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The potential influence of short-circuit flow on nitrate removal

There are few reported studies on short-circuit flow in denitrification beds.
Information on short-circuit flow presented in this thesis has largely been drawn
from other types of systems, e.g., treatment wetlands and constructed ponds.
Ideal flow through a denitrification bed, for the purpose of maximising nitrate
removal, is plug flow. Plug flow is characterised by a uniform velocity profile.
Non-ideal flow is characterised by short-circuiting. Short-circuit flow can reduce
the mass of pollutants removed in a treatment wetland (Kadlec et al., 1993;
Carleton, 2002). In a denitrification bed, short-circuiting could potentially cause
zones of low or nil denitrification which would reduce the active volume of the
bed. Short-circuiting within a hydraulic system can be quantified using tracer
tests.

Short-circuiting is indicated when theoretical hydraulic retention time

(HRT) exceeds mean tracer retention time (Kadlec and Wallace, 2008). Location
and design of inflow structures in constructed ponds and treatment wetlands are
important aspects for reducing short-circuiting (WPCF, 1990; Shilton and
Sweeney, 2005).

Persson (2000) investigated the influence of pond shape,

inlet/outlet locations and inlet/outlet type on the hydraulic efficiency of pond
systems. He found that ponds with single inlets/outlets and large width:length
ratios had poorer hydraulic efficiency than ponds with multiple inlets, baffles or
small width:length ratios. Christianson et al. (2011) found that HRT greatly
exceeded tracer retention time in a study looking at the effect of denitrification
bed geometry on hydraulic properties. They attributed the non-ideal flow to the
hydraulics of the media and poor functioning of the bed inlet and outlet.
A range of solid carbon sources have been investigated for their ability to support
nitrate removal but little is known about hydraulic performance (such as shortcircuiting) through different carbon media. Specifically, if the physical and
hydraulic properties of a media (particle size, particle sorting and porosity)
influence hydraulic performance; and if changes in hydraulic performance
increase or decrease nitrate removal rates. Factors affecting hydraulic efficiency
are presence of large connected void spaces (Villholth et al., 1998), flow fingering
caused by profile heterogeneities (e.g., gas entrapment or biofilm growth
(Hendrickx et al., 1993; Glass and Nicholl, 1996), and movement of water
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between the mobile (primary or inter-granular porosity) and immobile phases
(secondary or intra-granular porosity).
The considerable secondary porosity of wood has been proposed as the reason for
similar nitrate removal rates of different particle sizes (Robertson et al., 2000),
with the inference that the denitrification reaction occurs both within the wood
particle and on the particle surface. Presumably water and nitrate within the intergranular pore space diffuses into and out of the media particle.
The components of primary and secondary porosities that contribute to fluid flow
through a media are considered the effective porosity. Tracer tests in
denitrification beds have shown that the effective porosity of wood media can
exceed primary porosity estimated by gravimetric drainage (Robertson, 2010;
Chun et al., 2009); indicating that secondary porosity contributed to hydraulic
flow by movement of water into and out of the wood particle. Robertson (2010)
reported the primary, secondary and effective porosities of fresh pine wood
fragments were 0.48, 0.38 and 0.68, respectively. Other solid carbon media that
could potentially be used in denitrification beds (e.g., maize cobs) are also likely
to have dual porosity characteristics due to low particle density, but have not been
previously reported. Also, the change in porosity values due to change in media
particle size (sawdust versus larger woodchip media) and the subsequent effect on
hydraulic efficiency and nitrate removal has not been reported.

2.4.4

Other constraining factors (presence of denitrifiers, nitrate
concentration and pH) on nitrate removal

Other factors that influence denitrification but were not investigated as part of this
thesis to increase nitrate removal of denitrification bed include: presence of
denitrifiers, nitrate concentration, and pH.

For completeness, the influence of

these factors on nitrate removal in denitrification beds is briefly discussed below.
Denitrifiers
Denitrifiers are widely disbursed and often in abundance throughout the
environment. For example, one gram of soil can contain tens to hundreds of
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thousands of dentrifying bacteria (Tiedje, 1988). Consequently, denitrification is
generally not constrained by absence of denitrifiers (Tiedje, 1988) and inoculation
of denitrification beds is generally not required.
Nitrate concentration
A positive relationship between nitrate concentration and nitrate removal (largely
by denitrification) has been demonstrated over a range of land- and water-scapes
(Seitzinger et al., 2006).

Simply, higher loading provides for more nitrate

available for denitrification. In a wood-based denitrification bed with excess
nitrate, the denitrification reaction is generally considered to be a zero-order
process (van Driel et al., 1996a; Robertson, 2000). The reaction may become a
first-order process when nitrate become limiting at concentration below about 1
mg L-1 (Roberston, 2010; Schipper et al., 2010a) or at reduced temperatures
(Leverenz et al., 2010). While, Chun et al. (2010) found that first-order decay
provided a better fit to a nitrate break-through curve from a 60 m3 denitrification
bed the difference in fit between the two decay functions was small and reliability
of the results possibly compromised by other aspects of the modelling approach
(e.g., dispersivity and the use of a single porosity model). Denitrification is likely
to follow Michelis-Menten kinetics with regard to nitrate concentration which
means that nitrate reduction will increase with increasing nitrate concentration
until nitrate availability exceeds the Km of denitrifying bacteria. Healy et al.
(2006) trialled two influent nitrate concentrations of 200 mg L-1 and 60 mg L-1 in
a laboratory study. They found that the highest percentage reduction (97%) in
nitrate concentration occurred in the column receiving the lower 60 mg L-1 nitrate
influent.

pH
While denitrification can occur over a range of pH conditions, the optimum range
is generally considered be pH 6 to 8 (Bremner and Shaw, 1958). It is likely that
pH influences denitrification by selecting for denitrifying bacterial population
adapted to a particular range of pH thus influencing the size of the population.
Lower denitrification activity has been reported in more acid conditions (Parkin et
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al., 1985). Also, pH may cause an indirect effect on denitrification by influencing
carbon availability to denitrifying bacteria (Kosinen and Keeney, 1982).

2.5

Longevity

of

nitrate

removal

rate

and

hydraulic

conductivity of carbon substrate
The operational longevity of denitrification bed carbon media is an important
aspect for uptake of the technology for the treatment of point source wastewater
discharge.

The carbon media must have a minimum operating lifespan for

economic viability, including maintenance and the cost of carbon media
replenishment. The two factors that affect the longevity of a carbon media are the
continuous supply of carbon for denitrification and maintenance of adequate
saturated hydraulic conductivity (K).
Results from the longest running field trial of a denitrification wall have shown
that nitrate removal was maintained for 15 years (Robertson et al., 2009). The
removal rate after 15 years (~4 g N m-3 d-1) was about 50% of the removal rate
measured during the first year. Similarly, Long et al. (2011) found that nitrate
continued to be removed by a wall after fourteen years of operation.
Rates of carbon decline are not solely dependent on the removal by denitrification
but also by other processes dependent on site specific conditions, including O2
inputs and rate of other anaerobic process such as fermentation.

The

decomposition of solid carbon material is greatly reduced under saturated
anaerobic conditions. Moorman et al. (2010) found that 70% of the wood was lost
from the fluctuating water table horizon in a denitrification wall after 8 years
operation, compared to only 13% of the wood being decomposed below the water
table. They estimated that wood below the water table had a half life of 36.6
years. Below the water table, the wall lost about 1% mass of wood per year, to
processes including denitrification. Long et al. (2011) reported a 50% reduction
in total carbon mass content of a denitrification wall after 14 years operation, but
denitrification rates were nearly as high as when the wall was installed.
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Assuming that denitrification is the dominant nitrate attenuation mechanism, mass
balance calculations using Equation 1 can be used to provide an estimate of
bed/wall longevity beyond the operating history (e.g., Blowes et al., 1994;
Robertson and Cherry, 1995; Robertson and Anderson, 1999; Robertson et al.,
2000; van Driel et al., 2006a). The results of the mass balance calculations using
Equation 1 by van Driel et al. (2006a) indicated that carbon consumption from
denitrification was less than 2% per year in two denitrification beds. Carbon
consumption by denitrification was estimated by Robertson et al. (2000) after 6 to
7 years of bed/wall operation to be less than 10 to 20% of the initial carbon mass
installed during construction. Carbon loss also occurs from other processes such
as aerobic activity, fermentation, dissolved organic carbon leaching, and sulphate
reduction. Robertson and Cherry (1995) inferred that these reactions likely each
consume less carbon than denitrification. Robertson et al. (2000) supported this
conclusion by visual inspection of the wall and bed materials in year 6 of
operation which showed that carbon solids (sawdust, woodchip mulch) had
darken in colouration but otherwise remained similar in texture to the original
material with no obvious indication of biomass build-up or permeability
deterioration.

However, visual inspection of the material does not take into

account the possibility that degraded material may have been removed from the
system. Schipper and Vojvodic-Vukovic (2001) cautioned that the mass balance
approach to estimating longevity of wall carbon material may overestimate the
media lifetime as organic matter degradation will continue in the absence of
nitrate.
The slow degradation rates of wood media in denitrification beds means that
hydraulic conductivity (K) is maintained for years. To date, there have been no
reported hydraulic failures of denitrification beds due to loss of substrate
permeability caused by degradation of wood media. The reported K of wood
media is large ranging from ~100 m d-1 for sawdust up to several thousand m d-1
for coarser woodchips. While reduction in K from start-up has been reported it
was attributed to accumulation of gas bubbles as physical inspection of the media
showed no sign of breakdown in the physical structure of the wood particles
(Robertson and Cherry, 1995). The K of more labile carbon media will likely
decline faster than wood media as the less robust physical structure declines.
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However, to date there have been no long-term (field or laboratory) trials of
alternative carbon media to determine longevity of hydraulic performance.

2.6

Experimental approaches to improve performance of
denitrification trials

Initial studies of denitrification beds and walls were to determine nitrate removal
rates (Section 2.3). Subsequently, studies were undertaken on factors constraining
nitrate removal rates in these systems (Section 2.4). There is now some emphasis
being placed on increasing the nitrate removal rate of denitrification beds and
reducing construction costs. Several different approaches have been undertaken to
determine the potential performance of denitrification bed technology. These
include: laboratory column studies of different carbon substrates (Vogan, 1993;
Carmichael, 1994; Healy et al., 2006) and trialling of small-pilot-scale
demonstration beds of different designs typically treating a component of a
discharge stream (Blowes et al., 1994; Robertson et al., 2000). Fewer studies have
monitored operational scale beds treating the entire discharge stream (Robertson
et al., 2005a; Schipper et al., 2010b; Warneke et al., 2011).
Column studies have the advantage of being cheaper to undertake than field trials
and their smaller scale (<0.2 m3) allows for the trialling of more carbon substrates
at minimal additional cost (e.g., wood, cardboard, soil, wheat straw, cellulose,
alfalfa, and greenwaste; Vogan, 1993; Gibert et al., 2008; Greenan et al., 2006).
The disadvantage of column studies is that achieved denitrification rates may not
be reproducible under operational field conditions and temperatures. Small scale
demonstration beds (<3 m3) somewhat address the performance uncertainties of
up-sizing and field temperatures (e.g., 1 m3, reactor Robertson et al., 2000; 0.7 m3
upflow reactor, van Driel et al., 2006a). They also provide a better indication of
how bed shape and hydraulic design will affect nitrate removal. As flow rates and
bed size are relatively small, construction costs can be minimal (<$500).
However, as demonstration beds often only treat a component of the total
discharge there is uncertainty as to whether a larger version will perform
similarly. Also, the performance of small scale beds can be compromised by
variability in nitrate input which is generally controlled in column studies.
30

Chapter 2

A Review of Nitrate Removal and Hydraulic Performance of Carbon Media for
Denitrification Beds

Operational sized beds provide the best indication of denitrification bed
performance in a working environment. However, construction costs (>$50K)
can be prohibitive for many research budgets due to the potentially large bed size
required to treat all of a point source discharge.
The design of a denitrification bed has implication for denitrification performance
and maintenance requirements.

Bed geometry, inlet-outlet design, hydraulic

gradient and carbon media distribution can affect HRT, short circuiting and
denitrification performance. To date a number of different denitrification bed
designs have been used in both pilot scale trials and operational beds, including:
•

Horizontal flow (van Driel et al., 2006a; Healy et al., 2006; Schipper et
al., 2010b; Woli et al., 2010; Leverennz et al., 2010; Christianson et al.,
2011; Chun et al., 2010).

•

Upflow (Robertson et al., 2005a; van Driel et al., 2006a).

•

Combined nitrification sand trickling filter and denitrification bed system
(Robertson and Anderson, 1999).

•

In-stream (Robertson and Merkley, 2009).

No definititive study has been undertaken on comparison of the hydraulic
efficiency or nitrate removal rate between different bed designs. To date all
horizontal flow beds have incorporated a single pipe for the inlet and outlet. This
type of configuration may be prone to short-circuiting as flow in the bed can
potentially travel directly between the inlet and outlet pipes. Short-circuiting in
horizontal flow beds may be reduced by incorporating inlet and outlet structures
that disperse influent and accept effluent over a greater cross sectional area of the
bed. Horizontal flow beds have recently been installed in the Taupo and Rotorua
areas of New Zealand, that incorporate a diffuse inlet and outlet to promote more
plug-like flow characteristics through the beds (Fig. 1.1a). However, to date no
hydraulic or nitrate removal performance data are available for these beds.
Christianson et al. (2011) looked at the difference in hydraulic dispersion between
three different horizontal flow bed geometries (channel, rectangular and
trapisodial). They found that the channel design provided the most plug-like flow
dispersion characteristics.
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Freeze and Witherspoon (1967) were the first researchers to recognise that high
permeability layers focus flow lines capturing flow from adjacent zones. They
noted that zones of capture increased as K contrast with adjacent material
increased. This phenomenon has application for denitrification bed design as it
provides a potential mechanism tool to manipulate flow patterns within the bed.
In response to this possibility, trials have been undertaken on denitrification walls
and beds that incorporate high-permeability layers (van Driel et al., 2006b;
Robertson et al., 2005b).
Van Driel et al. (2006a) trialled two denitrification beds (horizontal flow bed and
upflow bed) that utilised alternative layers of fine (sawdust) and coarse wood
particles to modify flow through the beds.

The coarse particles were

approximately 10 times more permeable than the fine particles. The horizontal
flow bed incorporated a coarse layer in the core of the bed that was sandwiched
between fine layers (Fig. 2.1a). Tracer test showed that 90% of the flow occurred
within the coarse layer. Van Driel et al. (2006a) initially anticipated that the
coarse layer would be less reactive; thus the fine layers were included to provide
zones of higher reactivity. The up-flow bed of van Driel et al. (2006a) utilised a
fine layer overlying a coarse layer (Fig. 2.1b). The influent flowed directly into
the coarse layer via perforated pipe. Flow then migrated upwards through the fine
layer. Tracer test showed this design dispersed flow throughout the basal coarse
layer followed by relatively uniform upward flow through the fine layer. van
Driel et al. (2006a) reported similar nitrate removal rates (5.9 vs 5.5 g N m-3 d-1 in
the horizontal- and up-flow, respectively) for the two reactors.
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Figure 2.1 Design sketches of a) the horizontal flow denitrification bed, and b) up-flow
denitrification bed (from van Driel et al., 2006a).

Robertson and Anderson (1999) trialled a combined unsaturated sand infiltration
layer overlying a saturated bed of sawdust to treat landfill leachate. Maintenance
of saturated conditions in the sawdust bed was achieved by a low permeability
material underneath the sawdust. Nitrogen attenuation occurred by a two step
process in which the leachate ammonium was first oxidised to nitrate in the
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unsaturated sand layer and then converted to dinitrogen gas by denitrification in
the underlying sawdust layer. The system reportedly lowered influent inorganic
nitrogen concentrations (averaging 24.8 mg L-1) by 89%.
Robertson et al. (2005a) presented results of four operational denitrification beds
(Nitrix filter; Fig. 2.2) treating septic system effluent from a house, trailer park,
communal residence and inn. These beds contained a mixture of bark, sawdust
and woodchip material with a diameter range of 0.5 to 50 mm. The unique aspect
of this bed design was the partition that separates the downward inflow from the
upward outflow chamber connected by perforated PVC pipe.

Figure 2.2 Schematic view of the Nitrix denitrification filter design and flow-through
characteristics (from Robertson et al., 2005a).

While a number of different bed designs have been used to remove nitrate there is
absence of comparative study on hydraulic efficiency of different designs and if
change in hydraulic efficiency has any influence on rates of nitrate removal. The
only inference that could be drawn from the literature for improving hydraulic
efficiency is that “channel” cross-sectional bed profile had less short-circuit flow
than rectangular and trapezoidal profile for horizontal flow beds (Christianson et
al., 2011); and it is likely advantageous to use diffuse input of influent and beds
with larger width:length ratio (Perrson, 2000).
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Identified design issues of denitrification beds

The wide spread adoption of denitrification beds for the treatment of nitrate in
point source discharge is dependent upon mitigating or managing potential
operational issues. These issues can be addressed by appropriate denitrification
bed design.
Factors which affect the ongoing operation of denitrification beds include:
•

Suspended sediment in the influent causing blockage or reducing the
efficiency of the inlet structure, and/or inflow area of the bed.

•

Degradation of the upper layer of the denitrification bed resulting in
significant permeability reduction.

•

Biofilm build up in the outlet structure causing hydraulic head build up in
the bed.

•

Short-circuit flow within the bed that reduces the effective bed volume.

•

Gas accumulation in the bed that reduces hydraulic conductivity.

Blowes et al. (1994) noted that frequent maintenance of the denitrification bed
inflow area was required due to plugging by the suspended sediment load in tile
drain discharge.

Therefore, an appropriate pre-filtering mechanism may be

required for some denitrification bed applications.

Van Driel et al. (2006a)

incorporated a gravel pre-filter in their denitrification bed treating agricultural tile
drainage.
Robertson et al. (2005a) found that degradation of a fine-grained (sawdust) inlet
layer also substantially reduced permeability. This problem was resolved by
replacing the inlet sawdust layer with a course-grained woodchip media.
Robertson et al. (2005a) noted that beds that were originally constructed with
coarser wood media in the inlet area did not have inlet area permeability
problems.
Van Driel et al. (2006a) noted that biofilm developed in the denitrification bed
outlet pipe following prolonged periods of low flow. This caused hydraulic head
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build-up in the reactor but did not reduce flow. The biofilm was easily removed
by simple agitation. Hydraulic head build-up in the bed may cause overtopping at
higher flow rates. Therefore, outlets need to be designed to permit easy cleaning
of the plumbing to remove biofilm and de-fouling included in the maintenance
plan.
The design and location of bed inlet and outlets was considered the cause of tracer
retention times being almost twice the theoretical HRT in a study looking at effect
of denitrification bed geometry on hydraulic performance (Christianson et al.,
2011). The result suggested that areas of little or no flow occurred around the
single pipe inlet and outlet areas which reduced effective bed volume.
A reduction in carbon media K due to gas bubbles has been reported in column
studies (Soares et al., 1991) and in denitrification walls (Schipper et al., 2004).
Soares et al. (1991) found that the decrease in K due to gas accumulation was
correlated to denitrification activity. Gas bubble formation are also likely to
decrease the effective porosity of the carbon media.

2.7

Potential adverse effects of denitrification beds

Although denitrification beds have been shown to successfully remove nitrate
from point source wastewater discharge, there can be some adverse effects from
bed operation that need to be managed.
The potential adverse effects of denitrification bed operation are:
•

Elevated biological oxygen demand (BOD) in discharge of effluent
during start-up period (Robertson and Cherry, 1995; Robertson et al.,
2005a; Healy et al., 2006; Della Rocca et al., 2006).

•

Hydrogen sulphide (H2S) gas production and emissions from effluent
discharging from the bed. (Van Driel et al., 2006a; Robertson and
Merkley, 2009; Robertson et al., 2009).

•

Production of greenhouses gases (e.g. carbon dioxide, nitrous oxide and
methane (Jaynes et al., 2008; Greenan et al., 2009; Warneke et al., 2011).
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Biological oxygen demand
The BOD test is widely used as an indicator of the strength of municipal and
industrial wastes and is an important test used in protecting aquatic life from
oxygen deficiency. It is the primary regulatory tool used in limiting discharge of
wastewaters to water (McCutcheon et al., 1993). Water quality guidelines used in
New Zealand (Ministry of Health, 2005) limit BOD5 to <5 g m-3 to protect against
nuisance bacterial slime growth (Davis-Colley and Wilcock, 2004).
Denitrification beds typically have high BOD (>100 mg/L) during start-up and for
up to several months thereafter as the soluble organic constituents (tannic acids
etc.) are leached from the reactive media (Robertson et al., 2005a; Schipper et al.,
2010a). As these soluble constituents comprise only 1% to 2% of the wood mass
(Robertson et al., 2005a), BOD subsequently stabilises at much lower values (10
to 40 mg/L) after several months operation depending on factors such as HRT,
temperature, and wastewater characteristics. Dissolved organic carbon (DOC) can
also be used as an indicator of excess carbon leaching. Healy et al. (2006) noted
washout of significant amounts of DOC (37 to 171 mg L-1) during the initial
stages of operation but reduced to between 11 and 43 mg L-1 after 6–7 weeks
operation. It is likely that use of more labile carbon sources in denitrification beds
for the purpose of increasing nitrate removal rate will result in higher rates BOD
leaching during the first months of operation.
Temporarily elevated BOD values may not always be of concern depending on
the final disposal environment, e.g., discharge to groundwater. However, in cases
where high initial BOD concentrations are considered unacceptable, pre-leaching
the reactive media, prior to installation needs to be investigated. The effects of
pre-leaching on long-term treatment effectiveness would also need to be explored.
The onset of sulphate reducing conditions, which may occur when nitrate is fully
depleted, also appears to increase BOD. Under these conditions, sulphide oxygen
demand may also contribute to BOD. Robertson et al. (2005a) noted that sulphate
reduction appears to be more active during the summer when higher temperatures
lead to increased reaction rates and nitrate is depleted more quickly. Any sulphide
that is present in the effluent is presumably re-oxidized to SO4 when the effluent
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is discharged to aerobic environments; however, sulphide can be toxic and method
to minimise its discharge needs to be investigated.
Hydrogen sulfide
Van Driel et al. (2006a) noted the occasional presence of H2S odour in the
effluent discharging when effluent temperatures exceeded 10oC and during low
flow conditions, most likely due to sulphate reduction. This presumably resulted
from longer retention times and nitrate depletion during the low flow conditions.
H2S gas at low concentration has an unpleasant odour similar to rotten eggs. As
the gas is heavier than air it can accumulate in low lying areas. Over exposure to
the gas can have severe health affects. At high concentrations H2S can cause
collapse and death in both humans and animals.
Greenhouse gases
Incomplete denitrification can lead to production of the intermediate N2O.
Anaerobic degradation of organic media also results in the production of CO2 and
possibly CH4. All three of these are greenhouse gases (GHC) of concern. GHGs
have been measured in the outflow of a stream bed bioreactor (Elgood et al.,
2010), in a denitrification wall (Moorman et al., 2010), column study (Greenan et
al., 2009) and in a large denitrification bed (Warneke et al., 2011). Reported
release of N2O from reactors varies between 0.6 to 4.3% of nitrate removed
(Elgood et al., 2010; Warneke et al., 2011). Emissions of CH4 from a reactor
would be expected to increase when nitrate concentrations are low as
methanogenes begin to outcompete denirifiers for carbon supply. While CO2 is
released from denitrifying bioreactors (Elgood et al., 2010; Warneke et al., 2011)
it does not necessarily contribute to a net increase in CO2 concentrations in the
atmosphere as the carbon may decay to CO2 in any case.

2.8

Conclusions

Denitrification beds are an effective way to remove nitrate from point source
discharges.

To date field-scale beds have used fragmented wood particles

(sawdust and woodchip) as the carbon source. The wood media maintains nitrate
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removal rates of between 2 to 10 g N m-3 d-1 for greater than 15 years. Higher
nitrate removal rates have been achieved in laboratory scale studies using
alternative carbon media, but the longevity of these media are unknown and likely
to be less than wood.
A denitrification bed is a cost effective method of removing nitrate from point
source discharges compared to alternative passive options (e.g. constructed
wetlands) or more sophisticated treatment methods (e.g., carbon dosing). The
beds require low maintenance and are capable of removing more than 99% of the
nitrate from influent water, which many alternative technologies struggle to
accomplish. Greater uptake of denitrification bed technology could be achieved
by reducing the cost of bed construction, leading to a reduction in the mass of
nitrate discharged to the environment. Reducing the required bed volume and
footprint area through improving nitrate removal performance of a bed is one
approach that could be taken to reduce construction costs. The key aspects of
denitrification bed design and operation that could be investigated for the purpose
of identifying practical techniques to improve nitrate removal performance are:
1.

Increasing the available carbon concentration in the bed by either using
media that provide greater sustained concentration of available carbon
than wood media or by increasing the decomposition rate of the media.
The media must also have and maintain adequate permeability to avoid
hydraulic failure.

2.

Determine the optimal organic media particle size to provide greatest
nitrate/carbon contact while maintaining adequate permeability.

3.

Reduce short-circuit flow through the bed by using media of optimal
particle size for providing plug flow conditions.

4.

Increasing the operational temperature of the bed to enhance denitrifying
bacteria growth.

5.

Reduce short-circuit flow through the bed by using inlet and outlet design
and locations that provide most plug-like flow conditions.

6.

Reduce dissolved oxygen concentration of influent so that denitrification
occurs in the upstream section of the bed. Elevated DO concentration of
influent water means that denitrification will not occur until DO
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concentration are reduced to less than about 1 mg L-1 by aerobic
microbial processes.
7.

Maintain pH in the bed so that conditions are optimised for the growth of
denitrifying bacteria population.

Bullet points 1 to 5, are addressed in this thesis for the purpose of increasing the
nitrate performance of denitrification beds compared to existing operation bed
designs. Bullet points 6 and 7 are not addressed in this thesis.
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This chapter was published as the following journal paper and is presented in this
thesis in journal format.
Cameron, S.G., Schipper, L. A., 2010. Nitrate removal and hydraulic performance
of organic carbon for use in denitrification beds. Ecological Engineering 36:
1588–1595
The contribution of contributing authors were:
Cameron, S. G.: Experimental design, trial setup, sampling, data analysis and
primary write-up.
Schipper, L.A., Experimental design, advisor and primary review.
A photograph of the barrel trial that was not included in Cameron and Schipper
(2010) is presented as Figure 3.1 on the following page.
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Figure 3.1 Photograph of barrel trial. The photograph shows the 0.2 m3 barrels housed within the 7.5 m long
shipping container. The unheated 14oC barrels are located on the floor of the container. The heated 23.5oC barrels
with thermal lining are located on the wooden shelving. The heat pump that maintained temperature in the container
is at the top right hand corner of the photo. The 200 mm diameter PVC tube mixing manifolds are on the left hand
side of the entry to the shipping container. The manifolds were used to mix the dosed KNO3 solution with the influent
water before being piped to the barrels.
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This chapter has been submitted (on 20 March 2011) to the Journal of Ecological
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efficiency of organic carbon media for use in denitrification beds.
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Abstract
Denitrification beds, utilising fragmented wood particles as the carbon source,
have been successfully used to remove nitrate from point source discharge. Other
more labile carbonaceous solids have provided higher short-term nitrate removal
rates than wood in laboratory scale trials, but the longevity of these media is
unproven.

In addition, the nitrate removal rate of a bed is indicated to be

temperature dependent. Improving the hydraulic efficiency of a denitrification
bed, by reducing short-circuit flow, may also provide for increased long-term
nitrate removal rate and reduced bed size and lower installation cost. In this
study, we compared the hydraulic properties and hydraulic efficiency of nine
carbon media, including five grain sizes of wood particles, in 0.2 m3 barrels, at
two temperatures (14oC and 23.5oC).

The relationship between hydraulic

efficiency and nitrate removal of the different media was also investigated.
We found that carbon substrate and temperature were more influential on nitrate
removal rate than hydraulic efficiency of the media. While larger grain-sizes of
wood media were less hydraulically efficient than smaller grain-sizes, the
difference in hydraulic efficiency was small. We also found that primary porosity
of the wood media increased with temperature, which may have been caused by
contraction of the wood particles with increasing temperature due to loss of water
from the cellulose to the liquid phase.
While hydraulic properties and hydraulic efficiencies varied between carbon
media, the variation did not cause significant difference in nitrate removal rate.
The results indicate that future work on improving nitrate removal performance of
denitrification beds should focus on carbon availability of the substrate and
increasing bed temperature, rather than on identifying more hydraulically efficient
media.
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Introduction

Point source discharges of nitrate-contaminated water are a global environmental
issue (Galloway et al., 2003) contributing to degradation of coastal and terrestrial
waters (Howarth et al., 2002). Cost effective technologies are needed to reduce
nitrate concentrations in point source discharge. Denitrification beds are one such
technology that have been used to remove nitrate from municipal and septic
wastewater systems, hothouses and agricultural tile drain water; and within small
streams (Schipper et al., 2010a). A denitrification bed is typically constructed as
an excavated trench fitted with an impermeable liner that is then filled with a solid
organic carbon media such as woodchips (Blowes et al., 1994).

The major

expenses of installing a denitrification bed are land area needed, and purchase
price and transport of wood material. Reducing the cost of constructing a bed
would contribute to greater uptake of the technology. One way to reduce the
construction cost would be to improve nitrate removal per unit volume thus
reducing the size of the bed needed.
Nitrate removal in a bed is dependent upon a range of conditions being met
including carbon availability of the media (Greenan et al., 2006; Cameron and
Schipper, 2010) and bed temperature (Robertson et al., 2000; van Driel et al.,
2006a). Fragmented wood typically has been used as the carbon media providing
sustained nitrate removal (2 to 10 g N m-3 d-1, Schipper et al., 2010a) and
relatively high permeability (Robertson, 2010); and is readily available at
moderate cost. Addition of soluble carbon (e.g., vegetable oil) could increase
short-term nitrate removal rate but can also result in a reduction in hydraulic
conductivity of the system (Hunter, 2001). High nitrate removal rates (>100 g N
m-3 d-1) have been reported in short-term laboratory scale studies using more
labile carbon media (e.g., maize cobs, wheat straw, rice husk) but the longevity of
both the removal rate and permeability of these media are likely to be less than
wood (Shao et al., 2009; Cameron and Schipper, 2010).
A range of solid carbon sources have been investigated for their ability to support
nitrate removal (Cameron and Schipper, 2010). Short-circuit flow through the
media may reduce nitrate removal by reducing effective bed volume, however,
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comparative studies of short circuit flow through different carbon media have not
been reported.

Factors affecting short-circuiting are the presence of large

connected void spaces (Villholth et al., 1998), flow fingering caused by profile
heterogeneities (e.g., gas entrapment or biofilm growth; Hendrickx et al., 1993;
Glass and Nicholl, 1996), and exchange of water between the mobile (primary or
inter-granular porosity) and immobile phases (secondary or intra-granular
porosity).
Despite different particle size of wood media being used in denitrification trials
nitrate removal rates are not different (van Driel et al., 2006b). The considerable
secondary porosity of wood has been proposed as the reason for similar nitrate
removal rates by different particle sizes (Robertson et al., 2000), with the
inference that the denitrification reaction occurs both within the wood particle and
on the particle surface. Presumably water and nitrate within the inter-granular
pore space diffuses into and out of the media particle.
The components of primary and secondary porosities that contribute to fluid flow
through a media are considered its effective porosity. The physical and hydraulic
properties of a solid carbon media that may influence flow are particle size,
particle size sorting, and porosity. Tracer tests in denitrification beds have shown
that the effective porosity of wood media can exceed primary porosity estimated
by gravimetric drainage (Robertson, 2010; Chun et al., 2009). Other solid carbon
media that could potentially be used in denitrification beds (e.g., maize cobs;
Cameron and Schipper, 2010) are also likely to have dual porosity characteristics
due to low particle density, but this has not been previously reported.
One way to estimate the degree of short-circuiting is to measure the hydraulic
efficiency. Hydraulic efficiency of saturated porous medium or a denitrification
bed can be defined as the ratio between actual retention time and theoretical
hydraulic retention time (HRT) (Martinez and Wise, 2003; Kadlec and Wallace,
2008). Actual retention time is typically estimated by inert tracer test while HRT
is calculated by multiplying the volume of media by effective (or primary)
porosity divided by flow rate.
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We have previously reported long-term nitrate removal rates for nine different
carbon media (including five particle size of wood media) at two different
temperatures (14oC and 23.5oC) in a 200 L barrel study (Cameron and Schipper,
2010). Nitrate removal rates ranged from 2.2 ±0.02 to 19.8 ± 0.1 g N m-3 d-1.
Differences in removal rates were attributed primarily to availability of carbon
and temperature, but the importance of short-circuiting was not measured. This
trial also provided opportunity to examine the hydraulic efficiency of the different
media at the two different temperatures and determine whether physical and
hydraulic properties of the media influenced hydraulic efficiency and nitrate
removal rates. Hydraulic efficiency was assessed by tracer tests. Primary and
secondary porosities of the media were measured at both temperatures. Hydraulic
efficiency of the media was compared to nitrate removal rates to determine if
short-circuiting or longer retention time influenced nitrate removal. The HRT of
effluent in the barrels (about 2 days) was similar to those reported for larger-scale
denitrification beds (van Driel et al., 2006a, 2006b) and so this study provides
relevance when applying the results to the design of larger scale denitrification
beds.

4.2

Methodology

Detailed description of the experimental setup was given by Cameron and
Schipper (2010). A 7 m long shipping container was used to house the trial. Nine
different carbon media (Table 4.1) were placed in 0.2 m3 barrels (2 replicates
each) and were continuously loaded with water dosed with nitrate for a 23-month
period. The trial included two independently plumbed temperature treatments to
give a total of 36 barrels.

Mean temperature for the unheated and heated

treatment was 14°C and 23.5°C, respectively.

60

a

Table 4.1

61
0.80
0.95

15 ± 5.3

61 ± 19

11 ± 4.5

45 ± 11

13a

6 ± 9.7

15 mm woodchip

61 mm woodchip

Hardwood

Maize cobs

Wheat straw

Green waste

0.79

0.76

0.83

0.84

0.80

6 ± 3.3

6 mm woodchip

0.86

0.75

Total porosity
at start of the
trial (m3 m-3)

4 ± 2.0

2 ± 1.8

mm ± 1 SD

Grain-size

4 mm woodchip

Sawdust

Media

0.83 ± 0.02

0.97 ± 0.12

0.94 ± 0.13

0.81 ± 0.02

0.87 ± 0.01

0.86 ± 0.02

0.85 ± 0.07

0.86 ± 0.01

0.87 ± 0.04

0.82 ± 0.02

0.98 ± 0.12

0.94 ± 0.03

0.82 ± 0.02

0.89 ± 0.02

0.91 ± 0.08

0.80 ± 0.10

0.88 ± 0.02

0.87 ± 0.07

1.62 ± 0.3

1.38 ± 0.1

1.64 ± 0.2

1.33 ± 0.1

1.36 ± 0.1

1.49 ± 0.1

1.76 ± 0.3

1.84 ± 0.5

1.78 ± 0.1

1.50 ± 0.1

1.46 ± 0.3

1.45 ± 0.3

1.81 ± 0.0

1.76 ± 0.1

1.85 ± 0.1

1.99 ± 0.1

1.69 ± 0.3

2.12 ± 0.0

23.5oC

14oC

14oC

23.5oC

Hydraulic efficiency
(eV)

Total porosity at
the end of the trial
(m3 m-3)

Carbon media grain-size, hydraulic efficiency and nitrate removal rate. Reported error is ± 1 standard deviation

Measured manually by ruler and excludes length of wheat straw stalk

Pinus radiata (softwood)

7.8 ± 0.2

5.8 ± 1.4

19.8 ± 0.1

3.0 ± 0.5

3.3 ± 1.0

3.6 ± 1.0

3.1 ± 0.5

2.9 ± 0.3

2.2 ± 0.2

14oC

10.5 ± 1.1

7.8 ± 1.6

15.0 ± 1.2

4.9 ± 0.2

4.2 ± 0.2

5.3 ± 1.4

5.3 ± 0.2

4.8 ± 1.0

5.0 ± 0.2

23.5oC

Nitrate removal rate for the
period 10 to 23 months
(g N m-3 d-1)
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Barrel design

Flow through the barrels was from top to bottom (Fig. 4.1). Influent flow rate of
about 0.056 m3 d-1 was controlled by 1 mm ID micro-tubing. A perforated outlet
ring, installed at the bottom of the barrel, supported uniform flow through the
media. The water level in the barrel was held constant at about 20 mm above the
top of the media by riser pipe to maintain media saturation and stable hydraulic
head. 50 mm ID PVC screen, pipes and fittings were fitted near the base of the
barrel for measuring hydraulic conductivity of the media. Carpet underlay was
wrapped around heated barrels to reduce heat lose. Lids were placed on the top of
each barrel for insulation.
Municipal potable water dosed with potassium nitrate (KNO3) was the influent
water for the trial. Stable hydraulic head pressure of about 3 m was maintained to
the inlet lines by header tanks to facilitate uniform influent flow rate. Metering
pumps were used to inject KNO3 solution at the required rate into mixing
manifolds installed in the inlet line providing a final influent NO3-N concentration
of about 150 mg L-1.
A heat pump was used to maintain temperature inside the shipping container and
resulted in a temperature gradient from about 15°C at the floor to 20°C at the
ceiling. The unheated barrels were located on the floor of the container and the
heated barrels located above on shelving.
Temperature in the heated barrels was maintained by heating influent water to
about 36°C with a thermostatically controlled heating element installed in the
header tank. In the heated barrels, temperature decreased from about 28 to 30°C
at the top to about 18 to 20°C the base of the barrel.

The mean of these

temperatures throughout the trial was 23.5°C. The vertical temperature gradient
in the unheated barrels varied between 0 to 2°C from top to bottom of the barrel
and the average temperature was 14°C. The mean difference between the two
temperature treatments throughout the trial was 9.5°C.
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Figure 4.1 Barrel design.

4.2.2

Tracer test

A bromide tracer experiment was undertaken on all 36 barrels, 12 months after
start-up to evaluate flow characteristics (including short-circuiting) through the
different carbon media and the effect of temperature on hydraulic flow properties.
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Potassium bromide (3 g) dissolved in 2.2 L of deionised water, providing a tracer
concentration of 1 g L-1 Br, was added to each barrel. The tracer was added as an
exponential decay input by inserting the inlet line into the tracer solution
container, causing the tracer in the container to flow into the barrel. This method
of tracer input was preferred over a pulse input as it did not involve a sudden input
of high concentration KBr that may have preferentially flowed to the bottom of
the barrel due to greater density than the surrounding water. Nor did the tracer
input method alter flow rate into the barrels.
Based on the results of a preliminary tracer experiment, outlet samples were
collected at 4 hour intervals for the first 30 hours, between 4 and 8 hours until
approximately 80 hours and thereafter at daily intervals until 10 days.

Six

samples were collected from each tracer input solution container, during the first
twelve hours, to check that tracer input matched the theoretical exponential decay
input, which it did in all cases.
All samples were stored at 4oC following collection until analysed. Analyses
were undertaken using a Metrohm Br ion selective electode connected to a
Metrohm 781 pH/ion meter.

4.2.3

Hydraulic properties

Measurements of the primary and secondary porosity for each media type were
made prior to the start of the trial and at the end. The primary or drainable
porosity (Brutsaert, 2005) of each media was measured from the volume of water
that drained from the bottom of an initially saturated barrel over a 24 hour period.
A sample of the drained media was then taken from the barrel, weighed and dried
in an oven at 40oC until constant weight was achieved. Secondary porosity was
then estimated from the difference in wet and dry media weights. Total porosity
was calculated as the sum of the primary and secondary porosities.
Theoretical HRT for each barrel was calculated by multiplying the volume of
media (m3) by primary porosity (%) divided by flow rate (m3 d-1). Additional
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residence time of water in the 20 mm depth of water above the top of the media
and the 2.2 L container of tracer solution was added to the HRT value.
Grain size distribution of media was determined by sieving for the finer grained
size component and by manual measurement for the larger grain-size component
of the media. Reported grain size (Table 4.1) is the mean arithmetic value and the
standard deviation (degree of sorting).

4.2.4

Data analysis

4.2.4.1 Tracer test
Residence time distribution (RTD) moment analysis was used to estimate the Br
tracer retention time in the barrel (Levenspiel, 1972; Kadlec and Knight, 1996;
Martinez and Wise, 2003). The RTD, also called the E curve, is calculated from:

E (t ) =

Q(t )C (t )
MO

Where E(t) = RTD (d-1); Q(t) = volumetric flow rate exiting the barrel (m3 d-1) at
time t (d); C(t) = concentration of Br exiting the barrel (g m-3) at time t; and M0 =
total mass of Br recovered at the outlet of the barrel (g).
Moment analysis of the RTD defines the parameters used to characterize
hydraulic performance. The zeroth moment is the mass of tracer (Mo) that was
recovered at the barrel outlet and is defined as:
n

∞

M O = ∫ Q(t )C (t )dt ≅ ∑ Qi (t )C i (t )∆t
0

(1)

i =1

where n = number of samples. The normalized first moment is the centroid of the
area under the RTD, which is the tracer retention time t (d).

∞

n

t = ∫ tE (t )dt ≅ ∑ t i Ei t∆t
0

(2)

i =1
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The hydraulic efficiency (eV) of media in the barrel can be defined as the ratio t :
HRT (Martinez and Wise, 2003; Kadlec and Wallace, 2008). In a saturated
porous media absolute values of eV depend on the type of porosity (primary,
effective or total) used to calculate HRT. Typically an ev value of 1 indicates
uniform (plug) flow and values less than 1 are a measure of short circuiting.
However, eV values of greater than 1 can be calculated if primary porosity is used
and it is less than effective porosity or movement of fluid into secondary porosity
increases retention times.
4.2.4.2 Statistical analysis
All statistical analyses were undertaken using Origin version 8 software (MA,
USA). Two-way analysis of variance was used to test for significant differences
in tracer residence times, porosities and eV between different media and
temperature treatments. Tracer residence times were cube-root transformed prior
to analysis to normalise the data.

The Tukey Test was used for post-hoc

comparison of means. A paired T-test was undertaken to determine if the means
of the total porosity of the media at the start and end of the trail were significantly
different. Linear regression was used to determine if the relationship between the
primary and secondary porosity of media was significant.

Non-linear (log)

correlation was used to determine if the correlation between hydraulic efficiency
and media grain-size was significant. All significant testing was at the 95%
confidence level (CL). Reported error values are ±1 standard deviation.

4.3

Results

4.3.1

Tracer test retention time

Tracer retention times ( t ) in the barrels with wood and maize cob media were
between about 0 to 1.7 days longer in the 23.5oC media than in the equivalent
14oC media (F(1,23) = 9.9; P < 0.01) (Figs. 4.2 and 4.3A). Tracer retention time
was similar for other media between temperature treatments. Tracer retention
time increased as particle size increased in the 23.5oC wood media (P < 0.01) but
did not differ with particle size in the 14oC temperature treatment.
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Figure 4.2 Normalised (C/Co) KBr breakthrough curves for tracer tests undertaken on the 0.2 m3
barrels at 12 months after start of the trial. Each curve is an average of the breakthrough curve of
two repeat treatments.
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Figure 4.3 A) Tracer retention time ( t ); B) theoretical hydraulic residence time (HRT); C)
hydraulic efficiency (eV); D) primary porosity; E) secondary porosity, of carbon media in the 200
L barrels. The porosity measurements were made at the end of the trial (23 months). The tracer
tests were undertaken 12 months after the start of the trial. The vertical dashed line separates
softwood (Pinus radiata) of increasing grain-size from other tested carbon media. Error bars are 1
standard deviation.
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Porosity

Total porosity for all media ranged from 0.80 ± 0.10 to 0.98 ± 0.12 at the end of
the trial and was similar within media type between temperature treatments (Table
1). The total porosity of all media increased slightly during the 23 month trial (P
< 0.01). For example, total porosity of hardwood and wheat straw increased from
0.76 to 0.81 and 0.95 to 0.98, respectively.
There was no apparent pattern in the change of primary and secondary porosity of
the media through the trial.

Therefore, primary and secondary porosity

measurements made at the start of the trial are not presented or further discussed.
However, comparison of primary and secondary porosity of media at the end of
the trial indicated a relationship between media grain-size, temperature and
porosity. At the end of the trial, primary porosity increased with particle size for
softwood media at both temperatures and was inversely related to secondary
porosity (P<0.01) (Table 4.1 and Figs. 4.3D and 4.3E). Primary porosity of
softwood media ranged from 0.44 for sawdust up to 0.65 for the 61 mm
woodchip. The secondary porosity of all media was considerable with values
ranging from 0.22 for hardwood up to 0.45 for maize cobs (Fig. 4.3E).
The primary porosity of softwood, hardwood and maize cob media was higher in
the 23.5oC treatment than in the 14oC treatment (F(1,27) = 5.4; P < 0.05) (Fig.
4.3D). Conversely, the secondary porosity was generally lower in the 23.5oC
treatment than in the 14oC (Fig. 4.3E), although this difference was not significant
(F(1,27) = 3.5; P = 0.08). On average, the 23.5oC softwood media had 10% higher
primary porosity and a 12% lower secondary porosity than the corresponding
14oC media. Hardwood and maize cobs had 3% and 14% increases in primary
porosity and 6% and 15% decreases in secondary porosity, respectively, between
the temperature treatments. There was no measurable difference in porosity for
the green waste and wheat straw between temperature treatments.

4.3.3

Hydraulic efficiency and nitrate removal

The hydraulic efficiency (eV) value of all media was greater than 1 (Fig. 4.3C), eV
ranged from about 1.3 for 14oC hardwood up to 2.1 for 14oC sawdust. Typically
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an eV value of 1 or greater indicates no short-circuit flow, or that physiochemical
retardation of the tracer occurred.
Generally, there was little difference in eV between media or temperature
treatment (Fig. 4.3C), with the exception of sawdust and wheat straw which were
significantly different from one another (P < 0.05). However, eV was generally
higher for the 23.5oC soft- and hard-wood media than for the corresponding 14oC
media, with the exception of 4 mm woodchip, although the difference was only
significant at P=0.07. Also eV generally decreased with increasing grain-size in
the softwood media in both temperature treatments (P < 0.05).
The nitrate removal rates of media in this trial were previously reported by
Cameron and Schipper (2010) and removal rates for the period 10 to 23 months
after start-up are included in Table 2.1.

There was no correlation between

hydraulic efficiency and nitrate removal rate when all media were considered, nor
when only softwood media of varying grain-size were considered.

4.4

Discussion

4.4.1

Hydraulic efficiency and nitrate removal rate

The main objective of this study was to determine whether differences in
hydraulic efficiency (eV) of media might partially explain differences in nitrate
removal rates which ranged from 2.2 ± 0.02 to 19.8 ± 0.1 for different carbon
media (Table 4.1). However, we found no evidence to support this hypothesis.
The nitrate removal rates of media in this trial were previously reported by
Cameron and Schipper (2010) for non-nitrate limiting conditions (Table 4.1).
Removal rates were significantly higher in the 23.5oC media than in the 14oC
media and were significantly higher for the more labile carbon media (maize cobs,
wheat straw and green waste) than for both soft- and hard-wood media. However,
nitrate rates were similar for different grain-size of softwood media within
temperature treatments. In the current study, we found no correlation between
nitrate removal rates reported by Cameron and Schipper (2010) and hydraulic
efficiency. This was in spite of the significant differences in removal rates
between temperature and media treatments and indication that hydraulic
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efficiency of softwood media decreased with increasing grain-size.

Clearly

temperature and carbon availability of the media were more important for
controlling nitrate removal rate than hydraulic efficiency. Decreases in nitrate
removal rate could still occur in operational beds where there was greater shortcircuiting, such as in poorly designed or located inflow and outflow structures
(Christianson et al., 2011).
Techniques to improve the nitrate removal performance of denitrification beds
should therefore focus on increasing bed temperature (e.g., Cameron and
Schipper, 2011) and availability of carbon media to denitrifiers rather than on the
hydraulic efficiency of carbon media due to particle size and porosity. For wood
based beds, larger grain-size media should be used as larger grain-size had greater
hydraulic conductivity (Cameron and Schipper, 2010) without any loss in nitrate
removal performance. Greater hydraulic conductivity of media allows for higher
hydraulic loading rates to a bed and reduces the risk of exceeding the hydraulic
capability of the bed, which would result in surface flooding. Greater hydraulic
conductivity may also cope better with long-term accumulation of suspended
solids and be more resilient to different effluents and pulse events of poor quality
effluents due to upstream system failure.

4.4.2

Hydraulic efficiency

Theoretically an eV value of 1 indicates uniform (plug) flow. Values less than 1
suggest short-circuiting while values greater than 1 indicate physical or chemical
retardation of tracer in the system. Temporary chemical retardation of the tracer
was not considered to be the cause of eV values exceeding 1 as generally more
than 90% of the tracer was recovered from all barrels within 10 days. Rather, the
high eV values were likely caused by: 1) movement of the tracer into and out of
the secondary porosity of the media causing longer residence time of tracer in the
barrel; 2) underestimation of HRT due to the primary porosity value used in the
calculation being less than effective porosity; and 3) the log decay method by
which the tracer was input into the barrels. Other treatment wetland studies have
reported eV values greater than 1 and suggested this indicates areas of physical
retardation (Chazarenc et al., 2003; Kadlec and Wallace, 2008).
71

Chapter 4

Hydraulic Properties and Hydraulic Efficiency of Organic Carbon Media for use in
Denitrification Beds

The log decay method of tracer input was unlikely to be responsible for high eV
because while it took 4.5 hours for 99% of the tracer to flow into the barrel the
average t was about 1.2 days longer than HRT (Figs. 4.3A and 4.3B). Therefore,
the most plausible explanation for high eV was the movement of tracer into the
secondary porosity and underestimation of HRT. The eV values presented are a
comparative measure of hydraulic efficiency between media treatments with
higher values representing more plug-like flow and lower values suggesting
greater short-circuiting.
Higher eV of the 23.5oC soft- and hard- wood media compared to the
corresponding 14oC media was attributed to the increase in primary porosity of
the wood media with increasing temperature (Figs. 4.3 C and 4.3D).
A secondary objective of this study was to determine if the grain-size of the media
influenced hydraulic efficiency. Hydraulic efficiency generally decreased with
increasing grain-size of softwood media in both temperature treatments,
suggesting slightly greater short-circuiting in the larger grain-size media (Fig.
4.3C).

More short-circuiting may have taken place within the larger inter-

granular pore spaces of the larger grain-sized media, as indicated by the higher
primary porosity of these media (Fig. 4.3D). However, generally the difference in
eV of soft wood media was small suggesting that increasing grain-size only caused
a minor increase in the degree of short-circuiting over the range of grain-sizes
tested in this study.

4.4.3

Changes in porosity due to temperature

Measurement of primary and secondary porosity of the nine media was
undertaken prior to the start of the trial at ambient air temperature. However,
results of tracer tests indicated there was likely a difference in media porosity
between temperature treatments. Therefore, primary and secondary porosity of
the media in each barrel was re-measured at the end of the trial. Primary porosity
was found to be higher in the 23.5oC wood and maize cob media than in the
corresponding 14oC media and was inversely correlated to secondary porosity
(Figs. 4.3D and 4.3E).
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The 10% increase in primary porosity and 12% decrease in secondary porosity of
the wood media in the 23.5oC treatment, compared to the 14oC treatment may be
attributed to contraction of the media with increasing temperature, usually called
negative thermal expansion. Contraction of water-saturated and moist wood in
the temperature range 20 to 60oC has been previously reported (Kubler et al.,
1973; Salmen, 1990). The contraction has been attributed to the movement of
water from the cellulose to the surrounding water phase as temperature increases
up to about 60oC (Westman and Lindström, 1981). The co-efficient of linear
thermal expansion (α) of Norway spruce and redwood was about -10 to -25 x 106
mm / (mm oC) at about 20 to 25oC (Salmen, 1990; Kubler et al., 1973). Linear
thermal expansion is a property of materials that can be expressed as ∆l = Lo x α x
∆T, where ∆l is the change in length of material in the direction being measured;
Lo is the initial length, and ∆T is the change in temperature over which ∆l is
measured. This possible decrease in dimensions with increasing temperature was
small but may have increased the space between particles (primary porosity)
while reducing the pore space within the particle (secondary porosity).
Contraction of the wood particle would also be expected to reduce the movement
of water (and tracer) into and out of the smaller cavities and cause a decrease in
secondary porosity.
Changes in wood media primary and secondary porosities due to temperature
have not been previously reported. These changes suggest that the operating
temperature of a denitrification bed may need to be considered when estimating
its HRT due to increase in primary (and effective) porosity of wood media due to
temperature.

However, while the difference in porosity of media influenced

hydraulic efficiency, we found no correlation between hydraulic efficiency and
nitrate removal rate.

4.4.4

Changes in porosity with time

The 4% increase in average total porosity of all media during the trial was likely
caused by loss of carbon from the media due to microbial decomposition and
flushing of fines from the barrel due to water flow. The increase in total porosity
during the trial was about 10% higher in the 23.5oC media than in the 14oC media,
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which may have been caused by greater microbial decomposition in the higher
temperature media. Robertson (2010) also attributed greater secondary porosity
of wood media that had been in a denitrification bed for 7 years, compared to
younger media, to additional carbon loss that had occurred in the older media.
Similarly, Xu et al. (2009) reported a 38% decrease in dry weight of corn cob
media over their study period, which was attributed to carbon loss. Also, the
contraction of wood with increasing temperature (Salmen, 1990) may have
contributed to greater increase in total porosity of the 23.5oC wood media
compared to the 14oC media. The 23.5oC wood media had a 20% greater increase
in total porosity during the trial compared to the 14oC wood media.

4.5

Conclusions

The hydraulic efficiency (eV) of carbon media was not an important influence on
nitrate removal rate under non-nitrate limiting conditions. Rather nitrate removal
rate was mainly dependent on temperature and carbon availability of the media
(Cameron and Schipper, 2010).

Under nitrate limiting conditions, hydraulic

efficiency may be a more important influence as short-circuiting would reduce the
contact between nitrate and active sites of denitrification.
While eV was generally similar between media, there was tendency for eV to
decrease with increasing softwood media particle size and eV was generally higher
in the 23.5oC wood and maize cob media than in the corresponding 14oC media.
The decrease in eV with increasing particle size suggests short-circuiting increases
with increasing grain-size. Higher eV in the 23.5oC media was likely due to the
greater primary porosity of these media which increased pore water volume and
tracer residence time.
Primary porosity increased with softwood media particle size and was correlated
to decrease in secondary porosity.

The higher primary porosity and lower

secondary porosity of the 23.5oC wood media may have been caused by
contraction of the media particle with increasing temperature due to loss of water
from the cellulose to the primary porosity water phase.
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The results suggest that future research on increasing the nitrate removal
performance of denitrification beds should focus on increasing bed operating
temperature and incorporating labile carbon media rather than on the hydraulic
efficiency of the media. Our results suggest that larger particle size media should
be used as these provide for greater hydraulic load and reduced risk of over
topping without any apparent loss of nitrate removal performance.
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This chapter was published as the following journal paper and is presented in this
thesis in journal format.
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write-up.
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A photograph of the pilot scale trial that was not included in Cameron and
Schipper (2011) is presented as Figure 5.1 on the following page.
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Figure 5.1 – Photograph of pilot scale denitrification bed trial. The poly-carbonate solar covers are on first (bed 1), third (bed
3) and fifth (bed 5) beds from the left. The 15 mm diameter white PVC tubes that can be seen protruding from beds 2, 3 and 5,
housed the temperature probes. The loggers and batteries used to record temperature measurements were housed in three
instrument boxes located between beds 1 and 2, beds 3 and 4, and beds 5 and 6 (lying on ground). The 5000 L SAF plant can
be seen in the background on the left-hand side of the storage pond. The effluent from the beds discharged, by gravity
drainage, into the storage pond.
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Summary and Conclusions

Introduction

Denitrification beds are a cost effective method for removing nitrate from point
source discharges. These beds are capable of removing greater than 99% of
influent nitrate and require minimal maintenance. To date, all operational and
trial beds have used fragmented wood particles as the carbon source.

The

sustainable nitrate removal rate for beds using wood media has been reported as
2–10 g N m-3 d-1 (Schipper et al., 2010a). Increasing the nitrate removal rate of
denitrification beds would lead to reduced bed size and potentially lower
installation cost.

This may facilitate greater uptake of the technology and

ultimately reduce discharge of harmful reactive nitrogen to the environment. This
thesis tested a number of approaches that might increase the nitrate removal rate
of denitrification beds, including manipulation of carbon source, increasing
temperature and improving hydraulic efficiency. The testing was undertaken in a
barrel trial (0.2 m3) over a 23 month period; and in a pilot scale (2.9 m3)
denitrification bed trial over a 15 month period.
The influences of hydraulic efficiency of media particle size and hydraulic
efficiency of denitrification bed inlet/outlet on nitrate removal rate were tested.
The hydraulic efficiency of media particle size was tested in the barrel trial in
which the inlet/outlet structures were standardised. The hydraulic efficiency of
the bed inlet/outlet was tested in the pilot scale trial in which the media (maize
cobs) was standardized.
The main objectives and subsequent conclusions of this thesis are presented in the
following section.
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6.2

Thesis objectives and conclusions

6.2.1

Nitrate removal of different carbon substrates

Objective 1 – Measure the long-term nitrate removal rate of different carbon
substrates to determine if removal can be increased above removal rates for
woodchips.
More labile carbon sources, such as maize cobs, had significantly higher nitrate
removal rate than wood media over the 23 and 15 month periods of the trials.
Nitrate removal rates of all tested media declined over the first 10 months after
which there was no further decline. Mean removal rates for the period 10–23
months were more representative of long-term rates. The longer-term nitrate
removal rate of maize cobs was 15.0–19.8 g N m-3 d-1 between 10 to 23 months
and was significantly higher than the removal rate of softwood (pinus radiata)
media (3.0–4.9 g N m-3 d-1), without prohibitive decrease in hydraulic
conductivity (Chapter 3, Cameron and Schipper, 2010; Table 2; Fig. 7). While
other researchers have reported higher short-term nitrate removal rates (typically
over a 1 to 6 month period) for more labile carbon sources than wood (Vogan,
1993; Xu et al., 2009; Shao et al., 2009), this study showed that the higher
removal rates of maize cobs, wheat straw and green waste were maintained for at
least 2 years in the barrel trial. Furthermore, maize cobs were shown to be
suitable for use in larger scale operational reactors, as evidenced by sustained
nitrate removal by maize cobs in the pilot scale beds receiving secondary treated
municipal influent for the 15 month period. The long-term removal rate of maize
cobs (21.8 g m-3 d-1) was higher in the pilot scale trial (Chapter 5, Cameron and
Schipper, 2011, Fig. 3) than previously reported long-term rates of operational
beds using wood media (2–10 g N m-3 d-1; Schipper et al., 2010a). However, it is
likely that maize cobs will require more frequent replacement than wood media
because of more rapid depletion of carbon and more rapid reduction in hydraulic
conductivity in the less robust physical structure of the cobs.
The nitrate removal rate of hardwood (eucalyptus) was similar to softwood
indicating hardwood was also suitable for use in denitrification beds. However,
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hardwood resulted in a lower pH of effluent leaving the barrel than other tested
media for the first four months which may not be appropriate for discharge into
some environments. Maize cobs had higher BOD and ammonia leaching into
effluent than wood media during the first six months which may require
management practices to reduce these losses. The management practices could
include: commissioning beds during the winter when leaching rates are reduced
due to slower decomposition of the carbon media at lower bed temperatures;
reducing HRT at start-up to decrease the dissolution concentrations of carbon
from the media; pre-leaching of media; or recirculation. To date, these practices
have not been employed and their effectiveness is yet to be tested.

6.2.2

Temperature sensitivity of nitrate removal for different
substrates

Objective 2 – Determine the temperature sensitivity of nitrate removal for
different substrates.
Generally, long-term nitrate removal rates increased with increasing temperature
in the barrel trial. Long-term nitrate removal rates were on average 1.5 times
higher at 23.5oC than at 14oC (Chapter 3, Cameron and Schipper, 2010; Table 2).
This equates to a mean Q10 of 1.6 for all tested media. Nitrate removal rates
increased in all media with increasing temperature, with the exception of maize
cobs. The lack of increase in removal rate in the maize cobs was attributed to
more rapid depletion of carbon in the higher temperature maize cob barrels during
the first 10 months and/or a lower temperature sensitivity of maize cobs compared
to other tested media. Maize cobs had a lower Q10 (1.3 and 0.8) than softwood
media (1.9 and 1.7) during the first 10 months and 10 to 23 month periods of the
trial.
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Hydraulic performance and nitrate removal of different
woodchip size

Objective 3 – Determine whether hydraulic performance and nitrate
removal rate were dependent on woodchip size.
The hydraulic efficiency of fragmented wood decreased with increasing grain-size
(Chapter 4, Fig. 4.3). However, the rate of nitrate removal was not dependent on
the hydraulic efficiency of the media under non-nitrate limiting conditions
(Chapter 4, Table 4.1). The decrease in hydraulic efficiency of softwood media
with increasing grain-size was attributed to more short circuit flow within the
higher primary porosity of the larger grain-size media. The nitrate removal rate
did not decrease with grain-size but rather was similar between grain-size
treatments. The absence of correlation between hydraulic efficiency and nitrate
removal rate was likely due to the significant secondary porosity of the wood
media, allowing the denitrification reaction to occur both on the surface and
within the wood particle. Canadian researchers also measured similar removal
rates between different grain-sizes of sawdust in a shorter-term batch experiment
(Carmichael, 1994) and between sawdust and woodchips in a denitrification bed
trial (van Driel et al., 2006a), which they attributed to the dual porosity
characteristics of the wood media (Robertson et al., 2000).
These findings imply that for wood-based denitrification beds, it is better to use
larger grain-sizes of fragmented wood as they have higher hydraulic conductivity
(K) with no loss in removal rate. Higher K allows for higher hydraulic loading
rates, reduced risk of hydraulic failure and likely cope better with long-term
accumulation of suspended solids. However, the largest grain-size of wood tested
in this study was 61 mm, so the removal rate of grain-sizes greater than this size is
unknown.
Primary porosity of wood media increased by 10% while secondary porosity
decreased by 12% with an increase in temperature in the barrel trial. The change
in porosity with temperature was attributed to contraction of the wood particles
due to movement of water from the cellulose into the liquid phase (Westman and
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Lindström, 1981). The change in porosity had no discernable effect on nitrate
removal rate.

6.2.4

Effect of passive solar heating on bed temperature and nitrate
removal

Objective 4 – Determine if bed temperature and nitrate removal could be
increased by passive solar heating of operational beds.
Increasing temperature was shown to increase nitrate removal rate in the barrel
trial. The temperature of pilot scale denitrification beds was increased by 3.4oC
on average by passive solar heating (Chapter 5, Cameron and Schipper, 2011; Fig.
5). The increase in bed temperature due to solar heating increased with increasing
air temperature. The effectiveness of solar heating was also dependent on flow
regime and the highest temperature increase occurred in downflow beds.
However, the increase in bed temperature due to solar heating did not result in a
measureable increase in nitrate removal rate (Chapter 5, Cameron and Schipper,
2011; Fig. 3). This was attributed to the variability in nitrate removal rates (1 SD
= 6.7–8.9 g N m-3 d-1) exceeding the expected increase in removal rate (4 g N m-3
d-1) due to the temperature increase from solar heating, based on a Q10 of 1.6.
Also maize cobs demonstrated a low temperature responsiveness for nitrate
removal in the barrel trial, suggesting the absence of increase in nitrate removal
rate due to solar heating may in part be due to carbon substrate.

6.2.5

Effect of inlet/outlet structure on hydraulic efficiency and
nitrate removal

Objective 5 – Determine if different inlet/outlet structures coupled to solar
heating, alter hydraulic efficiency and nitrate removal rate in denitrification
beds.
Inlet/outlet structures and location affected the hydraulic efficiency of
denitrification beds. Nitrate removal rate was lower in flow regimes with poor
hydraulic efficiency
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The hydraulic efficiency and nitrate removal rate of the following four flow
regimes were compared: horizontal-point, horizontal-diffuse, downflow and
upflow.
Horizontal-diffuse flow had better hydraulic efficiency than horizontal-point,
which was attributed to short circuit flow between the single inlet and outlet pipes
of horizontal-point (Chapter 5, Cameron and Schipper, 2011; Fig. 6). Vertical
flow regimes were more hydraulically efficient than horizontal, which was
attributed to short-circuit flow near the surface of the horizontal flow regimes.
Solar heating decreased hydraulic efficiency in the horizontal and upflow beds
due to increase in short-circuit flow of the warmer and more buoyant influent
water (Chapter 5, Cameron and Schipper, 2011; Figs. 6 and 8). Conversely, solar
heating did not affect the hydraulic efficiency of the downflow beds, which
maintained more plug-like flow characteristics. The poor hydraulic efficiency of
the solar-heated, horizontal-diffuse flow regime likely contributed to the lower
nitrate removal rate (10.8 g N m-3 d-1) of this flow regime in the latter period of
the trial (Chapter 5, Cameron and Schipper, 2011; Fig. 3).
Generally, downflow was found to be the most effective flow regime as it
provided moderate hydraulic efficiency, high nitrate removal rate and was the
most effective flow regime for raising bed temperature due to solar heating.
There was also indication that short-circuiting increased in solar-heated horizontal
flow beds and that perhaps this combination should be avoided or design
measures, such as baffles, be incorporated to reduce short-circuiting.

6.3

Summary of findings

This thesis demonstrated that carbon availability of the media, temperature and
hydraulic efficiency of the bed flow regime were more important than variation in
hydraulic efficiency of the media due to grain-size for influencing nitrate removal
rate.
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While hydraulic efficiency of the softwood media decreased with increasing
grain-size it did not cause a reduction in nitrate removal rate. This was likely due
to the large secondary porosity of the softwood media allowing denitrification to
occur within the wood particle.
Maize cobs can provide higher nitrate removal rates than fragmented wood for at
least 2 years. Solar heating raised denitrification bed temperature by about 3–4oC
which theoretically should increase nitrate removal rate by about 12%, based on a
Q10 of 1.6. Maize cobs had a lower Q10 than other tested media. The downflow
system was the most effective flow regime when hydraulic efficiency, temperature
increase due to solar heating and nitrate removal were considered. For woodbased denitrification beds, it was better to use larger grain-size media as these had
higher hydraulic conductivity with no loss in nitrate removal rate.
The size of a denitrification bed could be reduced about 4-fold by using maize
cobs as the carbon media and solar heating the bed, compared to an unheated bed
using wood fragments. The nitrate removal rate of a denitrification bed using
maize cobs is expected to be about 19.6 g N m-3 d-1, when results from both the
barrel and the pilot scale bed trials are considered. Solar heating the bed is
expected to increase nitrate removal rate by 4 g N m-3 d-1 to 23.6 g N m-3 d-1,
which is about 4-fold greater than the assumed mean nitrate removal rate for a
wood based bed of about 6 g N m-3 d-1.

6.4

Future Research

This thesis showed that generally carbon availability of organic media and
temperature were more important than hydraulic efficiency of both the media and
bed flow regime for increasing nitrate removal rate in denitrification beds under
non-nitrate limiting conditions. However, hydraulic efficiency of media and bed
flow regime may be more important for increasing nitrate removal rate under
nitrate

limiting

conditions.

Furthermore,

continued

improvement

of

denitrification bed performance will assist in the uptake of the technology.
Aspects of future research for improving nitrate removal rate of denitrification
beds under both nitrate non-limiting and limiting conditions are discussed below;
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as are approaches for increasing the effectiveness of passive solar heating of
denitrification beds, longevity, and minimising adverse effects.

6.4.1

Carbon availability of media

One way to increase the nitrate removal rate of a denitrification bed would be by
increasing the carbon availability of a media for denitrification.

The nitrate

removal rate of a bed is constrained by carbon availability under non-nitrate
limiting conditions (Warneke et al., 2011). Under anaerobic conditions, carbon
availability is dictated by the rate of decomposition of the organic media by
fermentative processes (Tiedje, 1988).

Future research on enhancing the

decomposition of organic media (e.g., by manipulating fermentative processes)
within a denitrification bed could therefore increase nitrate removal rate.
Similarly, methods to restore start-up nitrate removal rates of a denitrification bed
would increase long-term nitrate removal rate. The nitrate removal rate of organic
media is higher at start-up and declines over the first 6–10 months due to
depletion of more readily available carbon (Cameron and Schipper, 2010).
Draining a denitrification bed every 6 to 10 months to increase the labile fraction
of carbon by oxidation of the media is one technique that could be investigated.
However, while increasing carbon availability of a media may increase nitrate
removal rate it would likely decrease the longevity of the media and require more
frequent media replacement.

6.4.2

Media particle size

Results of this thesis suggest that future research on improving the nitrate removal
rate of a denitrification bed should focus on carbon availability and temperature,
but there are also aspects of media hydraulics that would be useful for advancing
denitrification bed technology.

For example, this thesis and work of other

researchers (Carmichael, 1994; van Driel et al., 2006a) showed that nitrate
removal rate was not constrained by the grain-size of wood fragments over the
range of particle size investigated (<61 mm). However, the maximum grain-size
of wood fragments for which there is no reduction in nitrate removal rate is
unknown. Establishing the maximum grain-size would allow for higher hydraulic
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loading rates of denitrification beds and reduced risk of hydraulic failure without
loss of nitrate removal performance.
This thesis found that hydraulic efficiency decreased with increasing wood media
grain-size but that hydraulic efficiency did not influence nitrate removal rate
under non-nitrate-limiting conditions. However, hydraulic efficiency of wood
media, and thus grain-size, may affect nitrate removal rate under nitrate-limiting
conditions due to reduction in nitrate-carbon contact. Therefore, optimum media
grain-size for nitrate-limiting conditions still needs to be established.

6.4.3

Increasing bed temperature by passive solar heating

This thesis showed that a rudimentary passive solar heating technique increased
denitrification bed temperature by about 3–4oC. However, an associated increase
in nitrate removal was not measured due to variability in removal rates and
possibly low temperature responsiveness of maize cobs. Therefore, increase in
nitrate removal rate by solar heating a denitrification bed still needs to be
demonstrated.
Greater increase in temperature may be achieved by improving the passive solar
heating design. For example:
•

insulating the walls and base of the beds, with polystyrene, to reduce heat
loss; and

•

increasing the HRT of influent in the inlet coil, by increasing coil length,
to increase the temperature of influent flowing into the bed.

This thesis also indicated that solar heating of horizontal flow beds caused shortcircuit flow near the top of the bed, which caused a reduction in nitrate removal
rate.

Future research could also include investigating the use of baffles in

horizontal flow beds that forces water to flow towards the bottom of the beds.
The use of baffles in treatment ponds has been shown to improve hydraulic
efficiency and nutrient treatment (Shilton and Sweeney, 2005).
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Longevity

The longevity of nitrate removal rate and K of carbon media is fundamental for
the viability of denitrification bed technology.

To date, both mass balance

approach (Blowes et al., 1994; Robertson and Cherry, 1995; Robertson and
Anderson, 1999; Robertson et al., 2000; van Driel et al., 2006a) and measurement
of total carbon loss (Warneke et al., 2011; Moorman et al., 2010; Long et al.,
2011) have been used to estimate potential longevity of carbon availability to
support denitrification in reactors using wood media. These techniques generally
indicate that there is enough carbon within the reactors to support denitrification
for decades. However, ongoing monitoring of long-running denitrification beds
under different nitrate loads are required to confirm these predictions. Also, longterm monitoring of nitrate removal rate in reactors using more labile carbon media
than wood is required.
To date, no denitrification beds have suffered hydraulic failure due to decrease in
K of the carbon media by breakdown of the carbon media structure. Ongoing
monitoring of the K of media in long-running denitrification bed is required to
establish the longevity of the media hydraulic performance. This is particularly
important for beds that use more labile carbon media than wood fragments, such
as maize cobs, as the longevity of K for these media are likely to be less than
wood media. More labile media are also more likely to be affected by biofilm and
gas bubble accumulation, which would also reduce K.

6.4.5

Adverse effects

Adverse effects of denitrification beds have been identified, including: leaching of
BOD, NH4 and organic-nitrogen; and production of greenhouse gases (GHG),
methyl mercury, and H2S.
The leaching of BOD, NH4 and organic-nitrogen into bed effluent can be
problematic depending on the discharge environment.

This thesis proposed

management practices that could be employed to reduce leaching. For example:
commissioning beds during the winter when leaching rates are reduced due to
slower decomposition of the carbon media at lower bed temperatures; reducing
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HRT at start-up to decrease the dissolution concentrations of carbon from the
media; pre-leaching of media; or recirculation. However, the effectiveness of
these practices has not been tested. Trials are required to quantify effectiveness of
these practices.
Future research on techniques to reduce the production of GHG and H2S are
required.

Incomplete denitrification process can lead to production of N2O.

Techniques to maintain gases in solution are needed to encourage complete
denitrification to N2 to resolve this issue. Integration of bed covers to maintain
gas emissions in solution with the solar heating of beds is one possible technique
that could be explored. Bioreactors are currently being developed to reduce H2S
emissions from geothermal power plant discharges (Bacon, 2011; Rattanapan et
al., 2009). Adaptation of this technology could potentially be used to reduce H2S
emissions from denitrification beds discharge.
Sulfate reducing environments in natural wetlands and lakes are known to
promote the methylation of inorganic mercury (Gilmour et al., 1992; Eckley and
Hintelmann, 2006; Todorova et al., 2009).

Methylation allows Hg to bio-

accumulate in the food chain with potentially detrimental consequences. Sulfate
reducing conditions occur in denitrification beds when nitrate removal is complete
(Robertson and Merkley, 2009; Elgood et al., 2010).

Studies examining the

production of methyl mercury (MeHg) in an organic carbon bioreactor are
required. Bed management practices to reduce MeHg production in a denitrification
bed may need to be established.

6.5

References

Bacon, L., 2011. Personal communication. Eastland Environmental Services Ltd,
Whaketane, New Zealand
Blowes, D.W., Robertson, W.D., Ptacek, C.J., Merkley, C., 1994. Removal of
agricultural nitrate from tile-drainage effluent using in-line bioreactors.
Journal of Contaminant Hydrology, 15: 207–221.
Cameron, S.G., Schipper, L.A., 2010. Nitrate removal and hydraulic performance
of organic carbon for use in denitrification beds. Ecological Engineering
36(11): 1588–1595.

100

Chapter 6

Summary and Conclusions

Cameron, S.G., Schipper, L.A., 2011. Evaluation of passive slor heating and
alternative flow regimes on nitrate removal in denitrification. Ecological
Engineering 37: 1195-1204.
Carmichael, P.A., 1994. Using wood chips as a source of organic carbon in
denitrfication: A column experiment and field studyimplimenting the funnel
and gate design. M.Sc. thesis. Waterloo, Ontario: University of Waterloo,
Department of Earth Sciences.
Eckley, C.S., Hintelmann, H., 2006. Determination of mercury methylation potentials
in the water column of lakes across Canada. Sci. Total Environ. 368: 111–125.
Elgood, Z., Robertson, W.D., Schiff, S.L., Elgood, R.J., 2010. Nitrate removal and
greenhouse gas production in as stream-bed denitrifying bioreactor. Ecol. Eng.
36: 1575–1580.
Gilmour, C.C., Henry, E.A., Mitchell, R., 1992. Sulfate stimulation of mercury
methylation in freshwater sediments. Environ. Sci. Technol. 26: 2281–2287.
Long, L.M., Schipper, L.A., Bruesewitz, D.A., In Press. Long-term nitrate
removal in a denitrification wall, Agriculture, Ecosystems & Environment.
DOI: 10.1016/j.agee.2011.02.005.
Moorman, T.B., Parkin, T.B., Kaspar, T.C., Jaynes, D.B., 2010. Denitrification
activity, wood loss, and N2O emissions over 9 years from a woodchip
bioreactor. Ecol. Eng. 36: 1567–1574.
Schipper, L.A., Robertson, W.D., Gold, A.J., Jaynes, D.B, Cameron, S.G., 2010a.
Denitrifying bioreactors—An approach for reducing nitrate loads to
receiving waters. Ecological Engineering, Vol. 36(11): 1532–1543.
Shao, L., Xu, Z.X., Jin, W., Yin, H.L., 2009. Rice husk as carbon source and
bilofilm carrier for water denitrification. Polish J. Envir. Stud. Vol. 18, No.
4: 693–699.
Shilton, A., Sweeney, D., 2005. Hydraulic Design, Chptr 10 in Pond Treatment
Technology, Shilton, A., Ed., IWA Publishing, London, UK.
Tiedje, J.M., 1988. Ecology of denitrification and dissimilatory nitrate reduction
to ammonium. In: Zehnder, A.J.B. (Ed.), Biology of Anaerobic
Microorganisms. Wiley Interscience, Ontario, Canada, pp. 179–244.
Rattanapan, C., Boonsawang, P., Kantachote, D., 2009. Removal of H2S in downflow GAC biofiltration using sulphide oxidizing bacteria from concentrated
latex wastewater. Bioresource Tech. 100: 125-130.
Robertson, W.D., Cherry, J.A., 1995. In situ denitrification of septic-system
nitrate using reactive porous media barriers: field trials. Ground Water 33,
No.1: p99–111.
Robertson, W.D., Anderson, M.R., 1999. Nitrogen removal from landfill leachate
using an infiltration bed coupled with a denitrification barrier. Ground
Water Monitoring and Remediation 19: 73–80.
Robertson, W.D., Blowes, D.W., Ptacek, C.J., Cherry, J.A., 2000. Long-term
performance of in situ reactive barriers for nitrate remediation. Ground
Water, Vol. 38, No. 5: p 689–695.
Robertson, W.D., Merkley, L.C., 2009. In-stream bioreactor for argricultural
nitrate treatment. Jour. Env. Qual. 38: 230–237

101

Chapter 6

Summary and Conclusions

Todorova, S.G., Driscoll, C.T., Matthews, D.A., Effler, S.W., Hines, M.E., Henry,
E.A., 2009. Evidence for regulation of monomethyl mercury by nitrate in a
seasonally stratified, eutrophic lake. Environ. Sci. Technol. 43: 6572–6578.
van Driel, P.W., Robertson, W.D., Merkley, L.C., 2006a. Denitrification of
agricultural drainage using wood-based reactors. Trans. ASAE 48: 121–128.
Vogan, J.L., 1993. The use of emplaced denitrifying layers to promote nitrate
removal from septic effluent. M.Sc. thesis. Waterloo, Ontario: University of
Waterloo, Department of Earth Sciences.
Warneke, S., Schipper, L.A., Bruesewitz, D.A., McDonald, I., Cameron, S.G.,
2011. Rates, controls and potential adverse effects of nitrate removal in a
denitrification bed. Ecol. Eng. (2011), doi:10.1016/j.ecoleng.2010.12.006
Westman, L., Lindström, T., 1981. Swelling and mechanical properties of
cellulose hydrogels. III. Temperature effects on the swelling and
compliance levels studied by dilatometry and H-NMR spectroscopy. J.
Appl. Pol. Sci. 26: 2545–2559.
Xu, Z., Shao, L., Yin, H., Chu, H., Yao, Y., 2009. Biological Denitrification
Using Corncobs as a Carbon Source and Biofilm Carrier. Water
Environment Research 81, no. 3: 242–247.

102

Appendix 1
Denitrifying Bioreactors – An Approach for Reducing
Nitrate Loads to Receiving Waters
This appendix contains the following two journal papers on denitrification
bioreactors for which Stewart Cameron was a contributing author. The papers
were produced at the same time as work on this thesis was undertaken. While the
information presented in these papers is not part of the main objectives of this
thesis (to test methods of improving nitrate removal performance of denitrification
beds), both papers are directly relevant to application of denitricification bed
technology for reducing nitrate discharge to the environment. Schipper et al.
(2010a) is review paper of passive technologies for overcoming the carbon
limitation of denitrification for enhanced nitrate removal. Schipper et al. (2010b)
presents performance results of three large denitrification beds used to remove
nitrate from municipal, dairy-shed and hydroponic glasshouse effluents.
Appendix 1a: Schipper et al. (2010a)
Schipper, L.A., Robertson, W.D., Gold, A.J., Jaynes, D.B., Cameron, S.G., 2010a.
Denitrifying bioreactors – An approach for reducing nitrate loads to receiving
waters. Ecol. Eng. 36 (11):1532–1543.
Stewart Cameron’s contribution to the above paper was writing of the section on
alternative carbon source, contribution to writing the section on nitrate removal
rate and general review of the manuscript.
Appendix 1b: Schipper et al. (2010b)
Schipper, L.A., Cameron, S.G., Warneke, S., 2010b. Nitrate removal from three
different effluents using large-scale denitrification beds. Ecol. Eng. 36 (11):1552–
1557.
Stewart Cameron’s contribution to the above paper was denitrification bed design
(dairy-shed and hothouse), installation (dairy-shed), contribution to writing and
review of the paper.
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